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Decay Studies of Nuclei Near the Proton Drip Line:
35Ca, 31Ar, 69Br, and 65A5s

by

Jay Edward Reiff

ABSTRACT

Studies of new beta-delayed two-proton emitters and a search for ground state
proton radioactivity in medium mass nuclei were performed using various experimental
techniques in conjunction with several detection systems. A helium-jet transport system
and three-element (AE1, AE2, E) silicon telescopes were used to discover the existence and
detect the decay of the first T, = -5/2 nuclide, 35Ca. Two-proton emission from the T = 5/2
isobaric analog state in 35K at an excitation energy of 9.053 £ 0.045 MeV, fed by the
superallowed beta decay of 35Ca, resulted in transitions to both the ground state and first
excited state of 33CL. The corresponding two-proton sum energies were 4.089 + 0.030
MeV and 3.287 £ 0.030 MeV. Measurements of the individual proton energies indicated
the prevalence of a sequential decay mechanism. Using the isobaric multiplet mass
equation, the mass excess of 35Ca was calculated to be 4.453 £ 0.060 MeV. By
comparing the yield of 35Ca with co-produced beta-delayed proton emitters, its half-life
was determined to be 50 £ 30 ms.

In order to study nuclei whose half-lives were too short for the helium-jet system
(~20 ms), an in-beam recoil catcher wheel was constructed. The wheel speed can be varied
to study nuclides whose half-lives range from 100 ps to ~250 ms. The first new decay
observed with the wheel system and traditional AE-E telescopes was the beta-delayed two-
proton emission from 3!Ar. The two-proton sum energy of ~7.5 MeV corresponds to a
transition from the isobaric analog state in 31Cl to the ground state of 29P.

The search for proton radioactivity required the development of low energy, particle
identfication detector telescopes. These telescopes, comprised of a gas AE and silicon E,
were used in conjunction with the in-beam recoil catcher wheel to search for ground state
proton emission from 9Br and 65As. No proton groups which could be assigned to either
of these nuclides were observed. An upper limit of 100 ps has been placed on the half-life
of 69Br. 65As, on the other hand, is believed to decay predominantly by beta emission but
may possess a ground state proton decay branch which does not exceed 0.25%.
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I. Introduction

The study of light nuclei near the proton drip line is an important branch of nuclear
physics as it investigates some very interesting problems far from the valley of beta
stability. Among these are the effects of charge symmetry and charge independence in
barely bound and slightly unbou:. . sroton-rich nuclei. The concept of charge symmetry
considers the interaction between two protons equivalent to the interaction between two
neutrons after the effects of non-nuclear forces are taken into account. Charge
independence regards the interaction between a proton and a neutron in the same relative
states to be equivalent to that between two protons or two neutrons. Models based on these
concepts have been developed to predict various properties of nuclei including nuclear
masses, the limits of nuclear stability (i.e., the proton and neutron drip lines), the onset of
different modes of radioactive decay, and energy levels of a number of analog states.
Studies of light proton-rich nuclei have revealed new modes of radioactivity while
providing spectroscopic data on nuclides with unusually high proton to neutron ratios. A
general review of the properties and decay modes exhibited by such nuclei is given by
Ayst6 and Cerny [Ay 89].

For light nuclei, as the proton drip line is approached, the rapid decrease of the
nuclear binding energy permits the existence of several "exotic" decay modes in addition to
the more common processes of beta decay and gamma emission. These include beta-
delayed proton decay, beta-delayed two-proton decay, ground state proton emission, and
ground state two-proton emission. All but the ground state emission of two protons have
been observed experimentally.

Beta-delayed proton emission is a two-step process where a nucleus beta decays to
a state in its daughter which is unbound to the prompt emission of a proton. The observed
proton reflects the half-life of the initial beta decay. In 1963, 25Si became the first nucleus
identified as having a beta-delayed proton branch [Ba 63]. Since then, many beta-delayed
proton emitters have been discovered; perhaps the best known are the nuclei in the
A =4n + 1, Tz = -3/2 mass series extending from 9C through 61Ge [Ce 77].

As in beta-delayed proton emission, beta-delayed two-proton decay is a two-step
process where the beta daughter is left in an excited state which is unbound to the emission
of two protons. This process, predicted by Gol'danskii [Go 80] in 1980 as a potential
decay mode for some proton-rich nuclei, has recently been reviewed by Moltz and Cerny
[Mo 89]. In 1983, proton-proton coincidence experiments detected the first cases of beta-
delayed two-proton radioactivity in the decays of 22A1 [Ca 83] and 26P [Ho 83].
Subsequently, systematic searches for other beta-delayed two-proton emitters in this light
mass region have been conducted. The beta-delayed two-proton decay of the first T, = -5/2
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nucleus to be discovered, 33Ca, will be described, followed by the observation of this
decay branch in another T; = -5/2 nuclide, 3!Ar. To date, these are the only four nuclides
known to possess such a decay branch.

Ground state proton emission is a single step process where a nucleus with a N
negative proton separation energy (Sp < 0) emits a proton. The decay time for this process
will be determined by the energy available for the decay, the associated Coulomb and o

angular momentum barriers, and the degree of overlap between the initial and final state
wave functions. Although discussed in the early days of nuclear physics, this decay mode
was not highlighted again until the mid-1960's [Ka 64, Go 66]. In 1970, a high spin
isomer in 33Co was shown to emit a proton directly [Ja 70, Ce 70]; however the emission
of a proton from a ground state was not observed until 1982, when it was discovered in the
decays of 151Lu [Ho 82] and 147Tm [K1 82]. Until now only two other nuclides have been
observed to decay via ground state proton emission: 113Cs [Fa 84] and 109Cs [Gi 87]. In
order to see if proton radioactivity could be seen in a lighter mass region, the search for
proton emission from the Tz = -1/2 nuclides $9Br and 65As was performed and will be
described. These nuclides were thought to be good candidates from which to either
observe such decays, or to set half-life (and thus separation energy) limits. Their
respective separation energies, predicted to be 810 + 300 keV and 570 £ 270 keV,
correspond to half-lives ranging from 1 ps to 1 pus and 100 ps to 1 ms, respectively.

Although direct two-proton radioactivity has yet to be observed, it was predicted
and its main features were discussed by Gol'danskii in 1960 [Go 60]. Due to the -
additonal stability imparted to a nucleus by the pairing of its nucleons, nuclei exhibiting
two-proton radioactivity will be bound with respect to the emission of a single proton but
unbound with respect to the emission of the pair, i.e., Sp > 0 but S2p <0.

The theoretical considerations involved in the decay of nuclei far from stability are
discussed in Chapter II. A description of the various experimental apparati used in
studying the decays of 35Ca, 31Ar, 69Br, and 65As is given in Chapter III. Chapter IV
contains the results and ramifications of these studies. A brief summary and conclusions .
derived from these experiments are presented in Chapter V.



Y

Sw

II. Theory

Charged particle emission, whether from the ground state or an excited state, is a
process which is governed by several physical parameters. Among them are the centrifugal
barrier, the Coulomb barrier, and the wave functions of the initial and final states.
However, the most important quantity which determines whether charged particle emission
can occur is the mass difference between the initial nucleus and the sum of the masses of
the final products. It is this mass difference which is used to determine possible decay
modes for a given nuclide as well as the location of the proton drip line (i.e., the onset of
ground state proton and two-proton decays). It is therefore important to know or be able to
predict the masses of the proton-rich nuclides approaching the drip line.

A. Nuclear Masses and the Proton Drip Line

A portion of the chart of the nuclides (0 £ Z < 36) is presented in Fig. II - 1 (a, b,
c). For each element shown, the lightest isotope known or predicted to "exist" (defined as
having a half-life greater than or equal to 10-12 sec) and the lightest isotope whose mass has
been experimentally determined is denoted. In addition, the first proton-rich isotope of
each element which has been shown to be or is predicted to be unbound with respect to
proton or two-proton emission is indicated. When experimental data are not available, the
predictions are based on the Kelson-Garvey mass relation and/or Coulomb displacement
energies (see Sections II. A. 1. and II. A. 3.). The definition of "existence" is taken from
Gol'danskii [Go 66) and is based on the fact that this time (10-12 sec) is considerably
greater than the lifetime of a compound nucleus (10-19 sec). This delay in the direct
emission of protons is due to the Coulomb and angular momentum barriers.

The decays of all the proton-rich nuclei, i.e., nuclei where Z > N, through the
aluminum isotopes (Z < 13) which are bound with respect to proton and two-proton
emission have been observed. Moreover, the masses of these nuclei up to Z = 12 as well
as that of at least one unbound proton-rich isotope of each element from helium through
sodium have been'expcrimentally determined. A total of 34 nuclides withZ<12and Z >
N have known masses. In the region from aluminum through titanium (13 S Z < 22), the
masses of proton-rich nuclei have been measured up to the proton drip line for all the
elements except aluminum, silicon and sulfur. This represents an additional 37 proton-rich
nuclides whose masses are known. For elements heavier than titanium (Z > 22), mass
measurements have been made on only 23 nuclides with Z > N. Thus, a total of 94 proton-
rich nuclides have known masses.

Most mass formulae currently in use are intended for making predictions over fairly
large mass regions. These formulae arise out of models which fall into four general



é;ifegbﬁcs:_ 1) semi-empirical or phenomenological models, 2) fundamental approaches
'Which include simple shell model cormrections, 3) models which use detailed shell
| corrections, and 4) models based on mass relations. A survey of 10 different mass models
is given by Haustein [Ha 88].

For light nuclei, the mass relations given by Garvey and Kelson in 1966 [Ga 66,
Ke 66] are still considered some of the best predictive methods. The Garvey-Kelson mass »
relation is used to predict masses for those nuclei where N > Z, while the Kelson-Garvey
relation is used for predicting masses for those nuclei where Z > N.

1. The Kelson-Garvey Mass Relation -

Due to the charge symmetric nature of nuclear forces, binding energies between
mirror nuclei differ mostly by their Coulomb energies. Thus, if the mass of a proton-rich
* nuclide is not known but that of its neutron-rich mirror is, then the mass of the proton-rich
nuclide can be predicted. A generalized formula for this mass difference is

2T, |
M(A, T) - M(A, -Tz) = Z [M(A-Z'I’Z-l+2i, 1/2) - M(A-2T,-1+2i, -1/2)]

i=1

where T is defined by

This relation can be used to predict the mass of a proton-rich nuclide with T, = -T from the
known masses of the appropriate T = 1/2 mirror pairs as well as the T, = +T mirror
nucleus. The T = 1/2 masses are known through the zinc isotopes. Fig. II - 2 showsa
schematic representation of this charge-symmetric relation for a T = 5/2 nuclide. The boxes
represent nuclei from the chart of the nuclides. A plus or minus sign in a box indicates that
the mass value of the corresponding nucleus is to be added or subtracted. As seen in Fig.

¢

IT - 3 [Ha 88], comparing the Kelson-Garvey mass estimates with 90 known mass values,
the Kelson-Garvey mass relation gives good agreement with a standard deviation of
approximately 230 keV [J4 88].
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2. Isospin and the Isobaric Multiplet Mass Equation

The concept of isospin is attributed to Heisenberg [He 32] who postulated the
theory of charge symmetry. He proposed that the neutron and proton be considered two
states of one particle, the nucleon. Breit and Feenberg [Br 36] then compared the scattering
of protons by both neutrons and protons and inferred that the forces acting between two
protons and a proton-neutron pair are nearly identical (theory of charge independence).
Charge independence is observed to be true to within 2% [Wi 57].

If all nucleons are considered equivalent and charge independence is accepted to be
entirely true, it follows that all systems of A nucleons in the same states of relative motion
will have the same spectra and energy levels, as it is irrelevant whether the nucleon is a
proton or a neutron. This is illustrated schematically in Fig. I -4a [Wi 57] where the
A =6 nuclei all have the same spectra, that of SLi. This, however, cannot be true due to
the Pauli exclusion principle; while-all proton-neutron combinations are compatible with the
exclusion principle, all the corresponding proton-proton or neutron-neutron combinations
are not. This eliminates some of the low lying levels in nuclei where Z # N. As the
difference between Z and N increases, so does the number of levels which are eliminated.
This is shown in Fig. IT - 4b [Wi 57] where 6Li (Z = N) has the same spectrum as in the
preceding figure, but some of the levels for 6Be and 6He ( IZ - NI = 2) have been
eliminated. All the levels within the energy range shown for 6B and 6H (1Z - NI = 4) have

'~ also been eliminated.

Although the nuclear interactions between the nucleons may be considered
equivalent, the non-nuclear forces are not. The major non-nuclear interaction is the
electrostatic or Coulomb force. This force only pertains to the proton-proton interaction,
and has the effect of raising the energy of the states with the higher number of protons as
compared with states with fewer protons and more neutrons. When this is taken into
account, the degenefacy of the corresponding levels in the A = 6 isobars is broken, as
depicted in Fig. II - 5.

The degenerate levels in Fig. II - 4b form isobaric multiplets and are assigned a
quantum number T such that the number of degenerate levels in each multiplet is 2T + 1.
Each nucleus has an isospin projection, T, which was defined in section II. A. 1. It
should be noted that the members of an isobaric multiplet (known as analog states), while
not energetically degenerate, have identical spins, isospins, and parities, thereby aiding in
identifying which levels belong to the multiplet. The masses of the analog states in an
isobaric multiplet can be given by the quadratic expression [Wi 57]

M(A, T, Tz) = a(A,T) + b(A,T) T + c(A, T) T;2



This quadratic equation is known as the isobaric multiplet mass equation, or IMME.
Deviations from the IMME are expressed by the additional terms dT,3 and eT;4. These can
arise from higher order charge related effects as well as isospin mixing effects. The
coefficients d and e can be derived from second order perturbation theory.

The mass of a proton-rich nuclide can be predicted from the mass of its neutron-rich
mirror and the corresponding b coefficient by taking the difference between the respective
IMME equations: '

M.z = MyT2 - 20T,

The b coefficient can be determined in two different ways. The more reliable method is
solving the simultaneous equations when the masses of three or more members of the
multiplet are known. This permits a direct calculation of the three IMME coefficients with
quite reliable results. However, due to limited experimental data on high isospin
multiplets, this method of mass prediction is limited to A < 40 and T, 2 -2. Above A =40,
the masses of only a few T, = -3/2 nuclei can be predicted in this manner.

The second predictive method for obtaining proton-rich ground state masses using
the b coefficient is given by Antony er al. [An 86]. Here, the b coefficient is calculated by
the expression

bealc (keV) = ApH - Egl) = ApH - l‘%—% A23 +1026.3 =-720.4 A2/3 + 1808.6

where Any is the neutron-hydrogen mass difference (782.3 keV), and Ec(:l) is the vector

part of the nuclear Coulomb energy. (The term "vector” refers to the transformation

properties of the operator that causes the Fermi part of beta decay; the Gamow-Teller part

arises from an "axial-vector” type of interaction. See section II. B.) This expression for

bealc, which agrees well with the experimental b values for A =9 - 60 [An 85, An 84],

assumes that the value of b is constant for all multiplets of a given mass, thereby providing

a simple way of predicting the masses of proton-rich nuclides up to mass 60. .

3. Coulomb Displacement Energy Formulae ®
Antony et al. [An 86] also provide a formula for calculating the mass of an analog |

state in a nucleus of mass A, given that the ground state of the T; = T nucleus has a known

mass and is a member of the isobaric multiplet. For nuclei in the range 9 < A < 60, the

expression for AE, the Coulomb displacement energy, is
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Zav

AE (keV) = 1440.8 (m)- 1026.3

where Z,y is the average atomic number between the pair, and the constants are determined
from a fit to experimental data [An 85]. The mass of each successive member of the
isobaric muitiplet can be obtained from the equation [Co 75]

A&=MZ>'MZ<+AIIH

where Mg, is the mass of the isobaric analog state in the higher Z nucleus and M« is that
of the lower Z nucleus. Thus,

Zav

Mgz (keV) = 1440.8 (m) -1808.6 + M«

For 44 < A <239, the Coulomb displacement energy data suggest

av

Z
AE. (keV) = 1412 (m)- 861

so that

Zav

Mz (keV) = 1412 (m)- 1643 + M,<

The difference between the ground state mass and an isobaric analog state mass
gives the excitation energy of the analog state. By using either the Kelson-Garvey mass
relation or the IMME in conjunction with the appropriate Coulomb displacement energy
formula, it is possible to predict the center-of-mass decay energy of the protons resulting
from beta-delayed proton or beta-delayed two-proton emission, assuming a superallowed
beta decay to the isobaric analog state (see below).

B. Beta Decay
By a standard application of time dependent perturbation theory [Ma 69], the
probability of emitting a beta particle with energy E and momentum p is given by



| 2 |
P(E) dE = m IMB |2 F(Z.E) (Ey - E)2 p2 dp

where
g = beta decay strength constant »
Mg = matrix element connecting the initial and final nuclear states
F(Z.E) = Fermi function which takes into account the distortion of the v

beta particles’ wave function from that of a free particle (a-
- plane wave) due to the Coul_omb interaction with the nucleus

Z = atomic number of the beta daughter .
Eo, = maximum beta energy

The derivation of this formula may be found in Appendix 1. The beta decay transition rate,
A, is obtained by integrating this probability over all possible momenta:

Pmax

2 |
Lo Mo [Fee @op2ete

The integral in the above equation is known as the statistical rate function, f, and contains
all factors not dependent upon the details of nuclear structure. This function has great
control over the absolute magnitude of the decay constant A. By rewriting this relationship
in terms of the partial half-life for a specific transition (t = In2/A), one obtains the
expression for the comparative half-life of the transition:

_2n3K7c31n2  1.230618 x 10-94

ft
g2 IMB'Z » g2 IMBI

erg2cmbs

Comparative half-lives (often quoted as logoft) tend to fall into groups which enable beta
decay transitions to be classified in terms of allowed, superallowed, or forbidden.

An allowed transition is defined as one in which the beta particle and the neutrino o
(or anti-neutrino) carry away no orbital angular momentum; the only change in the angular
momentum of the nucleus must result from the spins of the emitted leptons, each of which
has a value of s = 1/2. If the leptons are emitted with their spins anti-parallel (total S = 0),
then there can be no change in the nuclear spin: AJ = 1Jj - Jd = 0. This type of transition is
known as Fermi decay. If, on the other hand, the leptons are emitted with their spins



parallel (S = 1), they carry a total angular momentum of 1R, and J; and Js must be coupled
through a vector length of 1: AJ =1J; - Jd =0, 1. This is known as Gamow-Teller decay.
In both cases of allowed beta decay, the parity of the initial and final states is the same since
parity is associated with the orbital angular momentum: 7 = (-1)’. Allowed transitions
have very similar log ft values, generally ranging from 2.5 to 6.0, the bulk of which fall
between 4 and 6.

A subset of allowed transitions is superallowed transitions. Superallowed
transitions are decays between initial and final states that have maximal overlap between
their wave functions. This type of transition is mostly found among beta emitters of low Z,
particularly between mirror nuclei, as well as between isobaric analog states. Given that
the theory of charge symmetry holds, the wave functions characterizing two mirror nuclei
as well as those characterizing isobaric analog states are expected to be very nearly the
same. Nuclei undergoing a superallowed beta transition have the lowest log ft values,
generally falling between 2.7 and 3.2.

When the emitted leptons carry away units of orbital angular momentumn the decays
are more hindered than allowed decays and are called forbidden transitions. The most
frequent type of forbidden transition occurs between states of opposite parities. In order to
accomplish this, the leptons must carry away an odd number of units of orbital angular
momentum relative to the parent. For each unit of angular momentum carried away, the
order of forbiddenness increases by one and the beta transition probability decreases by
several orders of magnitude. The log ft ranges for first, second, and third forbidden
transitions are 6 - 12, 11 - 18, and 17 - 20. Again, there is a mixture of Fermi and
Gamow-Teller type transitions for each case, depénding on whether the leptons are emitted
with their spins parallel or anti-parallel. These selection rules are summarized in Table II -
1 [Fr 81].

Selection Rules for Beta Decay Transitions

Transition Type Al Change in Parity log ft

Superallowed (Fermi) 0 No 27-3.2

Allowed (Gamow-Teller) 0, 1 No 4-7
(not 0 —=0)

First Forbidden 0, 1, £2 Yes 6-15

Second Forbidden 2, #3 No 11-18
(0-0) _

Third Forbidden +3, #4 Yes 17-19

Table IT - 1



For light proton-rich nuclei far from stability, beta decay generally consists of a
superalloWéd Fermi Component plus a Gamow-Teller component when allowed by the
selection rules. Such a decay leaves the daughter either in the isobaric analog state, in one
of several states clustered around the analog state, or in a low-lying level. The role of
forbidden transitions is generally not important for these nuclei. . :

The expression for the comparative half-life can now be rewritten with the beta
decay matrix element and the accompanying interaction strength constant in terms of a
Fermi decay matrix element and a Gamow-Teller decay matrix element:

K
Gy <1>2 + G4 <or>2

where

K =1.230618 x 1094 erg2 cmS s

Gv = weak interaction vector coupling constant
<1> = Fermi decay matrix element

GA = axial vector coupling constant

<o™> = Gamow-Teller decay matrix element

The above expression for the comparative half-life is simplified and several
corrections are needed [Ra 75]. Electromagnetic radiative corrections which arise from the
exchange of virtual photons between the charged particles involved in the beta decay are not
included in the statistical rate function. These corrections are divided into two parts: the
model dependent, or inner part, and the model independent, or outer part.

The inner correction is applied to the vector, or Fermi, coupling constant such that

g _ 2
G,2=Gy (1 +&)

This yields an "effective” coupling constant G'V. AR is independent of the momentum

transfer but does depend on the details of the weak and strong theory. For this reason, no
unambiguous value for this correction has been obtained.
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The outer correction, which has no dependence on the models of the strong or weak
interactions but does depend on the momentum transfer, is applied to the statistical rate
function such that

f — (1 + 8R)

where 8g = 81 + 8 2 + 83. The §; are corrections in the ith order of the fine structure
constant a. 9 is tabulated in [Wi 70] and is less than 2% for most light nuclei.
Expressions for &, [Ja 70a] and 33 [Ja 72] are

8, ~4.0x104Z
83 ~ 3.6 x 106 Z2

Radiative corrections also enter into the calculation of the statistical rate function as
do other modifications to account for such effects as screening and the finite nuclear mass
and size. These effects, which differ slightly for Fermi transitions and Gamow-Teller
transitions [Wi 74], are denoted by fy and fa, respectively. o H

The Fermi matrix element, <1>, also requires some modification. Pure Fermi "
decay requires that AJ = 0, Ax = no, and AT = 0; the initial and final state wave functions
are considered to be identical. However, the number of protons in the parent differs from..
that in the daughter by one, so that these states will have slightly different wave functions.;.
Because the nuclear Hamiltonian is charge dependent, the assumption that the states are:....;:
isospin pure is no longer valid. The result is the introduction of isospin impurities and a. - -
decrease in the Fermi matrix element by a factor of 1 - 8¢ [Ra 75). While all calculated
values of 8¢ are model dependent, they agree that 8¢ is positive and less than 1.5%.

Inclusion of these correction factors produces the new expression

e

K
fy G2 <152 (1 - 8c) + f G <or>2

(1+&t=

The values for the coupling constants G’v and G, have been determined experimentally.

The value of G;/ , obtained from the superallowed 0+ — 0* (pure Fermi) transitions, is

11



(1.41561 £ .00044) x'1049 erg cm3 [Si 87]. The ratio of the coupling constants GA/G;/,

is 1.262 £ .005 [Bo 86]. Substituting these values into the above equation yields

(1+8)t= 6170 + 4 e
fy <1>2 (1 - §p) + 1.4546 f, <or>2

The Fermi transition probability <1>2 can be written as
<1>2=T(T+1)-TyTs

where T is the isospin of the initial and final states and T; and T are their corresponding

z-projections. For transitions between T = 1/2 mirror nuclei, <1>2 = 1; however, for

transitions in nuclei with the highest isospin transition yet observed, T = 5/2, <1>2 = 5.
The Gamow-Teller matrix element <6t>, which can be written as

A
<ot>= <f 1Y o) (k)| i>
K

is composed of a sum over all the nucleons in the nucleus. Its magnitude is much more
difficult to determine as it depends on the details of the nuclear wave functions involved.
Probabilites for specific Gamow-Teller transitions have been calculated using large basis -
- shell model calculations [Wi 84, Br 85].

C. Proton Emission .

Proton emission, whether from an excited state as in beta-delayed proton decay, or
the ground state, depends on the proton penetrability through the Coulomb and angular
momentum barriers as well as the degree of overlap between the initial and final state wave
functions. The relationship between these factors can be written as

I=2Pp2

“where
I = proton decay width
P = proton penetrability
! = angular momentum of the emitted proton
¥2 = proton reduced width

12



The penetrability factor can be calculated using the regular and irregular Coulomb
wave functions, F; and G;, which are obtained from the solution of the radial Schrodinger
equation using a Coulomb potential. The penetrability is then given by

kR,

P = ——x
F12+G%

where k is the wave number of the proton calculated by

1
k= Qg%’} = 2187UE)1/2 fm1

in which y is the reduced mass of the system in amu and E is the center-of-mass energy of
the proton in MeV and Ry, is the nuclear radius at which the Coulomb wave functions are
evaluated, given by /

Ro=T1o(A %/3

+ A;B )
where A] is the mass number of the proton decay daughter and A is that of the proton, i.e.
1. Penetrability values have been calculated by the program COCAGD [Se 73].

The reduced width is more difficult to calculate as it depends on wave function
information. It is given by

K2
V= 2 SU IR (Rp)12 Ro

where Sj; is a spectroscopic factor equal to

S 2j+2-n
h="25+1

and Rpyj (Ro) is the radial wave function evaluated at the nuclear surface. The radial wave
function at the nuclear surface can be approximated [Bo 69] by

1.4
Rnlj Ry = Eﬁ?
0

13



because at the nuclear surface, the radial wave function is approximately independent of n,
1, andj. The Wigner Sum Rule puts an upper limit given on the reduced width:

2
2 B2 Ry
2UR; MR,

Using this result, an upper limit for the proton decay width and the lower limit for the
proton partial half-life may be deduced:

P
T < 1254—5 MeV
HR,

and

R In2 p.R%

tl/2=tln2=;ln22—lmr sec

Based on these relations and their proton separation energies, the proton partial
half-life has been calculated for the first proton unbound isotope from lithium through
krypton that does not have a heavier isotope predicted to be unbound with respect to two-
proton emission. The results are presented in Table II -2. It should be noted that although
26P has a negative proton separation energy, its prbton partial half-life is expected to be 4 x
109 sec. Discovered in 1983 via its beta-delayed proton decay branch [Ca 83a), it was
determined to have a half-life of 20 :’.1255 ms. Based on the proton partial half-life, 26P

should have a direct proton decay branch of 4 x 10-10%.

Ground state proton decay was first observed in 1982 from the decays of 151Lu
(t12 = 85 £ 10 ms) [Ho 82] and 147Tm (11 = 560 + 40 ms) [KI 82]. Despite intensive
searches in various mass regions [Fa 88], the only other nuclides positively identified as
ground state proton emitters are 1091 (t12 =33 £7 us) and !13Cs (112 = 109 £ 17 ps) [Fa
84, Gi 87].

For the ground state proton emitters near A = 150, the ratio of the experimentally
observed proton partial half-lives to the values predicted by the WKB approximation (see,
for example, [Li 80)) is quite good: 1.3 for 151Lu and 0.9 for 147Tm [Gi 87]. In sharp
contrast, however, the corresponding ratios for the two nuclei near A = 110 are 47 for
113Cs and 8.4 for 1091 [Gi 87]. Because.the penetrability of a proton through the Coulomb

14
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Predicted Ground State Proton Emitters and Their Half-Lives

Nucleus | SpMeV) 2 Half-Life (sec)
SLi 1 -1.970 £ 0.050 b 2x 1022
B¢ 1 -2.210£0.070 ® 4x 1022
1IN 0 -1.920 £ 0.150 b 2x10-22
16 0 -0.540 £ 0.010 b 2x 10-18
19Na 2 -0.320 £ 0.010 b 6x 10-16
21A] 2 -1.090 £ 0.030 6x 10-19
21gj¢ 2 -1.470 £ 0.670 3x 1019
26pd 2 -0.070 £ 0.020 4x 109
263 ¢c 0 -0.610 + 0.080 4x 1018
30C1 2 -0.720 + 0.060 1x109
34K 2 -0.630 £ 0.030 1x10-15
39sc 3 -0.630 £ 0.040 ¢ 4x10-13
a2y 1 -0.400 + 0.020 7 x 10-10
45Mn 3 -1.010 £ 0.050 9x 1015
49Co 3 -0.910 +0.120 2x 10-13
55Cu 1 -0.170 £ 0.070 3 x 101
54Znc 1 -0.160 + 0.100 2x 103
60Ga 1 -0.020 £ 0.070 - 1x1031
65As 3 -0.530 £ 0.270 7 x 10-8
69Br 3 -0.810 £ 0.300 2x 10-10

a Predictions made by using the Kelson-Garvey mass relation and/or the formulae from
Antony et al. Error bars arise solely from the errors on the input masses. See text.

b These values have been determined experimentally [Wa 83].

¢ These nuclei are also predicted to be unbound with respect to ground state two-proton
emission.

d This nuclide has been observed to possess beta-delayed proton and beta-delayed two-
proton decay branches [Ca 83a, Ca 83].

€ This value has been determined experimentally [Mo 88].

TableII-2
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and angular momentum barriers is well understood, these discrepancies must arise from a
reduction in the proton reduced width with respect to the theoretical calculations. The
differences are most likely due to a chan ge in the nuclear configuration between the parent
and the daughter which is not taken into account in the calculations. _

As can be seen in Table II - 2, 69Br and 65As are predicted to be the lightest T, =
-1/2 nuclides that are proton unbound; the proton separation energy (Sp) of 69Br is
predicted to be -810 + 300 keV and that of 63As is predicted to be -530 £ 270 keV. Plots
of the emitted proton energy versus the predicted proton partial half-life for both / = 1 and
1 = 3 protons from %9Br and 65As are shown in Fig. Il - 6. Based on their separation
energies, the half-life of 9Br should fall between 1 ps and 1 s and the half-life of 65As
should be in the range of 100 ps to 1 ms. However, it has been found that the mass
predictions often underestimate the binding energy of a nucleus, sometimes by up to 200
keV. Thus, if the proton separation energy of 69Br is as small as -610 + 300 keV, or if its
reduced width for proton emission is smaller than what is predicted, the proton partial half-
life can, in principle, range from 10 ps to 1 sec, and if the proton separation energy of 65As |
is as small as -370 £ 200 keV, or it has a smaller than predicted reduced width for proton

decay, its proton partial half-life can range from 100 ns'to 2.8 h. Beta decay could thenbe -

a competitive decay mode in these decays at the upper end of this range. These values
assume that the emitted protons have an angular momentum of / = 3; this expectation is
based on the proposed spin and parity of 5/2- for the parents.

By searching for ground state proton emission in the A = 70 region, it is hoped to
determine whether or not the discrepancy between the observed reduced width and the
theoretical calculations continues in this lighter mass region on the proton drip line.

D. Two-Proton Emission

Two-proton radioactivity, the emission of a pair of protons from the ground state,
is a decay mode which, while predicted in the early sixties [Go 60, Go 61], has yet to be
observed. A ground state two-proton emitter is defined as one for which the direct single-
proton decay channel is energetically closed but, because of the added stability from
nucleon pairing, the direct two-proton decay channel remains open. As with ground state
proton emission, direct two-proton radioactivity is expected to occur at the proton drip line.
Several light nuclei, including 6Be, 8C, 120, and !6Ne, are known not to exist due to their
instability with respect to two-proton decay (their respective two-proton vseparation
energies, Sap, are -1.371 MeV, -2.143 MeV, -1.780 MeV, and -1.404 MeV). The half-
lives of such nuclei are on the order of 10-22 seconds.
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In 2He emission, the protons will leave the nucleus coupled to a 1S, configuration.
The virtual state, 2He, has been studied in reaction work [Co 80, St 79] and can be thought
of as a proton pair penetrating the Coulomb and angular momentum barriers of the nucleus
with a virtual energy, €, shared between the protons. This center-of-mass energy of the
proton pair then "returns” at some distance from the nucleus as the kinetic energy of the
protons which are now correlated at small angles. For simplicity, it is assumed that this
break-up occurs well outside the Coulomb and angular momentum barriers.

This decay mode requires that the protons are emitted at 1809 to each other in their
center-of-mass reference frame. Momentum and energy conservation give the following
expression for the summed laboratory energy of the two protons:

'mFCm + 2mpe + g2

ELAB =

m+2mp+€

where

m = mass of the two-proton daughter

E.m = center-of-mass decay energy for the two protons

mp = mass of the proton

€ = relative energy of the two protons (the break-up energy)

The quantity € is determined by the nucleon-nucleon interaction of the proton pair (the final
state interaction) and is expected from the aforementioned reaction studies to appear as a
distribution with a maximum value of ~500 keV and a full width at half the maximum of
~600 keV.

Given a value for &, the kinematic expression for the laboratory energies and angles

of the protons can be derived [Sy 71, Oh 65]. The resulting expression is

ET+E5 - 2¢

NEe

cosT =

In this equation
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7 = laboratory angle between the emitted protons

--EII"V= laboratory energy of one proton
L
E, = laboratory energy of the other proton

7 is maximized when the laboratory energies of the two protons are equal. As this is also
expected to be its most probable value, the individual proton energy spectrum resulting
from 2He emission should be a distribution symmetric about this energy with its shape
determined by the distribution in € and by the variation of the detector efficiency as a
funcdon of 1.

Gol'danskii [Go 60, Go 61] showed two ways to calculate the probability for the
simultaneous emission of two protons. Either the penetrability for a doubly charged
particle (2He) with an energy Eg through the corresponding Coulomb barrier may be
calculated, or alternatively, the penetration factors for two single protons of energy E and
Ep - E may be multiplied. Again, the latter product is maximized when E = E¢/2.
Furthermore, Gol'danskii showed that both methods led to the same result with the caveat
that the protons come from an s shell, i.e., / = 0; otherwise, the centrifugal barrier for the
protons comes into effect and suppresses the uncorrelated emission of the two protons.
Table II - 3 gives the two-proton separation energies (S2p) for the heaviest proton-rich
nuclei of 3 £Z < 36 which are expected to be unstable with respect to two-proton emission
and do not have a heavier isotope predicted to be unbound with respect to single proton
emission. In addition, the table lists the shell from which the two protons are emitted, the
predicted half-life for the emission of a diproton (2He) with a final state interaction of € = 0,
the predicted half-life for diproton emission with a final state interaction of € =.500 MeV,
and the half-life for the emission of an uncorrelated pair of protons which share the decay
energy equally (Ep) = Ep2) and have angular momenta of / = 0 and ! = Isyy where Is, is the
angular momentum of the shell from which the protons are emitted.

Beta-delayed two-proton radioactivity is quite similar to ground state two-proton
decay, but does have some notable differences. First, beta-delayed two-proton emitters are
not energetically restricted from emitting a single proton after the beta decay. As a result,
the sequential emission of two protons must be considered as well as the simultaneous
emission. Second, beta-delayed two-proton radioactivity normally involves the emission
of higher energy protons than ground state two-proton decay and is therefore easier to
observe.
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Predicted Ground State Two-Proton Emitters and Their Two-Proton Half-Lives

Nucleus Sop(MeV)a - 2p Shell £=0 2He Ty (sec) £=.5 2HeTip(sec)  2p Tip(sec)
6Be -1.370£ 0.010 b 1p3p 2x 1022 3x 1022 8 x 1021
B¢ -1.610 £ 0.090 b 1p3p 2x 1022 3x 1022 1x10-20
8¢ -2.140 £ 0.030 b 1p3p 2x 1022 3x 1022 7x 1021
120 -1.780 £ 0.040 b Ipip 1x 1021 5x 102! 7x 10-20
16Ne -1.400 £ 0.020 b 1dsp 3x 1020 C1x 1018 7x 10°17
19Mg -1.170 £ 0.060 1dsp  3x1018 4x 1015 9x 10-15
21gj¢c -4.690 + 0.600 ldsp 5x 1022 9 x 10-22 3x 1020
265¢ -2.140 £ 0.070 2512 7x 1019 2x 1017 9x 1018
3Ard -0.230 £ 0.180 1d3p 1x108 oo 3x 1013
HCa -2210£0.050 1d3p 4x10°17 2x 1015 1x10°4
i -0.790 £ 0.020 ifin 6x 106 3x 1013 4x 10!
42Cr -0.690  0.050 1f1 7x 102 1 x 1026 5x 103
45Fe -1.140 1 0.050 1f12 7x 107 | 3x 102 1x 102
49N;j -0.190 t 0.060 1f72 3 x 1036 ‘oo 3 x 1043
54Znc -1.690 £ 0.100 2p3p “7x109 ' 4x 104 3x 107
9Ge -1.250 £ 0.200 2p3p 3x103 4 x 106 2x 101
64Se -0.360 + 0.290 1fsp 2x 1028 o0 7 x 1033
68Kr -0.760 + 0.560 1fsp 7 x 1010 >1022 2x1015

a Predictions made by using the Kelson-Garvey mass relation and/or the formulae from Antony et al. Error bars arise solely from the
errors on the input masses. See text. b These values have been determined experimentally [Wa 83]. ¢ These nuclei are also predicted

to be unbound with respect to ground state proton emission. 4 This nuclide has been observed to possess beta-delayed proton and beta-
delayed two-proton decay branches [Bo 87, Re 89). '
Table II - 3



"~ In principle, the emission of two protons following beta decay can result from
several mechanisms. These include 2He (diproton) emission, sequential emission, and
uncoupled simultaneous emission. 2He emission has already been discussed. Uncoupled
emission may be thought of as two protons leaving the nucleus with a time, At, between the
first and second proton. If At is long enough for the formation of an intermediate state, this
will be referred to as sequential emission. The alternative case (At < 1021 s) will be
referred to as pre-equilibrium emission.

Sequential emission is a two-step process; two protons are emitted, each with a
discrete energy dependent upon the intermediate state formed. The expressions for the
laboratory energies of two protons emitted sequentially are [Ca 84]

Er=| = |5

my

and

)_,_El(mp)z_%bcose mE (ECm'EIJ

m; my- my my

where '
E]i‘ = laboratory energy of the first proton

mj = mass of the intermediate state between proton
emissions

my = mass of the state of the beta daughter emitting the
protons (usually the isobaric analog state)

E} = center-of-mass energy of the first proton

éz‘ = laboratory energy of the second proton

m = mass of the two-proton daughter

Ecm = center-of-mass sum energy of the two protons
mp = mass of the proton '

0 = center-of-mass angle between the protons
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Although the first proton in the sequential emission has the usual center-of-mass to
laboratory energy conversion as calculated for single proton emission, the laboratory
energy of the second proton is dependent upon the relative angle of emission between the
protons. This angle needs to be considered because the second proton is being emitted
from an already recoiling nucleus. The center-of-mass angle may be calculated from the
laboratory angle via the equation

cos 8 =cos N (1 - k2sin2 )12 -k sin2n

where k is defined as

To fully describe the third possible mechanism, pre-equilibrium emission, a
knowledge of the evolution of the nucleus following the emission of the first proton is
required. Such a treatment is quite difficult and only the qualitative features of the relatively
simple, limiting case of At = 0 will be discussed. If spin dependent angular correlations are
negligibly small as in sequential emission, and if barriers are ignored, then phase space
limitations will determine the proton energy spectrum. Individual proton spectra for this
limiting case are similar to that for 2He emission and will consist of a continuum of proton
energies with equal proton energies being the most probable. However, unlike 2He
emission, these protons are not restricted to small angles and there is an angular
dependence on their laboratory energies similar to that for sequential emission.
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Figure II - 1a:

Figure II - 1b:
Figure II - 1c:

Figure I - 2:

Figure II - 3:

Figure II - 4a:

Figure II - 4b:

Figure II - §:

Figure II - 6:

Figure Captions

A portion of the chart of the nuclides from 0 < Z < 14 showing nuclei from
the proton drip line to the valley of stability. For each element, this chart
shows stable isotopes, the lightest isotope which "exists" (see text), the
lightest isotope whose mass has been determined, and which nuclei at the-
proton drip line are predicted to be unbound with respect to proton and
two-proton emission.

Continuation of Figure II - 1a from 15 £Z'<23.
Continuation of Figure II - 1b from 24 < Z < 36.

A schematic representation of the charge symmetric Kelson-Garvey mass
relation for a T, = -5/2 nucleus.

Delta values (calculated mass values - experimental mass values) for
known nuclides using the Kelson-Garvey mass relation [Ha 88].

A level scheme of 6B, 6Be, 6Li, 6He, and SH as they might be if the Pauli
exclusion principle and electrostatic forces were not taken into account.

The effect of the Pauli exclusion principle: some of the lowest levels of
6He and 6Be, and all the low-lying levels of 6H and 6B are eliminated.

The resulting level scheme of the A = 6 isobars when electrostatic forces
are taken into account. Isotopic spin multiplets are indicated.

Plots of the proton partial half-life versus the proton energy for $9Br and
65As.
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III. Experimental Techniques

All the experiments which will be described were performed at the Lawrence
Berkeley Laboratory 88-Inch Cyclotron. Different techniques were used for the different
experiments, each one overcoming the limitations of the previous one. The discovery of
the first T = -5/2 nuclide, 35Ca, through its beta-delayed two-proton emission employed a
helium-jet transport system. This system, however, could not be used to study the decay
of another T, = -5/2 nuclide, 31Ar, or any noble gas for that matter. After considering
several alternatives, an in-beam recoil catcher wheel was constructed. In order to search
for the ground state proton emission from 9Br and 65As, low energy particle identification
gas-silicon telescopes needed to be developed because traditional silicon detector telescopes
became impractical.

A. The 88-Inch Cyclotron Facility

The Lawrence Berkeley Laboratory 88-Inch Cyclotron is a variable energy, sector-
focused cyclotron where the maximum energy of an accelerated ion with charge Q and
mass number A 24 is

Epa = 140 (%)

The maximum energy for ions with A <4 is limited by the radio frequency (RF) system of
the cyclotron, which ranges from 5.5 MHz to 16.5 MHz, and/or the 100 kV limiting
voltage output of the deflector power supply. Maximum energies for ions with A <4 are
60 MeV for protons, 65 MeV for deuterons, and 145 MeV for 3He2* ions. Light ions
(3He in particular) were often produced in a conventional h.ot filament ion source [Eh 62].
All heavy ion beams (A > 4) as well as those light ion beams which required pulsing were
produced in the Electron Cyclotron Resonance (ECR) source [Ly 87] coupled to the
cyclotron. A schematic layout of the 88-Inch Cyclotron facility is shown in Fig. III - 1.
The filament source is located below the cyclotron while the ECR source sits on the vault
roof above the accelerator. All work described here was done at the location marked CAVE
2, EXOTIC NUCLEL Light ion beams were transported to CAVE 2 with 70 - 80%
transmission while the transmission for heavy ion beams was 40 - 60%.

Production of the light proton-rich radioactive nuclei under investigation is best
accomplished by compound nucleus reactions where a T, = 0 target is bombarded by a
proton beam, a 3He beam, or a T; = 0 beam. This type of system produces the most
proton-rich compound nuclei in the mass region. For the production of 35Ca, the (3He,
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a4n) reaction on 40Ca was used; 31Ar was produced via the (3He, 4n) reaction on 32, and
the 69Br and 65As searches were performed using 28Si and 32S beams on calcium targets.

B. The Helium-Jet Transport System

Nuclear reaction products recoiling from a target must be carried to the detectors in
such a manner that permits the accurate measurement of their decays. Thus, a thin source
must be prepared in a vacuum chamber. One traditional method which accomplishes this is
the helium-jet transport technique [Ma 74]. Such a system, used to discover the first
T, = -5/2 nuclide, 35Ca, is shown schematically in Fig. IIl - 2. A water-cooled target
chamber was pressurized with helium to 1.3 atm. The beam entered and exited through
sets of nitrogen-cooled Havar [Ha 83] isolation windows. The target was situated in a
slotted target holder so that the distance between the target and capillary could be optimized
for the recoil range of the compound nucleus of interest. Nuclei recoiling out of the target
were thermalized in the helium and were transported to the detector chamber via a 70 cm
long 1.27 mm i.d. stainless steel capillary.

An important aspect of any helium-jet system is the use of additives to the helium.
It is known that when large molecular clusters or aerosols (MW = 103 - 108 amu [Ju 71])
are in the helium, most nuclei recoiling from the target to stick to the aerosols, with the
notable exception of the noble gases. The larger aerosols (and hence the reaction products)
are transported by the laminar flow of the helium down the center of the capillary, thereby
reducing the amount of activity lost by striking the capillary wall. Aerosols may be formed
from a wide variety of materials including, but not limited to, mechanical pump oil, organic
solvents such as acetone, ethylene glycol, carbon tetrachloride, benzene, and methanol, or
inorganic salts such as sodium chloride, potassium chloride, or lead chloride. For the
helium-jet experiment described here, sodium chloride was chosen as the additive because
it resulted in the highest yield of reaction products transported to the detector chamber. A
quartz tube containing the salt was heated in a tube furnace to a temperature of 600° C.
This served to "soften” the salt so that as the helium passed over the sodium chloride, the
force of the gas flow broke off salt clusters, thus forming the aerosols.

The transported activity was collected on a rotating aluminum disk in the detector
chamber. The chamber was evacuated to S00 mTorr by a high speed Roots blower pump.
The six inch diameter disk rotated at a speed of approximately 2 RPM in order to remove
long-lived beta activity from the face of the detectors. This was an essential feature of the
setup as beta decay background from simultaneously produced nuclei is a serious problem
in low-yield experiments and must be reduced as much as possible. The beveled edge of
the disk allowed the activity to be deposited under the detectors while the helium was
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deflected away. The total transit time from the target chamber to the detector chamber was
approximately 20 ms. The collection and transport efficiency of helium-jet transport
systems is generally on the order of 50%.

Despite its high transport efficiency, the helium-jet technique has two limitations.
First, due to the transport time through the capillary, nuclei whose half-lives are less than
10 to 15 ms and whose production cross sections are less than 100 pb will not be observed
in émy substantial yield. Second, noble gases do not adhere to the aerosols in the helium,
thereby making it impossible to observe the decays of these radioactive isotopes. It thus
became necessary to construct a new system which overcame these limitations in order to
continue the investigation of the decays of very proton-rich nuclei.

C. Alternatives to the Helium-Jet Transport Technique

When developing new experimental equipment, the specifications of the system
must always be clearly delineated. The criteria for this new spectroscopy system included
the ability to detect the decays of short-lived nuclei (tj2 2 100 ps), the versatility of
observing single and/or two-proton decay modes (either direct or beta-delayed), and
chemical universality. )

One technique already in use for studying short-lived nuclei is the system developed
by Gillitzer et al. [Gi 87] to study proton radioactivity in the tin region. The beam, after
passing through a gas filled annular detector, impinges on a target mounted at the end of the
annulus such that it is not visible to the detector. Behind the target is a catcher foil which
stops reaction products recoiling from the target; the detector is then sensitive to activity
emitted from the catcher foil. Counting between pulsed beam bursts, this system has been
used to identify decays of nuclei with half-lives of 30 ps and has the capability of detecting
the decays of nuclei whose half-lives are as small as 10 ns. In addition to being excellent
for studying the deéays of very short-lived nuclides, this technique has no chemical
selectivity. The disadvantage of this system is highlighted when considering an experiment
designed to search for two coincident particles: the subtended solid angle is rather small.
Currently, the system subtends 7% of 4x sr for performing single particle spectroscopy; it
would have a solid angle of only 3.5% of 4r sr in each side when looking for two particles
in coincidence. A high geometry setup is important when performing two-particle
spectroscopy because the detectors need to cover a fairly large angular range so that proton
pairs emitted with small as well as with large opening angles can be detected. This system
does not provide the solid angle necessary for a thorough investigation of such events.

The second system contemplated was a pulsed-beam target counting system such as
the one was used by Cemny et al. [Ce 70) for measuring the proton radioactivity from
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53mCo. In this system the beam was pulsed so that the activities of the reaction products
retained in the target could be detected. While the target was being irradiated, the detectors
were shielded from the prompt radiation; counting was impossible during this phase. A
single rotating wheel was used to control the pulsing of the beam, shield the detectors when
the beam was on, and provide a slot so the target was visible to the detectors when the
beam was off. This technique has the capability of measuring the decays of nuclei with
very short half-lives (2 100 ps) and has no chemical selectivity. The biggest disadvantage
associated with this technique is, again, the subtended solid angle. Although the detector
telescopes can be positioned so that a coincidence experiment can be performed at any
given angle, the overall solid angle of the system is very small - approximately 2% of 4 sr
per telescope. In addition, the uniform distribution of the activity in the necessarily thick
target results in a somewhat broadened peak width of the observed activity - on the order of
200 keV measuring the full peak width at half its maximum height (FWHM).

The final option considered was an in-beam rotating catcher wheel. This system
would catch nuclei recoiling from the target on catcher foils located around the
circumference of a wheel. The deposited activity would then be transported to the detectors
by the rotating wheel. Detectors placed above as well as below the plane of the wheel
could detect both small and large angle coincidences. The advantages of such a system
include the ability to detect nuclei with very short half-lives, the ability to measure these
half-lives by varying the speed of the wheel, the versatility to look at recoils from different
nuclear reactions by changing the thickness of the catcher foils, chemical universality, and a
relatively large solid angle, approximately 20% of 4 sr, subtended by each telescope. The
main disadvantage of this technique actually arises from such a high geometry. All the
beta-delayed two-proton emitters examined to date decay via a sequential emission, thereby
going through an intermediate nuclear state. As decays of this nature are isotropic (see
Section II. D.) the observed peak widths would be adversely affected by this technique due
to kinematics. The observed sum of the energies of two sequentially emitted particles is
dependent upon the angle between them; the larger the angle, the higher the observed
energy. This effect will cause a broadening of the observed peaks, perhaps by as much as
350 keV (FWHM). A much smaller component of the observed peak broadening would
result from the uniform distribution of the recoiling nuclei in the catcher foils, similar to that
described for the target counting method. However, due to the fact that the catcher foils
would be much thinner than a typical target, this component of the broadening should not
exceed 80 keV (FWHM).

The annular gas detector system is by far the fastest of the three alternatives
considered, capable of measuring activities down to 10 ns. While the detector geometry for
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performing single particle spectroscopy is reasonable, it would be rather small for the study
of two-particle emission. The target counting system, which could measure activities down
to 100 ps and coincidence events at either wide or narrow angles, suffers from the same
limited solid angle problem. The rotating catcher wheel, which could also detect activities
down to 100 ps, offers the best opportunity for detecting both one and two-proton decays
simultaneously with a solid angle of approximately 20% of 4= per telescope; however the
trade-off is that such a large subtended solid angle introduces greater uncertainty in the sum
energy of coincident particles.

After considering these three alternatives to the helium-jet transport technique it was
decided that the third option, the in-beam recoil catcher wheel, would best satisfy the
requirements for studying both the single and two-proton decays of short-lived proton-rich
nuclei.

D. The In-Beam Rotating Recoil Catcher Wheel

An aluminum alloy wheel with twelve removable catcher foils around its
circumference was constructed and installed at an angle of 20° with respect to the beam.
The target ladder, which held up to six targets, and the detector telescopes, which were
placed to the side of the target ladder, were also inclined at 20°. This apparatus is
schematically illustrated in Fig. III - 3. The angle of 20° presented an effective catcher foil
2.9 times thicker than the material the emitted protons must traverse, maximizing the
catching efficiency of the foils while minimizing the recoil range effect on particle
resolution. The wheel, driven by an external, variable speed motor, could be rotated at
speeds ranging from 20 to S000 RPM. |

The beamn needed to be pulsed as the wheel rotated for several reasons. The pulsing
eliminated the beta background that would have been generated by irradiating the spokes, it
prevented the spokes from melting, and it reduced the high radiation background present
when the detectors were counting (see below). The customary method of pulsing the
cyclotron beam had been to pulse of RF system. This method was used by Cerny ez al.
[Ce 70] with the pulsed-beam target counting system previously discussed. Pulsing the RF
allowed the beam to be turned on or off in approximately 200 us. At RF frequencies above
10 MHz, however, it took almost 500 us for the beam to cease and another 500 ps for the
bombardment to resume after the appropriate signal was sent. Therefore, in order to look
for nuclei with very short half-lives, it became necessary to develop an alternate method of
pulsing the beam.

Electrostatic deflection plates on the injection line between the ECR source and the
cyclotron provided a faster method of beam pulsing. Since the ECR source extraction
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voltage is ~10 kV, the beam was completely deflected before entering the accelerator by'
applying only 700 V to one plate while keeping the other at ground potential. Turning the

- voltage on or off required ~2 pus. The wheel, with twelve equally spaced slots, permitted a
lamp and photodiode to generate the signal for pulsing the beam. The signal from the
photodiode was used to generate a square wave which subsequently pulsed the controller
for the bias supply te the deflection plates. The beam-on and beam-off times were set
approximatély equal because the distance between the beam and the detectors was designed
such that the activated portion of the foils just reached the detectors as the beam was turned
off. Because of the finite amount of time it takes for the cyclotron to empty after the beam
is deflected (typically between 60 ps and 100 ps), slow wheel speeds, ie., speeds in
which the beam cycle is greater than 5 ms, required no corrective delays. Rapid rotation
experiments, however, require that the beam-on and beam-off times be empirically
determined to maximize the beam cycle.

E. Detection Systems

~ Each measurement that will be described had a detection system tailored to fit the
cxpei'imcnt. The detector system used to discover the beta-delayed two-proton emission
from 35Ca via the helium-jet transport technique differed from that used to measure the
beta-delayed fwo-proton emission from 3!Ar which employed the in-beam recoil catcher
wheel. And because much lower energy protons were expected from ground state proton
decay, the searches for 69Br and 65As required their own special detection techniques. A
description of the characteristics and fabrication of the various types of silicon detectors
used in these studies appears in Appendix 2.

1. Detector System Used in the Discovery of 33Ca

The detector system used in conjunction with the helium-jet transport technique for
the discovery of 35Ca was shaped by two factors: the ubiquitous beta and beam-related
backgrounds and the two-proton decay mechanism. The high beta background (~10 kHz)
from the many co-produced reaction products necessitated the use of the three-element
(AE1, AE2, E) silicon telescopes depicted in Fig. Il - 4. These telescopes could be used
either to measure high energy protons, or to identify protons which stop in the AE2
detectors while rejecting events which make it all the way to the E counter. This was a
useful feature as beta particles could bounce all the way through the telescope until finally
stopping in the E detector. '

Another source of background that needed to be considered was neutrons produced
by the high energy, high intensity 3He beam. These neutrons could knock out protons
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from the nuclei of atoms in the detectors or could result in severe radiation damage to the
silicon crystal (see Section VII. F.). If these protons originated near the front of the AE1
detector, they could not be distinguished from the beta-delayed protons. One way of
reducing the production of "knock out" protons was to situate the detector chamber
upstream from the target and have the detectors face down, as the neutrons should be
forward peaked at small angles relative to the beam axis. Most "knock out” protons
originating in the E detector however, could be filtered out in the analysis via the particle
identification software (see Section III. G. 1.), the exception being very high energy
protons (Ep 2 15 MeV) which tend to leave signals very similar to those of the beta-delayed
protons. Despite these background sources, the imposed two-proton coincidence
requirement was so stringent that very little background actually survived the analysis. The
betas that did persist bounced around so much in one telescope while a legitimate proton
event was detected in the other, that the resulting signal looked like a two-proton
coincidence event.

The second factor used to determine the detector design was the two-proton decay
mechanism (see Section II. D.). If the protons were to be emitted via a correlated
mechanism (2He emission), then there would exist a most probable laboratory angle at
which the protons may be observed. Assuming that the break-up energy of the diproton is
500 keV as reaction experiments suggest [Co 80, St 79], then this most probable angle is
400. If, on the other hand, sequential emission were to be the dominant mechanism, the
protons would be emitted isotropically. As such, the best system to use was one where
proton pairs emitted via either mechanism could be observed.

The detector setup for this experiment consisted of two three-element telescopes
perched above the rotating disk in the helium-jet detector chamber (see Fig. III - 2). This
chamber was located upstream from the target box. The unusual aspect about these
telescopes was that the AE1 and AE2 detectors were constructed such that the surface
contact on one side of each detector was divided down the center line, thus creating two
detectors on one silicon wafer. This narrow line (~0.1 mm thick) permitted the detection of
proton pairs whose opening angles ranged from very close to 0° to 70°. These halves will
be referred to as left and right, and the individual elements will be called AE1 - L, AE1 - R,
AE2 - L, and AE2 - R. Typical thicknesses for the phosphorus-diffused AE detectors were
15 pm for the AE1 wafer, 250 pm for the AE2 wafer, while that for the lithium-drifted
silicon E detector was S00 um. Each two-element telescope (AE1, AE2), which could
identify protons with energies between 920 keV and 5.5 MeV, subtended a solid angle of
4.5% of 4n sr while the three-element telescopes each subtended 1.5% of 4 sr.
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2. betector System Used to Identify the Beta-Delayed Two-Proton Decay of 3!Ar

J As shown in Fig. III - 3, the detector telescopes used with the in-beam recoil
catcher wheel sandwiched the catcher foils. Each telescope consisted of a phosphorus
diffused AE detector and an ion-implanted E detector. For this measurement, the
thicknesses of the AE and E detectors were 20 um and 300 pm, respectively. This setup
permitted proton pairs with opening angles between 40° and 1809 to be observed; the
subtended solid angle was 19% of 4x sr for each telescope.

During the initial experiments it became obvious that the beam bursts were
preventing the observation of the beta-delayed proton activities. It was clear that counting
could not take place while the beam was on as the detectors were overwhelmed by the
prompt radiation produced by the beam. This included high energy electrons scattered from
the target, catcher foils, and the upstream collimator, as well as neutrons produced by the
decomposition of some of the 3He ions in the beam. To remedy this predicament, a second
photodiode was set up to pulse the electronics in anti-coincidence with the beam.

However, this system proved to be unreliable and was subsequently eliminated. Finally, a
single photodiode was used to pulse the beam as well as the counting system. The signal
from the photodiode ge. .rated a uniform counting pulse which subsequently produced the
gating signal for the beam. The timing, typically set such that the beam would come on
100 us after the counting was disabled and would be deflected 200 us before the counting
period began, eliminated the prompt electron and neutron background.

Additional measures were taken to reduce the stray electrons and neutrons from
reaching the detectors. An L shaped tantalum collimator was hung from the roof of the box
between the entrance collimator and the target. This served to reduce the electron spray
coming from the entrance collimator from reaching the detectors. Tantalum shieldin g was
also attached to the telescope mount just in front of the AE detectors. Although this cut
down slightly on the solid angle of the system, it had the advantageous effect of further
shielding the detectors from the prompt radiation. Finally, the target and wheel were biased
to +2.5 kV to suppress the electron background; this, however, was subsequently
abandoned as it had no discernable effect on measured results.

It was soon discovered that the detectors were suffering severe radiation damage
from being so close to the beam (see Section VII. F.). This problem was so acute that
surface barrier detectors lasted only 1 hour in the presence of a 110 MeV 3He beam with an
intensity of only 250 particle nA. Uncooled ion implanted detectors survived 24 to 48
hours. Cooling the ion implanted detectors down to -35° C with thermoelectric coolers or
cold nitrogen increased their lifetimes by a factor of ten.

38



3. Detector System Used in The Search for the Ground State Proton Decays of 99Br and
65As

The protons emitted in ground state proton emission are expected to be much lower
in energy than those emitted in the beta-delayed proton decay of nuclei in this mass region.
In fact, the proton energies predicted for the ground state proton decays of 69Br and 65As
are 810 keV and 530 keV, respectively, and their half-lives are expected to be well below
10 ms (see Section II. C.). Therefore, telescopes had to be constructed which permiited
the identification of low energy protons in the relatively high radiation background that is
inherent with the in-beam recoil catcher wheel system (~103 cps).

The low energy particle identification telescopes that were initially developed
consisted of a gas counter for the AE detector and a 300 um ion-implanted silicon detector
for the E counter. The cross section of such a telescope is schematically illustrated in Fig.
II - 5. The entrance window was made from 30 pg/cm? stretched polypropylene; the gas
chosen was CF3 (freon-14). The active volume of the gas counter was defined by two
one-dimensional wire grids composed of 10 um diameter gold-coated tungsten wires at
ground potential located 3 mm above and below the 70 pg/cm? nickel electrode. These .
telescopes were eventually incorporated into two arrays each of which contained six such
telescopes. In these arrays, the distance from the window to the electrode was 6 mm and
the distance from the electrode to the silicon detector was 3 mm. The silicon detectors for
these arrays were manufactured on a single wafer by Micron Semiconductor, Ltd. of
Lancing, Sussex, England. It was the arrays that were used in the actual searches for the
ground state proton decays.

The choice of gas used in detectors of this type is governed by how much voltage
can be applied to the electrode at a given pressure, the resulting signal amplification (the
gain), and the counting rate which can be achieved. While polyatomic gases such as
methane or isobutane are generally regarded quite favorably because they are fairly easy to
ionize and they require fairly low electric fields, gains of more than 104 cannot be attained
without a continuous discharge. This problem can be alleviated by adding a noble gas,
such as argon, to the polyatomic gas. Because of the great electronic stability of noble
gases, the added gas acts as a quencher absorbing the photons produced in the de-excitation
of the polyatomic gas molecules. Even a small amount of quencher can result in gains of
106, Electronegative gases such as freon or ethyl bromide serve to trap electrons extracted
from the cathode before they reach the anode. Addition of these gases can provide gains of
up to 107. A problem which often arises when using gas counters is the large amount of
quencher consumed for each detected event [Le 87]. At a gain of 10 and assuming 100
electron-ion pairs per event, about 108 quencher molecules are dissociated per event. A
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continuous gas flow prevents the depletion of the quencher gas. Such a gas flow was used
in these experiments.

Gases that were tested on-line in the AE counter included P10 gas (a mixture
composed of 90% argon and 10% methane), isobutane, propane, and freon-14. It was
found that isobutane and freon-14 gave the best gas amplification for protons, but the
freon-14 was least sensitive to high energy positrons and electrons, and also gave the best
shaped signal. By placing a potential of 520 V to 540 V on the nickel electrode while
maintaining the pressure inside the detector at 0.2 psi (10.3 Torr), the gas detector operated
at the upper end of the proportional region - just below the avalanche mode. This high -
electric field (~2000 V/cm) was required to provide the amplification necessary for particle
identification (see Section III. G. 2.).

Although the AE signals were used for particle identification, the final energy signal
was taken solely from the silicon E counter. This was possible because of the small
amount of energy the protons lost in the gas. For incident proton energies ranging from
100 keV to 6.0 MeV, Table III - 1 gives the energy lost in traversing a telescope within the
array.

The efficiency curve for the teiescopes was derived by measuring the beta-delayed
proton spectrum of 298 as well as through proton scattering measurements. Proton groups
arising from the decay of 29S range in energy from 740 keV to 5.5 MeV [Vi 79]. To
determine the detection efficiency for protons with energies below 740 keV, protons were
scattered off a 20 ug/cm?2 carbon foil. Low energy proton beams (500 keV, 1 MeV, 1.5
MeV, and 2 MeV) were produced by the Tandem Van de Graaff accelerator at the Lawrence
Livermore National Laboratory in Livermore, California. The results of these
measurements indicated that the efficiency of the telescopes remained constant for protons
with energies in the range of 350 keV to 5.5 MeV.

F. Data Acquisition

While the detector systems used in the beta-delayed two-proton decay
measurements of 35Ca and 31Ar employed similar electronics, the use of the low-energy
particle identification gas detectors necessitated a different electronics design.

1. Acquisition System Used in the Proton-Proton Coincidence Experiments

All the signals from the silicon detectors used in the proton-proton coincidence
measurements were initially amplified by charge sensitive preamplifiers equipped with a
slow linear output and a fast timing signal. Each output fed a separate system of
electronics. The slow output signals were further amplified with high rate linear amplifiers.
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187

Energy Loss of Protons in the Various Components of the Gas - Silicon Telescope

Incident Energy Loss in Window Loss in Gas - Loss in Electrode Loss in Gas Final Energy
MeV)  (keV) (keV) . (keV) (keV) (MeV)
0.100 23 32 ' 13 10 0.022
0.200 24 25 16 13 0.122
0.300 23 22 14 12 0.229
0.400 21 18 13 10 0.338
0.500 18 16 12 8 0.446
0.600 _ 15 15 11 7 0.552
0.700 15 14 10 7 0.654
0.800 12 12 10 6 0.760
0.900 12 11 10 5 0.862
1.000 11 10 9 5 0.965
2.000 6 6 6 3 1.979
3.000 4 5 4 2 2.985
4.000 3 4 4 2 3.987
5.000 2 3 3 2 4.990
6.000 2 3 3 1 5.991

Table HI - 1



Logic signals were generated for each detector and sent to a master coincidence system.
Each amplified signal was sent through a delay gate, which was gated by the master gate,
and then stretched to 2 ps by a pulse stretcher. The stretched signals were read by an LBL
16-channel Multiplexer-ADC unit.

The fast timing signals from the preamplifiers were sent through fast amplifiers and
then to constant fraction discriminators (CFD). The CFD signal was used to produce a fast
timing signal that started and stopped the corresponding time-to-amplitude converters
(TAC). TACs were set up between the following pairs of detectors: AE1 - L and AE2 - L,
AE1 -R and AE2 - R, AE1 - L and AE1 - R, and AE2 - L and AE2 - R. Of course in the
31Ar experiments, the AE2 detectors were actually the E detectors. All the TAC outputs
were sent to pulse stretchers (2 ys) and then read by the Multiplexer-ADC unit.

Master gate signals for these proton-proton coincidence experiments were generated
whenever the first two elements of either the left or the right telescope fired, or whenever
the first two elements of one telescope fired and the AE2 (or E in the 31 Ar experiments) of
the other telescope fired. All signals that met only the first requirement were sent to a scale
down unit which sampled a predesignated percentage of these events. This way, the co-
produced beta-delayed proton emitters could be used to monitor the experiment and
internally calibrate the energy axes without filling uﬁ the data tapes with "uninteresting"
events. '

With all the parameters and the master gate signal present at the LBL Multiplexer,
each parameter was individually sent to a 5 ys analog-to-digital converter (ADC). Digital
output was sent to a buffer area in a ModComp Classic computer. Magnetic tape recording
of event-by-event data was performed by the routine ORDER1 [Ma 79], and the on-line
analysis and display were handled by MULTID [Ma 79]. The entire data acquisition and
analysis procedure was controlled by the program CHAOS [Ma 79].

2. Acqhisitioh System Used in the Ground State Proton Searches

Because protons emitted in ground state proton decay of 69Br and 65As are
expected to have energies of less than 1 MeV, new electronics modules needed to be
designed so that the small energy signals left in the gas could be picked off the noise and
amplified. These sensitive modules were designed by the LBL Electronics Engineering
Group. The newly designed preamplifiers were equipped with special low noise FETs
with an additional high voltage protective network included on those attached to the gas
detectors. As before, each preamplifier had a slow linear output signal as well as a fast
timing output signal. The slow output signals were fed into redesigned dual shaping
amplifiers which had about ten times the gain of the high rate linear amplifiers previously
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used. These new amplifiers were also equipped with both fast and slow outputs. The
slow outputs were sent directly to ADCs which were part of the CAMAC data acquisition
system,; the fast signals were used to generate logic pulses for the master coincidence.

The fast output of these preamplifiers required the development of a fast
amplification system. One set of fast amplifiers was located in the cave just after the
preamplifiers and a second set was in the counting area feeding the rest of the fast
electronics circuit. The resulting signal was then used to drive a standard CFD. As in the
previous system, the CFD produced a fast timing pulse that started and stopped appropriate
TACs. The TAC signals, resulting from a AE (gas) start and an E stop for each of the
twelve telescopes, were then sent into the CAMAC ADCs.

The master gate signal was generated whenever any complete telescope (AE and E)
fired in anticoincidence with the beam. This pulse was then used to strobe the ADCs in the
CAMAC crate. The CAMAC system was required in these experiments because the
Multiplexer-ADC system previously described could not handle more than 16 parameters
per event; this system could easily handle the 36 parameter per event data that was taken.
As before, the digital output of the ADCs was stored in a buffer in a ModComp Classic
computer. The CHAOS package previously mentioned was used to record the event-by-
event data on magnetic tape and perform the on-line data analysis and display.

G. Data Analysis

On-line as well as post-run analyses were performed by the program CHAOS.
Basically, the analyses consisted of gating on proton events and relevant TAC spectra. In
order to gate on just the protons, particle identification spectra were created in the proton-
proton coincidence data while two-dimensional AE-E spectra were generated in the ground
state protons analyses.

1. Analysis of the Beta-Delayed Two-Proton Data _
The particle identification spectra which were created for the analyses of these data
use an empirical relationship between the range and energy of a particle in a given medium

[Ha 69]:

R =aEl.73

R is the range of a particle with energy E and a is a constant which depends only upon the
mass and charge of the particle. Because two detectors were used to stop the delayed
protons, the total range of these protons may be written as
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R=t+REg

where tis the thickness of the first detector and RE is the range of the proton in the second.
Substituting the empirical relationship given above,

E173 < 4 a7
so that
1.73 ¢

Since a is constant for a given particle in a given experiment, it serves to identify the

particle.

Using the TAC spectra to measure the time between two coincident protons
removed most of the background present in the proton-gated coincidence spectra. The
cleanest spectra were obtained by gating on the TAC spectrum which measured the timing
between the two AE2 detectors in the 35Ca experiment, or the two E detectors in the 31Ar
experiment. The width of the gates used was approximately 20 ns (~10 ns FWHM).

The program FILTER [Mc 82] was used initially to scan the raw data tapes. This
program created new tapes which contained only those events which met certain
coincidence requirements. Typically, the requirement was that in order to be written onto
the new tape the event needed to fire both AE1 detectors and at least one of the AE2 (or E
for 31Ar) detectors. Sorting through the new tapes was much faster than doing the
coincidence sort with the raw data tapes. The program MULTID [Ma 79] was used to
display the data and fit the peaks, while the program SPECTR [Wo 79] was used to plot
the final sorted spectra.

2. Analysis of the Proton Radioactivity Experiments

Because the AE detectors for these experiments were gas instead of silicon, the
energy deposited in these detectors was greatly reduced while many more beta particles and
scattered electrons triggered the master gate. Additionally, the signals left in the gas
detectors by protons did not form a discrete peak; instead, they appeared as a smear over an
energy range (see Section I'V - D.). As a result, it became impractical to use the empirical
relationship previously discussed. Instead, two-dimensional AE-E spectra were created to
identify proton events. Due to the proportionality
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plotting the energy lost by various particles in the E detector against the energy lost in the

gas detector yields several bands, each one corresponding to a different mass and charge,
i.e., a beta band, a proton band, and an alpha band. By setting a gate on the proton band,
most of the background caused by alpha and beta particles was eliminated.

It was discovered that the TACs would give a signal only when the energy lost in
the gas was larger than some arbitrary value. This value was such that betas and most
protons with more than 1 MeV of energy would not give a valid TAC. The efficiency of
the TAC for these proton events could be increased only by raising the bias on the electrode
in the gas. However, it was better not to increase the bias too much because the TACs
acted as a very nice beta filter while permitting the observation of low energy protons (see
Section IV. C.). Most of the TAC gates were set 30 ns to 40 ns wide (15 ns to 20 ns
FWHM).
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Figure Captions
Figure Il - 1: A schematic layout of the Lawrence Berkeley Laboratory 88-Inch
Cyclotron facility. The experiments described here were done at the
location marked CAVE 2, EXOTIC NUCLEL
Figure I - 2: A schematic illustration of the helium-jet transport system.

Figure II - 3: A schematic diagram of the in-beam rotating catcher wheel.

Figure I - 4: A schematic representation of the split detectors used in the discovery of
the first Tz = -5/2 nuclide, 35Ca.

Figure I - 5: A schematic diagram of the low-energy proton telescope.
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Cross Section Of The Low-Energy Proton Telescope
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IV. Results and Discussion
A. The Beta-Delayed Two-Proton Decay of 35Ca

Prior to searching for the decay of the hitherto undiscovered nucleus 35Ca, the
calibration of the helium-jet transport system was established by measuring the beta-
delayed two-proton decay of 22Al [Ca 84]. 22A1 was produced via the Mg (3He, p4n)
22l reaction using a 135 MeV 3He beam with an intensity ranging from 3 pA to 7 pA.
The two-proton summed energy spectrum arising from this decay is shown in Fig. IV - 1b;
it is the result of 86 mC of beam on target. The energy calibration of the telescopes was
provided by the co-produced T = -3/2 beta-delayed proton emitters 21Mg and 25Si. The
peaks labelled X and G correspond to the two-proton transitions to the first excited and
ground states in the 20Ne daughter, respectively. The energy of the X peak at 4.112 MeV
agrees quite well with the previous results of the decay of 22Al to the first excited state of
20Ne. Using the observed two-proton decay energy to the 20Ne first excited state, the
knowledge of the energies of the first and second protons [Ca 84], and the known center-
of-mass energy of 4.484 MeV for this decay branch, it was determined that the average
angle between the telescopes was 330.

Once it was established that the 'system was functioning properly, 35Ca was
produced by the 40Ca (3He, a4n) 35Ca reaction also at 135 MeV. The energy calibration
of the telescopes was verified by the beta-delayed protons emitted from the T; = -3/2 nuclei
41Tj, 37Ca, and 29S. The two-proton coincidence spectrum collected during the
bombardment of the 2 mg/cm? natural calcium target for 2.1 C is shown in Fig. IV - la.
Two peaks with laboratory energies of 4.089 £ 0.030 MeV and 3.287 + 0.030 MeV are
evident. Gating on these peaks and projecting out the individual proton spectra comprising
them produced Figs. IV - 2a and IV - 2b. The events in these proton peaks met the 40 ns
coincident requirement and have been assigned to the beta-delayed two-proton decay of
35Ca.

The assignment of the observed groups to 35Ca is supported by the strong
agreement between several theoretically predicted values and their experimentally deduced
counterparts. These quantities include the excitation energy of the isobaric analog state
(IAS) in 35K, the laboratory and center-of-mass decay energies from the IAS in 35K to the
ground state of 33Cl, the excitation energy of the first excited state in 33Cl, and the half-life
of 35Ca. Additionally, other candidates for beta-delayed two-proton emission in this region
have been eliminated as possible sources of these peaks.

Using masses from the table "Updated Atomic Masses From (Mainly) Experimental
Data" [Wa 88], the Kelson-Garvey mass relation estimates the mass excess for 35Cato be
4.684 +(0.080 MeV. Based on this, the Coulomb displacement energy formula predicts
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the T=5/21AS in 35K to have an excitation energy of 9.071 £ 0.040 MeV. This excitation
energy taken in conjunction with the known mass excess of 33ClI and the fact that the first
excited state in 33Cl lies 0.81 MeV above the ground state [En 78], gave the predicted
center-of-mass two-proton decay energies from the IAS in 35K to the ground and first
excited states of 33Cl as 4.329 + 0.040 MeV and 3.519 £ 0.040 MeV, respectively. The
corresponding two-proton decay energies expected to be observed in the laboratory with .
the average angle of the telescopes at 330 are 4.160 £ 0.040 MeV and 3.350 £ 0.040 MeV,
respectively. Assuming a log ft of 3.09 for the superallowed beta decay to the IAS in 35K
and using the available experimental information on the beta decay of the mirror nucleus
35p, the half-life of 35Ca has been predicted to be 35 ms [Ay 80].

The individual proton spectra in Figs. IV - 2a and IV - 2b exhibit a discrete peak
structure, thereby suggesting the sequential emission of the protons rather than the
correlated 2He decay mechanism. Additionally, both spectra have a peak at 2.213 £ 0.045
MeV. Because the observed energy of the first proton in the sequential emission of two
protons is unaffected by the opening angle of the pair, it has been assumed that this 2.2
MeV proton is emitted first in the decays to both the ground and first excited states of 33Cl.
As such, the experimentally deduced center-of-mass two-proton decay energies to these
states in 33Cl are 4.311 £ 0.040 MeV and 3.501 £ 0.040 MeV, respectively. This yields"
an excitation energy of 9.053 + 0.045 MeV for the T = 5/2 IAS in 35K.

The measurement of the excitation energy of the T = 5/2 level in 35K provides the
mass of the third member of the A = 35, T = 5/2 isospin sextuplet and can be used in
conjunction with the known T = 5/2 levels in 35S and 35P to predict the mass of the ground
state of 35Ca via the isobaric multiplet mass equation IMME) as described in Section II. A.
2. The mass excess and excitation energy of the lowest T = 5/2 state in 35S has been
determined from the 37Cl (p, 3He) 35S reaction [Gu 75] to be -19.692 + 0.010 MeV and
9.155 £ 0.010 MeV, respectively. Although a state at 8.430 + 0.010 MeV is given as
another possibility for the lowest T = 5/2 state, it has been eliminated due to its
inconsistency with the Coulomb displacement energy calculations and with the observed
excitation energy of the T = 5/2 isobaric analog state in 35K. The ground state of 35P was
determined to have a mass excess of -24.884 * 0.004 MeV by using the weighted average
of four previous measurements [Go 72, Th 84, Ma 84, Dr 85] . The IMME predicted the
ground state of 35Ca to have a mass of 4.453 + 0.060 MeV. This value is 233 keV more
bound than that which was predicted by the Kelson-Garvey mass relation. This provides
some evidence that the Kelson-Garvey mass relation tends to underpredict the binding
energy of nuclei as one looks toward the proton drip line.
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Other candidates for beta-delayed two-proton emission in this region include 278,
31Ar, 39Sc, 38Sc, 34K, 30Cl, and 39Ti. These have all been eliminated as the source of the
two-proton peaks. 278 is not predicted to have beta-delayed two-proton branches at these
energies, 31Ar cannot be observed in a helium-jet experiment, 39Sc is known to be proton
unbound [Mo 88], 38Sc, 34K, and 30Cl are predicted to be proton unbound by more than
600 keV, and 39T:i is predicted to be unbound with respect to ground state two-proton
emission.

Because the two-proton G peak from 35Ca is so close in energy to the two-proton
X peak from 22Al, the calcium target was analyzed for possible magnesium impurities by
performing an electron induced x-ray fluorescence analysis. The results showed that
magnesium comprised less than 0.1% of the composition of the target. If 22A1 were to
undergo beta-delayed two-proton emission to the second excited state of 20Ne, the two-
proton sum energy would be approximately 1.7 MeV. As there is no evidence of any
protons at this energy, it was concluded that there was no significant concentration of
magnesium in the target and the 4.089 MeV peak is, in fact, due solely to the beta-delayed
two-proton decay of 35Ca.

The beta-delayed single proton decay of 35Ca was not definitively observed in these
experiments. A single proton emitted from the isobaric analog state in 35K leaving the ~*Ar
daughter in its ground state would have an energy of almost 9 MeV. The high energy
single proton spectra did not show unambiguous evidence of a proton group near this
energy. Decays from other levels in 35K to various low-lying states in 34Ar would give
rise to many low-intensity proton groups. The numerous beta-delayed proton peaks
coming from the co-produced T; = -3/2 nuclei made such peaks from the decay of 35Ca
extremely difficult to identify.

A half-life of 50 + 30 ms was estimated for both the X and the G groups shown in
Fig. IV - 1a. This was established by comparing the relatives yields of 35Ca, 22Al, and the
observed T = -3/2 beta-delayed proton emitters at several rotating disk speeds. In theory,
if the helium-jet had a precise transit time for each nuclide transported, this method could
give the exact half-life of 33Ca. However, each nuclide has a distribution of transit times in
the helium-jet. It is this distribution as well as the low yield of 35Ca that account for such a
large error bar on the measured haif-life.

All the values which were predicted and subsequently deduced from the
experimental results are tabulated in Table IV - 1. Based on these measurements and
calculations, a proposed partial decay scheme for 35Ca was constructed and is presented in
Fig. IV - 3. The solid lines represent the observed decay branch and the broken lines show
other possible decay branches. The ground state spin and parity for 33Ca (1/2+) is taken
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from its mirror nucleus 35P [En 78]. Based on this partial decay scheme, a lower limit of 6

nb was set for the production cross section of 33Ca in this experiment.

Theoretical and Experimentally Deduced Quantities From

The Beta-Delayed Two-Proton Decay of 35Ca

Quaniity Theory Experiment
Mass Excess of 35Ca (MeV) 4.684 +£0.080 2 4.453 £0.060 b
Excitation Energy of the IAS 9.071 £0.040 9.053 £ 0.045
Center-of-Mass Decay Energy (G) 4.329 + 0.040 4.311 £ 0.040
Center-of-Mass Decay Energy (X) ~ 3.519 £ 0.040 3.501 £ 0.040
Observed 2p Decay Energy (G) 4.160 £ 0.040 4.089 + 0.030
Observed 2p Decay Energy (X) 3.344 £ 0.040 3.287 £0.030
Level of 15t Excited State in 33C1 0.81 [En 78] 0.802 + 0.042
Half-Life of 35Ca (ms) 35 [Ay 80) 50+30

3 Mass excess predicted by the Kelson-Garvey mass relation
b Mass excess calculated by the IMME

Table IV - 1

B. Testing the New In-Beam Recoil Catcher Wheel

As with any new piece of experimental apparatus, the in-beam recoil catcher wheel
and its associated electronics required on-line testing by performing experiments which
would give known positive results. As described in Section III. E. 2., the beam bursts and
high energy electrons scattered from the upstream collimator initially prevented the
observation of any proton activities. After making the appropriate changes to the system as
outlined in that section, experiments could be carried out without interference from either
the beam or other scattered particles.

In order to test the new system, the major beta-delayed proton groups from the
easily produced T, = -3/2 nuclei !7Ne [Ha 71], 2!Mg [Se 73a], and 23Si [Re 66, Ro 89]
were measured. These nuclides were made in reactions resulting from the bombardment of
a 2 mg/cm? natural magnesium target with a 1 pA, 110 MeV 3He beam. The recoil catcher
wheel was fitted with 500 pg/cm2 aluminum catcher foils, and the wheel speed was set at
20 RPM. This wheel speed corresponded to a complete pulsing cycle of 250 ms (125 ms
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beam on, 125 ms beam off). The two-element detector telescopes each consisted of a 20
pum AE detector and a 500 um E detector. '

The total beta-delayed proton spectrum obtained from this bombardment (i.e., the
sum of the beta-delayed proton spectra of both telescopes) is presented in Fig. IV - 4. The
major peaks from 17Ne, 21Mg, and 25Si are labelled; the energies of these peaks agree with
those previously reported. The observed peak width of 140 keV (FWHM) is due primarily
to the activity being spread throughout the thickness of the catcher foils. During the 125
ms transit time to the telescopes, 55% of the 17Ne (t) 2 = 109 ms) had decayed, 51% of the
21Mg (t12 = 120 ms) had decayed, and 33% of the 25Si (t12 = 220 ms) had decayed.
Although a substantial fraction of the activity had disintegrated before the counters were
turned on, the relatively large solid angle subtended by each telescope (19% of 4= sr)
helped counter this loss of activity.

Having clearly observed beta-delayed proton emission with the recoil catcher wheel
system, the next step before searching for the decays of new nuclides was to make sure the
coincident emission of two protons from a known beta-delayed two-proton emitter could be
detected. This was accomplished by observing the decay of the now standard beta-delayed
two-proton emitter 22Al (t12 = 70 ms). A 135 MeV 3He beam was used to bombard a 2
mg/cm? natural magnesium target. 135 MeV was chosen as the bombarding energy
because this beam would be used for the production of 3!Ar, a T, = -5/2 nuclide predicted
to possess a beta-delayed two-proton branch. Using exactly the same beam guaranteed that
the detectors would be exposed to the identical radiation environment in both experiments.
Again, 500 pg/cm?2 aluminum catcher foils were used, but now the wheel speed was
increased to S0 RPM (50 ms beam on, 50 ms beam off). The detector telescopes, each
consisting of a 20 um AE detector and a 300 um E detector, were sensitive to proton pairs
whose opening angles ranged from 400 to 180°.

Figure IV - 5a shows the beta-delayed two-proton summed energy spectrum
obtained from the decay of 22Al after a 27 mC bombardment; the coincidence requirement
for the two protons was 20 ns. Two distinct groups are evident in this spectrum: a peak at
4.2 MeV and a peak at 5.9 MeV. Again, these results are consistent with previous
observations of this decay branch. The break up of these two-proton summed energy
peaks into their individual proton spectra [Ca 84] taken in conjunction with the previously
observed isotropy of the emitted protons [Ja 85] indicated that a predominantly sequential
decay mechanism was being observed. As described in Section II. D., the observed sum
of the energies of two sequentially emitted particles is dependent upon the opening angle
between them; the larger the angle, the higher the observed total energy. Because proton
pairs with such a wide range of opening angles were detected, the summed energy peaks
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were kinematically broadened. The width of the peaks (FWHM) were 220 keV (G peak)
and 340 keV (X peak); virtually all of the observed peak widths were due to this kinematic
broadening.

At this point it is instructive to compare the 22Al yield obtained with the helium-jet
transport method to that obtained with the recoil catcher wheel. Fig. IV - 5b shows the
22A1 beta-delayed two-proton summed energy spectrum obtained with the helium-jet
transport technique [Ca 84]. Although the bombarding energies in the two spectra were
different, the production cross section for 22A1 was on the order of 100 nb for both
reactions. Because the detectors were not in the environment of the beam with the helium-
jet method, the beam on target was 5 times more intense than when the recoil catcher wheel
system was used. However the recoil catcher wheel system required only 2% of the
integrated beam to produce 80% of the statistics acquired with the helium-jet. There were
several factors contributing to this effect. The more energetic beam used with the recoil
catcher wheel resulted in 17% more 22Al nuclei recoiling from the target than with the
helium-jet system. Also, the aluminum catcher foils were able to stop 77% of the 22Al
nuclei produced at the higher energy while the helium gas stopped all of the 22Al recoils
produced at 110 MeV but subsequently transported only ~50% of them to the detectors ['Mé
74). However, the most important element for observing the enhanced yield with the recoil
catcher wheel was its subtended solid angle: the telescopes used with the recoil catcher
wheel each subtended 19% of 4x sr while those used with the helium-jet system each
subtended only 4.5% of 4x sr. This represented an increase of 320% more solid angle
subtended per telescope with the recoil wheel system, thus accounting for its huge increase
in yield.

C. The Beta-Delayed Two-Proton Decay of 31Ar

Upon successfully observing the beta-delayed two-proton decay of 22Al, the search
for a similar decay branch of the T, = -5/2 nuclide 3!Ar was initiated. The half-life of 3!Ar
has been measured to be 15 £ 3 ms [Bo 87] from its beta-delayed proton decay branch. A
2.5 mg/cm? Zn$ target on a 1.5 mg/cm? aluminum backing was bombarded with a 135
MeV 3He beam to produce 31Ar via the 32S (3He, 4n) 31 Ar reaction. 500 pg/cm?
aluminum catcher foils were mounted around the wheel whose speed was set at 130 RPM.
This corresponded to a 38 ms pulsing period (19 ms beam on, 19 ms beam off). The two-
element detector telescopes used in this experiment contained a 20 um AE detector and a
300 um E counter.

The two-proton summed energy spectrum from the decay of 22Al is presented again
in Fig. IV - 6a for reference. The corresponding two-proton summed energy spectrum
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resulting from the 240 mC 3He + S bombardment is shown in Fig. IV - 6b; the two-proton
coincidence requirement was again 20 ns. The known beta-delayed two-proton emitters
22A1 and 26P were produced in this bombardment and their two-proton summed energy
peaks are labelled. Also labelled is a cluster of events ranging from ~7.3 MeV to ~7.7
MeV; these have been assigned to the beta-delayed two-proton decay of 3!Ar. |

The assignmént of this high energy group to the beta-delayed two-proton decay of
31Ar is based on several arguments: the agreement of the two-proton summed energy with
the predicted two-proton decay energy from the isobaric analog state in 31Cl to the ground
state of 29P, the fact that 31Ar has the highest available two-proton decay energy of any
nuclide possibly formed in this reaction, and that the number of events of 31 Ar compared to
the yield of 22A1 and 26P agrees with production cross section predictions.

Using recently updated masses [Wa 88], the Kelson-Garvey mass relation
estimated the mass excess of 31Ar to be 11.65 = 0.07 MeV: this gave a Qgc for 31Ar of
18.71 £ 0.10 MeV. Based on these predictions, the Coulomb displacement energy formula
calculated the excitation energy of the T = 5/2 IAS in 3ICl to be 12.49 + 0.10 MeV. Two
protons emitted from this state to the 29P ground state are thus expected to have a center-of-
mass decay energy of 7.81 £ 0.11 MeV. The observed two-proton summed energy group
between 7.3 MeV and 7.7 MeV is consistent with these calculations as the beta-delayed
two-proton decay of 31Ar. Unfortunately, due to the very small number of observed
events, unambiguous individual proton spectra could not be produced.

The unusually large peak width of this cluster can be explained quantitatively by the
geometry of the experimental setup. Tables IV - 2a and IV - 2b list four hypothetical
energy distributions for the individual protons comprising the two-proton group, opening
angles for each distribution, and the corresponding observed peak widths. The first
column of the table gives the hypothetical center-of-mass energy for the first proton emitted
in the two-proton decay and the second column gives the center-of-mass energy of the
second proton. These values assume that the center-of-mass two-proton decay energy is
7.81 MeV as calculated above. In the third and fourth columns are the opening angles
between the two protons as seen from the laboratory and center-of-mass reference frames,
respectively. The fifth and sixth columns show the laboratory energies of the two protons,
the seventh column gives their sum, and the eighth column has the observed peak width for
each energy distribution. The average laboratory angle between the two telescopes was
110°. The average peak width over the energy distributions listed in this table is 425 keV.
This peak width is consistent with the width of the observed group ascribed to 3!Ar in Fig.
IV - 6b.
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Hypothetical Individual Proton Energies and Their Corresponding Two-Proton Sum Peak Widths

E,(MeV)  E,(MeW) 1 8 Ef(MeV)  Ey(MeV) LabSum(MeV) Width (keV)
2 5.81 400 410 1.94 5.45 7.39
600 630 5.52 7.46
900 920 5.62 7.56
1100 1120 5.70 7.64 390
1200 1220 5.73 7.67
1500 1510 5.81 7.75
1800 1800 5.84 7.78
3 4.81 400 410 2.90 4.46 7.36
600 . 630 4.54 7.44
900 920 4.66 7.56
1100 1120 _ 4.74 7.64 440
1200 1220 4.78 7.68
1500 1510 4.87 1.77
180° 1800 4.90 7.80

Table IV - 2a
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The two other prime candidates for beta-delayed two-proton emission which could
have been produced in this bombardment are 27S and 23Si. The Kelson-Garvey mass
relation and the Coulomb displacement energy formula suggest that the two-proton center-
of-mass decay energies for the beta-delayed two-proton decay of these nuclides to the
ground state of their daughters (25Al and 2!Na) are 6.59 £ 0.07 MeV and 5.86 £ 0.17
MeV, respectively. As these energies are well below that for 31Ar, it can be assumed that
these nuclides are not the source of the peak assigned to the beta-delayed two-proton decay
of 31Ar.

The ratios of the number of events assigned to the decay of 31Ar to the number of
counts observed from the decays of 22Al and 26P were compared to the corresponding
ratios of the predicted production cross sections. The predicted values were obtained from
the statistical model fusion-evaporation code ALICE [Bl 76]. According to this code, 2]
and 26P have production cross sections 15 and 50 times higher than that of 3! Ar in this
reaction. After correcting for the differences in half-lives, this is approximately the ratio
that is seen in Fig. IV - 6b.

Based on the preceding arguments and calculations, a proposed partial decay
scheme for the T, = -5/2 nuclide 31Ar was constructed. This is presented in Fig. IV - 7.
As with the decay scheme of 35Ca, the solid lines represent the decay observed in this work
and the broken lines represent alternate, unobserved decay modes.

D. The Search for Proton Radioactivity from 69Br and 65As

The search for the ground state proton decays of 99Br and 65As employed the recoil
catcher wheel and the gas-silicon telescopes which were described in Sections III. E. 2.
and III. E. 3. The overall performance of the experimental system and energy calibration
of the proton telescopes were established by measuring the beta-delayed proton decay of
25Si. This particular nuclide was chosen as the calibrant for two main reasons: 1) it is
fairly easy to produce in large yields, and 2) it possesses a beta-delayed proton group at
approximately 370 keV [Ro 89]. This is the lowest energy proton transition known among
the easily produced A =4n + 1, T = -3/2 beta-delayed proton emitters. As it was
previously determined that the efficiency of the telescopes for detecting protons was
constant in the energy range of 350 keV to 5.5 MeV (see Section III. E. 3.), observation of
this low energy decay branch would prove that the system could, in fact, measure low
energy protons.

The 2#Mg (3He, 2n) 25Si reaction on a 1.5 mg/cm? natural magnesium target was
once again used to produce 238i. This time, however, the energy of the 3He beam was
only 40 MeV. This particular beam energy selection was based on ALICE calculations -
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which predicted that the cross section for this reaction should peak at apprbximately 40
MeV. For this series of experiments, the 500 pg/cm?2 aluminum catcher foils were replaced
by 200 pg/cm? aluminum foils. Thinner catcher foils were required at this lower beam
energy in order to obtain a uniform distribution of the activity throughout the foils. The
wheel speed was once again set at 20 RPM (250 ms beam cycle) to measure this 220 ms
activity. '

A typical two-dimensional AE-E spectrum obtained from this bombardment and the
proton band is shown in Fig. IV - 8. The region just below and to the left of the proton
band (near the origin) are beta particle events. The 25Si beta-delayed proton spectrum
presented in Fig. IV - 9a was generated simply by gating on the proton band shown in Fig.
IV - 8. By also requiring a 25 ns TAC coincidence between both elements of the telescope,
the 370 keV and 910 keV beta-delayed proton peaks became readily apparent, as is shown
in Fig. IV - 9b. These beta-delayed proton measurements were used to determine that the
product of the collection efficiency for the 25Si recoil nuclei and the detection efficiency of
. the telescopes for protons whose energies range from 350 keV to 5.5 MeV was 3 £2%.
This "overall system" efficiency was calculated using the measured cross section of 150 ub
for the (3He, 2n) reaction on magnesium [Es 71] in conjunction with the absolute proton
intensities reported by Robertson e al. [Ro 89], the fraction of the 23Si nuclei which
recoiled out of the target and were subsequently stopped by the catcher foils, the solid angle
of the system, and the running time. These measurements verified the fact that the detector -
efficiencies remained constant over this proton energy range.

In order to determine whether or not the overall system efficiency changed when
heavier bombarding beams were used, the beta-delayed proton Specu'um resulting from the
bombardment of a calcium target with a 180 MeV 14N beam was also measured. The
activity was again collected on 200 pg/cm? aluminum catcher foils and measured at a wheel
speed of 30 RPM (170 ms beam cycle). The spectrum shown in Fig. IV - 9c resulted from
the bombardment of a 1.75 mg/cm? natural calcium target with a 400 pna beam. Decays of
the two Tz =-3/2, A =4n + 1 beta-delayed proton emitters 37Ca (t2 = 170 ms) [Ha 72]
and 41Ti (t12 = 80 ms) [Se 74] are obvious in this spectrum. The production cross
sections for these reactions have not been measured experimentally; instead, they were
predicted by ALICE to be 0.5 ub and 3 ub, respectively. By gating on the proton band in
the two-dimensional AE-E spectrum and using the predicted cross sections from ALICE,
the absolute proton intensities reported by Sextro ez al. [Se 74], and the experimental
parameters mentioned above, it was determined that the overall system efficiency for these
beta-delayed proton emitters was again 3 £ 2%. Although these calculatons relied upon
the absolute value of the predicted cross sections (as opposed to the 31 Ar analysis where
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the ratios of the predicted values were used in the arguments), it has been observed that
ALICE predictions are good to, at worst, an order of magnitude. As examples, the ratios
of the predicted to measured cross section for several similar reactions in this mass region
are listed in Table IV - 3.

After the system performance tests and calibrations were completed, a 1.75 mg/cm?
natural calcium target was bombarded by a 200 MeV 32S beam in order to search for the
ground state proton decays of the Tz = -1/2 nuclides 69Br and 65As via the 40Ca (328, p2n)
69Br and 40Ca (328, ap2n) 65As reactions. At this beam energy, ALICE predicts that the
cross sections for the production of 69Br and 65As via these reactions are 150 b and 110
ub, respectively. The bombardments were carried out at wheel speeds of 5000 RPM (1 ms
beam cycle) and 1250 RPM (4 ms beam cycle) with beam currents ranging from 130 pnA
to 150 pnA. The total integrated beam on target in the 5000 RPM and 1250 RPM
bombardments was 3.4 mC and 4.8 mC, respectively. After this, a cross bombardment of
the calcium target with a 175 MeV 28Si beam was performed in order to search for 65As via
the 40Ca (28Si, p2n) 65As reaction. The predicted cross section for this reaction at 175
MeV is 120 ub. In addition to the two wheel speeds used in the sulfur bombardments, this
cross bombardment was also performed at a wheel speed of SO RPM (100 ms beam cycle).
The 28Si beam current ranged from 80 pnA to 100 pnA and the amount of integrated beam -
at each wheel speed was: 1.4 mC at 5000 RPM, 460 uC at 1250 RPM, and 5.4 mC at 50
RPM. .

The 32S + Ca bombardments at S000 RPM and 1250 RPM revealed no proton
groups in any telescope which could be assigned to either 69Br or 65As ground state proton
decay. An example of the proton spectrum obtained in the 32S bombardments is shown in
Fig. IV - 10. From the overall system efficiency determined in the two calibration
experiments, the number of counts that would have been seen given a specific cross section
and half-life has been estimated. The total number of counts expected in the first three
telescopes of an array from the S0O00 RPM and 1250 RPM experiments are plotted in Figs.
IV - 11aand IV - 11b as a function of reaction product half-life. These curves were
calculated assuming a 100% proton decay branch and the reaction cross sections listed on
the figures. In the half-life range of 10 pus to 1 ms, a 100% ground state proton branch is a
good estimate as the beta decay half-lives are at least 5 ms.

From the expected count rate values, an upper limit can be set for the 69Br ground
state proton half-life for a given production cross section. The minimum number of
counts, Ny, that must be observed in a peak to meet a 95% confidence level is typically
taken as
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Comparison of Cross Sections Predicted by ALICE with Experimental Results

Reaction Epcam (MeV) GALICE.(ub) OExperiment(tb)  Ratio (ALICE/Exp) ~  Reference
24Mg (3He, 2n) 25Si | 40 16 150 0.11 (Es 71]
%Mg (160, 3n) 37Ca | 7 1.5 | _0.2_' 7.5 ﬂ (Ja74]
32§ (160, 3n) 45Cr 75 3.6 03 12 [Ja 74j'
48Ti (12C, pn) 38Co 47.5 197 x 103 40 x 103 4.9 [Du 85)
48Tj (12C, 3n) S'Ni 47.5 86 x 103 16 x 103 5.4 (Du 85]
48Tj (12, p2n) 57Co 415 323 x 103 215 x 103 1.50 ~ [Du 85)
48Ti (12C, 2pn) S7Fe 41.5 30x 103 - 80x103 0.38 [Du 85)
48Ti (12C, p3n) 36Co 41.5 50 x 103 18 x 103 2.8 | {Du 85}

Table IV - 3



Nx =3 (Np)!?2

where Np is the number of background counts under the peak [Ca 80]. In both the 5000
RPM and 1250 RPM experiments, the backgrounds observed in the sum spectra obtained
by adding the data from the first three telescopes in an array yields a minimum detectable
limit of 100 counts for a proton peak in the energy range of 500 keV to 1 MeV. The width
of a proton peak in this energy range was taken as the width of the 370 keV proton peak
observed in the beta-delayed proton decay of 25Si. Application of this minimum detectable
limit to the expected number of counts in the three-telescope sum spectrum (see Fig. IV -
11a and Fig. IV - 11b) indicates that if the production cross section for 69Br is on the order
of 150 ub as predicted by ALICE, then 9Br must have a half-life shorter than 100 ps.
Furthermore, even if the production cross section was an order of magnitude lower than the
predicted value, a proton peak would have been observed in the S000 RPM experiment if
69Br had a half-life in the range of 200 us to 1 ms. Although the absence of a 69Br proton
peak in these experiments could be due to a production cross section of less than 1 pb, it is
most likely due to the fact that the half-life of 69Br is less than 100 ps. The assignment of
an upper half-life limit of 100 us is consistent with the mass predictions as it indicates that
69Br is proton unbound by at least 450 keV (see Fig. II - 6).

The 28Si + Ca bombardments at 5000 RPM and 1250 RPM also revealed no proton -
groups in any telescope which could be attributed to the ground state proton decay of 65As.
By making a similar set of statistical arguments to those made for the sulfur bombardments,
the minimum detectable limit for these experiments was again determined to be 100 counts
for a proton peak in the energy range of 500 keV to 1 MeV. In the case of 65As, however,
the absence of a proton peak in the sulfur and silicon bombardments at 5000 RPM and
1250 RPM can be used to assign either a lower half-life limit of 100 ys, an upper half-life
limit of 40 ms, or a lower production cross section limit (for either reaction) of 1 ub.

Again, such a low cross section is not consistent with other p2n and 2pn evaporation
channels (see Table IV - 3). Moreover, although the 100 ps limit is consistent with the
predicted separation energy of -530 £ 230 keV, the tendency of this type of mass prediction
to underestimate the binding energies of nuclei near the proton drip line suggests that the
absence of a proton group is most likely due to the fact that 65As is more bound than
predicted, and thus decays predominantly by beta emission.

The 28Si + Ca bombardment was performed again, but this time at a wheel speed of
50 RPM. This wheel speed, corresponding to a 100 ms beam cycle, permitted the
detection of a ground state proton decay branch in nuclei whose half-lives were consistent
with the beta decay process (2-5 ms). However, no low energy proton peaks which could
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be attributed to the decay of 65As were observed: A typical single-telescope spectrum
produced by the 28Si bombardment at a wheel speed of 50 RPM is presented in Fig. IV -
12. The number of protons from 65As which are expected to be obscfved with our system
was calculated in the same manner as the expectations for $9Br. This time however,
various direct proton decay branches were used. The total number of proton counts
expected in each telescope of the array as a function of the ground state proton branching
ratio is listed in Table IV - 4. In these calculations, a 50 ms half-life was assumed and the -
predicted ALICE cross section of 120 jtb was used. Based on the minimum detectable
limit of 100 counts used to claim that a peak does in fact rise above the background, it was’
concluded that 65As undergoes beta-decay as its primary decay mode. However, as can be -
seen from the plot of the ground state proton decay branch versus the expected number of
counts shown in Fig. IV - 13, a ground state proton decay branch of 0.25% cannot be
excluded. » '

Recently, a similar set of pulsed-beam experiments were performed by Hotchkis ez
al. at the Daresbury Recoil Spectrometer.[Ho 89). In these experiments, which also
employed the 32§ + Ca reaction to make 69Br and 65As, the reaction products were
separated from the beam, mass-analyzed, and then implanted into a 50 pm silicon detector.
The energy and time of deposition for each recoil were recorded. Low energy proton
events arising from the decays of these recoils would be stopped in the detector, giving a
full energy signal, while the positrons from the beta decays of the more prolifically
produced nuclei would lose only a small amount of energy in the detector. Preliminary data
at mass 69 showed evidence for a proton peak at 450 keV with a half-life between 50 ps
and 100 ps. This peak, initially believed to arise from the ground state proton decay of.
69Br, was subsequently disregarded as a "statistical aberration" after several confirmatory
experiments failed to reproduce the peak (Ho 89a). The minimum half-life that a nucleus »
could possess and still be seen at the Daresbury facility was S ps. It was thus concluded
that the half-life of 69Br is less than 5 ps or that the beta background in these measurements
was too high to search for protons whose energies ranged from 300 keV to 1 MeV.

In addition to searching for the ground state proton decay of 69Br, proton
radioactivity from 65As was also searched for at the Daresbury spectrometer. Again, no
evidence of proton peaks which could be assigned to the decay of 65As [Ho 89] was
observed. Thus, Hotchkis er al. also concluded that 65As has a half-life shorter than 5 ps,
or that 65As decays predominantly by positron emission with only a weak, if any, ground
state proton decay branch.
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L9

Proton Branch
1%
0.5%
0.1%
0.05%
0.01%

Expected Number of Ground State Protons

to be Observed from 65As
Wheel Speed = 50 RPM
Assumed Half-Life = 50 ms
Assumed Cross Section = 110 pub

Telescope 1  Telescope2 Telescope 3 Telescope 4 Telescope 5 Telescope 6

191 136 60 13
96 68 30 7
19 14 6 1
10 7 3 1
2 1 0

Table1V - 4

20 39
10 19
2 4
1 2
0 0



Figure IV - 1a:

Figure IV - 1b:

Figure IV - 2a:

Figure IV - 2b:

Figure IV - 3:

Figure IV - 4:

Figure IV - Sa:

Figure IV - 5b:

Figure Captions

The two-proton summed energy spectrum produced by the beta-delayed
two-proton decay of 33Ca. Groups labelled X and G correspond to
transitions to the first excited and ground states of 33Cl, respectively.
Part of the continuum in the spectra below 3 MeV is due to positron ...
scattering between the detector wafers.

The two-proton summed energy spectrum arising from the beta-delayed
two-proton decay of 22Al. The groups labelled X and G correspond to .
transitions to the first excited and ground states of 20Ne, respectively.

The individual proton energy spectrum from the beta-delayed two-proton
decay of 35Ca to the ground state of 33CI (those protons comprising group
G in Fig. IV - 1a). '

The individual proton energy spectrum from the beta-delayed two-proton
decay of 35Ca to the first excited state of 33Cl (those protons comprising
group X in Fig. IV - 1a).

A proposed partial decay scheme for the T; = -5/2 nucleus 35Ca. The solid
lines indicate the observed decay branches and the broken lines indicate
other possible decay branches.

The total beta-delayed proton spectrum (the sum of the top and bottom
telescopes) from the simultaneously produced T, =-3/2 nuclei 17Ne, 21Mg,
and 25Si collected with solid state telescopes in conjunction with the recoil
catcher wheel.

The two-proton summed energy spectrum from the decay of 22Al obtained
with solid state telescopes in conjunction with the recoil catcher wheel.
The X and G groups are as before.

The two-proton summed energy spectrum from the decay of 22Al obtained

with the helium-jet transport technique.
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Figure IV - 6a:

Figure IV - 6b:

Figure IV - 7:

Figure IV - 8:

Figure IV - 9a:

Figure IV - 9b:

Figure IV - 9c:

Figure IV - 10:

The two-proton summed energy spectrum from the decay of 22Al obtained
with the helium-jet transport technique (same as Fig. IV - 5a).

The two-proton summed energy spectrum from the decay of the T, = -5/2
nuclide 31Ar obtained with the recoil catcher wheel.

A proposed partial decay scheme for 31Ar. The solid lines indicate the
observed decay branch and the broken lines indicate other possible decay
branches.

The two dimensional AE-E spectrum showing the gate around the proton
band. This spectrum was obtained from the 24Mg (3He, 2n) 25Si reaction
with a beamn energy of 40 MeV. The bands from the 4.09 MeV and 3.33

MeV beta-delayed proton groups are most easily seen.

The 25Si beta-delayed proton spectrum which was produced by gating on
the proton band shown in Fig. IV - 8.

The 370 keV and 910 keV beta-delayed proton peaks become evident when
the proton gate shown in Fig. IV - 8 is placed in coincidence with a 25 ns
TAC gate.

The beta-delayed proton spectrum arising from the 180 MeV 14N + Ca-
bombardment which confirmed the overall efficiency of the catcher and
detector systems. See text.

A typical single telescope spectrum obtained from the 325 + Ca
bombardment with a wheel speed of 5000 RPM. No proton groups which
could be attributed to decay of either 69Br or 65As were observed.

Figure IV - 11a: A plot of the number of counts needed to see a peak at the 95% confidence

level versus the half-life of the given nuclide for a wheel speed of 5000
RPM. In these experiments, approximately 100 counts would have had to
be seen to attain this level.
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Figure IV - 11b: The same plot as in Fig. IV - 11a, but for a wheel speed of 1250 RPM.
Again, approximately 100 counts would have had to be observed in order
to reach the 95% confidence level.

Figure IV - 12: A typical single telescope spectrum obtained from the 28Si + Ca
bombardment with a wheel speed of 5000 RPM. No proton groups which
could be attributed to decay of 65As were observed.

Figure IV - 13: A plot of the ground state proton decay branch of 65As versus the number -

of counts expected to be observed, assuming a 110 pub production cross
section, a 50 ms half-life and using a 50 RPM wheel speed.
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V. Summary and Conclusions

Several experimental techniques have been used to study the decays of nuclei far
from stability. Included among them are the helium-jet transport technique, a rapidly
rotating in-beam recoil catcher wheel, silicon detector systems, and gas-silicon, low energy
- particle identification telescopes. -

The discovery of the first T, = -5/2 nucleus, 35Ca (tj2 = 50 * 30 ms), through its
beta-delayed two-proton decay employed the helium-jet transport technique [Ay 85]. This
measurement showed that 33Ca possesses two such decay branches, one to the ground
state of 33CI and the other to its first excited state. Furthermore, from these decays, the
energy of the isobaric analog state in 35K was inferred to be 9.053 £ 0.045 MeV. As this
provided the mass of the third member of the A = 35, T = 5/2 isospin sextuplet, the IMME
was invoked to determine the mass excess of 35Ca to be 4.453 £ 0.060 MeV. Itis _
interesting to note that this is 231 keV more bound than what is predicted by the charge
symmetric Kelson-Garvey mass relation. '

In order to study nuclei with half-lives shorter than ~15 ms, an alternative to the
helium-jet transport system needed to be devised. After considering several options, a
rapidly rotating in-beam recoil catcher wheel was designed and constructed. This wheel
allows the detection of decays from nuclei whose half-lives are as short us 100 ps.
Additionally, 1t permits the detection of noble gas nuclei which are unobservable with the
helium-jet system [Re 89].

After testing the recoil catcher wheel by observing the decays of known beta-
delayed proton and beta-delayed two-proton emitters, beta-delayed two-proton emission
from another T; = -5/2 nuclide, 31Ar, was observed [Re 89]. The two protons, emitted
from the isobaric analog state in 31Cl, leave the 29P daughter in its ground state. The fact
that 31Ar is a beta emitter at all is itself significant because the Kelson-Garvey mass relation
predicts that this nucleus should be unbound to ground state two-proton decay by 230 +
180 keV. |

The final set of experiments were designed to search for the ground state proton
emission from the T, = -1/2 nuclides 69Br and 65As. Because protons emitted from ground
states of nuclei must be very low in energy (or else these nuclei would be "unbound"),
special low energy, particle identification telescopes were developed and used in these
searches together with the recoil catcher wheel. Although no proton groups were detected
which could be assigned to the decays of either of these nuclei, certain limits were set.

It was determined that the half-life of 9Br does not exceed 150 us, implying that it
is unbound with respect to ground state proton emission by at least 450 keV. Because no
proton groups were observed, the actual separation energy could not be compared to the
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predicted value of 810 £ 300 keV. However, if the trend that has been observed continues
in this somewhat heavier mass region, i.e., the mass predictions are roughly 200 keV more
unbound than what is observed experimentally, then 69Br will be unbound by
approximately 600 keV, resulting in a half-life of 50 ns to 100 ns.

On the other hand, 65Ass has been predicted to be proton unbound by 530 £ 270
keV. Again, if the predictions err on the side of instability by 200 keV, the separation
energy of 85As would be 330 keV. This energy corresponds to a half-life of 1 ms to 10
ms, and therefore makes beta decay a competitive decay mode. Even after optimizing the
system to search for decays on this time scale, no proton groups were observed. It was
thus concluded that 65As is a beta emitter with, at most, a 0.1% ground state proton decay
branch.
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- VI. Appendix 1 - Derivation of the Beta Decay Probability Formula
The expression for the probability of a nucleus to emit a beta particle with energy E
and momentum p given in Section II - B will be derived in Appendix 1. Since the
experimental work described in this thesis pertains to nuclei on the proton-rich side of
stability, I shall proceed through this section assuming that the beta decay is the decay of a
proton into a neutron, positron, and neutrino: '

p—on+et+v

The perturbation potential responsible for this transition, Hg+, can be givch by
o )
Het =g Vool ¥, @ Q

* *
where g is the strength of the weak interaction, e*'(r_“)) and wv('r'n)) are the complex

conjugates of the positron and neutrino wave functions at the site of the decay, rp, and Qp
is the operator which converts the proton into the neutron. The decay probability per unit
time, Wy, also known as Fermi's Golden Rule #2 [Fe 50], is given by

2
W= %_n p(Ef)

< velHe-lv; >

where yrand ; are the final and initial wave functions of the nucleus, respectively, and
P(Ey) is the density of final states. The matrix element in this expression may be given by

<velHelv S>> =¢ T <wi<yeHpIQplyi>

protons

* % * :
=ngf Vo) v @) Qp i dt

where Qp is the operator which converts a proton into a neutron. Because the probability
of a neutrino interacting with matter is extremely small, its wave function may be taken to
be that of a plane wave, i.e., the particle is moving in a force-free region:
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W=A exp GV - T)

Assuming that the neutrino is confined toan arbitrary volume V, y, must be normalized
such that

*
<yylyy> = J v, v, dV=1ARV=1

v
Therefore,

A=

al-

The interaction occurs only at the position of the nucleus so that y, must be within the
nuclear volume.
The energy of the neutrino is equal to

2
Ev=th=E= uﬁc

A.v ;»v

so that its wavelength is equal to

2rhc  2m (197.3)
Eyv ~ Ev

A.v=

From these expressions it can be seen that the maximum neutrino energy corresponds to the
minimum neutrino wavelength. The maximum energy for neutrinos resulting from beta
decay is about 10 MeV, which corresponds to a wavelength of 124 fm. This length is
clearly much longer than the radius of even the heaviest of nuclei. Therefore, the long
wavelength approximation may be invoked: over nuclear dimensions, the amplitude of the
neutrino wave function is about constant. That is,

* *
\I’v(Fn)) = WV(O) = a constant

and thus may be removed from the integral.
The deBroglie wavelength of the emitted positron is equal to
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Jor B 21 (19;‘.’3) |

P (g2. EO)IIZ
where E is the total positron energy, and Eq is its rest mass. Again, the maximum positron
energy corresponds to the minimum wavelength. Thus, a 10 MeV positron will have a
deBroglie wavelength of 118 fm, which is again larger than nuclear dimensions. Unlike
the neutrino, however, the positron's wave function cannot be set equal to a plane wave
and then be considered constant over nuclear dimensions and subsequently removed from
the integral because the ambient Coulomb field in the nucleus will affect the shape of the
wave function. Therefore, the positron wave function must be expressed as

* —. *
Y +(Tn) =F(ZE)2 y_,(0)

The function F(Z,E) is known as the Fermi function. The Fermi function has the form

F(ZE) = li’_‘;‘m
where
n= %3 for 8- decay
and

=L +
n= By for B+ decay

In the above expressions, v is the velocity of the emitted lepton. i
Substituting these results for the matrix element in Fermi's Golden Rule #2, we
obtain

) * % .
< il He-|v; > = FZE? v 0 v . 0wl Qlv; >

From the normalization we know that

al-

* *
Y, (0) = ¥ (0) =
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which yields

vl > = §rEEn vl >

Subsﬁtuting this expression into the equation for the decay probability, we obtain

2 2
W= & FzE) p(En

< vl Qolvi >

The last aspect that must be considered is the density of final nuclear states. This
quantity may be thought of as the number of ways the available total energy E can be
divided between the positron and the neutrino, and may be stated mathematically by

dn
P(ED =g
The total number of momentum states for either lepton is N,

4n
N=?

A

\

and the total number of ways each lepton may be in volume V with momentum between p
and p+dpis ‘
p?
dN =4rn B3 Vdp

The total number of momentum states available is therefore

2 2
pe# pv

dn = (dNe+) (dNy) = 1672 V2 6 dpc,,, dpy

The relativistic momentum of a particle with rest mass m and kinetic energy E is

p =% VE(E + 2mc2)
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where Ej is the total decay energy and Eg+ is ﬂ1c energy of the emitted positron. For a
given positron energy

and

v 2
(Eo - E.)% pes
dn =16 n2 V2

h6 c3 dpe++ dEO

dn 16r2V2 2
d.E() = h6c3 (EO - Ee+)2 pc+ dpc+

Upon a final substitution into the expression for the decay probability, one obtains the
expression for emitting a beta particle with energy E and momentum p:

2 2 |
W = P(E) dE = mgm—; F(Z.E) (Eo - E)2p2dp

< Vel Qlvi >
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VII. Appendix 2 - Silicon Detectors
Several styles of silicon detectors were used to detect protons emitted in the decays
of the proton-rich nuclei. Included among them were phosphorus-diffused, surface
barrier, and ion-implanted detectors. This section will describe the basic properties of
semiconductor detectors, their fabrication of the various styles, and their relative
advantages and disadvantages. The section concludes with a discussion of radiation
damage to silicon detectors.

A. Basic Properties of Semiconductor Materials

The outer electron shell levels of crystalline materials exhibit a band structure.
These bands, a valence band and a conduction band, are separated by a region where there
are no energy levels available to the electrons. This is known as the forbidden energy gap.
The width of this gap is determined by the lattice spacing of the atoms in the crystal.
Electrons in the conduction band are detached from the atoms in the lattice and are free to
roam over the entire crystal, while those in the valence band are more tightly bound to their
lattice atoms.

The forbidden energy gap is on the order of 6 eV in insulators. The gap in
conductors, however, does not exist because the valence band and conduction band
overlap. In semiconductors, the band gap is about 1 eV high - small enough for thermal
energy to excite a few valence electrons into the conduction band. This excitation creates a
hole in the valence band. It is fairly easy for a neighboring valence electron to break its
covalent bond and fill the newly created hole. This generates a hole in the neighboring
position thus permitting another valence electron to move over. As this sequence is
repeated, the hole appears to move through the crystal. Since the hole is positively charged
relative to the sea of electrons in the valence band, it acts like a positive charge carrier; the
movement of holes in semiconductors constitutes an electric current just as the movement
of electrons constitutes a current in conductors. _

Under an externally applied electric field (which is the usual way silicon detectors
are operated - see Section VII. B.), the holes and electrons exhibit a drift velocity through
the semiconductor. This velocity is equal to the product of the magnitude of the electric
field and the mobility of the charge carrier. The mobility is itself a function of the operating
temperature and the applied electric field. At room temperature, the mobility of an electron
in silicon [Le 87] is 1350 cm2/V's and that of a hole is 480 cm2/Vs. The mobility of the
charge carriers at room temperature is unaffected by electric fields which are smaller than
1000 V/cm, thus creating a linear relationship between the drift velocity and the applied
electric field. At temperatures between 100 K and 400 K, the mobility varies as 1/T™
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where T is the temperature and m depends on the material and the charge carrier. In .
silicon, m = 2.5 for electrons and 2.7 for holes.

Just as an electron-hole pair may be generated by exciting a valence electron into the
conduction band, an electron may recombine with a hole by dropping from the conduction
band to an open level in the valence band accompanied by the emission of a photon. This
is known as recombination. The most important recombination mechanism, however, is
through recombination centers which result from impurities in the crystal. Recombination
centers are energy levels provided by the impurities which can be located anywhere in the
forbidden energy gap. These centers are available to electrons in the conduction band for
de-excitation as well as to electrons in the valence band . Electrons captured by these levels
may be released back into an "allowed" band, or may be annihilated if a hole is captured in
the same level. Some impurities can éapturc only one type of carrier, thereby not
permitting annihilation. These levels hold the carrier for a time characteristic of the
impurity, and then release it. This process is known as trapping.

Both recombination and trapping are detrimental to radiation detectors as they
reduce the mean free time of the charge carriers. If the trapping time is on the order of the -
charge collection time, then incomplete charge collection will result. While impurities in the
crystal are the biggest source of recombination and trapping, structural defects may also
give rise to similar states in the forbidden energy gap. These defects may be caused by
imperfect crystal growth, thermal shock, or radiation damage. Radiation damage is the -
most common cause and will be discussed later in this Appendix.

B. Doped Semiconductors and the Semiconductor Junction

If an atom of phosphorus, which has five valence electrons, is introduced into a
silicon crystal (silicon is tetravalent), four of the electrons are used in bond formation and
the fifth goes into a level which lies just below the conduction band. Unlike recombination
and trapping states, however, this level is so close to the conduction band (just 0.05 eV
away) that the extra electron is easily excited into it. This, in turn, enhances the
conductivity of the semiconductor. In addition, these extra electrons fill the holes normally
formed by electron migration. The concentration of electrons in the crystal is therefore
enhanced. Semiconductors of this type are called n-type semiconductors.

Analogously, if a trivalent atom such as boron is introduced into the silicon, a hole
is formed at the site of the boron atom. The hole can be filled with an electron from the
valence band; this electron then occupies a level just slightly above the valence band. This
excess of holes decreases the normal concentration of electrons. Such semiconductors are
called p-type semiconductors.
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Silicon diodes are formed when a piece of p-type silicon is brought in intimate
contact with n-type material. This is known as a p-n junction. Because of the difference in
the concentration of electrons and holes between the two materials, the holes drift toward
the n-region and the electrons drift toward the p-region. This redistribution of holes and
electrons causes a charge build up to occur on both sides of this junction; the p-region
becomes negative while the n-region becomes positive. The resulting electric field across
the junction creates a potential difference known as a contact potential. This contact
potential, on the order of 1 V [Le 87], causes the relative band energies in the n-type
material to drop below their counterparts in the p-type material. This region of changing
potential is known as the depletion zone and has the special property of being devoid of all
charge carriers. ' '

When an ionizing particle passes through the depletion zone, electrons and holes are
formed. The electrons immediately migrate toward the n side and the holes toward the p
side. Due to experimental constraints, the charge collection process must be limited to
several microseconds. The intrinsic electric field is not intense enough to provide efficient
charge collection on such short time scales. The situation is remedied by applying a '
reverse-bias voltage to the junction, i.e., either a positive voltage to the n-side or a negative *
voltage to the p-side. This has the effect of providing a charge collection time of just a few
microseconds as well as increasing the depletion zone so higher energy particles can be
detected.

C. Diffused Juncton Detectors

Diffused junction detectors are produced by diffusing n-type material into one end
of a homogeneous p-type silicon wafer. Phosphorus is the n-type material most frequently
chosen. By regulating the phosphorus concentration, the temperature of the process
(usually ~1000° C), and diffusion time, p-n junctions lying from .1 um to 2 um beneath
the surface can be produced. The silicon surface becomes so heavily doped during the
diffusion process that the depletion zone extends largely into the p-side of the junction.
Although this process leaves a dead layer through which the ionizing radiation must pass,
the width of this layer is much smaller than the depletion zone which is created, and unlike
the the depletion zone, it does not vary much with applied bias. The high temperature
needed to diffuse the phosphorus through the silicon tends to increase the intrinsic noise
level of the detector and decrease its lifetime. The major advantages of diffused junction
detectors are their relative ruggedness compared to other semiconductor detectors and their
greater resistance to contamination of the detector surface.
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Phosphorus-diffused silicon detectors work very well with the helium-jet transport
technique. However when used in conjunction with the in-beam recoil catcher wheel, the
intense radiation field produced by the nearby beam causes the diffused junction detectors:
to breakdown quite rapidly - usually within a few hours. However cooling them to -350 C
seems to extend their lifetimes by a factor of 10. In this strenuous environment, ion-
implanted detectors have been found to give much better results.

D. Surface Barrier Detectors

Surface barrier detectors are usually made by forming a junction with n-type silicon
and gold, although p-type silicon and aluminum work just as well. The contact potential
established is similar to that in the p-n juncdons previously described, however the
depletion zone created in surface barrier detectors is much larger than in diffused junction
detectors. In fact, the depletion zone in surface barrier detectors can extend entirely
through a thin silicon wafer. A benefit of using a completely depleted detector is that by
increasing the applied bias, the charge collection time can be greatly reduced. Depletion
zones 5 mm deep have been obtained routinely in surface barrier detectors.

The process for manufacturing surface barrier detectors is quite a bit simpler than
that for diffused junction detectors. After etching the surface of the silicon wafer and
allowing it to'oxidize slightly, a thin layer of gold (~40 pg/cm?) is evaporated onto it. The
wafer is then mounted in an insulating ring that has metallic surfaces for electrical contacts.
Because the fabrication process takes place at room temperature, the lifetime of surface
barrier detectors is not compromised as it is when higher temperatures are used.

A disadvantage associated with surface barrier detectors is their sensitivity to light.
Visible wavelengths have energies of 2 eV to 4 eV. Because the thin layer of gold on the
silicon is not enough to stop the ambient light, and because the forbidden energy gap is
only about 1 eV high, unwanted signals can be obtained from the detector if it is not
properly shielded from the light.

E. Ion-Implanted Detectors

Ion-implanted junctions are formed by shooting the impurities directly into the
silicon wafer with an accelerator. By regulating the energy of the beam, the depth of the
junction can be controlled. As some radiation damage is incurred in this process, ion-
implanted detectors must be annealed at a temperature of ~500° C prior to use. Although
this temperature slightly reduces the lifetime of the detector, the effect is not nearly as
severe as the 1000° C temperature used to manufacture diffused junction detectors.
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Ton-implanted detectors tend to be more stable than surface barrier detectors and
have shown the most favorable characteristics of all silicon detectors, i.e., lowest noise,
lowest leakage current, etc. However, as can be inferred from the fabrication process, they
are also the most expensive.

Cooling ion-implanted detectors to -35° C not only reduces the noise in the
counters, but also decreases the leakage current. After approximately 50 hours of use, the
leakage current in the uncooled detectors was greater than 10 pA with an applied bias of 60
V. After cooling the detectors, the leakage current was reduced to 0.2 pA. The same
cooled ion-implanted detectors were used for close to 350 hours before they were replaced.

F. Radiation Damage

The distance between the beam and the detectors in the in-beam recoil catcher wheel
box is only about 1 cm . Therefore damage to the detectors from the radiation associated
with the beam (particularly neutrons when a 3He beam is used) poses a severe problem.
Radiation damage in silicon detectors results primarily from changes within the crystal
lattice [Kr 84]. Incident radiation of sufficient energy can displace a silicon atom from its
equilibrium site to an interstitial position. The resulting vacancy-interstitial pair, known as |
a Frenkel defect, acts as a carrier trapping site. Neutrons, through transmutations of the
silicon, also introduce trapping and recombination centers. The main effects of the
radiation damage are 1) an increase in the leakage current, 2) a decrease in the energy
resolution of the detector, 3) an increase in the charge collection time, and 4) a material
change from n-type to p-type. ‘

When charge carriers are caught in or released from the trapping centers, the bulk
current inside the crystal increases. This gives rise to the increase in the leakage current.
The energy resolution of the detector is decreased because capturing the charge carriers
results in the incomplete collection of charge produced by the incoming particle. Trapping
centers reduce charge carrier mobility and therefore increase the time required for charge
collection. Also, crystal defects tend to act as electron acceptors; over time, the silicon can
actually change from n-type to p-type.

Cooling the detectors tends to minimize the effects of radiation damage. Decreasing
the operating temperature generally results in a decrease of leakage current on the order of a
factor of 3 for each 10° C drop [Eg 85]. This subsequently reduces the noise in the
detectors. The detectors used in conjunction with the in-beam recoil catcher wheel are
cooled to -35° C with either thermoelectric coolers or cold nitrogen.
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