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BETA-DELAYED PARTICLE EMISSION IN T = -1, A =én (5 <n < 10) NUCLEI

Abstract
Studies of beta-~delayed particle emission among the T7 = ~1, A = 4n
(5 <n g 10) series have been undertaken. These short-lived nuclides were

produced via (p,n) reactions using 20 MeV protons. Helium-jet technique
coupled to a fast tape~transport system was used for source preparation.

High resolution and low background were achieved in particle spectra measured
with 8i(Au) surface-barrier detectors.

Both delayed proton and c-particle emission are energetically allowed in
the studied nuclides. However, in the decay of 2ONa and 24A1 only delayed
a-particle emission was observed, while the heavier nuclides 28P, 32Cl, 36K
and 4OSc were found to be precursors of both delayed protons and o particles,
Owing to the high particle separation energies in the emitter total particle

branchings are small ranging from 4.4-ION3

to 1.3'10"5 for protons and from
0.20 to 9-10“6 for o particles.

Absolute intensities of individual proton or alpha-particle transitions
were measured and corresponding log ft values or their upper limits were
determined for the preceding B+ transitions. The observed R-decay rates were
compared with those predicted by recent large-basis shell-model calculations.
Spin, parity and isospin values were assigned to a large number of unbound
levels on the basis of the selection rules governing B~decay and particle
emission. Detailed comparisons of data derived from delayed particle and

resonance reaction studies were made.
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1. INTRODUCTION

An active search for and study of B-delayed particle emitters has

resulted in the discovery of a large number of precursor nuclei and in

1,2)

increasing understanding of their nuclear properties A general trend

in this research has been to probe nuclides more and more remote from the

B~stability line3’4). However, in light nuclei B-delayed particle precursors

are either known or predicted to exist also close to the line of B stability,

Nuclei in the A = 4n mass series and with T? = ~1 form such a group. Those

studied in this work are shown in fig. 1. All of them have QFC values well

in excess of proton and oa-particle binding energies in their daughter nuclei
and have half-lives in the range of 0.1 to 2.1 s.

In previous studies delayed o particles have been observed in the decay

of ZONaS) 2Z‘Al()’”, 2AmAl” and 32616) and delayed protons in the decay of

2.6
3%3 )and 408(:8’9).

2
No delayed particles have been associated with the decay
28 . . 40 . .
of P and no delayed o particles with the decay of Sc., While this work
. . L - 36 10) \

was 1n progress delayed particle emission of K was reported . The
absolute particle-branching ratios have been measured only in the decay of

0 24 ' . .

Na and Al. In the present work simultaneous measurement of particle and
y-ray spectra allowed the determination of particle branching ratios for all
nuclei in the ’l‘z = ~1 geries. High resolution in charged-particle detection
was achieved by using helium-jet technique to produce thin sources and by
using single high-resolution surface~barrier detectors.

The R-delayed particle emission has been found to be an efficient method
to obtain information about highly excited levels. Measurements of the
particle energies and intensities permit the determination of excitation

energies of states as well as the B-decay transition rates to these states.

It is often possible to establish spin, parity and isospin for unbound levels



“ o

~N
S
Ty

el o —
24 o / o | %
1g
20, o ) %P 3y
-
T
3,
Na B‘ / ZNa
e
&
2DF
=
18y
N=B
A part of the chart of nuclides. The T, = -1 nuclei studied

in this work are shown by heavy solid frame. Their observed
+ . .

B ~delayed e-particle and proton emissions are indicated

by arrows. The mirror nuclei corresponding to Tz = +] are

also shown. Stable nuclei are shaded.



by applying the selection rules of B-decay and particle emission. Because
proton, a—-particle and y~ray emissions are all energetically possible in the
nuclei under study, these decay modes and their mutual competition can be
studied. In some cases partial width ratios Fa/rp can be directly obtained
from the delayed particle spectrum. By combining them with corresponding
resonance reaction data the partial widths can be deducéd for several levels.
Although the sensitivity of y~ray detection is rarely sufficient to direct
observation of y branchings from unbound states, resonance yield measurements
can give information on y widths. Recent shell-model calculations1l) provide
both excitation energies and log ft values for many nuclei in the sd shell.
The experimental measurements of log ft values for these transitions are a
sensitive test of these calculations.
Some of the results of this thesis have previously been published in
the following papers or reports:
1. J. Honkanen, M. Kortelahti, J. Aystdé, K. Eskola and A. Hautojérvi,
Physica Scripta 19 (1979) 239
2. J. Honkanen, M. Kortelahti, K. Valli, K. Eskola, A. Hautojdrvi and
K. Vierinen, Nucl. Phys. A330 (1979) 429
3. K. Eskola, M. Riihonen, K. Vierinen, J. Honkanen, M. Kortelahti and
K. Valli, Nucl. Phys. A341 (1980) 365
4. J. Honkanen, M. Kortelahti, K. Valli, J. Aystd, K. Eskola,
A. HautojHrvi and K. Vierinen, JYFL Annual Report 1978, 3.3.,

to be published



2. THEORY

2.1. Beta-delayed particle emission

The beta-delayed particle emission of a nuclide consists of two
successive processes. First the nucleus B decays to an unbound state of the
emitter, then the excitation is released by the emission of a particle.

The lifetime of the unbound level is generally very short, ¢ 10—15 s

(Fv > 1 eV), and thus the delayed particles possess the same half-life as

the precursor. In light nuclei the level densities are low and one usually
observes well resolved peaks in delayed particle spectra. In consequence of
this detailed information can be obtained about individual levels and preceding
B transitions. For heavier nuclides individual transitions cannot generally

be resolved and the delayed particle spectrum reflects average properties of
the decay.

A decay scheme of a typical delayed particle precursor is shown in
fig. 2. A minimum requirement for B-delayed particle emission is that the
B-decay energy of the precursor exceeds the particle separation energy of
the emitter. This condition is not sufficient to ensure that the particle-
decay branch will be strong enough to be observed. For levels which are
unbound by only a few hundred keV, the penetrability through Coulomb and
centrifugal barriers may be so low that y decay can compete favourably with
particle emission, The probability that a level will decay through either
channel is given in terms of partial widths. The y width is nearly constant
while the particle widths increase rapidly as a function of excitation
energy. At a certain energy the particle and y widths become comparable.
This energy may be taken as an effective threshold for particle emission.

Although the probability for particle emission increases with the excitation
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energy of the emitter, the rate at which states are populated by 8 decay
decreases. The total intensity of particle emission is governed by the
interplay of these two opposite factors. This results in a bell-shaped
structure of the particle spectrum, which is clearly seen in the decay of

heavier precursors.

precursor

e ___T
duuqhter g / “m‘_% B OEC
AR E R <{ Ex

—e . By
_emitter Y i
{Z-1, N+1)

Fig. 2. Typical decay scheme of a delayed particle precursor illustrating

gomc gymbols and terms uged in the text.

. . . . . if . .
The particle branching ratio, or the intensity I\) of a particle transi-

tion from a state i in the emitter to state f in the daughter, is given by

if
if I‘\) i
1" == IB . 2.1)

Here Pif is the partial width for thc cmigsion of a particle of type v and

I‘}. is the total width of the state i. The intensity IB of the B transition



to the state i in the emitter is given per disintegration of the precursor.

. . "t . . L 1f S
The intensity IB can be deduced from a measured branching ratio Ltf, only if
both Fif and Fi are known. However, since Iif < I;, Itf can be used to

calculate an upper limit for the log ft value that characterizes the

f transition to the state 1i.

2.2. Allowed beta decay

Using the notations of Raman et a1.12) the allowed B-decay strength is
related to nuclear matrix elements by the expression
2
1
K/G v

(1 +68 )t = - (2.2)
R 2 2 2
fv<1> (1 - ac) + fARe<0T>

where t is the partial half-life, §, and 6C are the radiative and charge

R
dependent mixing corrections, <1> is the Fermi and <ot> the Gamow-Teller

-9/ ") :
matrix element, K = 11,2306 - 10 % erg2 cm6 S, G'v = 1,428 - 10 +9 erg cm3

is the effective vector coupling constant and Re = GAe/G'V = 1,237 * 0.008
is the ratio of axial-vector and vector coupling constants. There is a small
difference in the statistical rate function f between vector and axial-vector
transitions as pointed out by Raman et al. This difference is typically only
one or two per cent and thus the approximation fv = fA = f is generally used.
The B~decay strength is often presented in terms of reduced transition

3)

coa s . . .
probabilities . In consistency with eq. (2.2) and with fv = fA = f

the following expression for an allowed 8 transition is obtained

6165 s
(1 + 6§ )ft = S , (2.3)

R B'(F) (1 -8 ) + Rz -B' (GT)
C [S]




where B'(F) and B'(GT) are the reduced Fermi and GT transition probabilities
. . 2 .

B(F) and B(GT) in units of gV2/4ﬂ and 8y /4w, respectively. For a pure GT

transition the reduced transition probability is thus given by

B'(GT) - 4030 . (2.4)

(1 + SR)ft

The Fermi and GT matrix elements between initial and final state wave

. ) 2)
functions are given as
<1>2z<¢f] 2T+(n)|\pi>=<npflT+wi> (2.5)
n - -
<ot >’ = <¢f| z o(n) t, () |wi> (2.6)

where v, is the isospin raising (+) or lowering (-) operator for the n th
nucleon and o(n) is the Pauli spin operator. Operator T, converts a proton
to a neutron (g% decay) and T_ a neutron to a proton (87 decay). The sum of
the ri(n) operator over all n nucleons is defined as the total isospin

operator T . The isospin operator raises or lowers the isospin projection

Tz by one unit and thus analogous to the angular momentum raising or lowering

operator

kis ]1/2l(7r

T+](J J,T,Tzi1)>.

» T, TZ)> = [(T prd TZ)(T + TZ + 1)

2.7)

The isospin operator connects states that differ only in isospin projection

and from this it follows that the selection rules for allowed Fermi transi-

tions are AT = 0, Am = 0 and AT = 0. In the case of pure isospin states <1>



may be evaluated from eqs. (2.5) and (2.7) as

2
<> = T(T + 1) = T .T . . (2.8)
21 zf
A pure Fermi transition from a T = 1, TZ = -] initial state toa T =1,
TZ = () final state would then have <1>2 = 2 and correspondingly log ft = 3.49,

Evaluation of the GT matrix element is dependent upon the explicit details

of the initial and final state wave functions. By applying the Wigner-Eckart

theorem to the expression (2.6) the GT matrix element can be expressed by14)
2 A
, STLT et [TT > i 5
<Gyt e L “ <31, |l Loy fifa, >,
223, + 1)yQ@T, + 1) n=| -
i f
(2.9)

where the first factor in brackets is a Clebsch-Gordan coefficient and the
second one is a reduced matrix element. From the Clebsch-Gordan coefficients
in this expression and conservation of parity one obtains the selection

rules AJ = 0,13 Ji = 0 Jf = 0; AT = 0,1; An = 0 for GT transitions.

The GT matrix elements are calculable from equation (2.9) for different shell~
model orbits by using two-particle interactions. Unfortunately, due to
configuration mixing, most nuclear states cannot be accurately described by
only one shell=model configuration. Thus the shell-model calculations,

which allow configuration mixing between a large variety of different con-—
figurations, are in many cases necessary. Such calculations have been
recently presented for sd-shell nuclei in the compil ation of Brown and

)

wildenthal11 . At most, 6957 basis states are required to describe a state
L 15)
in the complete sd-shell base .

The radiative correction in eq. (2.2) arises from the interaction of the

decaying nucleon and the emitted charged lepton with the external electro-
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magnetic field. These corrections are considered in two parts, the inner
correction which is nuclide independent and the outer correction which

depends on Z and the (-decay energy W The former can effectively be

0
considered as a renormalization of the B-decay coupling constant by
G'V = Gy (1 + AR) 12). The outer correction SR must be evaluated for

each case. However, for Z < 20 it is in general below 2 Z.
Mixing of states with different isospin arises from charge-dependent
interactions. This causes the radial overlap integral of the parent and
. C . 16)
daughter nucleus to be less than unity. Isospin mixing has been considered
to arise from charge-dependent configuration mixing of states and differences
in the neutron and proton wave functions. This mixing has been systematically

y . + + . P
16,17,18) in pure 0 - 0 Fermi transitions. In these cases the

studied
isospin impurity correction 6C has been deduced to be less than 1 %.

. + . . .
However, the density of O levels in these nuclides is low and no notable

configuration mixing is expected.

The statistical rate function is given in units of mec2 by]2)
Yo
£ = J P Wy = W F(Z,W) C0) v, (2.10)

1

where W and p are the electron energy and momentum, WO is the maximum

B energy, F(#,W) is the Fermi function and C(W) is the shape correction
factor. Gove and Martin have tabulated19) the values of log f for allowed
and tirst torbidden B transitions as a tunction of wo and 4. VYor allowed
transitions they have used C(W) = 1. 1In the Fermi function they have taken
into account the corrections due to nuclear charge distribution and the
screening of atomic electrons. In the B+ decay electron capture always

competes with the B decay. This has been taken into account in the experi-

mental log ft values by taking the statistical rate function to be



Beta transitions can be classified into certain groups on the basis of
. . . 20)
the comparative half-life. According to a survey of Raman and Gove all

B transitions with log ft < 5.9 are of the allowed type in elements lighter

than mercury.

2.3. Isobaric analog states

The concept of the isobaric analog states arises from the charge
independence of the nuclear force. This is supported by the observation
that the energy spectra and B~decay transition rates of mirvor nuclei are
very much alike. Because the wave functions of analog states are identical,
they have closely similar properties such as spectroscopic factors and
electromagnetic transition rates. The isospin quantum number T is associated
with these isobaric analog states. 1In light nuclei the isospin for the
ground state is generally T = sz| = [1/2 (N ~-2)|. The binding energies of
the analog states are identical once they are corrected for Coulomb energy
and the mass difference between neutron and proton. A classical expression
for the Coulomb energy is a sphere of radius R having constant charge density

and total charge Z
3 )

E =225, 2.1
: ( )

A more accurate expression for the Coulomb displacement energy is

1)

. . Co 42
obtained from a semiempirical formula

7
AR, = 1444 =
c 73

-~ 1.13 Mev, (2.12)



where A is the mass number and Z is the average charge. In light T = 1
multiplets the ground state analogs are known and the Coulomb displacement
energies can be determined from the measured binding energies. In this work
the experimental Coulomb displacement energy was used to assign the other
analog states in a certain multiplet.

The energy scale in the decay of Tz = =1, A = 4n nuclides referred to
the ground state of the emitter is shown in fig. 3. The B~decay Q value (QEC)
of the precursor, the excitation energy (EA) and the proton and a-particle
binding energies (Bp and Ba) in the emitter have been displayed. It can be seen
in this figure that the energy window for o emission is much wider than for
proton emission. In addition, o-particle emission is energetically possible
from the analog states of 2ONa, 24Al, 32C], and AOSC. However, taking into
account the inhibiting influence of the Coulomb barrier, the o emission is
expected to be observable only from the analog state in 2ONe. Because the

o particle has isospin zero, o transitions from T = 1 states in the emitter

to the T = 0 ground state of the daughter nucleus are isospin forbidden.

it

However, mixing of T = 0 and T = ! states can occur so that o emission can

take place via the T = 0 admixtures.
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The B-decay energies (QEC), the excitation energies of the
T = 1 analog states (EA) and the proton and a-particle
separation energies (Bp and Ba) for particle emitters
populated by the B decay of Tz = ~1 precursors. All

energies are relative to the emitter ground state.



2.4, Particle emission from unbound states

The particle decay of an unbound state depends on the degree of overlap
between the initial and final state wave functions and on external kinematic
effects of penetration through Coulomb and centrifugal barriers. These
factors can be written out separately and the partial width for a given

exit channel is given1) by the expression
ro=2P, vy, (2.13)

where PL is the penetrability through the Coulomb and angular momentum
. 2, . .
barriers and y 1is the reduced width. The internal nuclear structure effects

. . 2 . .
are contained in Yy . The angular momentum & carried out by the emitted

particle v is related to the initial and final state spin and parity by

s <<+ g (2.14)

where s, is the intrinsic spin of the emitted particle.
The penetrabilities are usually calculated employing the well-known

regular and irregular Coulomb wave functions, F, and GQ, respectively.

2

The wave functions are the solutions to the Schrddinger equation using a

Coulomb potential. The penetrability is Llien giveu by
P o= — _ (2.15)

where R is the nuclear radius and k is the wave number which is given by



o'

*

/2 1

=0.2187 GE)"/% |, (2.16)

where u is the reduced mass in amu and E is the centre of mass energy in MeV,.

The Coulomb wave functions are evaluated at the nuclear radius

/3 1/3

_ 1
R—RO(A1 AT, (2.17)

where Ro is the radius parameter, and A1 and A2 are the mass numbers of the
emitted particle and the daughter nucleus.

The barrier penetrabilities were calculated with a computer code used
by Prof. J. Cerny's group in Lawrence Berkeley Laboratoryg? In fig. 4 the barrier
penetrability for protons and o particles is plotted for each nuclide in the

T2 = -1, A = 4n series as a function of B-decay energy (see inset). The
curves were calculated for the lowest possible 2 values compatible with an
allowed B transition and parity conservation by assuming a constant nuclear
radius parameter Ro = 1.3 fm. If an effective threshold for particle

. . . D] —4 .
emission 1s defined by the condition PQ = 10 ', then the corresponding
upper limit for B~decay energy can be read from fig. 4. Only B transitions
of energies lower than this limit lead to observable particle emission.

2ON 24Al, 281’, 3201, 36K and 4OSc the limits for proton

In the decay of a,
emission are 0.6, 1.5, 2.2, 3.2, 3.6 and 5.0 MeV and those for a-particle
emission are 7.9, 2.3, 2.3, 3.5, 3.3 and 3.7 MeV. A comparison of these
. . L . .20 24
figures suggests that a~particle emission should dominate in Ne and Mg,
. . . . 28,. 32
and compete on equal terms with proton emission in Si and S. Proton
L ; e \ .36 . . 40,

emission should be slightly favoured in “"Ar and predominant in = Ca.

It is evident from fig. 4 that the lower energy limit for proton observation

is higher than 0.4 MeV and for observation of o particles higher than 1.0 MeV.
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Fig. 4. Barrier penetrabilities for delayed proton and delayed
a-particle emission in the Tz = 0, A = 4n nuclei. The
penetrability is shown for each nuclide as a function of
the B-decay energy (see insert). The % values are the
minimum values compatible with an allowed B decay and
parity conservation. The number in the lower part of
each curve gives the particle energy corresponding to the
first calculated point on the curve. The energy increment

between successive points is 0.2 MeV.



2)

The maximum allowable reduced width is given by the Wigner limit2 .

According to Marion and YoungZS) this limit is given by

2 W 62.70
2

¥ = o2 e
b 2uR2 uR

(MeV) . (2.18)

The dimensionless reduced width

2

2 2 N 2
o = /Yw r/2 IRYW

(2.19)

gives the probability of finding a particle in the desired nuclear shell at

the nuclear surface. This is closely related to the spectroscopic factor

S = F/Fs‘p. = Yz/Yi.p. obtained in proton or oa-particle transfer reactions.

In light nuclei there exist22) clearly defined o cluster or quartet states.

The reduced o~particle width of these states is close to the Wigner limit and
they are strongly populated in direct a-particle transfer reactions. The
reduced o-particle widths are a direct measure of the degree of a cluster-
ization. However, the penetrabilities are strongly dependent on the channel
radius and the absolute values of reduced widths cannot be reliably calculated.

Instead, comparisons between different levels can be better performed.



3, EXPERIMENTAL METHOD
3.1. Helium~jet transport system

The He-jet technique was used to transfer recoil atoms from the reaction
chamber to the measurement site in a low=-background area. A small amount of
NaCl was introduced into the helium gas by letting it flow through an oven
containing NaCl at a temperature of 700 - 800° C. At this temperature the
vapour pressure of NaCl is high enough to form clusters. It has been

4)

observed2 that additives have to form clusters with diameters from 0.01
to 1.0 uym and the concentration should be about 105/cm3 for efficlent trans—
port of activities. 1In these conditions the obtained transport efficiencies
are several tens of per cent.

The target chamber was operated at a pressure of about 0.15 MPa and
the pressure in the collection chamber was 400 - 500 Pa. The length of the
capillary was varied from 3.0 to 5.4 m and the inner diameter from 1.0 to
1.2 mm, The helium flow rate, normalized to atmospheric pressure, was
30 - 50 cm3/s. The beam entered the target chamber through a 4.3 mg/cm2
Ni window. Four targets separated by a distance corresponding to the range
of recoil atoms in helium were mounted in the chamber. Also four capillary
inlets one for each foil were used. The transmission time through the
capillary was measured by a charge-pulse method using slow pulsing of the
proton beam and a charge collector in the collecting chamber. An average
transmission time for a capillary, 5.4 m long and 1.2 mm in inner diameter,
was measured to be 80 - 100 ms.

The collection chamber and the location of the detectors and the
capillary are shown in fig., 5. The reaction products were deposited onto

an aluminized mylar tape, which could be programmed to move periodically



- 20 -

from a collection position to various detection positions according to a
preselected time schedule. The capillary could be placed either in position
1 or 2. The position 1 was used in branching ratio measurements, when the
Ge(Li) detector had to be shielded from the radiation of the collection
point. 1In addition, the Ge(Li) detector was blocked off during the tape

movement, The distance of the particle detector and the capillary outlet

from the tape was 0.5 - 1.0 cm.
TEFLON . _ ®
CAPILLARY -

® @

b ROOTS 500 s
%”’f (7 AN 7
] 1 %
= ©
GelL)) Z
60-110cm? E?Zi
o -
- 0 50 100
[ s — "
mm

Pig. 5. A schematic presentation of the collecting chamber,

3.2. Delayed particle detection

Because the beta branching to particle emitting levels is very weak
in the nuclides under study the intense B background caused by B decay to
other levels seriously interfered with the detection of delayed particles.
The B continuum was reduced by using thin surface-barrier deleclors. The
detectors ranged in thickness from 13.9 um to 100 pym. The 100 um detectors

were partially depleted while the thinner ones were totally depleted. 1In



many experiments the sensitive volume of the 100 ym detector was reduced
by using lower than optimum bias voltage. In this way the intense background
caused by multiple B scattering in the detector was substantially reduced.
Maximum energy losses for protons and o particles in thc various
detectors are shown in table 1. Protons of energies higher than 0.9 MeV
lose only a part of their energy in passing through the 13.9 um detector
while o particles up to 3.5 MeV show up at their full energy. Thus, a com~
parison of spectra measured with the 13.9 ym and 100 um detectors provides a
means for making a clear distinction between proton and a~particle groups for
energies higher than 0.9 MeV. However, because emission of o particles is
suppressed more severely than proton emission by the Coulomb barrier, the
lowest groups are due to protons. This was confirmed by using a 50 ug/cm2
polyethene absorber foil in front of the detector, which shifted o peaks by

100 -~ 150 keV but proton peaks only by 10 -~ 20 keV.

Table 1. Properties of Si(Au) surface-barrier detectors
Thickness Maximum energy loss (MeV)
(um) protons o particles
13.9 0.9 3.5
26 1.4 5.1
31.1 1.6 6.0

100 3.1 12
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Half-1life measurements were carried out using the signal indicating
the completion of a tape cycle as time reference. In these experiments
the pulses from the detector were stored on a magnetic tape in an event-~
by-event mode. An off-line analysis was subsequently made with gates set
on either the time or the energy axis.

The observed width of the delayed particle groups is influenced by
the capacitance of the detector and the thickness of the source. Also the
momentum broadening due to the preceding B decay and the intrinsic width
of the particle emitting level affect the resolution. Since the capacitance
of a detector is proportional to the ratio of area to thickness, the thin
detectors have high capacitive noise which lowers the resolution. The
thickness of the source depends on the rate at which NaCl emerges from the
capillary. Because the nuclei under study are all short lived, the measured
rate of (1.0 + 0.5) nug/s, did not notably hamper the resolution. In the
decay of 2oNa R energies to unbound states are high and the mass of the
daughter nucleus is small, the B broadening may range up to 40 keV. For
other nuclei under study this broadening is estimated to contribute less

than 15 keV to the peak width,

3.3. Particle branching ratio measurements

The particle branchings pro B decay were determined by comparing the
delayed spectrum to a simultaneously measured y~ray spectrum. The efficiency

of the y~ray detector relative to the particle detector was determined by

comparing the intensity of the 6.28 MeV wa-particle group of 211Bi to that

of the succeeding 351 keV y transition in 2O7T1. The internal conversion

.o 2 A 2 .
CUBffLCLenL?S) of the 351 keV transition was taken to be 0.24. HB1 was



collected from a 227Ac source and deposited onto the tape in the same way
as the activities from the target chamber. The energy dependence of the
Ge(Li) detector efficiency was measured in the same geometry using well-known
standard vy sources. The vy transitions and intensities used for each nuclide

in branching ratio measurements are shown in table 2.

Table 2. Gamma-transition energies and intensities used in particle

branching ratio studies

Nuclide EY (keV) intensity (%) ref.
20y, 1633 79.2 + 1.6 26
2am, ) 426 82.5 = 3.1 27
24
Al 1077 14.5 + 0.7 27, 28

28, 1778 95.5 + 0.5 29
320, 2231 92 x4 30
36y 1970 79 &8 3
40

Sc 755 41 4 30
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4, RESULTS AND DISCUSSION
20
4.1. Decay of Na

The radioactive 20Na was produced by bombarding 20Ne with 20 MeV
protons. A neon target was obtained by mixing neon gas (ZONe 90.5 %)
into the helium flow. The partial neon density in the gas flow was
8 -~ 16 ug/cmB.

A delayed particle spectrum of 2ONa measured with the 100 um detector
is shown in fig. 6. Nine o-particle groups are seen in the energy range
2.0 - 6.6 MeV. The low energy peaks are due to ]6. recoils that correspond
to the a-particle groups. The weak group at 1.58 MeV energy probably arises
from summation of recoil events. A sum peak of the two most intense o-particle
groups is seen at 6.52 MeV.

The energy calibration was done using the well-known energies of the
o-decaying levels at 7421 + 1 keV and 10272 + 2 keV and the oa—~particle

2ONeBZ). These values result in

binding energy Ba = 4730.9 + 0.5 keV in

alpha energies of 2152 and 4433 keV. The a-particle branching ratios were

measured by comparing the particle spectrum to a simultaneously measured

Y~ray spectrum as described in the experimental section. The energies and

intensities of the particle groups are listed in table 3. These results

agree within error limits with the previously measured values by Torgerson
5)

et al.” .

Log ft values were calculated using = 13887 + 7 keV and

ZONa32)

Qe

19)

= 446 + 5 ms for and the log f tables of Gove and Martin .

T
1/2
The beta intensities were taken to be equal to o branchings except for the

10.27 MeV state for which the y width is not negligible as compared with

the a width32).
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. . 2 .
Fig. 6. DBDelayed a-particle spectrum of ONa measured with the

100 um 8i(Au) detector. The peaks below 1.6 MeV are due to
16

QO recoils. The colleciting and measuring period was

300 ms and the integrated beam current 17 mC.

, "

Allowed R transitions from the ground state of 20Na (J[r = 2 ) populate

. . + +
levels in 2ONe which have J" = 1 , 2 and 3 . Alpha decay to the ground
16 i + o, +

state of 0 (J° = 0 ) is expected only from 2 states, because the

- + + . . .
transitions from 1 and 3 states are strongly hindered as parity forbidden.
This restriction is no longer valid above EX = 10.861 MeV since o decay to
the 6.130 MeV J" = 37 state in 16O becomes energetically possible. However,

taking into account Lhe inhibitive effect of the Coulomb barrier, « transitions



..27...

to this state are not expected to take place below 12 MeV excitations.
Because the proton binding energy is Bp = 12.85 MeV in 2ONe, 1" and 3" states
below Ex = 12 MeV can only decay by y emission. As is seen from table 3

all observed B transitions arc of the allowed type and therefore the spin
and parity of the a~decaying levels is 2+. This is in agreement with the
spin and parity values determined in resonance reaction studies.

In table 3 the experimental log ft values have been compared with
shell#model predictions of Brown and Wildenthal]]). They used a complete
sd-shell space for the four nucleons outside the ‘60 core. The values
calculated for J" = 2" states with empirical single~particle matrix elements
have been included in table 3. The agreement is quite good for the tran-
sitions to the 7.42, 10.27 and 10.58 MeV levels. A predicted strong
transition at 11.53 MeV with a log ft = 3.78 cannot be clearly identified.
The best agreement is obtained with the 10.84 MeV level. It is possible
that the B strength is divided over the three states between 10.8 - 11.9 MeV.
The total B-transition strength of these states corresponds to a log ft
value of 4.0, but a part of the calculated B strength is still missing.

This may indicate a still stronger configuration mixing. At these high
energies excitations into the fp shell are becoming important components
of these states. The broad 8.8 MeV 2' state has been interpreted by Fortune

34)

et al. as due to the mixing of a dominantly sd-shell state and a state
with at least two fp-shell particles. The 7.83 MeV state is proposed35) to
arise from excitations including eight sd~shell nucleons outside a 12C core.
The calculated B strength may then be distributed over these states. If the
transition to the 10.27 MeV level is excluded, the experimental B strength

to unbound states corresponds to a total log ft value of 3.70 which is in

good agreement with the calculated value of 3.66.
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Table =. Summary of delayad a-particle emission of " Na
E FWEM  E_din "N (xeV) I, log ft E;alcb} log ftzilc
(keVd (keV) this work previousa * (keV)
o 215211C) 48 7421 7421.4% 1.0 16.1 *1.5 4.19+0.04 7370 4.41
e, 2479+2 46 7830 7829 £ 2 0.68 0.07 5.41+0.05
ey 35004200 700 9100 =8.8 0.050 *0.007 6.0 +0.2 1
@, 3800+5 52 9481 9493 *10 0.262 *0.030 5.03+0.05 %
g 4433i2c) 47 10272 10272.4% 2.0 2.83 *0.26 3.4710.04d) 10130 3.468
% 4676%5 54 10576 10583 * 6 0.090 *0.010 4.75+0.05 10230 4.90
a, 4887+3 38 10840 10840 =*= 5 0.178 *0.020 4.21+0.05 }
g 5256+6 68 11301 11322 =7 0.028 +0.005 4.53+0.08 11530 3.78
) 5687+8 70 11840 11866 * 9 0.0016+0.0003 5.01+£0.09 |
a) Ref. 32
) Ref. 11

¢) Used for calibration

d) Fa/P = 0.964+0.006
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The low log ft value for the transition to the 10.27 MeV state shows

it to be superallowed and thus the 10.27 MeV state to be the analog of the

20 . . .
Na ground state. In accordance with B-decay selection rules both Fermi

and Gamow-Teller transitions are possible between these states. Alpha
transitions from the T = 1 analog state are only possible if it contains
admixtures of T = O states. The peak shapes of the deiayed a-particle groups
depend on the B+, v and o angular correlations in the decay process. These

correlations depend on the B-decay form factors which are different for

36)

Fermi and Gamow-Teller decay. Macfarlane et al. have studied the discussed

. . . 20 . o
angular correlation in the decay of Na. Their results indicate that the

Fermi component of the B transition to the analog state is 84 = 7 %.

37)

Recently Clifford et al. have carried out a more detailed investigation

making coincidence measurements between the delayed o particles and the

=

positrons. Their results indicate 9 + 5 Z T = 0 mixing in the analog state.
They have also measured very accurately the B branching to the analog state

which yields a log ft value of 3.476 % 0.009. Using these values and an

12)

estimated radiative correction GR =1.61 % the Gamow-Teller matrix element

-

is calculated from equation (2.2) to be |<<5T>|exp = 0.37 + 0.05. This

agrees well with the value <o r>|Ca

11)

le = 0.326 calculated by the shell

model Clifford et al. have also deduced upper limits for the charge
dependent mixing of levels with analog state for five levels. TFor the levels
at 7,42, 7.83 and 9.48 MeV they obtained the mixing to be < 0.3, < 0.07 and
< 0.4 %. Because 0.4 7% isospin mixing corresponds to a log ft = 5.9 for a
pure Fermi transition, the B transitions to the 7 - 9.5 MeV states cannot be
fully due to isospin mixing. Tor the 10.58 and 10.84 MeV levels Clifford et
al. deduced that the mixing is less than 4.2 and 7.8 %, respectively.

The properties of 2ONe levels decaying by delayed a-particle emission

are given in table 4. The partial Pa and FY widths were taken from the
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32) ' The measured widths (FWHM) of the

compilation Ajzenberg —~ Selove
o groups are given in table 3. Although the experimental resolution of
the detector was about 15 keV the measured peak widths are about 40 keV or
more. This spreading is mainly due to the momentum broadening caused by
the preceding 8 decay, which can be calculated to contribute from 20 to
40 keV to the width. Also the intrinsic width is large enough for several
levels in 2ONe to contribute notably to the experimental width.

The reduced widths 82 = Yi/vwz in table 4 were deduced from the
o widths by using the Wigner limit of ywz = 690 keV. The reduced widths are
about 1 7 of the Wigner width except for the states at 7.42 and 9.1 MeV and
for the 10.27 MeV analog state. The appreciably large o widths cannot be
explained by the shell model. Tomoda and Arima38) have successfully
combined the shell model and the a-cluster model in 2ONe. They analyzed
the wave functions of some 0  rotational bands and concluded that the 7.42
and 8.8 MeV 2" states should contain an 11 and 71 % a-cluster component in
their total wave function. This is in agreement with the reduced widths
calculated in table 4. The reduced o width of the 10.27 MeV state is two
vrders of wmaghitude lower than those of the necarby states. This indicates

that the o decay from the analog state is strongly hindered.



Table 4. Properties of 2ONe levels decaying by delayed alpha-particle

emission

. b)
E g pa p @) p 0’
% o Y 9 a
(MaV) (keV) (eV) ‘ ¢3)
+
7.42 2% 0 8 0.03 0.085 6.8
7.83 2" 0 2.4 0.07 0.21 0.83
9.10 2%50 >800 0.87 67
9.48 2" 0 24 0.26 1.2 1.4
10.27 2" 140 0.12+0.02 4.3+0.2 1.8 0.0048
10.58 2%50 24 2.1 0.83
10.84 2% 0 13 2.3 0.41
+
11.30 20 40 2.6 1.1
11.84 2% 0 46 2.9 1.1
a) Ref. 32
2 2 2

= p -
b) Ba Fu/ZIRYw’ Ty 690 keV
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4.2, Decay of 24A1 and 24mAl

Delayed particle spectra derived from irradiation of natural Mg
(ZaMg 78.9 %):targets are displayed in figs. 7 and 8. The spectrum in
fig. 7 (a) was measured with the 100 um detector using consecutive 200 ms
collecting and measuring cycles. The spectrum (b) was measured with a
timing scheme consisting of one second collecting and measuring cycles
separated by an interval of one second. This timing allowed the 129 ms
isomeric state to decay and the spectrum displays only peaks assigned to
the decay of the 2.07 s ground state. The peaks associated with the decay
of 24mA1 and 2Z'Al are marked by (m) and (g), respectively. It was found
that some weak groups in the spectrum of fig. 7 (a) arise from sulphur that
was evaporated on the Mg targets during the calibration procedure. Such
peaks have been marked by (Cl) according to the precursor nuclide 3ZC]..

In the spectra taken with the 100 um detector positron background extends

up to 1 MeV. 1In the spectrum measured with the 13.9 um detector it is
significant only for energies below 0.5 MeV, as can be seen in fig. 8.
However, no uew parlicle groups ave evident in the energy vange 0.5 - 1.0 McV,
Because the thickness of the 13.9 um detector corresponds to a maximum

energy loss of about 900 keV for protons, all particle groups were assigned
due to a particles. This result was confirmed by energy-degradation measure-
ments.

The energy calibration of the delayed particle spectra is based on the
assignment of the particle groups at 1421 and 1985 keV to o decay from the
11018 and 11694 keV levels in 24Mg and on the a=-particle binding energy
Ba = 9312.5 £ 0.8 keV39). Both levels are well established by a-resonance
reaction studies and are well separated from any other known levels in 24Mg.

. 2 . P
The results concerning the decay ot 4AJ. and 24mAl to particle emitting levels
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Delayed o-particle spectra of 24A1 and
the 100 um detector. The collecting and measuring period

was 200 ms for spectrum (a) and 1 s for spectrum (b). In

(a) the two cycles were consecutive, but in (b) they were
separated by an interval of one second. The integrated

beam current was 80 mC for spectrum (a) and 18 mC for spectrum
(b). The peaks marked with (m) and (g) were associated with

the decay of 24mA1 and 24Al, respectively.
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Fig. 8. Delayed o~particle spectrum measured with the 13.9 um
detector. The collecting and measuring period was 300 ms

and the integrated beam current 17 mC.

.24 . . . -
in © Mg are summarized in tables 5 and 6. The measured intensities for

24 . ;
Al are higher than those reported by Steigerwalt et al.6) by a factor of

7)

five o transitions

were assigned to the decay of 24Al and three to the decay of 2Z""Al, but the

approximately five. 1In a later study of Torgerson et al.

absolute particle branchings were not determined.

In tables 5 and 6 each observed o-particle emitting level has been
matched with a known resonance level on the basis of energy compatibility and
a spin and parity assignment consistent with an allowed B-decay of the pre-

- . . 24 ﬂ +
cursor. Alpha transitions associated with the decay of “ Al (J° = 4 ) are

24

+ , . +
only expected from 4 states while in the case of a1 " =17) the o

.. + +
transitions are expected to take place from O or 2 states. All the levels

+
in table 5 have been characterized as 4 states on the basis of angular dis-
39)

tribution measured in resonance studies The levels in table 6 have been

assigned 3" =2t except for the levels at 10680 and 11456 keV with J" = 0"
assignments. Both 11455 (J" = 2") and 11456 (3" = 07) keV levels could

correspond to the o-particle group at 1788 keV in terms of energy.
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Table 5. Summary of delayed a-particle emission of =~ Al
E, E_ in Zhyvg (kev) 51 I log ft Excalc 1"0P) log ft log ft
-6 b) c)
(kev) this work previousa x10 (ke cale cale
+ ~ e) +
oy 1590% 5 11221 11217+3 4 ;0 72 %20 5.9+0.1 11150 4 30 5.26 5.16
d) * ey +
oy 1985+ 4 11694 11694+3 4 30 260 60 4.7+0.1 12180 4 ;0 4.35 4.10
g 2282+ 5 12051 120491 4+;0 1.1£ 0 6.4+0.1 12630 4 30 5.91 6.54
o, 2339t 5 12119 1211945 AR 10 +3 5.3+0.1 .
. 12240 4730  5.23  5.15
og 2372+ 5 12159 12159%3 4 ;0 7.5t 2 5.3%0.1
% 3040%10 12961 12965+1 4 ;0 0.2+ 0 5.3+0.3 (EC)
a) Refs. 39,42
b} Ref. 11
c) Ref. 40
d) Used for calibration

e)

Upper limit (see table 7)

- GC -
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Table 6. Summary of delayed a-particle emission of Al
E E in Mg (kev) 37?) i log ft g cate
o X o _g X
(keV) this work previousa) 10 (keV)
+ d) +
o 114245 10683 10680 +3 0" ;0 9 +3 6.4%0. 1 9770 0730 6.63
+
+ a) 10340 2730 6.24
9 . H
o, 13408 10921 10922 +3 270 0.9+ 0.4 7.3%0.1 10970 2*70 < 92
o, 14213%) 11018 11013 %2 2750 160 +50 4.9¢0.1% 11540 2%50 4.39
+ +
11455  #5 2730 R a) 12690 2710 4.67
o, 1788%5 11458 11455 15 ot 10 92 +30 4.7+0.1 11790 0*:0 g 85
o 183948 11519 11520 +3 2%.0 17 +6 5.54+0.1 12860 2750 5.33
o 2574%5 12401 12402.5%0. 2%50 0.8+ 0.3 5.5+0.1 | .
. 12940 2730 5.35
o 2621+8 12458 12465 3 2750 0.4+ 0.2 5.7+0.3
a) Ref. 39
b) Ref. 11

c) Used for calibration

d) Upper limit (see table 7)

- 9¢ -



Log ft values were determined using the known total decay energy of

39) 24

13878.3 4 3.9 keV for " Al. The decay energy of 24mAl was obtained with

the help of the measured energy 425.8 * 0.1 keV for the isomeric transi-

27,41)

tion The partial half-lives were calculated assuming the o branchings

to be equal to B intensities. The experimental log ft values were compared
with the shell-model predictions tabulated by Brown and Wildenthal ',
All the natural parity states with T = 0 were included in tables 5 and 6.

40) have also calculated log ft values for 24A]_ B transitions

Kelvin et al.
using the same Chung - Wildenthal interaction but with somewhat different
matrix elements. These values are shown in table 5 for the four transitions
to 4+ levels. A strong transition has been predicted to a 12.18 MeV 4+ level
with predicted log ft values of 4.35 and 4.10. The strongest observed

B transition populates the 11.69 MeV level and has a log ft < 4.7. A good
compatibility in log ft values is obtained, if the transition to the predicted
12.63 MeV level is associated with the 12.05 MeV level and the transition to

a 12.24 MeV level is associated with the close~lying 12.12 and 12.16 MeV
levels. The 12.96 MeV level is excluded because it can only be populated
by electron capture. In the case of 2['mAl eight B transitions to ot or 2+
levels have been predicted in the energy range corresponding to delayed
particle emission. At 11.46 MeV there are two possible resonance levels to

be populated in B decay of 24mAl. The observed log ft value 4.7 is consistent
with the predicted value of 4.67 for the 2% state at 12.69 MeV but inconsistent
with the value 8.85 for the 0" state of 11.79 MeV energy. The calculated

B strength for the 12.94 MeV level seems to be distributed over the close-~

lying levels at 12.40 and 12.46 MeV. The total B strength corresponding to

a log ft value of 5.3 is in good agreement with the calculated value 5.35.
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Unnatural parity states decay by proton or y-ray emission. Although

39)

the proton binding energy Bp = 11.690 MeV in 24Mg is well below the B~decay
energy, no proton groups were observed. If the counts between 0.5 - 1.0 MeV
in the spectrum of fig. 8 are assumed to be due to protons, an upper limit

. . . -6 .
for the total proton intensity can be estimated to be less than 8:10 in

both 2Z‘Al and 24mAl decays. Shell-model calculations predict eleven 8
transitions to levels above 12 MeV, which are forbidden against o decay.

However, the g intensities are suggested to be very weak and there are only

two transitions which would be above the proton detection limit. In the

decay of 2AA1 a transition to a J' = 3+, T = 0 level at 12.01 MeV with
log ft = 5,00 and in the decay of 24mAl a transition to a J" = 2+, T =1
level at 12.65 with log ft 5.06 have been proposed11). These predictions

. . -5 . s
result in branchings of about 10 7, but the branchings are very sensitive
to the calculated level energies.

. 24 . .

The properties of the Mg levels observed in delayed a~particle
emission are given in table 7. The reduced o widths were determined from
the known level widths by assuming Fu >> PY. Thus the y widths can be
cstimated f£rom the measured reconance strengths

S(a,y) = (23 + 1)Fqu/F  (2J + 1)FY. Rotational bands are better developed

in 24Mg than in any other sd-shell nucleus and cluster-model calculations

give a good account with experiments. The low-lying states can be ascribed

+ 2JrandOJrloz)

10 2 9 . The levels at

. . T
to three rotational bands with K = 0

11.22 or 11.69 MeV are the most possible candidates for the 4" member of

d43).

the 02+ ban The reduced widths (in table 7) are large for many levels

populated in 8 decay of 2Z‘Al. Especially the 12.12 MeV state has a reduced

width close to the Wigner limit. This state is also quite strongly excited

12,16 44)

in the "C( O,a)ZAMg reaction which strongly populates o-cluster or

four nucleon states.
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Table 7. Properties of ZAMg levels decaying by delayed alpha-particle

emission

P " Faa) I1ya,b) ?, | OZ c)
(MeV) (eV) (ev) (x107%) @)
10.68 0" >1.2 >0.3 0.039 2.6
10.92 2" 2.4 0.6 0.060 >3.3
11.02 2" >1.5 >0.4 0.13 >1.0
11.22 4" >1.1 >0.3 0.015 6.1
11.46 2, >1.3 >0.3 2.0 >0.05
1. 46 0 1000 9.5 8.8
11.52 2" 500 0.20 2.7 15
11.69 4" >0.3 >0.1 0.23 5011
12.05 4" 6.5 1.1 0.49
12.12 4" 19009 1.4 113
12.16 4" 9009 0.64 1.6 47
12.40 2" <100 63 <0.13
12.46 2" 3800 0.46 73 4.3
12.96 4 33009 18 5

a) Ref. 39

b) FY z S(a,Y)/(2J+1)
c) yz = 600 keV
w

d) Ref. 42
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4.3, Decay of 28P

Targets of natural silicon (28Si 92.2 7) were used for the production
of 281’° They were prepared by sputtering 0.2 mg/cm2 of pure silicon onto
an aluminium foil. Since argon ions were used in the sputtering process
subsequent purity analysis based on proton back scattering revealed (4t 1) %
by weight of argon in the targets. Delayed particle spectra resulting from
proton bombardments of these targets are displayed in figs. 9 and 10. The
spectra displayed in fig. 9 (a) and (b) were measured with the 100 pm and
the 13.9 um detectors, respectively. A comparison of these spectra shows
clearly that 28P is a precursor of both delayed o particles and delayed
protons. Because the ten groups above 1 MeV show up in equal position in

both spectra, they are due to « particles. The Coulomb barrier is

prohibitively high when Ea <1 MeV and thus the groups at lower energy

must be proton induced. This was confirmed for the 680 keV peak by
absorption measurements. In the spectrum measured with the 100 pm detector
proton groups are seen at 0.953, 1,102 and 1.269 MeV. These groups con-

tribute a broad distribution of counts between 0.5 and 0.9 MeV to the
spectrum measured with the 13.9 um detector, which makes the observation
of underlying details uncertain. This part ol the spectrum was measured
by mounting the 13.9 um detector, at 45° angle in front of the source,
which allowed protons up to 1.2 MeV to be absorbed in the detectoras).
A measuremenl with a better counting statistics was rccently carried out
using the 31.1 um detector. In this spectrum displayed in fig. 10 the
first proton group at 0.458 MeV was partly hidden under the B continuum.
The energy calibration was made by assigning several of the observed
39)

groups to levels, whose energies have been accurately measured . In the

determination of level energies and log ft values Bp = 11585.96 * 0,26 keV
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Fig. 9. Delayed particle spectra of 28? measured with the 100 um (a)
and 13.9 um (b) detectors. The collecting and measuring
period was 500 ms for spectrum (a) and 300 ms for spectrum
(b) and the corresponding integrated beam currents were 75 mC

and 85 mC.

and Ba = 9985.56 + 0,36 keV were used for 2881 and QEC = 14331.7 * 3.7 keV

28P39)

and T = 270.0 £ 0.5 ms for . Protons and o particles were

1/2
calibrated separately. The energy difference between these two calibrations
was about 10 keV being mainly due to the energy loss difference in the gold
electrode of the surface barrier detector. Energies and intensities of

the observed particle groups with other related information are given in
table 8. The log ft values were calculated by taking into account proton,

a-particle and y-ray widths. The ratios of y width to total width were

calculated from the resonance yields as shown in table 9.
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Fig. 10. Delayed particle spectrum of 28]? measured with the 31.1 um
detector. The collecting and measuring period was 600 ms

and the integrated beam current 60 mC.

The assignment of an observed particle group to a specific resonance
level is based mainly on energy compatibility and on the spin and parity
values restricted by B-decay selection rules. A weak proton group at
1.10 MeV was earlierAA) assigned to a J"r = (1, 2+), T =1 level at
12.716 MeV. Because this level is the only candidate46) for the analog
of the 3.54 MeV 1" state in 28A1, it is not expected to be populated by
allowed B decay from 28P ground state (JTT = 3+). On the other hand, the
assignment of the 1.10 MeV proton group to a 2+ level at 12.727 MeV is

supported by an energy measurement made with the 31.1 wm detector., The

. . hii .
level at 12.57 MeV has a previous assignment J = 2. The selection rules



Table 8. Summary of delayed particle emission of 28?

particte E_in 285:; (kev) J“;Ta:' I I T /rb) log ft

energy x P _g o ¢ Y

(kev) this work previousa) (x10 ) G105 )
2, 468+10 12071 12072.740.3 250 0.5 0.2 0.3420.11 11 6.3+0.2
2, 680+ 2% 12291  12291.0%0.3 z:;o 5.7 +1.3 0.37£0.12 1.1 5.240.1
P4 824t 6 12441 12441.8+0.3 250 0.32#0.13 3.1 20.7 1.6 5.1£0. 1
2, 953 2¢) 12574 12574.3%0.3 zi,1f3 3.4 £0.8 <0.3 <4.9:0.1
b 1102+ 6 12729 12726.8:0.3 2;;0 0.29+0.10  0.230.008  0.04 5.340.2
P 1269+ 8 12902 12900.9:0.3 2*50 1.3 0.4 0.40£0.13 0.4 4.420.1
a 131112 11515 11516.7%0.4 2%50 0.74+0.26 <7.1%0.2
o, 1434+ 29 11659 11658.020.5 2+;oc 2.3 0.6 <6.5%0.1
s 1668+ 5 11932 11933 #3 2*,37,4%500 0.10£0.05 <7.5%0.2
o, 1789+ 5 12073 12072.7:0.3 2750 0.6 £0.3 0.34%0.11 11 6.3+0.2
o 1977+ 5 12292 12291.00.3 2"50 5.7 £1.3 0.3740.12 1.1 5.2+0.1
o 2105+ 29 12441 12441.8+0.3 z:;o 0.4240.13 3.1 0.7 1.6 5.1¢o.1d)
a, 2200 5 12552 12551.8+0.3 4 50 <0.5 0.48%0.15 8 5.5+0.2
ag 2351% 5 12728 12726.8:0.3 2:;0 0.29%0.10  0.23#0.08 0.04 5.340.2
o 2496+ 5 12898 12900.9:0.3 2750 1.3 0.4 0.40£0.13 0.4 44201
a,, 26645 13094  13094.6%0.3 4550 <0.4 0.10+0.06 0.2 5.10.3°%7

a) Ref. 39 , b} See table 9, c) Used for calibrationm, d) I“a/Tp = 1.3, see table 9, e) T@/I‘p = 3.6, see table 9
£) Partly or totally from this work

- -
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for 8 decay indicate a positive parity for this level., This is expected
also because this level is likely to be the T = 1 analog of the 3.35 MeV

2+ level in 28A139)

. The weak a group at 1.668 MeV was assigned to a
11.03 MeV level. The spin and parity of this state were not determined

. . . + - + .
but B-decay and a-decay selection rules indicate 2 , 3 or 4 for this
level.

According to the penetrability calculations particle transitions
populating excited states in either of the daughter nuclides are
energetically very unfavoured compared to the ground state transitions.
Thus a transition populating an excited state should also be accompanied
with & Lrausition leading Lo Lhe ground stale. Excepllons are w Lransilions

. 2t . H»t .

from unnatural parity states 3 which are allowed to the 2 excited state

. . +
but parity forbidden to the O ground state. It cannot be excluded that
the weak 1.67 MeV o group arises from this kind of transition although
no suitable resonance level is known at corresponding excitation. For
the other groups the population of the first excited state would imply
prohibitively small log ft values. Besides this the energies of the
delayed particle groups are compatible with a known resonance as indicated
in table 8. All the observed proton and a-particle groups have been there-
fore assigned to transitions leading to the ground state.

+
Proton decay was observed only from 2 states. Seven of the observed

o s .. + +
0. transitions originate from 2 levels and two from 4 levels. 1In the

. 39) . . +
studied energy range there are only two uniquely assigned 2 resonance

+ + )
states but several 3 and 4 states which were not observed. Shell-model
calculations for log ft wvalues were not available., This is possibly due
28, . . .
to the fact that Si is located in the middle of the sd shell, where the
maleix dimensious are maxinal.
. 28.. . . . .
Properties of Si levels decaying via delayed particle emission are

shown in table 9. 1In cases where proton and o-particle emission were



observed from the same level, the ratio of partial widths Fa/Fp was
determined from the peak areas. In other cases an upper limit was deduced
from the background of the spectra. The partial width ratio can also be
deduced from the resonance strengths I‘OL/I‘p = S(a,y) / S(p,y). In table 9

47)

these ratios were calculated from the (o,y) data of Maas et al. and the

(p,Y) data of Meyer et al.A8). The errors in the streﬁgths are estimated
to be 20 Z in the (a,y) work and 30 Z in the (p,y) work. The errors in
observed peak areas were taken to be statistical. Meyer et al. normalized
their (p,y) strengths to an E = 632 keV resonance, the strength of which
has later been shownag) to be 60 % too high. This correction has been
taken into account in table 9. The agreement with the resonance data is
very good except for the 12.44 and 12.73 MeV levels. Tveterso) has deduced
the proton width of the 12.73 MeV level to be FP/F = 0.42 £ 0.06 using a
(p, po) reaction. Assuming the y width to be negligible a partial width
ratio T‘a/I‘p = 1.4 can be deduced from this value, which is in better
agreement with our measurement.

In principle there are three open decay channels, i.e. proton,
a~-particle and y-ray emission, for the levels under consideration. If the
resonances have been excited through the three reactions (p,y), (a,y) and
(p, ao), unique determinations of partial widths can be obtained from the
measured yields. The partial widths can also be calculated from the (p, ao)
and (a,y) yield, if the partial width ratio I‘OL/I‘p can be determined from
the delayed particle spectrum.

The partial widths were calculated by using the observed partial
width ratios and the resonance yields. The partial widths for the 12.90 MeV

50)

level were derived from the measured total width I' = 250 + 30 eV- The

total width has been measured by the blocking technique to be 11 # 2 eV51)

52) 53) 54)

and 28 + 10 eV for the 12.29 MeV level and 24 + 3 eV and 17 £ 5 eV
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Teble 9. Properties of Si levels decaying by delayed proton emission

. . - - D) - F o) 2 4 G2 )
x o a P Y o P
(MeV) this work S{a,y1/S (p;{)a) (eV) (ev) {eV) (7 (7
11.52 i >0.01 ©>0.01 >0.8
11.66 2" >0.03 >0.03 >0.6
11.93 27 378"
12.07 2" 0.68 £0.30 0.84 0.48 0.71 0.17 0.34 0.17
12.29 2" 0.06520.010 0.082 1.3 20 0.24 0.25 0.25 i
' 27 9.7 2.3 5.3 22 2.2 0.41 1.9 0.0074 =
g " > 2.1 0.90 0.43 0.12 0.95 0.026 i
i 27 (T=1) <0.1 0.5 >0.5 >0.0007
12.73 27 0.79 0.24 4.1 340 430 0.31 7.7 0.30
12.90 2" 0.31 £0.10 0.65 60%) 190%) 0.97 0.69 0.065
13.09 & >0.2 5.6 51 9 0.12 4.8 0.035
ay S(x,y) = (2J+1)Fxfy/r, S{a,y) ref. 46, S(p,v) ref. 47 (corrected by a new calibration value)

bj (2J+?)Fa = S(a,y) + S(p,ao)(1‘PFc/Fp), S(p,ao) ref. 39
c) (2J+T)FY = S(p,y){1%~?a/?p + 5(a.v)/S{p,q )}
&) Y2 = 0.54 MeV, v2(p) = 2.4 Hev

e) Ref. 50

T' =250 eV
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for the 12.44 MeV level, respectively. The total widths of 22 eV and
25 eV are obtained by summing up the calculated partial widths in agreement
with blocking measurements. For the 12.73 MeV level T = 770 eV is slightly

50) 48) 47)

higher than the values 660 * 30 eV , 600 = 60 eV and 760 * 170 eV

deduced from (p, ), (p, ao) and (a,y) resonance studies, respectively.

Po
The penetrabilities given in table 9 relate to the lowest possible

2 value and the reduced widths were determined using the Wigner width of

2.4 MeV for protons and 0.54 MeV for o particles. The reduced o widths

are on an average 1 % of the Wigner limit while the reduced proton widths

are less than 0.3 % of the corresponding limit,

4.4, Decay of 3201

Targets containing natural sulphur (328 95.0 %) were used for the
production of 32Cl. Equal amounts of sulphur and polystyrene were dissolved
in carbon disulphide. After evaporation of carbon disulphide homogeneous
2 mg/cm2 thick foils were obtained.

A delayed particle spectrum measured with the 100 pm detector is shown
in fig. 11. When the same experiment was repeated with the 13.9 pm detector
11 of the particle groups were confirmed to be due to o particles and
6 groups due to protons. In a previous study Steigerwalt et a1‘6) observed
in the decay of 3201 three proton groups and two o groups, which corresponds
to the strongest groups in our spectra.

The energy calibration was carried out using the well~known level
energies separately for protons and o particles. The deduced energies and
intensities of the particle transitions are given in table 10. The binding

c

energies used in the calibration were Bp = 8864.7 * 0.5 keV and
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Fig. 11. Delayed particle spectrum of Cl measured with the 100 um
detector. The collecting and measuring period was 600 ms
and the integrated beam current 80 mC.

Ba = 6948.9 * 0.5 keV39). The log ft values were calculated using a value

32C139)-

= 12687 + 8 keV and a half-life of 298 + 2 ms for Radiation

QEC

widths were taken to be negligible with respect to particle widths. That
this should be a good approximation for excitations over 9.5 MeV is
supported by the partial widths given in table 11,

The observed delayed particle transitions can be assigned to the known

.32 . . . _
energy levels in 5 without introducing more than two additional levels.

. 1 +
Allowed B-transitions from the ground state of 3201 G" =1 ) populate
levels which have J" = O+, 1" and 2", Observed proton transitions to the
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ground state of 31P a" = 1/2+) originate from 1+ and 2+ levels. Alpha
decay to the ground state of 288i (" = O+) is expected from 0" and 27
levels, but not from 1+ levels because of parity forbiddenness.

Seven of the observed o transitions do originate from 2% levels and
one from a o* level. The levels at 9.89 and 9.95 MeV have previous
assignments J" = (1, 2) and 1, respectively. Beta decay selection rules
indicate even parity for both levels. The 2.00 MeV o transition apparently
follows a forbidden B transition to the 1  level at 9.24 MeV as indicated
by the high log ft value.

The observed log ft values are compared in table 10 with the shell-model
predictions in the compilation of Brown and Wildenthal11). They predict
strong B transitions to T = 1 states at 9.77, 10.02 and 10.75 MeV. These
are connected to the observed levels at 9.65, 9.89 and 10.78 MeV on the basis
of the good agreement between the calculated and experimental log ft values.
These are also good candidates for T = 1 states because neither a emission
nor o pickup has been observed. The three levels are proposed to correspond
to 2" states at 2.66, 3.88 MeV and a 1" state at 2.74 MeV in 32?. Because

the T = 1 analog state of the 32P ground state is at 7.00 MeV in 32839)

b
the corresponding analog states should be at excitation energies of about

9.66, 10.88 and 9.74 MeV. Previously the analog of the 2.66 MeV 2+ state
4
39)

has been assigned to the 9.65 MeV level in agreement with the present

interpretation, but the 2.74 MeV 1+ state has been though to be the analog
state of a 9.66 MeV J" = 1 1eve139).

Brown and Wildenthal have predicted four additional B transitions
leading to T = 1 states at 10.38 (2), 10.61 (17), 10.67 (07) and 10.96 Mev
(1+) with log ft values 6.78, 6.67, 5.03 and 5.35, respectively. These
high log ft values indicate weak 8 branchings, and so the particle emission

. . . +
of the corresponding levels was not observed in this work. Only two J" =2 R




Table 10. Summary of delayed particle emission of 32Cl

particle b) \
energy EX in 328 (kev) Jﬁ;Ta) Iv » log ftexp E;alc Jﬁ;Lb) iog itcalcb)
(ev) this work previousa) (10 ) (kev)
D, 76243 9651 9650.5%0.7 2751 52 :8 <5.5:0.1 9770 2731 4.74
pé 991+1%) 9888 9887.920.8  17,27:04(% 113 217 4.9:0.1 10020 1731 4.93
P4 135143 9950 9950.10.8 17509 19 =4 5.70.1 9780 1%;0  5.85
>, 132421¢) 10232 10231.7:0.8 1750 52+ 8 4.940.1 10320 1730 4.84
p. 138443 10293 10293.5%1.6 2550 7.8% 2 5.10.1
p; 1856+3 10781  10779.5%1.1 2 16 + 3 4.5+0.1 10750  2°3;1  5.15 Y
1
3 152645 8693 8690 £2 2550 1M =2 <6.9:0.1 8370 2%;0  7.61
o, 167322 8861 8861 +2 2750 146 +20 <5.7%0.1 8700  27:0  5.50
o 19988 9232 9236 2 1730 2 =1 <7.3%0.2
a; 22012 9464 9464.1=1.1 2:;0 300 £42 4.920.1
o, 2417+3 9711 9711.5=0.7 2550 40 + 7 5.640. 1
a; 26564 9984 9983.4=0.8 030 6.9% 2 6.0+0. 1
o 29272%) 10294 10293.5-1.6 2750 17 +3 5.120.1
o 307245 10460 o*.2% 0% 2.4+ 1 5.9:0.2
o 313545 10532 10533 4 2750 8.4+ 2 5.320.1
a0 336420 10793 10792.9%1.1 ) 2+;oﬂ) 5.1+ 5.0:0.1
o 560145 11064 07,2 ;0° 0.6+ 0.3 5.540.2

—_
—_
-

a* Ref. 39, b) Ref. 11, «¢) Partly or tozally from this work
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i

T = 0 levels, one at 8.37 and the other at 8.70 MeV, have been predicted
by the shell model. These are associated with the 8.69 and 8.86 MeV states,
because these are the only known 2" levels between 8 and 9 MeV. The
truncation of the sd-shell space possibly causes the lack of predictions
for B transitions to 2+ states at higher excitations.

The partial width ratios obtained from the delayea particle spectra
and from the (p,y) and (o,y) resonance yields are shown in table 11. From

5
the (o,y) and (p,y) strengths measured by Rogers et al.5 ) and Coetzeec et

56)

al. , respectively, the partial width ratios can be determined for the

9.46 and 9.71 MeV states. GCoetzee et al. normalized their results to a
value of 0.52 eV for the Ep = 642 keV resonance, which was later measuredh9)
to have a strength of 0.24 + 0.04 eV. Taking into account this new value
the partial width ratios Fa/rp of 26 + 13 and 4.7 + 2.4 are obtained for the
two levels. The former differs considerably from the upper limit Fa/rp 2 60
determined from the delayed particle spectra, while the latter is not in
conflict with the observed upper limit Fa/F 2 2. However, the strengths

from the (p,y) study of O'Brien et a1.57)

result in T /T = 120 = 80 and
o' p

10 + 4 in better agreement with our values. The proton group at 1.38 MeV
and the a-particle group at 2.93 MeV were assigned to the decay of the same
level at 10.29 MeV, because no other suitable levels at about 10.3 MeV are

. . . 39)
available according to resonance reaction data .

The partial widths are given in table 11 for the levels whose (p, ao)

strengths are known. Reduced widths do not indicate any level with strong

a~cluster composition. However, the reduced o widths are in all cases

notably higher than the corresponding proton widths.
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Table 11. Properties of some S levels decaying by delayed particle emission

E, J" T IT_ ”la} T T, a) ei o) ei o)
{MeV) this work S<a,Y)/3(p,Y)a) (eV) (eV) (eV) (Z) (%)
9.46 2t 60 120 2.6 0.022 0.15 1.5 0.23
9.71 2" >2.7 10 12 1.2 0.13 1.9 0.58
9.98 0" >2.3 >80 >35 2.2 >1 €0.07 g
10.23 1" 25410 0.17 0.016 A
19.29 2" 2.2:0.5 40 18 0.12 0.55 0.19
19.53 2" >4 >24 <6 >0.01 0.2 <0.03

a) Sla,y) ref. 55, S(p,y) ref. 57, S(p,ao) ref. 39
b) Yi(a) = 0.50 MeV, Yf(p) = 2.2 MeV

c) Ref. 58



4.5, Decay of 36K

The precursor nuclide 36y was produced by the (p,n) reaction from 3ur,
Because the isotopic abundance of 36Ar in natural argon is only 0.34 %,
enrichment of 36Ar is necessary in order to have a sufficient yield of 361(.
The electromagnetic separator of the Helsinki Universigy was employed in
the preparation of 36Ar targets. Argon gas enriched in 36Ar (50 %) was fed
to the ion source and 36Ar ions were implanted into a thin aluminium foil
near to saturation. Then a layer of about 70 nm of aluminium was evaporated
onto the foil in a separate chamber. The implantation-evaporation cycle
was repeated five times so that the layers had an approximate overall depth
of 350 nm. The target composition was analyzed by means of alpha particle
backscattering techniques. The thickness of the implanted layer was

measuredsg) to be 110 pg/cm2 of which about 19 pg/cm2 consisted of 36Ar.

Using Northcliffe's tables60) the recoil range of 36K ions was estimated

to be 120 pg/cm2 in the composite implanted layer. In the experiments the
36Ar targets were irradiated with 20 MeV protons of 1 - 2 pA beam current.
The total integrated beam current was about 400 mC. An analysis made after-
wards showed that neither the spatial distribution nor the quantity of 36Ar
had noticeably changed during the irradiation.

Delayed particle spectra of 36K measured with the 26 pm and 100 um
detectors are shown in figs. 12 and 13. The inset in fig. 13 displays the
spectrum in the energy range 1.0 - 2.5 MeV. The spectrum was measured by a
second 100 pm detector placed adjacent to the first 100 um detector. In the
second detector the B continuum extended only up to 1.3 MeV, because the
spectrum was measured one 500 ms period later. All the particle groups

measured with these adjacent detectors show up in the same proportion, which

indicates that all the groups have the same half-life. The most prominent
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Fig. 12. Melayed particle spectrum of 3 K measured with the 26 um
detector, The collecting and measuring period was 500 ms

and the integrated beam current 130 mC.

proton and a-particle groups were measured to decay with half-lives of

36

360 £ 40 ms in agreement with the known half-life of K. The particles

were identified as protons or a particles by comparison of the spectra
59)

displayed in figs. 12 and 13 and by absorption measurements. It was shown

by the absoprtion technique that the middle one of the three very close-

lying particle groups at about 2 MeV is due to a particles and the other

two are due to protons.

Lwan et al.l have studied the delayed particle emission of 36K using

a spallation reaction and a mass separator, They assign three proton groups
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Fig. 13. Delayed particle spectrum of J61( measured with the 100 um
detector. The inset shows a part of a spectrum measured

one 500 ms period later with a second 100 um detector.

36

and four o~particle groups to the decay of ~ K. Their experimental results

are generally in good agreement with this study, but the interpretation of
the data is somewhat different. The complex group at 2 MeV is suggested by
Ewan et al. to be a sum of two a-particle groups and the 0.85 MeV proton
group is assumed to be due to partial energy loss of the 1.33 MeV protons in
the 20 ym detector.

The energy calibration of the particle spectra was done using the delayed
particles associated with the decay of 32C1. The decay properties of ~"Cl
were also used to determine the relative particle and y-ray efficiencies
of the detector configuration used for absolute branching ratio measurement.
In the calculation of level energies and log ft values, binding energies

B = 8506.6 + 0.3 keV and Ba = 6641.1 + 0.6 keV were used for 36Ar and the
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= 12805 + 8 keV and T 36K39).

= = 2 &
QEC 34 2 ms for

values The results

1/2

of the delayed particle emission studies are shown in table 12. These are
. . . 39)
compared with data from resonance reaction studies and shell-model calcu-

1)

lations1 All the predicted levels with Ex > 8.7 MeV are included in this
table. The main argument linking a particle group with a certain resonance
level is energy compatibility. Because the observed (p,y) resonance level
density of 36Ar is about 60/MeV at an excitation energy of 10 MeV, the energy
compatibility alone is not always sufficient for a unique assignment.
Additional constraints on the selection of the resonance level are set by

the measured upper limit of the log ft value or by the ratio Fa/Fp' In the

decay of 36K @"

36Ar. The proposed spin and parity assignments for levels observed in this

+ . .. + o+ + )
= 2 ) allowed transitions populate 1 , 2 or 3 states in

study are given in table 12.

All the observed proton and ¢-particle groups have been assigned to
transitions leading to the ground state. The proton groups up to 2 MeV
match well the (p,y) resonance states and the energies are compatible with

. . 35 ki +
proton emission leading to the ground state of Cl J =3/2). 1In
contrast, the energies do not agree with the energies of (p, p1) resonances

61)

as given by Johnson et al. except possibly for the 693 keV group, the

energy of which 1s only 3 keV above the p, proton energy ot the 1984 keV
proton resonance. The proton group observed at 2048 keV is clearly asso~
ciated with an allowed 8 transition. The close-lying proton resonance

at 10615 keV has been assigned J" -4 by y=~ray angular distribution
2)

measurements6 . An overlapping resonance at 10616 keV was observed in

3)

a (p, ao) reaction study6 and assigned a" = (4+, 5, 6+). Because the

present result is not compatible with either of the two levels, a third
s il + + + . . +
level with J° =1 , 2 or 3 may be involved. The 11027 keV 3 1level has

been assigned to have T = 1 by Erne64). The calculated log ft value of
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Table 12. Summary of delayed particle emission of ~ K
particle b)
.36 T, a) calc m_b) b)
energy Ex in “TAr (keV) JT IV P log ft E, J.T log ftcalc
X
(ke?) this work previousa) S
P, 501+10 9022 9024.9+0. 2 5(1) 3.5% 1 < 7.3%0.2 9290  2%;1 5.46
P, 693 5 9219 9219.9%1. 17501 75 22 4.550.2% 9700 17,1 4.57
+ +g) +
P 849+ 5 9380 9379.6+1. 25,37 5 19 t6 < 6.3%0.1 9330 3731 4.28
+ _+ d) +
P, 970+ 5 9504 9502.4%0. 2%,3 330 90 4.1:0.1 9580  37;0  4.25
ps 1333+ 5 9878 9878.2+0. 2% 3" 35 +10 < 5.6%0.1 9210 3°;0  5.26
9982.9+0. 1 eH 5 <3 > 6.5 10270 1731 6.35
P 1530410 10080  10076.4%0. 17-3 3.0% 1 6.5:0.2
; +
>, 1874%10 10434 10439 =2 2750 1.1+ 0 6.3:0.2%2) 10650 270  6.01
b 1992410 10556 10558 +2 2*:0 4.8+ 1 5.620.25)
P 204810 10613 1*-3%8) 4.7+ 1 5.6:0.2 11220 3°;0  5.77
11027 2 3% 10280  3°;1  8.99
+ ’ .9+ 1 =0. >
Pig 249810 11035 0 o 2.9% 2.1=0.2 10880  17;0  5.06
) 11110 2031 5.53
g e N
b 264010 11222 11215 %2 toat 2.0+ 0 4.9%0.2 11250  17:0  5.23
1 11230 22 11830 37 ;1 5.32



2015+ 5

2213+10

2430%15

255315

2725+ 5

314615

327115

3375%15

247915

3516%15

2922+15

444320

39
11

8908

9132

9375

9513

9707

10180

10321

10438

10555

10597

11053

11639

8911

9132.1%
9144 .

9365.6+0
9373.7+
9379.6%1
9494,
9502.4=%
9509.
9702.
10173.

10319.

10439

10558

11593

11050

= 0.048, see table 13

=0.13

, see table

13
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o N

1+
P

1+

ro

1+
w

2 30 15
4
@*,3) 4
_ 1_;0
(1.-3) 0.
27,375 (1)
+,§+;O 0
(2°-4")
17,2750 10
(17,25 ;0% 0
+
2 ;0 0
2%50 0
+
2 30 1
+
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< 6.8%0.2
8 <7.1x0.2
2 < 8.1%0.3
2 <£8.2+0.3
< 6.4%0.2
2 7.5%0.3
2 7.2x0.3
3 6.3:0.3%
£)
5 5.6%0.3
4 6.4+0.3
2 5.920.3
2 4,9%0.3
55, see table 13
23, see table 13

8770

9500

10690

10650

10980

11810
12190
12340

totally from this work

o B~

41

.32

.57

.01

.73

.76
.82
.32



the 10930 J" = 3+, T = 1 state is 8,99 and thus this level should not be
seen in this work. It is possible that the 2458 keV proton group is
associated with another (p,y) resonance at 11046 observed by Johnson et

,61). The identification of observed levels with calculated ones at

al
above 11 MeV of excitation is difficult because of the high level density
and because spins and parities are known only in very few cases.

The very weak a~particle groups at 2430 and 2553 keV may be associated

63)

with the levels at 9366 and 9494 keV observed in the (p, ao) reaction or

61) at 9374 and 9509 keV. The possibility

with the (p,Y) resonance levels

that these groups are associated with the 9380 and 9502 keV levels cannot

be completely excluded. However, as discussed later, the 9380 keV level

has been thought to have a T = 1 character. Hence o decay from this level

would be isospin forbidden. Shell-model calculations indicate that the

proton emitting levels at 9380 and 9502 keV have J™ = 3% and thus the

o decay would also be parity forbidden. Therefore, it is concluded that

the levels associated with proton and o-particle emission are not the same.
The 2725 keV o-particle group was assigned to the decay of the (p, ao)

resonance level at 9703 keV. The angular distribution measurements restrict

the possible J" values of this level to O+, 1" and 2+. Since the observed

value of log ft = 6.4 excludes the J" = 0+ assignment, this state cannot be

identified with the O+, T = 1 level at Ex = 9,70 + 0.03 MeV observed in the

38Ar(p,t)36Ar reaction65)

. The a=-particle groups with Ea > 3.2 MeV are all
associated with J" = 2" levels, either because they are connected with
observed (p, ao) resonance levels or because B transitions preceding the
a—particle emission are allowed.

When the delayed particle data are combined with the results of

B-delayed y-ray study of Fritts66), both protons and y rays are observed in

the decay of the 9219 and 9504 keV levels. Using the y branchings of
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1.5 10”3 and 2.3 - 10—3 66) and the measured proton intensities the proton

width can be calculated to be FP/F = 0.048 for the 9.22 MeV level and

FP/F = 0.13 for the 9.50 MeV level. It has been assumed that the a-decay
width associated with the third open channel is negligible. This assumption
is justified by the measured particle spectra, which indicate the a width

to be very small compared with proton width (see table 13). The vy branch-
ings have been taken into account in the log ft calculations. The log ft
values predicted by the shell model for the "= 1+; T = 1) level at

9.70 MeV and for the (3" ; 0) level at 9.58 MeV agree well with the experi-
mental values for the levels mentioned above. The calculated ft values for
the 9.29 MeV (2+ ; 1) and the 9.33 MeV (3+; 1) levels are two orders of
magnitude lower than those observed for the 9.02 MeV (2 ; 1) and 9.38 MeV
(2+, 3+; 1) levels. The vy branchings from these levels have not been
observed in the study of Fritts, but the (p,y) strengths indicate that these
levels have relatively high y widths.

The first three states in table 12 and the 9.98 Mev 1" (2+) state have
been assigned T = 1 and they are considered to be analogs of the 2.49 MeV
2% 2.68 Mev 11 (2, 2.86 Mev (2, 3 and 3.47 Mev (1, 2)F states of “CCl.
The 9.98 MeV level was not observed experimentally but the estimated upper
limit of the log ft value is in reasonable agreement with the calculated
value. The mutual compatibility between calculated and observed levels is
good, if the a-particle emitting levels between 9.1 and 9.6 MeV and the
level at 10.18 MeV are excluded, because they are possibly populated by
forbidden B transitions. Also the calculated B-transition strengths agree
with the observed values within experimental uncertainty. However, the
strong B transition with log ft = 4.73 predicted to a 2" level at 10.98 MeV

is not observed and it is likely that its strength is distributed over many

levels. It is also possible that some of the B strength to levels above
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10 MeV is spread over the high energy part of the delayed particle spectrum
as seen from fig., 12.

The partial widths T and I‘Y for the 9.22 and 9.50 MeV levels given
in table 13 were derived from the (p,y) resonance strengths and from the
FP/F ratio. The (p,Yy) strengths measured by Johnson et al. were reduced

4
by 12 % due to a new calibration value‘g)

for an Ep = 860 keV resonance.
The partial y width for the 9.22 MeV level is an order of magnitude higher
than those for T = 0 levels (see e.g. table 9) indicating a T = 1 nature.
The partial widths Pu and Fp were determined from the (p, ao) resonance
strengths and from the partial width ratios Fa/rp obtained from the delayed
particle spectra. The proton widths in table 13 are of the same magnitude
as the o widths. Because the penetrabilities are much higher for protons,
the reduced proton widths are clearly smaller than the reduced y widths.
It is remarkable that only one of the observed a-particle groups, that at
2015 keV, has been seen in (a,y) resonance studies and only two at 2213

and 3146 keV have been seen in (p,y) studies. All the other levels have

been seen only in the (p, ao) reaction.



Table 13. Properties of some

36Ar l2vels decaying by delayed particle emission

E 7" r /T r /) r ®) r r g% ) g% ¢

= o' p P o p Y o p

(MeV) (ev) (ev) (ev) 3 (69)

9.22 1 (=1) <0.003 0.048 0.3 s4) 0.07

N
+ ot ‘ - = d) 0.0010 (2

9.50 2°,3 <0.0006 0.13 0.4/3 3/3 0 021 (35
10.32 2" >0.4 >20 <60 0.1 0.5 <0.02
10. 44 2" 0.55+0.45 77 140 1.2 0.033
10.56 2" 0.2320.08 34 150 0.37 0.027
10.59 2" >0.6 >70 <120 0.7 <0.02
11.05 2" 0.5 >150 <300 >0.4 <0.02
a) See text
b) (23+1)T_ = S(p,ao)(}+Ta/Fp); S(p,ay) ref. 63

ey
d)

2 _ 2 _
Qw(a) = 0.46 MeV, Yw(p) =

2.1 MeV

S(psv)=.1rpry/r; S(p,y) ref. 61; J = 2J+1

- Zg —



4.6, Decay of AOSC

Delayed particticle spectra of 408c measured with the 100 um and
31.1 ym detectors are displayed in figs. 14 and 15. These were obtained
by bombarding natural calcium (4OCa 96.9 %) by 20 MeV protons. All the
peaks below 2.5 MeV except for those at 1.98 and 2.09 MeV were found to be
due to protons by comparing the two spectra and by energy degradation
measurement567). The half~lives of thg 1.98 and 2.09 MeV groups were
measured to be 2.2 * 0,8 s and 170 * 30 ms, respectively. The energy and
the half-~life of the former group are consistent with the decay of 24A1
induced by Mg impurities, while the half-life of the latter group is
consistent with the known half-life of 182.3 # 0.7 ms of AOSC. The average
half-lives of the proton and a~particle groups were measured to be
182.4 + 1,8 and 183 + 7 ms, respectively.

The energy calibration was done separately for protons and o particles.
The well—~known proton resonances at 9602 + 1, 10212 * 2 and 11218 + 3 keV
were used for proton energy calibration39’68). The most prominent B-delayed
a~particle groups of ZONa were used for the a-particle energy calibration.
Measured energies and intensities of proton transitions are given in table 14
and those for o particles in table 15. 'Energies of excited states in Z‘OCa
were calculated by using the binding energies Bp = 8329.7 + 0.5 keV and

Bm = 7040.5 *+ 0.9 keVBg). In the calculation of log ft values the total

decay energy of 14320 * 4 keV39) was used for 4OSC. In the cases where proton
and a-particle emission were associated with the same level both branchings
were taken into account. The given log ft values must be considered as

upper limits because no information of y branchings is available.

Allowed B transitions from the 4 ground state of 40Sc can populate 3,

4" and 5 states in 4OCa. Out of these only 3  states can decay to the 3/2+
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39 . Lo
ground state of K by emission of & = 1 protons. Because the penetrability
for £ = 3 protons is < 10"” below the 9.5 MeV excitation energy compared to

o ~3 - . . .
a penetrability of < 10 for & = | protons,the 3 assigmuent is more likely
for these levels. The spin and parity assignments derived from our experi-
ment are based on f-decay selection rules and in the case of o emission
. + 36 C
leading to the O ground state of Ar the initial levels are further
restricted to natural parity states.

8)

Delayed proton emission in 4OSc was first observed by Verall and Bell

9)

and later studied by Sextro et al. In the former work 18 and in the
. 40
latter 10 proton groups were assigned to Sc. Because of the use of a
particle telescope the energy resolution was not sufficient to resolve all
individual transitions. The relative intensities of the major proton
groups are in good agreement with our results, except for the appearance
of a prominent !.34 MeV group, which Sextro et al. have tentatively
. 40
assigned to the decay of Sc.
Most of the delaycd proton transitions can be assigned to known
. 40, . . . . .

energy levels in Ca up to 10.5 MeV. At higher excitations the relatively
high level density and lack of reconmance data make comparisons difficulr.
For example, strong delayed proton transitions originating from the levels
at 10472, 10505, 10777 and 10850 keV do not have correspouding levels
observed in (p,¥y), (p, po) or (p, ao) resonance reactions. Levels at 10779

- . . . , 68)
and 10851 keV were observed via the (p, ao) reaction by de Meijer et al. .

. . i -

but they were uniquely assigned to have J = 1 and thus they cannot be

populated in the B-decay of 4OSc.



Table 14.

Summary of delayed proton emission of

AOSC

40

Proton energy EX in Ca (keV) J;T Proton branching log ft
. -6
(kev) This work Previous G109
P, 1006 = 3 9361 9363 + 12 3~ bsed 720 = 110 5.4 + 0. (p + a)
P, 1060 + 8 9417 9418 + 12 3'(4")b’e);1 440 + 75 5.6 = O.
b) -, = —e)
Py 1071 = 6 9428 9429 + 1 37(4,5) 550 + 95 5.5 % 0.
b) -b)
D, 1095 + 3 9453 9454 + 1 3 ;0+1 1100 + 170 5.2 + 0.
b. 1241 + 32 9602 9602 + 1°) 37 B, 320 & 50 5.6 + 0.
o 1445 £ 4 9812 9810 + 12 (3-5)" P 88 + 15 6.1 = 0.
>, 1463 + 8 9830 9829 + 17 3-5°) 2%+ 7 6.6 = 0.
Py 1552 = 3 9921 9921 + 1) 3-52) 50: 9 6.3 + 0.1
Py 1609 = 5 9980 3-5%) 9.2+ 5 7.0 £ 0.
P10 1678 + 4 10051 10051 + 2% LAY 42 + 9 6.3 £ 0.
o 1752 + 4 10127 10129 + 2®) (37,4502 13+ 4 6.7 © 0 (o + o)
iy 1835 * Aa) 10212 10212 * 2b) (3,4)" b) 139 = 22 5.7 £ 0.
P3 1953 = 4 10333 10336 + 2°) 3" b=e);o ) 7.1 0.
o, 1986 + 8 10367 10366 + 2% 377 P 3.0+ 2 7.2 £ 0.



Table 14. cont.

Pys 2065 + 4 10448 10448 + 2°) 37D, 28 + 5 6.2 + 0.1
P.g 2089 + 4 10472 375" &) 9% * 14 5.7 % 0.1
Pis 2121 + 4 10505 37-5™ 5o 125 % 19 5.5 £ 0.1
Pig 2197 + 5 10583 3-5¢) 17 = 4 6.3 + 0.1
Pig 2211 + 10 10597 105¢8 = 2 37 )0 3.5 £ 2 6.5 £ 0.2 (p + o)
Pag 2305 = 5 10694 3-5) 7.6 + 3 6.6 + 0.2
Py 2365 = 8 10755 10752 + 3% 57950 9.2 + 3 6.5 £ 0.2
Py 2386 + 5 10777 3757 ) 128 + 20 5.3 % 0.1
Py 2423 + 9 10815 3-58) 8.1+ 3 6.5 + 0.2
Py, 2457 = 5 10850 375" ©) 38 + 2 5.8 + 0.1
Py 2516 + 5 10910 3-5°) 3.5 + 2 6.8 + 0.2
Pog 2562 + 8 10957 10956 + 3% 3-52) 50 20 + 4 6.0 £ 0.1
Pyy 2578 = 7 10974 3-5°) 20 + 4 6.0 £ 0.1
Prg 2641 + 7 11038 3-5) 6.9 ¢+ 2 6.4 + 0.1
2716 + 6 11115 3-58) 11+ 3 6.1 + 0.1

..48()..,



Table 14. cont.

3 2743 = 6
)
Py, 2816 = 5
Py, 2912 = 5
P33 3012 + 7
Py, 3045 = 9
Py 3205 = 10
Pag 3308 + 10
P37 3376 = 10
P3g 3584 + 10
P3g 3613 £ 10
PL0 3649 £ 10

a) Used for calibration
b) Ref. 39
c) Ref. 68
d) Ref. 69

e) This work

11143

11218

11316

11419

11453

11617

11723

11792

12006

12035

12072

11218

11418

11449

11622

11724

11787

11993

12035

12068

1+

H

1+

I+

I+

1+

1+

i+

c)

c)
c)
d)
d)
d)
d)
d)

d)

7,3)%;0

23

68

I+

I+

I+

1+

I+

1+

I+

I+

11

1+

I+

I+

I+

I+

I+

1+

1+

I+

(p + )

(p + @)

_~6g..
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Table 15. Summary of delayed alpha-particle emission of Sc
Alpha energy EX in 4OCa (keV) Jﬂ; T Alpha bragch— TQ/F ei/ei log ft
(ket) This work Previcus ing 107

oy 2089 = 6 9362 9363 = 1a) N a’d);O 8.8 =2 0.0119 * 0.0005 190 5.4 =
a, 2620 = 8 9952 3 ,40,5 d);O 1.6 =1 > 0.5 > 3000 7.7 =
Gy 2780 = 8 10129 10129 = Za) (3_,4+)a);. 1.9 = 1 0.14 = 0.05 570 6.7 =
e, 2802 = 8 10154 3,4°,5 d);O 3.2 3 > 2 > 7000 7.3 =
oy 2837 = 8 10193 5 d),O 2.1 £1 > 1 > 3000 7.5 %
o 3082 £ 7 10465 .5 d),O 7.8 2 > 1 > 1800 6.8 =
oy 3132 & 7 10519 3,4 ,5 d);o 8.3 2 > 2 > 3400 6.7 t
ag 3203 £ 7 10599 10598 * 2b) - b’d);O 6.9 £2 2.0 £ 0.7 2900 6.5 %
ag 3316 £ 5 10725 5 d);O 59 12 > 30 >33000 5.7 =
%0 3401 £ 7 10819 3 ,40,5 d),O 4.2 £ 2 > 0.5 > 470 7.7 %
o 3552 £ 12 10987 3,4 ,5 d),O 1.1 %9 > 0.2 > 130 7.2 %
a, 34312 11088 1109 * 3 SFEOP0 0 10t >0.5 > 250 7.1 %
a3 3748 = 5 11205 3,5 d),O 38 £38 > 6 > 2500 5.5 =

- 0L -



Table 15. cont.

e, 3839 + 7 11306 37,475 ;0 2.4 %1 > 1 > 340
o 3988 + 7 11472 11468 + 4 7,455 Y0 3.6 =1 > 1 > 250
P 4058 + 6 11549 11547 + 4 3,5 .0 6.6 + 2 >6 > 1300
o, 4160 = 7 11663 11665 + 45 37,4757 Cl);o 2.3 1 > 2 > 350
ag 4218 = 7 11727 11729 + 48 37,4%,57 d);o 0.9 * 1 > 0.2 > 30
g 4320 = 6 11841 11843 + 4°) 37,57 %50 2.8 1 > 0.7 > 90
%0 4462 = 7 11998 11993 + 4% 37 g 5.0 t 2 5% 2 500
o, 4519 = 9 12062 12068 + &) 3" c)-,o 1.6 + 1 1.3 £ 0.7 120
a) Ref. 39

b) Ref. 68

c) Ref. 69

d) This work

I+

I+

t+

I+

I+



Based on the barrier penetrability calculations alpha transitions to

36Ar should be experimentally observable from

the first excited state in
states above 11.5 MeV excitations. However, the barrier penetrabilities
for the ground state transitions are typically two orders of magnitude
higher than those leading to the first excited state. Thus, the alpha
groups leading to this state should have their associated ground state
groups observable in the alpha spectrum and such peaks were not found.
Moreover, an observable o transition with more than 3 MeV energy leading
to the first excited state would imply prohibitively low log ft values.
Nevertheless it is not completely excluded that some of the groups < 3 MeV
lead to the first excited state, but because of the lack of o, channel

1
data all the alpha groups were assigned to the transitions leading to the
36
ground state of “Ar.
The energies of the excited states deduced from the delayed alpha
spectrum do not correspond very well with the levels obtained from the
. - . 68)
(p ,uo) resonance work of de Meljer et al. . TFor example, the. two
strongest transitions with 3317 and 3749 keV energies were not seen in
thie work at all. This wonld suggest strong collectivity or alpha-
clustering associated with these levels because they are not strongly
populated by a single proton induced rveaction. The assignment of the
levels above 11 MeV with those observed in a (p ,ao) reaction study of
. 69) ., . . . .
Nakashima is tentatlive because the resonance density is so high that
several resonances can be assigned to each level. A recent inelastic
. . 40, 70)
o-particle scattering study on Ca by van der Borg et al. revealed a
37 state at 9.34 MeV with a considerable o strength. They assign this

state to the 9.363 MeV level, which supports the fixing of the 2.09 MeV

delayed o~particle group to this level.
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The ground state analog of AOK is found39) in AOCa at 7.66 MeV.

Thus the 2.07 MeV 3, 2.29 MeV (3, 4) , 2.40 MeV 4 and 3.87 MeV (37)
states of AOK should have analog states at about 9.73, 9.95, 10.06 and
11.53 MeV in AOCa. Good candidates 39) for the 2.07 MeV analog state are
the 9.42, 9.45 or 9.60 MeV 3 states, which exhibit TA= 1 properties in

the strength of their y decay. All these levels have been observed in the
present work and they emit only delayed protons. It is possible that the
analog of the 2.07 MeV state is divided over these three levels. Suitable
candidates for the analog of the 2.29 and 2.40 MeV levels are the 9.83

and 10.05 MeV states, which also decay71) by a strong Yy transition to

bound T = 0 states. The AT = 0 y transitions are inhibited in self-
conjugate nuclei by isospin selection rules. Endt72) has given a recommend
upper limit of 0.03 Weisskopf units for isospin retarded M1 transitions.
The 10.05 MeV 4 state decays71) by an M1 y transition of 0.17 W.u. strength
toa 7.12 MeV Jﬂ=:4w, T=0 state, which clearly indicates T = 1 properties

for this level. The 3 level at 11218 keV is suggesLed68)

analog state of the 3.87 MeV 37 73) state. Because o-emission is inhibited

to be the T = 1

from T = 1 levels, all the o-particle emitting levels are assumed to have a
T = 0 character or at least a notable T = 0 component.

Both proton and o-particle emission have been associated with the decay
of five levels on the grounds of energy compatibility,. Because the sensi-
tivity of o-particle detection was about 10_6 the proton branchings in
table 14 give directly the ratio Fp/ra' In those cases where proton emission
is not observed the lower limit for Pa/Fp as deduced from the background of
the spectra are given in table 15. The reduced width ratios were also
determined by calculating the barrier penetrabilities for the lowest possible
% value (i.e. assumed J" = 37), These values express more clearly a~particle

than single-particle properties for these states, especially for the 10.73




and 11.20 MeV levels.

The properties of some 3" levels of 4OCa are shown in table 16.

The partial width ratios are from this work except for the 10.37 and
10.45 MeV levels for which these ratios were determined from (p ,ao)

and (p ,po) resonance yields. TFor the level at 9.45 MeV the proton width
is determined from the (p ,po) yield by assuming Fp ~ ' The reduced
widths indicate a strong single-particle structure for the 9.45 and

10.37 MeV levels and a more collective structure for other levels.

The experimental B+—decay strength is presented in fig. 16 in terms
of reduced Gamow-Teller transition probabilities B' (GT) integrated over
250 keV intervals. The data for bound states are from ref. 30 and the
data for unbound states are from our work. The reduced Fermi transition
probability is assumed to be negligible except for the superallowed transi-

2)

. 1 .
tion between the analog states. Raman et al. have deduced the GT matrix

element for this transition from the experimental log ft value and also by

the shell model. TFrom these results the values of B' (GT)exp = 0.67 £ 0.16

(partial log ft = 3.77) and B' (GT)ca]c = 0.952 are obtained. As can be

seen from fig. 16, Pf-decay strength to unbound states is mainly concentrated
on two regions at 9.5 and 11 MeV.
By using the shell model description the dominant configuration of

the AOSC ground state is expected to be nf7/2vd;}2. This restricts the

. . . -1 =1
final configurations populated by allowed B decay to f7/2 d3/2, f7/2 d5/2

and f5/2 d;}z. Yhe lLevels below 8 MeV have been shown7a) Lu arise from

f7/2 d;}z configurations. By using experimental single-particle energies

from 39Kand 410a the main amplitude of both the f7/2 d;}z and the

fS/? d;}z configurations can be estimated to be at 13.5 MeV in AOCa.
=4
The particle~hole model of Gillet and Sanderson7J) for the odd~parity states

40 NP ) r -1 13- - =1 43~ . .
of Ca indicates that Lf7/2 dS/Z] and [[5/2 d3/2] configurations have



Table 16. Properties of some 4

OCa levels decaying by delayed particle emission

a) 2 b) 2 b)
T T
E_ T /.p S(p,ao) T, o 6, ep
(MeV) (eV) (eV) (eV) (%) (Z)
d)

9.45 .001 <0.09 90 <65 4.3
10.13 .140.05 7.9 1.3 9.3 8.4 0.015
10.37 .000063% 1.7 0.24 3800 0.42 2.7
10.45 0021 6.5 0.93 440 1.1 0.26
10.60 0+0.7 63 27 14 17 0.0058
11.99 +2 400% 340 69 2.1 0.0040
12.07 3+0.7 270%) 89 68 0.45 0.0037
a) Ref. 68
b) 2(‘=043 2() 2.0 Mev

Yo o) 43, v, P . e

c) Ref. 69

d) Ref. 68

>
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a considerable amplitude at 11,66 MeV, which possibly explains the enhanced
B strength at 11 MeV. However, between 9 and 10 MeV a very small amplitude
for each of the earlier-mentioned configurations is predicted. Gerace and
Green76) used a mixture of shell model 1p - 1h states and 3p~ 3h deformed

77)

states and they arrived at similar results.
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Fig. 16. Experimental B+ strength of 40Sc presented in terms of
reduced B~transition prebabilities B' (GT) as a function
of excitation energy in 4‘OCa. The histogram gives B' (GT)
values integrated over 250 keV intervals expressed in

units of 1/MeV.



5. SUMMARY AND CONCLUSIONS

The total particle branching ratios in the Tz = ~|, A = 4n series are
shown in table 17. If one assumes that the total § strength is roughly
equal in these nuclides, then the particle branchings should increase
when the available B-decay energy to particle emission increases. On the
basis of quoted upper limits (see fig. 4) for the B-decay energy one can
predict that the proton branchings should steadily increase as one goes

4
;OSC.

20 . . o .
from ~ Na to The same is expected for the o-particle emission from

ZQAL to AOSC but the rate of increase should be much slower. This is true
for protons as can be seen from table 17 but for a particles it seems to
fail. This may be due to the fact that the proton emission is so much more
favourable in 3UK and AOSC that it corresponds to a major part of the

B intensity.

The penetrabilities of the particle groups with the lowest energy vary
on a very wide range from 10._7 to 1O~7 and a general rule for the effective
threshold cannot be given. The smallest penetrabilities for a particles
are about an order of magnitude lower than those for protons. This reflects
the common feature in these nuclei that the reduced o widths are about 1 %
of the Wigner limit while for protons they are often below 0.1 %. Thus the
states observed in this study are rather four-particle states than single~
proton states.

In the lower sd shell B decay populates states which have reduced
a widths comparable to the Wigner limit and therefore they are expected
to be quite pure w-cluster states. The & clustering seems to decrease
towards the upper part of the shell. This is in agreement with the general
trend that with an increase in the level density in heavier nuclei there

will occur stronger mixing of states. Because of this individual e-cluster

properties vanish.
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Table 17. Summary of delayed particle emission in the Tz = -1
series
precursor I tot I tot
P o
(x107%) (x107%)
2ONa - 202000 £ 1900
2451 - 340 + 90
, 20may - 280 + 90
28, 13 £ 4 9+ 3
32C1 260 + 50 540 + 80
36 480 % 140 35 £ 15
405, 4400 + 700 170 + 50

The shell model seems to describe very well the B~decay transition
rates in the sd shell, although there is evidence that in some cases the
B-decay strength is split over two or more separate states. Some of the

discrapancies between obgervation and shell-model predictions apparently

arise from the omission of the f orbit in the model space. However,

7/2
these states are expected to be mainly populated by B decay through con-
figuration mixing with sd~shell states. Although the assignment of the
calculated levels to the experimentally observed ones is uncertain,

a mutual compatibility can be obtained in log ft values in excitation
energies. The difference in log ft values is in most cases less than 10

and the difference in excitation energies less than 0.5 MeV. The mutual

compatibility indicates that the main configuration consists of the sd



shells despite the high excitation energy.

Delayed particle emission offers a sensitive means to study weak
B branchings in the decay of a precursor nuclide. The weakest particle
branchings observed in this work have been of the order of 1O~7‘ However,
in many cases the y emission competes with equal intensity with the particle
emission and thus also other detection methods are neeaed. This is especially
required near the threshold of particle emission.

The nuclear spectroscopic data derived from resonance reaction studies
is valuable in the interpretation of the delayed particle spectra. However,
delayed particle measurements can also bring new insight and complementary
elements into the field of resonance studies. Such is the case, as shown in
this work, when both protons and a particles are observed to be emitted from
the same excited state in the emitter. Then the ratio of partial widths
Pu/Fp is measured directly. 1In contrast, in resonance reaction studies
this ratio is determined from two separate particle resonance experiments.
Delayed particle studies can also serve as a useful guide for ncw resonance
reaction studies in cases where hitherto unknown levels in the emitter are
revealed in the observed particle spectra. It thus appears that a well

coordinated effort to take advantage of the complementary aspects in the

resonance reaction and delayed particle emission studies will be fruitful.
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