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HIGH-RESOLUTION STUDIES OF
BETA-DELAYED PROTON EMISSION IN LIGHT NUCLEI
Richard George Sextro

Lawrence Berkeley Laboratory and Department of Chemistry
University of California, Berkeley, California 94720

ABSTRACT

Identified protons have been obaerved following beta decay of

_ the precursor nuclei 21Mg, ZSSi, 37Ca, 40Sc, 4 Ti, and 23A1. These
measurernents spanned a proton energy range from 600 keV to 8.5MeV,
and included all gignificant particle decays of these nuclei. A helium-
jet transport system was developed and used with various AE-E coun-
ter telescopes to obtain high-resolution, low-background spectra.
These data permitted accurate location of proton unbound levels in the
beta-decay daughters, and absolute branching ratios and ft values for
these allowed decays have been determined.

The hzalf-lives of these nuclei have been measured, and all ex-
cept that for 41'Ii are consistent with the previous values. For 41Ti.,
the half-life is 80+ 2 meec, which differs from the old value of 88+ 1
msec, This latter value is thought to have been affected by the pres-
ence of 37Ca activity produced in a competing reaction.

The ft values for Zng and 255‘1 are compared to the negatron
decay rates in their respective mirrors. For mass 24, (ft) +/(_f_t:)_

= 1,40+ 0.08, while for mass 25 this ratio is 1.47% 0.04. A compar-

ison of predicted and observed beta-decay rates for the superallowed
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decay to the T =3/2 state in #!5c indicates that this level has an iso-
spin impurity of ~ 8%,

The observed beta-decay rates in Zng and 3—"(_‘,a. are also con-
trasted with theoretical predictions for decay rates to their respective
daughters, The calculated values agree well for Zng, while for > Ca
the calculations appear to be limited by the basis space used.

Delayed protons from 23A.l, the first member of the A =4 n+3
series of Tz = 3/2 nuclei, have been observed, a;ad the half-1life of
23A.l has been measured to be 470+ 30 msec. In addition, delayed pro-

tons from 4OSc were studied in order to ascertain their contribution

to the proton spectra obtained from 3He bombardment of 40Ca.
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I. INTRODUCTION

There are currently 24 known beta-delayed charged-particle
precursors with A < 50 (for a general review, see Ha 72, Ha 74),
including the most-recently discovered, >Cr (Ha 73). Although
some of these are characterized by only one significant particle de-
cay peak or have very small beta-branching ratios to particle-
unbound levels, several members of the Tz =-3/2, A = 4ni:4 series
of nuclei exhibit complex proton decay spectra arising from beta de-
cay to many unbound levels, Accurate determination of the particle
energies and intensities from these nuclei can yield information on
beta-decay strengths and spectroscopic details of excited states in
the beta daughter. If these relative transition rates can be related
to absolute beta-decay rates to the daughter, measurement of the
particle decay intensities will yield absolute ft values for beta decay
to the unbound levels.

Spectroscopic details can then be compared with theoretical
predictions. Recent shell-model calculations (La 73) have provided
both excitation energies and log ft values for some nuclei in the sd
shell., Experimental measurements of ft values for these transitions
through observation of delayed protons permit a new and sensitive
test of these model wavefunctions, which in general, have been rea-
sonably successful in describing energy spectra, spectroscopic fac-
tors for single-nucleon transfer reactions, and electromagnetic ob-

servables {La 73).



-2-

Moreover, beta decay studies in these light nuclei can furnish
additional information on the question of mirror symmetry for beta
decay. In a comparison of mirror beta-decay trangitions in light nu-
clei for both even and odd A, Wilkinson (Wi 70a) pointed out an appar-
ent proportionality between the ratio of mirror decay rates, and the

ﬁi -decay energy, given by

+ - + . ow-
(k) /(ft) « wo + WD . 1-1

The superscripts + and - refer to positron and ncgatron decay, re-
gspectively, and WO is the total decay energy. More reccnt work by
Wilkinson and others (Wi 72) on mirror decay rates for Tz: =1, even
A isobars indicates that the earlier systematic evidence for a '"'funda-
mental" asymmetry in these systems has in fact largely disappeared
in the light of new experimental evidence. The odd-mass systems,
however, continue to show positive values for this ratio (though not
necessarily of non-trivial origin).

The nuclides Mg (Ha 65a, Ve 68), 2°Si (Ha 65a, Re 66),
37Ca {Ha 64, Re 64, Po 66) and 4‘!'I'i (Re 64, Po 66) are among those
in the Tz= -3/2, A = 4n+1 series that have not previously been stud-
ied with high energy-resolution, low-background techniques. For the
present experiments a helium-jet transport system (Ma 69) was de-
veloped in order to detect charged particles from a thin source in a
relatively background-free environment. The background was further
reduced by use of a detector telescope and standard particle identifica-
tion techniques (Go 64). These experimental techniques are detailed

in Section I1I.
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Results are reported in Section IV for delayed proton decay

from Z’Mg, 2SSi, 37Ca. 40

Sc, 4Ti, and the first meraber of the
A = 4n+3 geries of T=-3/2 nuclei.Z3Al. and include detection of all
significant particle decay branches [rom these nuclei, Beta decay

branching ratios ranging over two to three ~rders of magnitude have

been determined.
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II. THEORY AND CALCULATIONS

The intensity cf a particie decay peak is controlled by two fac-
tors, the partial width for this decay exhibited by the parent state in
the Tz = -1/2 emitter nucleus, and by the strength of the preceding
beta-decay trangition connecting this state and the precursor ground
gtate., These decays are shown schematically in Fig. 2-1. The beta-
decay transition strength is defined in terms of an ft value, where {
is the (unitless) statistical rate function and t the partial half-lile for
the decay. This product is usually between ~ 1 )(104 and ~3 XlUb sec
for allowed beta decay in light nuclei (Go 66). Typically, partial half-
lives are inferred from measurement of the total half-life and the beta

decay branching ratios.

A, Statistical rate function

The statistical rate function is dependent upon the decay energy
and the nuclear charge, and for allowed beta decay is given by {Ko65,
Bl 69, Ge 71a):

Yo
£=fl2z, W) - Wp(W T W) F(£2,w)aw (2-1)
0.511
where W and p are the electron energy and momentum, respectively.
W0 is the total decay energy in terms of the nuclear mass difference,

and is related to the end-point beta-decay energy EO' or the atomnic

mass difference, Q_, and excitation energy, Ex' by

P



T=3/2
&
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Fig. 2-1. An illustration of a typical beta-delayed proton decay scheme,
showing the atomic mass difference, Qﬁ' and the proton separation
energy.
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Woz EDJ 0.511 = Qﬁ- Exi 0.511 (all in MeV); (2-2)

2 is the charge of the daughter nucleus, and the positive and
negative signs correavond to negatron and positron emission respec-
tively. The solution for Eq.(2-1) depends on F(x2Z, W), the Fermi
function, which cannot be evaluated in closed form. The accurate
solution depends on knowing the lepton radial wavefunctions; usually

it is written as:

F(zZ,W) = Fo(skZ,W) Lo (2-3)
20R. Vg2 o !P(Yo+iv)|z
where Fo = (—%—) eV FEe—1 (2-4)
[(Zyo + 1))
2 2
(el + 6]
Lo = — r =R (2-5)
2p” F
P Fq
and the nomenclature used is:
. 2
a = e“/fc = 1/137.036
v = (£Z) aW/cp
vo = [1-tams??/?
R = Ty A1/3
r is the usual gamma function, and g%i. fiz are the

radial components of the lepton wavefunction evaluated
at the nuclear radius R, for even and odd parity (as-

suming j =1/2 for the lepton angular momentum),

Typically Eq.(2-5) is expanded to second order in aZ, so

L - 11Y (2-6)
0~ T2




which is the source of the usual approximation for finite size effects.
The correction for screening by atomic electrons is made by substi-

tuting W3 V (for e¥) for W in Eq. 2-1, where (Ba 66a)

V ~ 1.45 uz|Z|4/3 . (2-7

However, with the interest in compariny measured 0+— 0+
pure Fermi transition strengths (AT =0) with theoretical predictions
and the i:»recise evaluation of beta-decay coupling constants, the above
approximations do not give the required accuracy. To a lesser extent
the intercomparison of mirror Gamow-Teller decay rates in light nu-
clei is likewise affected. Two major corrections are required: 1)
the inclusion of higher order terms in the equation for L0 and 2) cor-
rections for elactromagnetic radiative effects.

The former has been estimated by Wilkinson (Wi 70b), among
vtrars, and for light nuclei (Z< 30) and high beta decay energy, this
can amount to ~3% . Hence, following his analysis, higher order
terms have been included in the eguation for LO:

Ly =1- 4((12) --—uZWR-—'(—+(R)) (2-8)

This equation is used in the evaluation of I1*(xZ, W) for calculating the
statistical rate function, f, as done in the computer program FERMI
(Ba 66a). -

The radiative corrections are considered in two parts, the
'inner' correction which does not depend on Z or W0 (i.e. it is nu-

clide independent), and the 'outer' corrections which are Z and WO



dependent. The former do depend on details of the decay process, but
can effectively be considered as a renormalization of the beta-decay
coupling constants (Bl 70). The outer corrections, on the other hand,

are evaluated for each case, and can be written as

£ =L (1+Zs) (2-9)

[}
where f is evaluated from Eq.(2-1) and 6i is the correction for i'il

order in «a.

Wilkingon and Macefield (Wi 70) have estimated § to order Za,
and their parameterization for the Z=0 case has been used here for
both negatron and positron decay. (This estimate compared to their
tabulated values for Z < 30 is accurate to < 0.2% in its effect on f).
The second order correction (52) is given by Jaus and Rasche (Ja 70)

as

0{zd%] ~ ax107% z (2-10)

and, although small, has been included in the present f calculations.
The estimate to third order (Ja 72) is 6,~ 3.6x107%2%, and is clearly
small enough (<3 X102 for Z < 30) to be neglected.

Statistical rate functions calculated using the approximation
for L0 shown in Eq. (2-6), and ignoring outer radiative corrections
were compared with those including a more correct evaluation of finite
size effects (Eq. 2-8) and the outer radiative corrections just discussed;
differences of up to as much as ~ 5% were found, Ag a further check

on the accuracy of the prescription of f calculations described above,

£ values were calculated for several O+— 0+ superallowed decays and
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were compared to those calculated by Towner and Hardy (To 73). The
largest deviation was 0.22% for the positron decay of SoMn.

The method for calculating the statistical rate function de-
scribed in this section appears to be accurate enough to give essen-
tially no systematic contribution to errors for either f values or for
ratios of positron to negatron decay rates due to approximations made

in the calculation. The present calculations include an estimate for

the error in each f value caused by uncertainties in Wo.

B. Allowed beta decay and nuclear matrix elements

The comparative half-life (ft) for allowed beta decay is related
to the nuclear matrix elements, viz.:
1.231 x40 7% ¢ 5. 5. units
1

f =
ft Z 2 2 2
By (1) + 84 (9)

(2-11)

where g'V is the renormaiized vector coupling constant, (1) the
Fermi matrix element, g;k the renormalized axial-vector coupling
constant, and (o) the Gamow-Teller matrix element. As noted
above the renormalization is due to the inclusion of inner radiative
corrections (Bl 70). From the evaluation of several well-known
0+-0+ pure Fermi transitions in the liéht nuclei, Towner and Hardy
{To 73) have deduced the value for g‘v as

! -
gy = 1.413X10 29 ergxem?>. (2-12)

T
Decay of the neutron yields a measurement of gl&/gv; Wilkinson (Wi 73)

has recently re-evaluated this ratio to be
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gA/gv. =1.251. (2-13)

So equation (2-11) becomes

6166
(1) + 1.565 (o) °

ft sec . (2-14)

Wavefunctions for the precursor and for states in the daughter

can be written (assuming isospin purity for the parent state) as
Uy = lw @y, T, To(0) (2-15)
and, allowing for isoepin mixing in the daughter,

be=al Wl TET, () + bl W, T, T, (0) (2-16)

properly normalized so a2 + b2 =1.

The Fermi matrix element is
(1) =(¢f}2 7, (2 | ;) (2-17
n
where

Z T, (0} =T, (2-18)
n

and T, (n) is the isospin raising (+) or lowering operator (-) and can
operate on all n nucleons. T, converts a proton to a neutron, and T
a neutron to a proton. Accordingly, T

4+ OPperating on by gives

T W@ T, T, ) =[(TxT NT+T, +i)]1/2 (W@, T, T, 1)), (2-19)

Hence it connects initial and final states differing only in isospin pro-

jection Tz, i, e. !Tz(f) - Tz(i)l =1, so that from Eqe. (2-16) and
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(2-17)

(12 =[T(T+) - T_[) T (0]2° (2-20)

Clearly, for the T =3/2 superallowed positron decays considered here,
(1 )2 = 3a2, and the evaluation of this matrix element does not depend
on choice of model wavefunctions, only on the degree of isospin purity
of e

The Gamow-Teller matrix element, on the other hand, does

not reduce so simply. Its form is given by

(o) = (lbflz aln) - 7 (n) | b (2-21)
n

where o(n) is the Pauli spin operator and Ti(n) is ag defined above. The
selaction rules can be deduced from the properties of ; o(n)- Ty (n), which
is a rank 1 tensor, and hence can give AJ=0, £1 and AT =0, *1.

The actual evaluation of {0) depends upon the nuclear wavefunc-
tions, For the case of superallowed beta decay to the analogue T =3/2
state, (o) has been estimated from the Nilsson formalism for beta de-
cay in the A=4n+1, 17< A £ 37 mass region (Ha 65). More recently,
Lanford and Wildenthal (La 73) have predicted (o) for beta decay for
some nuclei in the sd shell, including mass 21 and mass 37. The ear-
lier estimates agree with shell-model calculations for these two masses.
For these superallowed decays 1.565 ( :r)z/( 1)2 <£15% for the A = 4n+1
(A<37) nuclides; hence the transition rate for these decays can be cal-

culated from equation (2-14) in a nearly model-independent way.
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C. Isospin mixing

Because the nuclear Hamiltonian is not charge independent,
isospin mixing of T< states into T> states and vice-versa can vccur.
Primarily this charge-dependence is due to the Coulomb potential, al-
though other charge dependent forces, such as the short range nuclear
force, can contribute. In general the longer range Coulomb force dom-
inates (Bl 69). The charge-dependent potential can be a sum of iso-
vector and isotensor parts; generally, as is done here, the isovector
part is assumed to dominate. (Recently, Adelberger, et al. (Ad 73)
have indicated evidence for mixing due to the isotensor potential in the
particle decays of T =3/2 levels in masses 13 and 17.)

If the mixing is assumed small, perturbation theory can be used

to show that
‘E'r> - ET<) a= <¢(T>)|HC|¢(T< ) (2-22)

where ET is the excitation energy of the state with isospin T, and H_
is the charge-dependent part of the nuclear Hamiltonian. From this
equation, the amount of mixing of the T, state with nearby T< states can
be estimated from knowledge of the size of the matrix elements, which
have been tabulated by Bloom (Bl 66), Blin-Stoyle (Bl 69), and Bertsch
and Mekjian (Be 72).

It is important to note that particle decays of the T = 3,2 levels
in the daughter can occur only through isospin admixing in these levels,
since proton decay to states in the Tz =0 daughter nucleus are isospin

forbidden. Calculations by Arima and Yoshida (Ar 71) for mass 13

have shown that a° < 1% admixture in the T =3/2 state is necessary to
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reproduce the partial widths. Other calculations by Auerbach and Lev
(Au 71) give a2~ 49, for rnass 41.

These results from (Au 71) show that the predominant mixing
in the T = 3/2 state occurs with the antianalogue state (configuration
state), Although this point will be discussed in greater detail in Sec.
IV, the antianalogue configuration is simply that of the analogue state
(T =3/2) recoupled to T =1/2. These wavefunctions can each be ex-
panded in terms of the single-particle wavefunctions. Since these con-
stituent configurations are identical (just coupled to different T) the
resulting beta decay matrix elements are related simply by the ratio
of the Clebsch-Gordon coefficients, C(T), involved in the expansion,
viz:

: ctr) .
(WU LT Zo. 7] (T, T)) = C'("r:)<¢"f>- T, ) Zor ¢, T ).
(2-23)
The relationship between the Gamow-Teller matrix element for beta
decay to the T =3/2 state, <U>S. A. to that for decay to the antianalogue

state (T =1/2), (0) 5 5 » is:

C(T<) 1
[ = == (O = — (o . (2-24)
(s .a =TI H(Da.a. N (%) a.A.

The usefulness of this relationship will become evident in the discus-

sion of results for mass 44 in Sec. IVD.
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D, Partial widths and penetrabilities

The devay modes exhibited by an unbound level depend mainly
on the degre. of overlap between the initial wavefunction and that de-
scribing a particular final state or exit channel, and external kinematic
effects of penetration through Coulomb and angular momentum barriers,
These factors can be written quantitatively (following Ma 68 and Mc 68)

as a relationship between the partial width Fu for a given exit chan-

2
nel a, and the penetrability P and the reduced width YZ:

2

L I zpu! Ya.!

a (in MeV) (2-25)

where { is the relative angular momentum involved in the decay
{usually chosen to be the lowest possible value consistent with Aw= (—1)’)-
All of the internal nuclear structure effects are corntained in y2. The

penetrability is given by

P,= Z—{—— (2-26)
al
where
p =kR = krO(A11/3+ A12/3) (2-27)

k is the wave number, and is calculated from

1/2
K =<§I=*2§ em! - 0.2187 (uEy!/2. (2-28)
H
The energy E is in MeV in the center-of-mass (c.m.) system and yis

the reduced masgs in amu.
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The denominator in Eq. (2-26) is the penetration function, and
is given by

2 .2 .2
al =¥0 - Gl (2-29)

which are the regular and irregular solutions to the Coulomb function,
respectively, for angular momentum £, These solutions, and the re-
sulting penetrabilities are obtained through the program COCAG.

Penetrabilities for two different nuclei are plotted in Figs, 2-2
and 2-3 to illustrate the effects of energy and angular momentum.
Figure 2-2 shows the penetrabilities for excited states in 4 Sc decaying
to the ground state and first three excited states in 40Ca. It is evident
from this figure tha:, for states below 6 MeV in excitation in H Sc, the
ratio of penetrabilities for decay to the excited states in 4OCa to that
for decay to the ground state is extremely small. It is therefore likely
that for excited states up to 6 MeV, proton decays to the 4OCa. g.s. will
predominate.

On the other hand the proton decay penetrabilities for excited
states in ZSAI. shown in Fig. 2-3, present a different picture. The
Coulomb barrier in mass 25 is smaller than in mass 41, while the
first few excited states in 24Mg are lower in energy than their counter-
parts in 40Ca. In addition the angular momentum barrier is lower in
the mass 25 case for decays to the first-excited state in the proton
daughter since the first-excited state in 24Mg ie J7 = 2+, while its
counterpart in 4OCa. has I = 0+. In fact, for states in ZSAL above 5

MeV in excitation, decay to the 24Mg ground state is less favored than
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Proton penetrability for Mg (J}r)—~40Co(Jfﬂ)+D

10

o
-7 2+

IO L l I I ) ! 1 ! 1 I 1 I
0 30 50 7010 3G 50 70
Excitation energy in  4Sc ( MeV)

X8L738-4006

Fig. 2-2. Penetrability calculations forzproton decay of 41Sc(*).
The ordinate is the penetrability P= p/Af calculated with rg=1.3
fm (see text for details). The curves are iabelleu with the spin,
parity and level order (ground state, 1st excited, 2nd excited, etc.)
for each final state.
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Proton penetrability for 25,C\I"(J}')—>24Mg(J}”’) . p
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Fig. 2-3. Calculated penetrabilities for proton decay of 25A‘.(*),

with r, = 1.3 fm. See caption for Fig., 2-2 for other details,
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proton decay to the 2+, first-excited state, as shown in Fig. 2-3,
Therefore proton decays to excited states become kinematically more
likely from levels at lower excitation energies in 25Al than in the cor-
responding case in 41 Sc, and the resulting proton spectrum could be
more complicated due to these competing decay modes.

No attempt has been made to calculate the reduced widths from
model wave functions. In order to estimate partial decay widths and

lifetimes, the Wigner sum-rule limit has been used (Ma 68), where
2

3 8% _ 62.7
Y S 3 T3 = =5 MeV. (2-30)

nR pR

Then upper limits for partial widths, and lower limits on the partial

half-lives follow:

125.4F ,
T~ ——5— M (2-31)
nR
and
£ In2 uRZ
t=7In2 = Ts_:TI sec. (2-32)
° a

As discussed in Sec. IV, these limits are useful in estimating decay

strengths of energetically-allowed, but unobserved decays.
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III. EXPERIMENTAL TECHNIQUE

Accurate measurement of particle decay branches over a
broad energy range, and hence determination of the preceding beta-
decay strengths, depends on high-resolution, low-background spectra
extending to low particle energies. Previous transport techniques
developed to study the delayed-proton decay of gaseous activities em-
ployed a helium-sweeping system to carry activity away from the tar-
get area to a shielded counting chamher (Es 71). Although such a sys-
tem was a clear improvement over the former method of directly ob-
serving cecay particles from recoils stopped in the target, it did not
appear to have a transport efficiency suitable for non-gaseous activ-
ities produced in low cross-gection reactions. A helium-jet system
{(Ma 69), similar to those used in studies of a-emitting isotopes
(among others), was designed and built for transport of light mass,

non-gaseous activities.

A. Cyclotron, beam transport and pumping aystem

The cyclotron, beam transport system, and experimental area
are shown inFig.3-4. The location of the pumping system with re-
spect to the counting chamber is also shown; the total pumping dis-
tance was ~9 m through 10 cm inside-diameter (ID) pipe. This entire
system was constructed to be compatible with other experiments using
Cave 2, with all components of the experimental equipment readily re-
movable for an uncbstructed beam path to the facilities further down-

stream.,
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A more detailed diagram of the helium-jet system is exhibited
in Fig. 3-2. The cyclotron beam was focused on a retractable AIZO3
screen (monitored via closed-circuit television) located 10.8 cm up-
stream from the target box entrance foil. The beam spot size gener-
ally was 0.5 to 0.7 cm square in order to pass through the 1.0-cm diam-
eter tantalum entrance collimator, which wasa located 4 cm upstream
from the entrance foil. Foil lifetime was greatly reduced when the
beam was focused to a smaller spot.

The beam entered the target box through the 1.0-cm diam en-
trance foil, exited through a similar 1.9-cm diam foil window and was
refocused into a Faraday cun located ~1.8 m downstream. ZIither 5.6-
pm Havar foils1 (4.6 mg/cmz) or 5-pm Ni foilsZ (4.5 mg/cmz) were
used for these isolation foil windows (no significant difference in foil
durability was observed).

Typical 3He+2 or p beam currents were Z2to4 pA (at 2ll bom-
barding energies), with usually < 50 nA dropped on the entrance colli-
mator., Foil lifetimes ranged from 8 to 5C hours at these currents.

2C and 100 beams

A few exploratory experiments were conducted with 1
{the results of which are briefly discussed in Appendix A); the entrance
foil was typically 2.5-pm Ni. Even then, isolation foil lifetime de-

creased appreciably unless the heavy ion beam intensities were limited

to ~0.8 to 1.0 pA (measured fully stripped).



_22-

L ANV
Detector \)
holder /
Detector \\\
Capslt 2
apiliary d
exit /
Flipper
wheel Timing
signal
“Detector
telescope
CA4A8mm 1D
Capiliory tubing.__
40cm long He - Jet
Schematic
. Target wheel
Exit Degrader-
. foil foil wheel
To refocusing
Quadrupale \ External
and N /Z cyclotron
Faraday Entrance beam
cup Coliector fail
cylinder
1.5-2atm. |-
of He ~
]
U
Fig. 3-2.

A simplified drawing of the helium-jet trans-
port system, showing in greater detail the target box and

counting chamber. Specifics regarding its use are given
in the text,
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B. Helium-jet transport system

1. General operation

A photograph of the system is shown in Fig.3-3, showing the
target box, the target wheel assembly, and the counting chamber.
Targets and beam degrader foils were mounted on parallel, 6-position
wheels which could be ananually positioned via geared shafts as shown
in Fige. 3-2 and 3-3. The target wheel position was 5.2 em from the
entrance foil; the degrader foils were 2.2 cm upstream from the target.
The target box was pressurized through the gas handling system shown
in the upper-right corner of Fig. 3-3. Commercial-grade helium gas
was used for solid targets, at a typical pressure of 1100-1500 torr
(absolute). For the Zng experiments, commercial spark chamber
gas, consisting of 90% Ne and 107% He, was used as both target and
transport gas.

A fraction of the b_eam—i.nduced product nuclei recoiling from
the target Were-thermalized by the gas within the 2.5-cm-long, 1.9-cm
ID collector cylinder, entrained in the gas flow and swept into the 0.48-
mm ID stainless steel capillary L-ube3. The recoils and gas were
transported ~ 40 cm thhough the capillary tube into the counting cham-
ber, and directed against a collector foil positioned 3 mm from the
end of the capillary. Although no attempt was made to gain a detailed
understanding of the complicated chemistry involved in the helium-jet
technique, several empirical tests were made to study yicld as a func-
tion of several parameters. The description and results of these tests

are given in Appendix A.




BB 737-4385
Fig, 3-3. Picture of helium-jet apparatus, showing target box (light-

colored box in center-foreground), with target/degrader-foil wheels re-
moved and placed in front for exhibit. The beam enters from the right.
The gas manifold is shown in the upper right corner, while the collectiou/

counting chamber is shown in the background, with the detector turretand
Pre-am.plifiers in place.
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One major change in the operation of the system during the
course of this work has been the introduction of chemical "additives."
The results of tests conducted with this system and elsewhere have
shown that for many reaction products of interest, the total system ef-
ficiency is greater as a result of these chemicals introduced into the
helium gas. More information, including results of these tests, is
also given in Appendix A.

The collection/counting chamber was continuously evacuated by
a combination Roots-blower/mechanical pump. For the earlier exper-
iments, the pumping speed was ~ 45 2/sec for He gas, which gave an
operating pressure in the counting chamber of 0.3 to 0.4 torr. With
the inatallation of a larger pump, the pumping speed increased to ~
560 1/sec for He gas, and resulted in a counting chamber pressure of
~ 0.1 torr. The flow of He gas through the system was monitored con-
tinuously by a stainless-steel-ball-type flowmeter. Typically, the
flow ranged from 16 to 25 torr-{/sec, depending on the target box pres-
sure and gas used.

The collector wheel, shown in Figs. 3-2 and 3-4 was a 10-cm-
diameter Al disk, with six collection foils mounted 60 degrees apart.
Collection of act;lvity and counting were done on the same side of the
foil surface. The collection efficiency (*sticking" probability) was not
measured directly, rather this is included in the overall system effi-
ciency discussed in Appendix A. It is known, fmwever. that there is
some dependence on chemical species, since the rare gas nuclides do

not adhere to the collector (Ma 70a). The present data corroborate
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XBB 737-4588
Fig. 3-4, Close-up photograph of collector wheel, showmg the relative
position of the detector telescope. The wheel is 10 cm in diameter., The

capillary tube enters from the right, and is obscured by the flipper wheel
shaft.
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this, since no evidence for proton peaks from the known (Ha 71) beta-

33Ar or 17Ne was found in those experiments

delayed proton emitters
in which their production was possible. (See Sec. IV for further dis-
cusgsion.)

Collector foils were typically 50-uym-thick Al disks; for exper-
imente using 2 second telescope or anti-coincidence detector mounted
on the opposite side of the foils, 0.6-pm thick Ni foils (~ 550 pg/cmz)
were used. The collector foils were moved from the collection posi-
tion to the counting location by means of a 30 deg sclenoidal stepping
motor4, and a 1:2 gear ratio. This position change required ~ 25 msec.
Although the stepping motor could be fired as many as 10 times per
asecond, typical cycle times were from 300-500 msec. No pulsing of
the beam was necessary with this arrangement; while one foil was
positioned in front of the capillary tube, the adjacent foil was being
counted. The geometry of the system preciuded the observation of

events from foils on either side of the counting position.

2. Gas target

For the 36

Ar (3He, 2n) 37Ca experiments, a gas target and gas-
handling system were constructed for use with the helium-jet. A sketch
of the gas target system is shown in Fig. 3-5. For this reaction the
recoil energy is quite small (~2.9 MeV using a 40 MeV 3He beam);

this places a severe limitation on the gas target exit window thickness.
Furthermore, such a thin window cannot withstand a differential pres-

sure of much more than 15 torr. It was necesgsary, under these limita-

tions, to construct a gas target system with 2 minimum ' exposed’
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Fig. 3-5. Sketch of the gas target set-up for use with the helium-
jet transport. For simplicity, only the target and gas handling
apparatus are shown, with the transport system and counting cham-
ber omitted. Details of its use are given in the text.
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volume, and with the capability of simultaneously pressu-izing both
the target box and the gas target cell while maintaining a differential
pressure of less than 10 to 15 torr.

The gas target entrance and exit foils were 1.94-pm and 0.23-
prn thick Ni foils respectively (~ 200 pg/crn2 for the exit foil}), The
inside dimensions of the stainless steel gas cell were 0.1 cm in length
and 1.9 cm in diameter, with a total volume of ~2.9 cm3. At a pres-
sure of 1200 torr, this is equivalent to a target 2.83 mg/cmz thick; how-
ever, the severe recoil energy restrictions limit the useful target thick-
ness to ~20% of this value which, depending on beam energy, is an ef-
fective target thickness of ~ 500 pg/cmz. The gas pressures were
equalized through use of 2 mercury-filled Toepler pump driven by com-
pressed air, The argon target gas, enriched to 997 36Ar, was trans-
ferred from the top half of the Toepler pump which had been charged
from the source/recovery flask. Simultaneously the target box was
slowly filled with helium to its operating pressure. The differential
pressure during the filling operation and during the course of the ex-
periment was mositored with a2 specially designed differential pressure
transducer, with & proportional dc output feeding a remote digital volt-
meter. The transducer is shown in Fig, 3-6; it consists of a low-
volume bellows5 gealed at one end and a linear displacement trans-
ducer6 which measures the bellows displacement due to pressure
changes. The target box pressure served as a reference pressure;
this system could rneasure differential pressures of the order of 0.05
torr. The. helium input pressure was well-regulated to avoid pressure

instabilities or drift.
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Fig. 3-6. Cut-away drawing of the differential pressure
transducer, showing the low-volume, highly-sensitive
bellows and linear displacement transducer.
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The cell was filled through a 1.5 mm ID flexible polyethylene
capillary which allowed the target wheel to be rotated, permitting bom-
bardment of other targets while not disturbing the gas target pressure.
The total volume "expoged' to the helium-jet, including the volume of
the ~4 mm ID connecting lines to the pressure transducer and the gas
cell, is ~10 cm3, thereby minimizing the amount of target gas lost in

the event of a foil rupture.

C. Detectors and electronics

1. Particle detection and identification

Data obtained in the course of these experiments were acquired
with silicon semiconductor telescopes. The thin dE/dx detectors
(AE) ranged in thickness from 4 pm to 50 pm; the thinner detectors
(notably 4, 6,8, and 14 im) were commercially prepared surface bar-
rier detectors,7 while the others were fully-depleted P-diffused Si

A prepared at LBL. The stopping detectors (E) were either ~50-um, 164-

pm, or ~ 260-pm thick P-diffused Si or 500-pm thick Si (Li). The tel-
escopes assembled from these detectors spanned a large particle energy
range--from ~ 600 keV to ~ 8.5 MeV for protongs--and a lower limit on
a-particle energies of ~ 1.4 MéV.

Each AE-E telescope was followzd by 2 100-pm thick partially-
depleted Si detector 1.5 cm in diameter to reject long range particles
traversing the teleacope. The detectors were mounted as shown in
Fig. 3-7. This detector turret was designed for nuclear reaction ex-
periments with the 20-in. scattering chamber as well as for compat-

ibility with these particle-decay experiments. The copper base plate
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XBB 737-4584
Fig. 3-7. Photograph of detector turret and a counter telescope.
The copper base is cooled with a thermoelectric cooler mounted

underneath; the water cooling lines 2nd external connections are
shown.
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and detectors {except the very thin detectors, which were insulated by
fiberglass mounts) were cooled to ~ -25°¢C by a thermo-electric cooler8
and heat sink assembly attached to the underside. DBias voltage and
particle detection signals were carried through coaxial cables con-
nected to each detector by Subminax or Microdot connectors.

In position, the detector turret accurately located the AE detec-
tor ~6 to 7 mm from the activity, depending on the exact detector con-
figuration (see Fig. 3-4). The geometry ofthe telescopes was limited
in every case by the diameter of the E counter; typically the solid angle
was 0.24 ar.

Since the capacitance of a detector is proportional to the ratio
of area to thickness, the thin detectors presented the problem of high
capacitive noise, and low output signal voltage (see Go 65). Special
pre-amplifiers were used which utilized two matched, field-effect
transistors on the input stage, giving the pre-amp output 2 high signal-
to-noise ratio, This output signal wes amplified by another factor of
5 in a low-noige amplifier before being sent to the standard '"198" linear
amplifiers. A block diagram of the electronics set-up is shown in Fig.
3-8. Ingtead of the usual delay-'ine shaping at the linear amplifier
stage, RC shaping was used fr .22 4, 7 and 8-pm thick detectors,
with the integration time ~0.. -0 2.0 psec.

After having met a coincidence requirement of 2 7 ~ 40 nsec, the
AE and E signals were fed into a Geulding-Landis particle identifier
(P.1.) whose output is proportional to particle type (Go 64). Events
corresponding t> protons could be selected by setting SCA gates

around the proton peak in the identifier spectrum. For some exper-
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iments, both protons and alphas were recorded, These P.I. gates
helped to further eliminate events due to multiply-scattered beta par-
ticles. The total particle energy, ET' signal was obtained [rom the
sum of the AE and E signals.

The total particle resolution was dependent upon the exact com-
bination of detectors used, but ranged from 25 to 45 keV FWHM for
protong. This resolution was influenced, in part, by the large capac-
itance of the AE detectors. The observed proton widths were also in-
fluenced by the momentum-broadering due to the preceding (3+ decay,
and in some cases, by the intrinsic widths of broad states themselves.
The maximum beta-broadening contribution for each precursor is given

in Table 3.

2. Timing and half-life measurements

The collector wheel provided a timing signal used to initiate
each counting cycle. The associated electronics are shown schemat-
ically as part of Fig. 3-8. Six holes, each 1.6 mm in diameter, were
located along the same radial axes as the collector foils, a small, col-
limated light beam passed through the hole onto a photodiode. This
beam was interrupted when the wheel was stepped by the solenoidal
motor, cauaing the photodiode to "gate-off' the voltage signal. The
"on'' signal was re-established by the light beam and photodiode when
the wheel completed its 60 deg motion: this signal provided the start
signal for the timing. Since the wheel rr;echanically or capacitively
induced a noise signal in the detectors, the timing signal was delayed

30-50 msec to allow this detector noise to die away. Counting then

began for a preset time, divided into four or eight sequential time
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Table 3-4. Maximum Effect of Beta-Broadening on
Observed Proton Peak Widths

Energy at Maximum (MeV)

Nuclide Eg, E,(l2b) FWHM (kev)?
21, ~6.0 ~3.5 14
255 ~6. 0 ~2.9 11
3, 5.8 ~2.9 7
a1, 7.0 ~3.7 9
a0 4.88 1.085 4P
23,, 3.80 0.818 "y

a) This estimate assumes that the proton and positron momenta are
parallel or anti-parallel, and that the resulting contribution to the
line width can be calculated as a triangular distribution (see Ref.
Es Tia). '

b) This is calculated for the most intense proton peak.

c) This calculation is for the single observed proton decay peak.
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groups of equal length (typically 30-50 msec each). Energy signals
from the amplifiers were blocked while the collector wheel was stepped.
During the counting period, ET gignals were stored both in 2 400 chan-
nel analyzer and in a Nuclear Data ND-160 4096-channel analyzer, the
latter being routed by the timing signals into 8 groups of 512 channels
each. Data thus stored could be transferred off-line via a PDP-5
computer onto magnetic tape.

Logic signals corresponding to one peak or group of peaks of
interest in the ET spectrum were recorded in a 400-channel analyzer
operating in the multiscale mode. The channel address was advanced
at a preset rate by a quartz-crystal oscillator, and the system was
initialized each time by the flipper wheel timing signal. This provided
another semi-independent source of half-life information; in no case
did data acquired with these two methods i'esull: in half-lives whose

difference was greater than the sum of the statistical errors.

3. Anticoincidence experiments

In searching for possible protons from 23

Al whose energies
were too low to penetrate the thin AE detector, it was necessary to
look at AE-counter spectra in anticoincidence wiih the E detector fol-
lowing it, and in anticoincidence with a large a2rea detector mounted on
the opposite side of the collection foil. For these experiments, the
collection foils were 550 p.g’/cmz Ni foils. The 1.8 cm diameter, 60-
pm thick, partially-depleted detector was mounted 4.8 mm from the

collector foil, giving a solid angle of 3.3 sr. The electronic set-up

wag nearly identical to that shown in Fig. 3-8, except that both this
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detector, and the E detector were used in anticoincidence to the AE.
The AE signals were then fed directly into the Nuclear Data operating
in a 8 X512-channel, time-routed mode. The experiment is discussed

in Sec. IV E,

D. Pulsed beamn experiments
23

Part of the ““Al data was acquired usging a pulsed-beam,
shielded-detector system mounted in the scattering chamber (see Fig.
3-1). Although it has been described previously (Ce 72, Es 71a), it is
shown here in Fig. 3-9 for the sake of completeness. A brief descrip-
tion foilows.

A motor-driven 3.2-mm-thick Ta wheel rotated at a2 constant
velocity 'm.front of the detector telescopes, shielding them during beam-
on periods. During the beam-off time, large slots rotated in front of
the detectors, allowing the viewing of the target, and the proton decays
of those recoil nuclei stopped in the target. The thick targets re-
quired for efficieut recoil stopping affected the proton energy resolution
achieved with this system. Some background, due to target activation,
was also present in the proton spectra.

Control of the beam pulsing (via modulation of the cyclotron dee
voll:a.gé) wae achieved through use of light-source/photo-diode logic
signals keyed to narrow slits in the wheel (see Fig. 3-9). For the 23Al
experiments the total cycle time, as determined by the preset wheel
rotation period, was ~3.6sec: ~1.4 sec bombardment, ~ 1.4 sec
counting. The two detector telescopes were used as described for the

helium-jet system electronics (Sec. III C). Half-life data were also
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acquired in a2 method similar to that already described.

This system also allowed the aéatter ing of low energy protons--
accelerated as low energy H2+ beams--into the detector telescopes as
an energy calibration. The cross-sections or helium-jet efficiency cal-
culated in Appendix A are based, in part, on low-'quality_ZSSi and 41 Ti

data taken with the wheel system (Es 71a).

E. Data reduction and analysis

The ET data, either summed or in separate time groups were
analyzed peak-by-peak using an interactive, Gaussian peak-fitting pro-
gram, DERTAG, (M=a 74a) on the SCC-660 computer. Centroids, peak
widths, and integrals were obtained for each peak. In general, the 400
channel data from the PHA and the 542-channel data from the ND-160
were analyzed separately, and the resulting peak energies and intensi-
ties were then averaged together for the final results. Data from sev-
eral different experiments on the same nuclide weré usually combined
by mea.ﬁs of weighted averages for both peak energies and intensities.

Eight point half-life data for each statistically-significant peak
were obtained from the peak-by-peak analysis described above. The
400-channel multiscale data were usually summed into a smaller num-
ber of time groups of equal length (e.g., usually 8 or 40 groups). Half-
lives for individual peaks or groups of peaks were then deduced from
both these sets of data using a least squares fit to an exponential curve
via program CLSQ (Cu 63). This program had the capability of includ-
ipg a long-lived background; however, since the particle-identification
reduced the background to negligible levels in most cases, there was no

necesgity for using this option.
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Although these two sources of hali-life informatien Werv:e not
completely independent, they provided an excellent consistency check.,
The values thus obtained were averaged together (not treated as iﬂde-
pendent sources of data), while final half-lives were the ;-e'sult of a
weighted average of these average values from several different expér-
iments.

The energy for each proton decay peak was interpaolated (or in
rare cases extrapolated) from a calibration line fit to several calibrant
peaks (discussed in Sec. IV A). Typically a straight-line least-squares
fit was used; in only two cases was it neceasary, because of slight non-
linearities at the extreme low-energy end of the decay spectrum, to

use a quadratic fit to the calibration data.
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IV. EXPERIMENTAL RESULTS AND DISCUSSION

The nuclides discussed in this section were all produced using
3He or proton heams of various energies from the Berkeley 88-in.
cyclotron. Since the Tz= -3/2, A = 4 n41 series of nuclides, and
gome of those in the neighboring Tz= -1, A =4n series, exhibit beta-
delayed particle decay, the resulting particle spectra can potentially
be complicated by competing reaction channels. These reactions,
their products and thresholds are tabulated in Table 4-1, including
both those nuclides of interest, and those produced in competing re-
actions., Half-lives shown include the present measurements; the
mass-excesses used throughout this dissertation are from the 1971
Atomic Mags Table (Wa 71) unless otherwise noted.

A synopsis of the relevant Q‘5 values (differences in ground-
state atomic masses) and proton or alpha separation energies are shown
in Table 4-2. These numbers are used throughout fhis section in com-
puting beta-decay transition strengths and excitation energies in the

emitter nuclei.

A. Energy calibration

In addition to the requirements of high-resolution particle mea-
surements, accurate calibration energy standards are necessary for
precise level energy determinations in the beta daughter. Such preci-
gsion is a necessary aid in assignment of decay protons to specific en-
ergy levels, and in identifying new levels in the emitter nucleus.

Rather than base the calibrations on a-source standards such as 212Bi -



Table 4-1. Reactions, Thresholds, and Half-Lives for Beta-Delayed
Proton Precursors Produced from ZONe. 24Mg. 36Ar. and 40, Targets

(Rea.ch.on), Threshold (Lab) in MeV

Prod R R R G PURTRR I e o Target - -'3-'6 R ) b)

Nuctide *nve 24Mg Ar “0c, v

17 (3He, 2ne), 31.2  (*He, 2n20), 41.0 -- ‘ - 108.5 + 0.9

20y, <. d) (’He, 2np), 25.8  (’He,Znap),35.7 -- - 446 =3

2140 (°He, 2n), 22.0  (’He, 200), 32.0 -- - 122.5 2.1%)

24, 1) -- (*He, 2np), 25.9 - -- 2066 %7

24 n° -- (*He, 2np), 26.4 -- -- 130 + 4

255, -- CHe, 2n), 21.3 -- -- 220,74 2.9°

29 -- - (3He, 2n2a), 35.9 - 189 =6 y
32, d) -- - (*He, 2nap), 30.2 (CHe, 2n2ap), 37.5 298 + 6 '
33,, -- - (*He, 2na), 26.5 (*He,2n2a), 33.9 173.8 + 1.8

36K ¢, d) .- -- (3He, 2np), 23.1 (3He. 2nap), 31.3 340.0 % 3.3 g
37:,P -- -- (*He,2n), 19.8 (3He,2na), 27.2 175 <3

40g¢ -- -- -- (’He,2np), 24.5 182.42 0.7

a1, 1) -- - -- (e, 2n), 21.8 80 &2

20, -- (p, an), 25.0 - - 446 %3

23, .- (p, 2n), 30.8 -- -- 470 30"

continued. .. ..



Table 4-1 (contirued)

(Reaction), Threshold (Lab) in MeV

-o.-........—--.....n.....-.-..-.....--.-..—..Target o 08 51 o6 ot 06 28 b 1o 0e ub a8 gé 8 08 O% 20 Be BE 20 48 50 ou 8 00

.o b)
Product 20 24 36 40 Half-Life
Nuclide® Ne Mg Ar Ca (msec)
24A1 . (p,n), 15.4 - -- 2066 = 7
24A1m -- {p,n), 45.8 -- - 130 % 4

a) Unless otherwise noted, mass-excesses are from (Wa 71).

b) Half-lives are from (Ha 72), except as noted.

c) This nuclide is energetically capable of beta-delayed proton emission, but decays to proton-

unbound levels have not been observed.
d) The mass-excess is from (Go 71).
e} This half-life is a weighted average of present and previous {Ha 72) results.

f) Although this does beta~decay to excited states in.24Mg that are both proton- and alpha-

unbound, no strong proton decay branches have been observed (To 71).

g) This hali-life is from (Go 71).

h) The 3.7Ca masg-excess i6 -13.161%0.034 MeV, which is a weighted average of values in

Refs. (Bu 68) and {Be 73).

i)  The 41Ti mass-excess, =-15.78% 0.030 MeV, is calculated from the present results.

j! The 41Ti half-life is {rom this work only (see discussion in Sec. IV D).

k) The 23A1 half-life is from the present work.

-5f-



Table 4-2. Relevant Particle Separation Energivs and Qp(g. 8.) Values (Energies in MeV % keV},

) Final Separation
Precursor Qpa Refa, System Energy Refs.
21 13.095 + 19 Wa 74 20 2.432 & 2% Wa 71, Bl&9a,
Ma Ne+tp Ha 72a
17F+.7 6.560 % 9 Wa 71
23,1 12,238 £ 80 Ce 69 L P 7.579 £ 3 Wa 74
25 12.736 % 10 Be 72a 24 2271 £ Q.6 Ev 1?1, PiT2,
Si Mgt p Ra 70 ,
"
w
37Ca 11.640 = 34 Bu 68, Be 73 36Ar+ P 1.857 £ 1 Wa T4 '
40 14.324 = 7 Wa 71 39K +p 8.330 % 1 Wa 71
EEE 12,862 # 30 b), Al73 0, s 1,086 % 1 Al73, WaT1
4

a}  With the exception of

’Sc. the mass-excessea [or the Tz: -1/2 nuclei are fram (Wa 711,

b) The mass-excess {or ‘“Ti is computed from tho present resulls (see Sec. IVD).

" A recent 70Ne(p,y) measurement reported by J. Dubois, et al., Physica Scripta 5, 163 (1972). gives E, 7 1543.7 4 0.4 ke
for the 354-MeV state. Combining this with the resonance enerpy reported in (Bl 69a), a more accurate Escp = 2,109 2 00,0004 MeV
results, Clearly this has no effect on the beta decay results reported here uaing the tabulated value of 2,437 + 0.00? MeV. This

newer valuz was reparted too late 1o have been included here.
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et 2Po and attempt to correct for detector dead-layer effects, source

thicknegses and charge collection, clearly the most accurate standards

are protons from precisely-xnown states in the beta daughters.

1. Decay energies of the lowest T =3/2 states

The excitation energies of T =3/2 states in the A =4n+1, T, = -
1/Z nuclei have been accurately measured by a variety of techniques
(see references in table 4-3 below): radiative capture, resonance scat-
tering, and particle transfer reactions. These same states can be pro-
duced and detected through beta-delayed proton decay, and as a simple
cross-check of their reported energies, protons from the decay of these
states have been measured using the helium-jet system. These results

have been reported in Ref. (Go 73).

21 37 9

K, 415c and 2 P were

2 25

The T = 3/2 states in >'Na, 2°Al,

si, >7ca,

1Ti and 29S, were produced in the (3He, 2n) reaction on 20Ne, 24Mg,

36 0

studied in this way. Their respective precursors, 1I\dg,

4

Ar, Oca ana 285'1 targets, respectively. The first four of these

nuclides are discussed in greater detail in the ensuing parts of Sec. IV.

The masgs-29 system was not investigated beyond this cross-calibration

experiment. A 28

29

Si target ~1.0 mg/crnZ thick was used for the produc-

tion of S.

Bombardment of each target alternated with short bombardments

24

of a " Mg target in order to use the relatively high yield 25Si product as

a source of protons to monitor any electronic gain shifts. A precision

pulser was also employed to follow any electronic instabilities. The

36 37

Ar ("He, 2n)~ 'Ca experiment was done at a 40 MeV bombarding
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energy, while the four remaining reactions were done at the lower
beam energy of 29.5 i4eV.

Delayed protons werez detected in a 48-pm AE 500-pm = tele-
scope. For these cross-calibration measurements a total experimental
resolution of 30 keV FWHM was achieved. Proton energies were cor-
rected for any small shifts in gain, and for detector dead layers.

Since the log ft values are typically ~ 3.3 (Ha 65) for superallowed beta
decay populating the T =3/2 states in this mass region, the concomitant
beta-decay branching ratios to these states are significant (for A> 17).
The narrow peaks arising from the isospin-forbidden proton decay of
these T = 3/2 states are therefore prominent in each spectrum and
can be readily identified.

25Si and 41'.l.'i are shown in Fig.

Delayed-proton spectra from
4-1. As discussed in detail later, the T =3/2 state in 25AI shows pro-
ton decay branches to excited states in 24Mg. Part (a) shows the spec-
trum from 25Si; peaks 1 and 2 are proton decay peaks from the T =3/2
level in 25A1 to the ground state and first-excited state in 24Mg. Part
(b) shows protons from excited states in 41Sc, fed by pesitron decay
from 41Ti; peak 3 is the proton decay of the lowest T =3/2 state in
41Sc to the 4OCa ground state.

The results of these mear-rements are shown in Table 4-3,
where the center-of-mass (c.m.) proton energies are compared to
those deduced from the previous experiniental determinations. Decay
protons from the lowest T = 3/2 states in 2551 and 37Ca. have been used

as calibration points, in part since these energies are the most pre-

cigsely known (see Table 4-3 for references). In addition, the first-



Counts

Observed proton energy (MeV)

2 3 4 5 6
1 - | ' r ! =
' (0)2°s;i 2 AE  48um
300 -- E 500um 7
2001 v +30 keV FWHM j
{00 F R
i N i &
b 3 1
60 - (b) 4T |
40+
20 r
O
100 200 300 400 500 600 700

Channel
XBL T23 4k 3
Fig. 4-1. Identified protcns following beta-decay cf (a; ZSSi ant (b) ‘“Ti. The
numbered peaks arise from proton decay of the respective T = 3/2 levels in masses
25 and 41, as described in the text.



Table 4-3. Proton Decay Energles (center-of-mass) of the Lowest T=3/2 Statos

=% wmeeoweewoeae- Proton decay (c. m.) onergics (MeV + kaV)

Final State

in Proton Duduced from Present Weighted
Frecursar Daughter Previous Work Re"4, Results Average
37(:u 36/” (g.8.) 3.1898 + 2.4 Go67 Be73 callbrant
255‘ “Ma(lx)“) 4.2623 ¢ 2.8 1\403688.7:;1: 69a calibrant
b}
L 3 . 40 4.779 + 4 Enb67, Te 69 4.851 £ 6 4.851 x 6
Ti Ca (g.s.) Gr 68
21 Mg ZONn (lx)c) 4908 ¢ 5 Mc 69 4.898 + 6 4.904 2 4
25 24Mg(g-s-) 5.6309 = 2.8 calibrant
29 285, (.01 5.633 %4 Yo 66, Mo 68, 5.633 ¢ 6 5.633 2 3 9
g2 To 6%a, Ba 72
Z’M;; ZONo(g.s.) 6.542 =5 6.533 % 6 6.538 & 4
a} Excitation energy of the first-excited state in zaMg is from (En 67).
b) This is not a welghted average, but from this work only.
¢} Excitation energy of the first-excited state in “oNu ie from (Aj 12).
d] By combining this average with the resonance energy measuraments of (Yo 66}, (Te (9a}, and (Ba 72} with the direct

cxcitation energy maasurements of (Mo 6B) and {Ba 72), an improved value of the Zfip ground.state mass-excess of

-11,.949 £ 0,004 MeV results.

1
S
o
)
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4
excited state in Z‘Mg is well-known (En 67), so the two proton peaks

from 25

Si shown in Fig. 4-1 differ in energy by a precisely known
amount.
With the exception of the 72 keV discrepancy for the Hge re-

21

sult, the other nuclides, Na and 29P, give values in excellent agree-

ment w:.th the previous measurements and are a unique check on the
self-consistency of the T = 3/2 state excitation energies. For 4151:,
the previous T = 3/2 state agsignment (En 67, Te 69, Gr 68) is in sub-
stantia” disagreement with the present result. This reassignment has
been confirmed by recently reported results (Tr 73) from 40Ca(ﬁ, p)
studies from which J™ can be uniquely determined. The result of this

resonance experiment has been combined with the present measurement

to give the proton decay energy listed in Table 4-4 below.

2. Additional energy calibrants

In addition to the proton decay energies from T = 3/2 states

21Na and 25A1 exhibit

just described, other well-known states in
strong proton decay peaks that can serve as energy calibrants. These
states are lower in excitation, and their resulting low-energy protons
(Ep {lzb) < 2 MeV) are important in establishing a low-energy calibra-
tion. These stateg, their respective proton decay energies and the

energy regione of interest are tabulated in Table 4-4 Also listed is

similar information on the T = 3/2 states discussed above.



Table 4-4. Delayed-Proton Peaks Used as Energy Calibrants
(Energies in MeV % keV)

Reaction and

e . Excitation Final State Proton Proton Energy
recursor in Emittor Ref. in Daughter Encrgy (Lab) Range a)
2y, 3,545 & 2 Vabd, Bl69a 205c g. . 1,060 + 0.4 A2,3)
Ha 72a
4.294 %3 Va 64, Bl69a g. 8. 1.773 £ 2 A(2,3)
Ha 72a
4.468 £ 5 Vaéd g. 8. 1.939 £ 5 A(2,3)
8.970 + 4 Table 4-3 g.s. 6.225 + 4 A(1), D(1) o
8.970 + 4 Table 4-3 1.634 4.669 + 4 A(1,2), D(1) 'I_\
256 4,497 £ 1 Ro 70, Br 73 24Mg g 8. 1.849 # { B(2), D(2,3), E{3)
4.582 + 1 Ro 70, Br73 g.8. 2.248 ¢ 1 B(2), D(2,3), E(3)
4.582 + 1 _Ro 70, Br73 1.369 5.905 + 2 B(2), D(3), E(3)
7.902 + 3 Table 4-3 g. 8. 4.091 £ 3 A{l), B(1,2), C(1), DI1,2)
7.902: 3 Table 4.3 1.369 5.4049 + 3 A1}, B(1,2}, C(1), D{4,2)
STCa 5.047 & 3 Table 4.3 BbAr g.8. 3.{13 13 C(1)
Aty 5.939 ¢ 4% Table 4-3, Tr 73 40c, g, s. 4,734 2 a® D(1, 2}

continued.



Table 4-4 {continued)

a)

b)

Reaction

2oNe + 3He

B. %%Mg+ 3He
. 36Ar + 3He

. a4 3.

D
A
E. Yca+ p

Weighted averapge of present result

Proton Energy Range {Lab)

-

. Ep?> 2.3 MeV only
2. 0.7 MeV < Ep < 5.5 MeV

3, Ep < 3 MeV only

and that from {Tr 73).

-Z76-
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The 23A1 experiments used two methods of energy calibration.

For those results obtained using the pulsed-beam method, low-energy
protons, accelerated as H; beams, were elastically srattered directly
into the detector tclescopes by a thin Au feoil. The beam energies, as
measured in an analyzing magnet (Hi 69), were 0.63 and 1.15 MeV/
nucleon, Sccondly, for those 23A1 experiments using the helium-jet
system, delayed-protons from 4OSc were used as energy calibrants.
{These results are discussed in more detail in the 23A1 and 4OS(: sec-

tions, respectively.)

B. Results for Zng

The earlier prediction (Wi 70a) of a mirror beta-decay-rate
asymmetry proportional to decay energy, as shown by Eqg. i-1, yields
(f_t;)+/(££)-~ 1.07 for mass 21. However, the previous Zng data (Ha
65a, Ve 68), when compared to 21F negatron decay rates, show strong
disagreement with this prediction, These earlier delayed-proton exper-
iments were hampered by a large, low-energy background, relatively
poor energy resoclution, and a limited observable energy range.

The results discussed here have been reported in Ref. (Se 73).

1. Discussion of data
The 21Mg experiments were done at 29.5 MeV, on a Ne-He gas
mixture. As can be seen from Table 4-1, this bombarding energy is
sufficient to produce 20Na., but avoids the possibility of producing 17Ne.
a. Proton spectra. An identified proton spectrum obtained with
an 14-pm AE 265-pm E detector telescope is shown in Fig. 4-2. The

energy region between 2.3 and 7.5MeV, acquired with 50-pm AE and
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_ 20Ne(aHe,Zn)z'Mg 7
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29.5 MeV
600 — —
I Hum AE
265,m E
400~ 5 ]
- > |[¢—~50 keV FWHM -
200 3 l
J g T
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W‘ M !
T T ] 1 T f T T il E— :
o7 1.0 1.5 2.0 25 3.0 3.5 4.0 45 50 55

Observed proton energy (MeV)
XBL 7210-577¢
Fig. 4-2. An identified proton spectrum acquired with the counter telescope noted in
the ligure. All peaks are associated with the decay of Mg and are numbered to cor-

respond with the data listgd in Tables 4-5 and 4 6. The vertical arrows denote decays
from the T = 3/2 state in “INa,

-pG-
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500-uym E counters, is showa in Fig. 4-3, with batter statistics than

in Fig. 4-2. The numbers abcve the peaks correspcnd to the peak num-
bers and decay assignments in Tables 4-5 and 4-6 below. Additional
data taken with a 6-um AE 50-um E telescope are shown in Fig. 4-4,
spanning the low-energy proton range from 0.6 to 2.2 MeV.

No known p+—de1ayed proton precursors could be produced from
likely contaminants in the target gas. Although 2‘)NaL can, in principle,
decay via electron capture to proton unbourd levels in 2ONe, the result-
ing maximum proton energy (lab) would be < 1.0 MeV (Go 74, Wa 71).
The half-lives exhibited by all statistically significant peaks in the se-

21 Mg

quential time-routed data were found to be consistent with the
half-life. Hence the proton spectra obtzined consist solely of decay
peaks from break-up of proton unbound levels in 21Na.

Between proton lab energies of 2.4 to 4.3 MeV, the spectra are
composed primarily of three sets of multiple peaks, making the extrac-
tion of accurate intensities difficult. Figure 4-5 shows a typical decom-
position of one set of multiple peaks using the Gaussian peak-fitting pro-
gram described in Sec. IIl E. The energies, intensities and widths of
peaks 9 through 19 remained consistent for data from three separate
experiments when analyzed in this manner.

The energy calibrants used to obtain the proton peak energies are
listed in Table 4-4. The resulting lab energies for the 25 proton peaks
are shown in Table 4-5. along with the relative intensities for each peak;
these numbers are averages over several different experiments. The
energy resolution achieved in these experiments is shown in each spec-

trum; typically momentum broadening from the preceding ;3+ dzcay
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Fig, 4-3. Delayed protons from 2'A‘Mg with energies greater than 2.3 MaV, Apain the
numbers correspond to proton decay data shown in Tables 4-5 and 4-6; the vertical
arrows point to peaks arising from the T = 3/2 state decay.
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T ] |
500 2°Ne(°He.2n) ®'Mg 6” ~
295 MeV
400 & pum AE -
50 um E
ﬁ

300 — l —

65 keV FWHM—;-—* «—
200~ i -
100 — ]

7

HJM :
O

I
2.0

Observed proton energy (MeV)
XBL 7311-6805

Fig. 4-4. Low-energy proton spectrum following the decay of
Zng The peak numbers and arrows have the same connotation
as in Figs. 4-2 and 4-3.
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{ T T T T i T
150
100
50
0 1
60 70 80 90 100 1o 120
Channel number
XBL7211-4905
Fig. 4-5. A sample multiple-peak group with proton energies be-

tween 3.0 and 3.5 MeV analyzed using a Gaussian peak-fitting pro-
gram (see discussion in text). The numbering system and dataare

identical to that in Fig., 4-3.
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Table 4-5. Observed proton energies and relative intensities for

2

ihe delayed-proton decay of 1Mg. The peak numbers correspond

to the identification numbers shown in Figs. 4-2, 4-3, and 4-4.

Peak Ep (Lab) Relative a)
Number MeV + keV Intensity(%)
1 0.902 £ 20 16.6 + 0.5
2 1.060 = 0.42 4.3 0.6
3 1.257 £10 23.3 % 1.7
4 1.498 +10 6.3 £ 0.6
5 1.773 = 2P 51.4 % 2.0
6 1.939 = 5% 100.
7 2.042 215 8.3 % 1.0
8 2.157 =25 4.6 % 0.4
9 2.474 220 7.6 % 2.0
10 2.588 230 2.9 £ 1.0
11 3.167 %35 3.3 £ 0.2
12 3.271 %25 5.9 x 0.3
13 3.377 15 4.5 % 0.5
14 3.487 %35 1.35% 0.10
5 3.600 £50 1.3 % 0.2
16 3.742 235 3.6 £ 0.
17 3.873 £20 10.3 £ 0.4
18 4.043 225 2.46x 0.20
19 4.142 £20 1.0 = 0.
20 4.514 215 2.5 = 0.
21 4.669 = &%) 14.4 2 0.7
22 5.584 %15 0.48% 0.05
23 5.699 +15 0.73% 0.06
24 6.081 +25 0.57% 0.10
25 6.225 = 4P 5.5 % 0.1

a) These are relative to the mosi intense proton group - peak 6.
b) Energy calibrant, see discussion in Sec. IV A.
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contributed 5to14keV to this width (see Table 3-1). These measurcments,

covering a broad energy range, include all the significant proton decays
»

of those unbound levels in ZiNa fed by the positron decay of <! Mg.

b. a-particle spectrum cnd results. States in ZlNa above 6.56

MeV are unbound to a decay to ’7F, as noted in Table 4-2. In partic-
ular, the lowest T = 3/2 state is a-unbound by 2.4 MeV (Wa 71). This
nuclide is the heaviest member of the Tz= -1/2, A = 4n+1 series whose
lowest T = 3/2 state is a-unbound {both alpha- and proton- decay
branches arc exhibited by the T = 3/2 level in ”’N (Ad 73) while an up-
per limit for a decay has been obtained for decay of the T - 3,2 state
in 17F (Ha 71, Ad 73)). Simple barrier-penetrability predictions (fol-
lowing the prescription in Sec. II1 D) fer £ = 0 a emission from the
21Na. T = 3/2 level to the 17'F ground state suggest that, as an upper
limit, this (isospin-forbidden) decay is relatively \'.lnhindercd by the
Coulomb barrier. In fact, the penetrability for this decay is compara-
ble to that calculated for the proton decay of this state to the third-
excited state in 2ONe. as shown in Table 4-7 below.

An experimental search for this possible decay mode employed a
4-pm AE 48-pm E detector telescope:; a-particles with energies as
low as 1.4 MeV could be reliably identified. The resulting spectrum is
shown in Fig. 4-6; as can be seen, the p+—delayed e decay of 20Na
dominates the spectrum. Since proton data from delayed-proton decay
of Zng were collected gsimultaneously, direct comparison of the inten-
sities establishes a limit for this possible decay branch of < 1.¢ .. rol-

ative to the total proton decay.
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F‘igz 4-6. Identified a-particle spectrum following 3l-le bombardment
of ¢UNe. The predicted location for @ particles from decay of the

2iNa T = 3/2 state is shown by the arrow at lowest cnergy. The re-
maining arrows indicate a-particle groups and th%ir respective labora-
tory energies (in MeV) following the p* decay of e0na,
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The energy calibration scale for the a-particle spectrum was taken
from the known decays of the 7.42-and 10.26-MeV levels (Aj 72) in ZoNc,
which result in a energies (lab) of 2.16 and 4.42 MeV respectively.
Using these as calibrants, the deduced energies of the other major
peaks arising from 2oNa. decay are shown in Fig. 4-6, along with the
location of the potential 1.95-MeV a particle from 21Na (T -3/2). The
intensities of these peaks relative to the 2.16 MeV peak (100%]) are:

2.50 (4.5%); 3.81 (1.8%); 4.42 (17.8%); 4.66 (0.6%); 4.86 (1.3%). These
energies and intengities agree with the recently published results for
p+-delayed alpha decay of 20Na (To 73a).

c. Half-life measurements. Since 2 Mg is the only known de-

layed-proton precursor present in the spectra, no systematic errors
from contaminant activities should be present to distort the measured
lifetime. Combining data acquired uaing the two methods described in
Sec. III C, the present determination of the Z’Mg half-life (resulting
from four independent experiments) is 123.4 £ 3.3 msec. This com-
pares well with the previously reported Zng half-life of 121 = 5 msec
(Ha 65a), and gives a weighted average of 122.5% 2.8 msec. This

average value has been used for all subsequent calculations and results.

2. Analysis

a. Assignment of energy levels. The center-of-massprotanenergy

and the parent state in Z’Na for cach of the peaks in Table 4-5 are given

in Table 4-6. Unfortunately some ambiguities remain regarding a few of
these agsignments for the observed protonpeaks. Suchuncertainties arise
due to the two or more decay modes available to states above 5 MeV in ox-

citation. The energylevels of Zi1Na up to -5 MeV have been extensively



Table 4-6. Proton onargies {rom the decay of unbound levels in Z’Nn {ed by [).-dccn.y of Z’Mg. and a comparison of 21Nn energy tevels
inferrad from this work with provious results, Undorlined numbers preceding each entry correspond to peak-identification numbers shown

in Fige. 4-2, 4-3, and 4-4, (All entrics given as MeV = keV).

20 Doduced®!
Proton Enargics (c.m.} Corrasponding to Decay to the Following L 2vels in " Ne: Energies in Previous Work
g 0. 1,636 MeV 1.247 MoV 4.968 MoV 2INa En67 Bu 68 Othar
2 14132 0.4 35454 2 35442 8 3.54 2 20
5 18624 29 .8 4294 3 4.294% 9 1.28 % 30
6 2.036s 50 .- 14682 5 4.168% 9 .41 % 30
9 2.598 % 20 1 0947420 5.022 £ 15 4.99 & 50 4.99 = 30 s.039
x 3 13204 10 5.386 # 10 5.343 30 &
11 3.326235 x<) 5.758 # 35 5.69 5.78 ¢ 30 w
12 3435825 X 5.867 % 25 5.82
13 3547215 x° 5.979 & 15
13 3.6628 35 x°! 6.094 2 35 6.08
15 3.78 450 x® 621 £ 50 6.24 6462 30
16 3.9301 35 B 2.265825 6341 & 20
17 4,068 3 20 X 6.500 ¢ 20 6.51 6544 30 a.52"
22 B.B65 % 15 18 4.246 25 X X T oea301415 (835 8.3 2 30
23 5.9864 15 19 4350220 X X #4172 15
20 6.3874 2% 20 4.7414 45 7 2,145 15 X 81 wB1es 10
25 6538 4% 21 a900s 4 x 4 1573210 8 wys0a " p90s 40 8.97 2 30¥

Unassigned proton poak: 10 2.718 ¢ 30”

continued, . .




Table 4-6 {continued)

a)
b)

<)

d)
e}
f)

g}

h})

i)

i

The cnergies are calculated using a proton separation encrgy aof 2. 432 + 0.002 MeV (sce Table 4-2).

These proton energies were used, in part, to determine the energy calibration {see discussion in Sec. 1V A},

Unobserved, but energotically-allowed, proton decays within the experimental range are marked by X, while those outside
thic range (x 600 keV) arc shown by --.

Ref. (Am 69)

These possible decays were obscured by peaks arising from the decay of othor states.

Ref. (Be 67a)

Poasaible proton decays from these levels leading to higher excited states in 20Ne a.e also within the present enerpy range,
but no such decays were observed.

This number is based on the average of the delayed-proton results and reso’ ance measurements discussed in Scec, IVA.

10

This number is correcled based on the remeasured mass of ~C (Br 68).

The possible origin of this peak {s discussed in the text,
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studied (Bl 69a, En 67), most recently by Haas, et al. (Ha 722) using
2ONe (p, y) and 2oNe (d, ) reactions. In addition the energy levels in
the mirror 21Ne nucleus have also been recently investigated (Ro 72),
and assignments of mirror levels up to 4.8 MeV have been made for
these nuclei (Ha 72a, Ro 72).

States in z‘Na populated by allowed betz decay from 21 Mg will
have J7 = 3/2+4, 5/2+, or 7/2+, since the ground state spin and parity

of 21 21

Mg is presumed to be 5/2+, in analogy with its mirror “°F. Fur-
ther verification comes from the determination that J" for the lowest
T = 3/2 state in eack of the T,= £4/2 isobars s 5/2+ (ZiNe: Ref. Bu
68: 21Na: Ref. Be 70). It therefore seems rezsonably unlikely that
additional levels capable of being fed by allowed beta decay could exist
for excitation energies < 5SMeéeV. For this reason, no new levels below 5 MeV
are postulated in Table 4-6. Peak 3 has been associated with decay of
the 5.39-MeV atate to the 20Ne first-excited state, although it could
have been assigned a level ~ 3.75 MeV. For reasons just noted, the
former assignment appears to be the more correct.

Peak 10, on the other hand, has not been assigned to any level in
ZiNa, although it certainly arises from the |3+ decay of Zng. How-
ever, it is not certain whether this relatively wezk peak is due to decay

to the ground state, or the first-excited state in 20Ne. Although it has

21N::l, the proton intensity is

not been associated with a parent state in
included in subsequent branching ratio determinations.
Three peaks arise from the decay of the T = 3/2 state (denoted by

the vertical arrows in Figs. 4-2, 4-3, aad 4-4); the proton decay to

the seconu-excited state was not observed, although the resulting peak
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would appear in the region of peak 8. This peak, however, consistently
exhibits a width three times larger than is observed for the other (iso-
spin-forbidden) decays of the analog state, and su was not associated
with the T = 3/2 decay.

Table 4-6 also indicates the comparison of the 21Na energy levels
deduced from the present data with those found in the literature (Bu 68,
En 67). As noted in Sec. IV A and Table 4-4, proton groups 2,5, and
6 were used as part of the energy calibration; the corresponding excita-
tion energies result directly from the data of Refs, (Va 64, Bl 69a, and
Ha 722). No comparison with these values is therefr:e shown under the
heading ''previous work.'" Only those energies that reasonably cor-
respond to the excitation energies deduced from the present data are
listed in the last three columns of Table 4-6. Although some T = 1/2

21Na have been established, spin and parity as-

states above 5 MeV in
signments for these states are generally unavailable. As it is diificult
to correlate the present results with previous measurements, the en-
ergies of excited states above 5 MeV are taken from the present study

only and are used for all subsequent calculations.

b. Decay of the T = 3/2 state. The particle decays of the lowest
A

T = 3/2 state in INa are shown in Table 4-7. Of the potential decay
modes not seen in the present work, penetrability calculations indicate
that only proton decay to ZONe* (4.25 MeV) and a decay to 17F (g.s.)
might be expected. An upper limit for each of these two decays has

been obtained, but neither is included in the branching ratic and log £t

calculations shown below.



Table 4-7.

Energies, Branching Ratios and Penetrabilities for Particle Decays

of the Lowest T = 3/2 State in 21Na
Final® Particle Ohserved Relative .
State Decay Energy Intensity Branching Penetrability
(MeV" Al {c.m. }{MeV) (%) Ratio (%) P /1
o1 2ONe 0.000 o+ 6.538 1.76 ¢ 0.12 2022 0.99 1.8
1.634 2+ 4.904 4.78 & 0.23 5643 1.57 3.0
4.247 4 2.291 <0.35 0.061 <5.7
4.968 2- 1.573 2.02 & 0.49 24%2 0.096 21.0
5.622 3- 0.916 b 0.010
5,785 1- 0.753 X 0.004
a+ 1R 0.000 5/2+ 2.410 <1.60 0.670 < 23
0.495 1/2+ 1.915 X 0.002

3) Excited states in ZONE are from (Aj 72) while for 17].7‘ they are {rom (Aj 71).
b These are stated in terms of the percent of the total proton decay of "’Na. Possible groups marked X were unobserved, though

within range of observation.

These results agree qualitatively with the observations in (Mc 39) where recsonances were found in

the Pgr Py and py channels.

€} This is calculated as discussed in Sec. LD, with ry= 1.3 fm,

_Lg_
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An estimate of the small partial width contribution due to gamma
decay of this state can be obtained from the present measurement of
l"po/l" {(see Table 4-7) and the results from {Be 70), which gives
FY ~ 9 eV, The total width is ~ 1200-1500 eV (Mc 69, Te 69), so
Fy/l"~ 0.75%.

c. DBranching ratios and ft values. As noted in Sec. Il B, several

calculations for the transition strength of the superallowed beta decay
have been made. The recent shell model calculations of Lanford and

21

Wildenthal (La 73) give ( ~ 0.27 for

U)ZS.A. Mg. The earlier Nilsson
formalism estimates give (U) ZS.A. ~ 0.24 (Ha 65), in agreement with
the shell-model calculations. From the assumption of isospin purity
for the T = 3/2 state in >'Na (i.e., a> = 1 in Eq. 2-20), Eq. 2-14 then
gives log ft = 3,26 which in turn yields a2 calculated branching ratio for
this decay. It should be noted from Eq. 2-14 that the ft values are
relatively insensitive to { 0')2. For an uncertainty of up to = 50", ir
the estimate of the Gamow-Teller matrix element, the transition
strength is affected by ~ 5%, and the subsequent log ft by ~ £0.02.

The Zng proton intensities, relative to the total proton decay
from the T =3/2 state, are thus a measure of the beta decay strength;
the beta branching ratio for each unbound level, and hence the partial
half-life, can be obtained from these relative proton intensities. These
branching ratios are shown in column 4 of Table 4-8 for each unbound
level in ZiNa. Lack of p-decay data to bound states in ZiNa precludes
a2 worthwhile discussion of isospin mixing in its T = 3/2 analogue state.

For beta decay to the bound states, the intensity ratios for these

21 - -
three levels are taken from the mirror ZiF—- Ne B decay (Ha 70a).



Table 4-8.

Branching Ratios and ft Values for the Positron Dacay of

’Mg.

Energy Luvula)

Proportion of

Branching Ratiod

Theoretical Prediclions

f}

In z’Nu b) Proton Decays From Zng Ed.c) Log ft Lag ft E, in
{MeV) hid % {%) (163 aec) (sac) (sec) {MeV) "
0.000 3/2+ 15.8 # 4.03) 182 = 46 5.26 £ 0.10 5,55 0.000 3/
0.332 5/2+ 40,7 # 5.08 622 8 4,79 2 0.05 4,70 0.314 5/21
1.723 1/24 10.9 = 2.08) 126 + 23 5.40 % 0,07 4.80 1.800 7/2+
3.545 5/2+ 1.38 = 0.19 0.45 & 0.07h) 1200 + 180 6.09 2 0.06 8.34 3.592 5/2+
4.294 5/t 16,48 + 0,65 5,36 + 0,31 65.9 + 3.6 4.82 + 0,02 5.21 4.445 5/2+
4,468 3/24 32.09 £ 0.34 10,45 2 0,46 30,4 £ 5.2 4.48 = 0.02 4,44 4.353 3/24
5.022 (5/2+, 3/24) 7.76 £ 0.68 2.53 % 0,25 88+ 8 4.95 % 0,04 4.67 5.600 3/2+
5.386 7.47 + 0.55 2,43 £ 0.21 REX:! 4.85 % 0.03 5.33 5.345 7/24
5.758 1,06 = 0.06 0,34 %+ 0,03 384 % 27 5.59 = 0.03 4.99 6.147 7/24
5.867 1.89 + 0.10 0.62 + 0.04 198 + 13 5.30 & 0.03 4.84 6.230 3/2¢
5.979 1.44 = 0.16 0.47 % 0,06 239 = 28 5,38 £ 0.05 4.82 6.602 7/2¢
6.094 0.43 £ 0.03 0.14 = 0.04 730 = 60 5.86+ 0.03 4.6% 6.932 5/2+
6.21 0.42 %= 0.06 0.14 + 0.02 690 + 110 5.84 = 0.06 5.68 7.322 /24
6.341 2,63+ 0.19 0.86 + 0,07 98+ 8 4.99 £ 0.03 4.59 7.588 3/24
6.500 3.29 = 0.13 1.07 = 0,06 69.1 = 3.8 4.84 £ 0.02 4.73 7.689 5/2+
1.24 8.201 502+
8.301 0.94 = 0.07 0.31 %+ 0,03 40.2 = 3.3 4.60 £ 0.03 3.81 8.672 5/21
8.7 0.55 £ 0.07 0.18 = 0,02 5y = B 4.77 % 0.05 4,67 8,685 320
8.8106 3.65 x 0.36 1,19 & 0,13 5.4 % 0.0 3.73 4+ 0.04 5.93 8.H01 T2
8.970 5/21, T=3,2 B.56 + 0.33 2.79 % 0.16 1.80 3.26 3.26 8.993 5 2+, 1
E, = 2.718" 0.93 £ 0.32 0.302 0.1

continued . ., .



Table 4-8 (continued)

a)

b}

c}

d)

e}

f)

a)
h)

i)

Energies of bound states (below 2.43 MeV) are taken from {Ha 72a} while the remaining three levels below 5 MeV are
discussed in the text. The energies above 5MeV are from the present work anly.

Spins and parities are from (Ha 72a).

The sum of the protan decays equals 91.0% since there is a 9.0% praton 'background' made up of decays apparently due
to weakly populated, broad levels too weak to analyze,

The branching ratios and {t values are calculated assuming complete isospin purity of the T=3/2 state, and allowance

has been made for the 0.75% gamma-decay branch from this level (see text).

The ft values are calculated using the Q  listed in Table 4-2, and a half-life of 122.5+ 2.8 msec.

B

These calculations are from {La 73). For the predicted T =1 /2 states between 6 to 9 MeV, no general attempt was made

to correlate these individual levels with the experimental results.
These branching ratioa were calculated from comparison to the mirror 211" decay (Ha 70a).
This value has been carrected for the FY/I"'-Z.E% (Bl 69a).

This unassigned peak is discussed in the text. Only the decay energy is listed, since the level from which it originates

is uncertain.

-02-
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The resulting branching ratioe are also given in Table 4-8. In addition
to these three allowed f-decay transitions, Harris and Alburger (Ha 70a)
also reported an upper limit for the negatron branch leading to the

2.790-MeV state in 21Ne. Rolfs, et al., (Ro 72) have subsequently re-

ported J7 = 1/2-for this state, consistent with its assigned mirror in
21Na.. Hence there is a level at 2.80 MeV in 21'Na. potentially fed by
first-forbidden unique beta decay. However, since only an upper limit
for this decay has been established (i.e., a lower limit on the ft value),

21'Mg ﬁ+ decay ig-

the present calculations for the branching ratios for
nore this possibility.

Calculations of the statistical rate function, f, were made for each
positron decay shown in Table 4-8 following the method discussed in
Sec. 1 A. The consequent ft values, and their logarithms are tabulated
in columns 5 and 6. The shell model predictions for energy levels and
pB-decay transition rates in mass 24 are taken from (La 73), and are
listed in the last three columns of Table 4-8. These calculations used
a complete sd shell basis space for the five nucleons outside an 160 c. e,
Log ft values were obtained for the T = 4/2 levels with J" = 3/2+, 5/2+,
and 7/2+, as well as for the lowest T = 3/2 level (see additional discus-
sion below).

The deduced energy levels in ZiNa. and the beta decay branching
ratios and log ft values resulting from the data presented here are sum-
marized in the Zng decay scheme in Fig. 4-7. For those T = 1/2 states
having more than one observed decay branch, the proton intensities and

reduced-width ratics are listed in Table 4-9.
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Table 4-9. Reclative Branching Ratios and Raduced Widths for
the Decay of T = 1/2 Statos in 2'Na

Ratio of Reduced Wid:hnb

21 Inlonllty‘ ol Intenaity
o 107 Na Proton Decay Ratioa ix/gs 2x/gs

(MaV) To g. 8. To ix To 2x tx/ga x/ge 324,5/24 U2 3/2+,5/2+ e

5.022 2,44 2 0,64 5,324 Q.17 2.2 4.3 - --

6.344 1.452 0.16 1.472 0.13 1.1 0.73 0.3 -

8,301 0.15 2 0.02 0.79 & 0.06 5.3 32 0.48 -- '
-3

B.417 0.23 % 0.02 0.32 & 0.06 i.4 0.85 0.13 - be

8.816 0.18 = 0.03 0.80 % 0.16 2.66 % 0.32 ’ 14.8 2.8 0.96 310 1.6

a) This is quoted as tho parcontage of the total proton decays (rom z‘Nn.

b) The reduced widths are calculated by dividing the abserved intensity by the penetrability (or the decay (using the lowest

poseible f) assuming tho state has J" = 3/2+, §/2+, or 7/2+. The penctrabilitics wero ovaluated using £, ¢ 1.3 [,

(I
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3. Discussion and conclusions

a. Comparison of experimental and theoretical results. The ma-

jor experimental and theoretical results appearung in Table 4-8 have
been illustrated in Fig. 4-8. Enough data exist to permit comparisons
of theoretical and experimental p-decay transition rates to levels up
through 5.6 MeV in excitation. Such a comparison shows excellent
agreement except for the decay to the 3.5-MeV state, for which a
strongly hindered transition is predicted. Although the present results
indicate that this decay has a considerably greater strength than pre
dicted, it is the weakest of all the (allowed) f-decay rates measured.
Qualitatively the difference between experiment and theory for this
case probably represents only a small change in the matrix element
cancellations arising from details of the wavefunctions.

Based on known spina and parities for states at 4.294 and 4.468 MeV,
the predicted levels at 4.35 (J" = 3/2+) and 4.45 MeV (J" = 5/2+) have
been inverted in order that the known and predicted spins correspond,
The level at 5.022 MeV has been tentatively assigned I7=(3/2, 5/2)4.
based on earlier measurements (Ha 72a). The shell model calculations
show a staie at 5.60 MeV with J" = 3/24, while the next available 5/2-
state is predicted to be at 6.9 MeV. Thus the two predicted levels at
5.35 and 5.60 MeV have been exchanged in Table 4-8 to align these
possible 3/2+ states. (The alignment of these pairs of levels is shown
in Fig. 4-8 by dashed lines.)

A more circumstantial case may be made for correlating the cxper-
imentally deduced level at 5.386 MeV with that calculated ta be at 5.35

MeV. The measured and predicted beta-decay rates show moderate
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agreement, and a state at 5.34 MeV has been identified by Butler, et al.,

(Bu 68) in ZaNa(p, t). I this state has J7= 7/2+, the two neutron trans-
fer could readily proceed via L = 2 pickup, while a 20Ne (p, p) resonance
experiment would require £ =4. This might explain why no level at this
excitation has been reported from such resonance experiments.

Ofthe 16 J" = 3/2+, 5/2+, 7/2+ T =1/2 levels predicted above the
proton separation energy, 15 levels with log ft values consistent with
allowed Gamow-Teller decay have been experimentally located, plus
one additional unassigned proton decay peak that almost certainly be-
longs to a separate, though unidentifiable level. The sum of the pre-
dicted strengths to the first eight states in 21Na (up through 5.6 MaV)
is 90% of the total calculated decay strength from 21 Mg, while these
experimental results indicate 89% of the total [3+ decay populates these
states, Individual comparisons of the predicted and experimental transi-
tion strengths for decay to these low-lying levels chow a difference of
less than 109, between log ft values (with the exception of the 3.5-MeV
state noted previously). This reinforces the 5% (rms) and 127 (max-
imum) deviation in the logarithms found by Lanford and Wildenthal
(La 73) in a more general study of theoretical vs experimental log ft
values in the mass ranges A = 17to 22 and 35 to 39.

The level at 8.816 MeV exhibits a relatively fast f-decay transition
rate (Go 66). It should be emphasized that this strength is predicated
on the assignment of peaks 7,20, and 24 to this level (cf. Table 4-6),
which is a2 reasonable assumption based on observed decay energies

and widths. If one assumes that mixing between this level and the
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8.970-MeV, T = 3/2 state (2ssuming identical J™) might simply account
for this enhanced decay strength, the necessary T = 3/2 admixtire can
be estimated from Eq. (2-22). However, the resulting admixture of
~309% would imply both an unusually strong charge-dependent matrix
element, and an isospin impurity of the T = 3/2 state considerably

17

greater than that experimentally determined for T = 3/2 states in ~ 'F,
33¢1 (Ha 71) or *!Ti (see later discussion in Sec. VD). Further, i
such substantial mixing were to occur between these levels, one might
expect the particle decay modes of these states to be similar. Tables
4-7, 4-9, and Fig. 4-7 indicate that this is not the case. Lanford and
Wildenthal (La 73) in fact predict a log ft = 3,84 for a 5/2+ state at 8.67
MeV (see Table 4~B and Fig. 4-8), which compares remarkably well
with the experimental v:lue for the 8.816 MeV state (log ft = 3.73). It

therefore seems quite plausible that these levels in fact correspond,

b. Mirror decay rates. From the assumption of isospin purity

for the ‘uwest T = 3/2 state in 21Na, and the resulting [34 -decay transi-
tion rates to other levels in 21Na, the expected half-life for the mirror
B~ decay of 21F can be estimated. As noted previously, the mirror

21 21Ne have been 2ssigned up to 5 MeV (Ro 72). Hence

levels in ""Na and
partial half-lives for allowed B~ decay to the first six levels with

g7 = (3/2, 5/2, or 7/2)+ in 21Ne can be calculated from the present
experimental values of (g;_)Jr for positron decay to the analogs in ZiNa.
Comparison of this predicted half-life thus obtained with the measured

2UF half-life of 4.35+ 0.04 sec (Fo 65) gives (f) /(£ = 1.10 £ 0.08.



C. =esults for 25Si

Although the more complete delayed-proton results for ZSS'L re-
ported by Reeder, et al., (Re 66) are a considerable improvement over
the early experiments (Ba 63, Mc 65, Ha 65a),it is still of interest to
obtain high resolution delayed-proton spectra spanning a large energy
range. Since the determination of absolute beta-decay strengths de-
pends on measurements of all the significant particle decay branches
of the T = 3/2 state (for which the superallowed p-decay strength can be
calculated), such high resolution experiments riight serve to reduce the
errors on the ft values, and in turn, yield a more accurate ratio of

&/ .

1. Discussion of data

The 2

4Mg('?'He, 2n)25Si experiments were done primarily at 29.5-
MeV and 40-MeV bombarding energies on a natural Mg target. Although
a 40-MgeV 3He beam is energetic enough to produce Zng via the 24Mg
(3He, 2na) reaction (see Table 4-1), no proten peaks associated with
its decay were seen. A experiment performed with a 60-MeV 3He beam
did, in fact, produce peaks identifiable with Zng, notably those prom-
inent peaks at 1.773 and 1.939 MeV (peaks 5 and 6 in the Zng spectra
shown in the previous Section). These peaks, along with the 25Si peaks
at 1.849 and 2.218 MeV, served to cross-check the accuracy of these
energies as calibration points (as listed in Table 4-4).

a. Proton spectra. The 255i delayed-proton spectrum displayed
in Fig. 4-9 was obtained using a 10-ymAE 250-pm E detector telescope.

These data were taken at a 3He beam energy of 40 MeV. The peak
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Fig. 4-9. Delayed protons from 25Si. The numbers serve to ilentify peaks in Tables
4-10 and 4-11. The vertical arrows denote peaks arising from decay of the T - 3/2 state.
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numbers are used to identify the peaks for use below in Tables 4 10
and 4-11. Additicnal data, not shown here, were acquired using both
thinner (6-pm AE 50-ym E) and thicker (50-pm AE 500-um E) detector
telescopes. In the latier case, no additional higher cnergy proton
groups (ED> 5.5 MeV) were identified.

No known [3+-delayed protons could originate from any likely
target contaminants. However, competing reactions from the 24Mg +
3Hc reaction can occur, in principle. The production of 21I\Ig as one
of these has already teen discussed. The nuclide 24Al, and its isomer
?‘4!\.1:-n can both be produced from this reaction, though the 29,5-MeV
bombarding energy is only a few MeV above their respective thresholds.
Both have been identified as delayed alpha precursors (Ha 72!, although

2

either can positron decay to proton unbound levels in 4Mg (Ta 71).

However, all statistically significant peaks in the time-routed data were

found to exhibit half-lives consistent with that of 25

ting 24Al and 24A1m as sources of the intense proton peaks.

Si, thereby elimina-
The energy calibration points used here are designated in Table

4-4. The resulting lab energy for each of the 24 proton peaks is

listed in Table 4-10, including the relative intensity for each of thesec

peaks. The energy resolution is ~ 40 keVv FWHM, which is just suffi-

cient to resolve peaks 40 keV apart, as in the case of peaks 5 and 6.

In the spectrum: shown in Fig. 4-9, there is a slight decrease in peak

intensity for peaks with energies greater than ~4 MeV, due toc a particle-

identification-gate misadjustment. The intensities for these higher en-

ergy peaks are taken from data acquired with a 50-pmAE 500-pym E

telescope. The errors on the relative intensities listed in Table 4-10
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Table 4-10. Observed proton energies and intensities for the
13
delayed-proton decay of Z’Si. The peak numbers correspond to

the identification numbers ehown in Fig. 4-9.

Peak E, (Lab) Relative®
Number MeV x keV Intensity (%)
1 0.905+ 2P 222+ 1.4
2 0.992 + 25 3.1+ 0.6
3 1.213 = 15 3.8+ 0.6
4 1.335x 15 4.7+ 0.6
5 1.405 = 20 2.7+ 0.4
6 1.445 & 20 2.7+ 0.4
7 1.522 = 15 3.8+ 0.6
8 1.616 % 15 2.9+ 0.4
9 1.728 £ 10 9.4+ 0.8
10 1.849 2 1% 33.3 £ 2.5
1 2.075 £ 10 20.3 + 0.6
12 2218+ 1P 16.8 + 1.0
13 2.895 % 15 5.9 £ 0.5
14 3.108 = 20 © 472 0.6
15 3.198 £ 20 6.4+ 0.6
16 3.333 £ 15 32.2+ 1.6
17 3.461 = 15 9.2 % 0.6

18 4.091 = 3% 100

19 4472 £ 40 5.6 % 0.8
20 4372+ 20 2.3+ 0.4
21 4.651 + 15 9.1% 1.0
22 4.768 = 20 2.3+ 0.6
23 5.451 + 15 2.7 0.6
24 5.4042 3° 21,7+ 1.6

a) These are relative to the most intense group-peak 18.

b) Energy calibration point, see discussion in Sec. IV A.
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include any uncertainties arising {rom this procedure, as well as any
atatistical effects.

b. Half-life measurements. All of the peaks have been identified

with the decay of 25Si (except at a 60-MeV bombarding energy, as noted
above). Following the description in Sec. III C, the resulting half-life,
averaged over five independent determinations, is 222.6% 5.9 msec.
This agrees with the previous values obtained by McPherson, et al.

(Mc 65)--225+ 6msec, and by Reeder, et 2l., (Re 66)--218 < 4 msec.
The resulting weighted average of these three values is 220.7% 2.9 msec
and has been used for all subsequent calculations and results quoted

here.

2. Analysis

a. Aagsignment of energy levels. The penetrability calculations

displayed in Fig. 2-3 indicate that proton decay of excited states in

5A1 can proceed to several final states in 24Mg with nearly equal
probability, which can complicate identification of the origin of a peak.
However, unlike 21Na, many excited states above 5 MéV are knowm in
25Al, making proton decay assignment somewhat easier. The accuracy
of the energy calibration also aided in these assignments.

25

The ground state J7 for “?Si is assumed to be 5/2+, analogous

to that for the 25Na ground state. The lowest T =3/2 states in 25A1 and
stg have also been assigned J"=5/2+, on the basis of their character-
istic L transfers in two-nucleon transfer reactions (Ha 66), The mea-

sured y-decay transitions from this analogue level in 25Al suhstan-

tiate the J" assignment (Mo 68). Hence allowed [3+ decay from the
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analogue, 25Si, will populate T" = (3/2, 5/2, or 7/2)+ states in 25A1.
The peak assignments are exhibited in Table 4-11, and the de-

5Al are compared to previous determinations.

duced energy levels in 2
States up to ~ 5 MeV have been the subject of intensive investigation;
these are summarized in Refs, (Li 68, Ro 70, Br 73). It is unlikely
that any new levels fed by allowed p decay exist in this energy region.
Ahove 5 MeV, recent studies employing the 24Mg(p.p) and (p, p'y) re-

2‘JLMg(sHe, d) and 28Si(p. a) reactions (Br 73),

actions (Du 72), and the
have accurately located many new levels. No new levels have been
postulated based on the present delayed proton results. In fact, the
agreement between those excitation energies inferred from the present
data, and the values obtained via reactions described above is excellent.

The two states populated by beta decay (as inferred from the de-
cay protons), at Ex~ 5.28 and 7.12 MeV, have previously been tenta-
tively assigned J™ =4/2+ in Ref. (Du 72). The lower of these is a
broad state with I'~ 485 keV (Du 72) and could be 2 doublet, one com-
ponent of which is fed by allowed beta-decay. The present proton
data show a broad peak (peak 13 in Fig. 4-9) ~ 125 keV FWHM, which
is consistent with the assignment to this level. The IT=1/2+ assign-
ment to the higher 7 MeV state is less certain, and the present data
indicate this assignment ig8 incorrect (if these levels are, in fact, the
same).

Although seven proton peaks occur with energies less than 1.6
MeV, only one of these arises from a transition to the 24Mg ground
state (peak 7). The others, as shown in Table 4-11, apparently are

due to decays to excited states in 24Mg from high-lying levels in ZSAL



Table 4-41.

Ansignmeont of observed proton decays to states in
results. Underlined numbers preceding cach entry correapond to peak identification numbers shown in Fig. 4-0. (Al eniries piven

2
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x= 0 5 1.464% 20 5,104 ¢ 20 5.08 5.401 2 10
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X x0 2 1.034%25 X 7,428 ¢ 25 74172 % A2 10 bu T2
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24 5631 3 gaaze3s 3% 6 1506420 4 13912 15 70024 3% )
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796k 3 5 A 6h™
L9748 ¢ &t 7™
xf 20 4.556 = 20 9 1.801 210 8 $.684% 15 BA93 & #.204 30" £ s O teota™

cantynued . . .
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Table 4-11 {coniinued)

a)
b)
c}

d}
e)
£)
g}
h)
1}

These energles are calculated using a proton separation energy of 2.271 = 0.001 MeV (sce Table 4-2).

The original excitation energies given here have been corrected for the chanpge in separation enurgy.

Energetically allowed proton decayus that are below the cxperimental energy ranpe (< 600keV) are deroted by --, while
those within the detectable energy range but unobserved in these experiments are denoted by X.

Part of the energy calibration, see Sec, IV A.

The excitation energles of these atates, which are averages of previous results, are from Table 4-4.

-gg8-

Possible evidence for this decay branch exists in some spectra.
Potential decay peak obscured by more intense poaks in the energy region of interest.
From the delayed-proton results in {(Re 66).

Weak evidence {or thls possible decay exists in some spectra {as a high~energy shoulder on peak 24}.
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Of these, only peak 2 has been assigned a level with no other observed
decay branch. As mentioned above, it is unlikely that this peak is due

2 5A.l; thus it

to decay of 2 heretofore unobserved state below 5 MeV in
has been assigned to the 7.428-MeV state, previously identified in Refs,
(Br 73, Du 72).

Peak 19 has been associated with the decay of an excited state
at 7.987 MeV. Since this peak is seen as a low-intensity shoulder on
peak 18 (possibly the ground-astate decay of this state is a similar
shoulder on peak 24), the energy is uncertain to 40 keV. However, it
agrees weli with the state at ~ 7.97 MeV, which has been identified as

the T = 3/2 analogue to the first-excited states in 255; and 2°

Na (Mo 68,
Te 69a, Be 73a). Since ﬁ+ decay to this level is not superallowed, the
resulting proton intensity would be reduced considerably compared to
the superallowed B+ decay to the nearby (AE~ 70 keV) 2581 ground-state
analogue. The proton spectrum shown in Fig. 4-9 is consistent with
this. States above 7.5 MeV are unbound to proton decay to the 5.228-
MeV state in 24Mg. Only decay from the 8.193-MeéV state would yield
protons above the 600-keV lower limit on the experimental energy range;
no protons corresponding to this decay were observed.

With the exception of a state ~ 4.9 MV tentativ.iy assigned
J7 = 7/2+in Ref. (Li 68), all energetically observable decays from
those known levels with J" = (3/2, 5/2, or 7/2)+ have been seen for
states up to 5 MeV. No strong proton peak due to the decay of a ~4.9-

MeV level is apparent in the present proton spectra.

b. Decay of the {lowest) T =3/2 state. The four observed decay

protons of the lowest T =3/2 state are designated by vertical arrows in
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Fig. 4-9 and are listed in Tables 4-11 and 4-12. Although the decays
io the ground and first-excited states in 2q'Mg were identified in the
earlier work (Re 66), the lower intensity decays to the second and
third-excited states were first nbserved in the present work, Table
4-12 gives the relative branching ratios for each of these decays, as
well as the ;'esults of penetrability calculations for cach decay. Al-
though the proton decays are isospin forbidden, the competition from
isospin allowed y decay is nevertheless small--I“/I‘~ 2%. This ratio
is calculated using I‘Y“ 2 eV (Mo 68) and I (total) ~ 100 eV (Te 69).

c. Comparison with previous delayed-proton results. The present

results confirm many of the earlier measurements by Reeder et al.

(Re 66), and differ in some assignments to proton unbound levels in the
emitter, 25AI. The higher resolution data discussed here resolve some
of the broad proton peaks in the earlier data into two or more distinct
peaks, and identify additional peaks in the decay spectrum.

The assignments listed in Table 4-11 indicate that no states be-
tween 5.9 and 7.0 MeV give rise to observable proton decay peaks.
However, the previous Brookhaven work (Re 66) shows three levels in
this range of excitation. The lowest of these, at 6.15 MeV, should emit
protons with an energy of ~ 3.72 MeV. No evidence for a peak in this
energy region appears in Fig. 4-9. The second level, at 6.70 MeV, is
based on the observed peak ~ 2.9 MeV (lab) assigned as originating

24Mg. However, this observed

from decay to the first excited state in
proton peak could be due to decay to the 24Mg ground state of a state
at 5.3 MeV in excitation. The present results prefer this assignment

gince the observed peak width is consistent with the known width of a



Table 4-12. DEnergetically Allowed Proton Decay of the Lowest T = 3/2 State in zsAl.

final State Center~of-Mass Observed y Relative )

In Z4Mg Jn“) Decay Energy Intenaity Branching Ratio Penetrability©
{MeV) (MeV) 1{"%) (™) P 1/P
0.000 0+ 5.631 6,62 + 0.49 16.8 + 1.3 0.76 8.7
1.369 2+ 4,262 30.51 = 0.69 17.5+ 2.2 1.30 23.5
4.123 4+ 1.508 0.82 + 0.12 2.4 203 0.007 117
4.233 24 1.398 1.43 2 0.18 3.6% 0.5 0.11 13.0
5.228 3+ 0.403 -- ~4x107°

a) Excitation cnergies and I" for Z‘}Mg are taken from ref. (En67).
b) These are fractional amounts of the total observed proton decay., The decay marked with -~ is below the experimental ener. range.

c) Calculated ag discussed in Sec. II D, with rg = 1.3 {m,

-88-
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level at 5.28 MéV (as noted in the discussion above). The level at 6.92
MeV was postulated on the basis of an observed peak ~ 3.2 MeV. The
present results resolve this group into two peaks, both of which have
been assigned to known states decaying to the 24Mg ground state (see
Table 4-11).

Finally, the peak at ~ 5.1 MeV was assigned to a state at 8.97
MeV, agreeing with the earlier proposal in (Ha 65a), and was thought

5

to be the T = 3/2 analogue to the second-excited state in 25Na. This

atate in 25Na is now known to have J" = 1/2+ (Be 69); beta decay to its

25Al would not be an allowed transition and hence protons

mirror in
from this state would not be expected. The present assignm:ent of this
peak to a state at 7.65 MeV is shown in Table 4-11. It should be noted
that this astate appears :o decay also to the second-excited state in 24Mg.

d. Branching ratios and ft values. The estimate of (a)g A =0.24

from (Ha 65), used with Eq. 2-14, gives log ft = 3.26 for the super-
allowed beta decay leading to the lowest T = 3/2 state. The assump-
tion of isospin purity for this state is supported, in part, by the anal-
ysis of the proton capture resonance for the lowest T =3/2 level.
Based on the proton partial widths, the isospin impurity amplitude was
estimated to be < 19 {Mo 68).

The beta-decay branching ratios derived from the ratio of pro-
ton decay intensities relative to the T =3/2 state decay are shown in
Table 4-13. The branching to levels below 3 MéeV is calculated from
the mirror 25Na negatron decay (Al 71). The statistical rate function
calculations were performed as described in Sec. Il A, and the ft

values and their corresponding logarithms are shown in the last two
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Table 4-13 (continued)

)

: a) . i €
Energy Level Proportion of Branchm;glsRatm

In 25'Al Proton Decays From "7Si Q_C'd) log ft
b)
(MeV % keV) 3" (%) (%) (10> seq) {sec)
7.972 % 3 (3/2+, T=3/2) 1.71 £ 0.24 0.53 £ 0.08 39.5% 5.8 4,060 % 0,00
8.194 % 5 4.45 x 0.31 1.39 £ 0.10 11.5% 0.9 4,06 £ 0.03

a) [For states above 3 MeV, the values listed here are weighted averages of those energies with errors in Table 4-11.

For leveis below 3 MeV, the excitation energies are from (Pi 72).
b) The spins and parities for the T = 1/2 states are from refs. (Li 68, En67), while J" for the T = 3/2 states are
taken from (Ha 66, Mo 68).
The branching ratios and ft values are calculated based on the assumption of isospin purity for the lowest T = 3/2

state, including the correction for the y-decay branch, as noted in the text.

c)

d) The [t valur s are calculated using the Qﬂ shown in Table 4-2 and T1/2 = 220.7 £ 2.9 msec.

2
e) The branching rative and ft values for states below 3 MeV are calculated from comparison to the mirror “SNa decay {Al 71).

£} This branching ratic has been corrected for I'p,/I" = 0.979 (Du 72).

_16_
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ccelumns of Table 4-13, The decay scheme for ZSSi, shown in Fig. 4-10,
also lists branching ratios and log ft values derived from the present
work. The proton decays for the T = 1/2 states (as seen in Fig. 4-10)
having more than one decay hranch are listed in Table 4-14, along with

reduced-width ratios for the different possible 3T assignments.

3. Discussion and conclusions

The branching ratios and ft values deduced from the present
work differ in some respects from the earlier work (Re 66). The pres-
ent results indicate that ~ 319 of the beta-decay strength goes to proton-
unbound levels above 3 MeV, which then gives the partial half-life for
beta decay to the six states below 3 MeV. This improved value for the
the branching leads to a new evaluation of the ratio of (&f/(ﬁ)-.

25 2

The mirrors in ~"Mg- 5A1 have been assigned up to 5 MeV (Li

68) and the negatron decay rates in 25

Na have been measured for these
six mirror levels (Al 71). The resulting ft values can then be used to
calculate the expected partial half-life for positron decay to these mir-
ror levels. Thus a comparison of the partial half-lives gives

(£)+/(£)_ = 1.47+ 0,04, consistent with the ratio determined by Alburger

and Wilkinson (Al 71), but with somewhat reduced errors.

7

4
D. Results for 3 Ca, '1Ti. and 40Sc.

The previous studies of 37Ca and 41Ti (Ha 64, Re 64, Po 66)
were complicated by background and insufficient particle resolution.
In 37Ca, the T =3/2 state decay peak was not completely resolved from
the proton decay of nearby T =1/2 states. In addition, there could be

significant P-decay branches resulting in low energy protons that were
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S5/2+ 12.736

220.7 msec

5/2+ 0.000,—20.7 5.33

25A|

XBL 7311-6824

Fig. 4-10. Proposed decay scheme for 25Si. The
excitation energies for the unbound states are weighted
averages of present and previous resuits. The branch-
ing ratios and ft values are from Table 4-13.




25

Table 4-14. Relative Branching Ratios and Reduced Widths for the Decay of T=1/2 States in
Ratio of Reduced Widths b)
Observed Ratio of )
Proton Intensities 1x/g.s. 2x/g.8.
E, in 2551 1x/g.8. 2x/g.5. (3/2, 5/2)+ 1/2+ (3/2, 5/2)+ 7/2+
(MeV)
4,582 1.32 3.5
7.115 3.4 1.9 0.26
7.241 4.00 2.2 0.32
7. 647 1.41 480 0.56
2x/1ix 3x/1x 2x/1x 3x/ix
B.194 4.09 1.26 360 7.6 8.6 33

a} The individual peak intensities are from Table 4-10.

b) The reduced widths are calculated by dividing the observed intensity by the penetrability
for decay, assuming J" = (3/2, 5/2, or 1/2)+, and rg = 1.3 fm.

-bén
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unobserved in these experiments. Since the ground state J" is 7/2-
for 41Sc and all excited states are unbound to protons (see Table 4-2),
accurate intensity measurements of all significant proton decay peaks
can result in direct determination of beta-decay branching ratios and
absolute ft values. The degree of isospin purity of the lowest T = 3/2
state in 41Sc can then be determined.

Higher accuracy data for the delayed proton decay of 40Sc were
also necessary, since proton peaks from this nuclide were present in

all 40Ca+3He spectra disoussed below. The bulk of the 37Ca, 41'].'i

and 4OSc data were acquired simultaneously, and are therefore pre-

sented en masse in this section. The analysis and conclusions are

described separately for each nuclide.

1. Dircussion of data

The nuclides 37Ca and 4 Ti were produced utilizing 3He beams

40Ca. targets. The 36Ar + 3He exper-

iments were done at 40 MéV, while the 40Ca. + 3}i-Ie experiments were

for bombardment of S°Ar and

performed at :29.5, 36.5, and 60 MeV in order to establish relative

peak intensities as a function of bombarding energy. In each case com-
_peting reactions can potentially complicate the proton spectra, as shown
in Table 4-1. Half-life information and intensity as a function of bom-
barding energy are important aids in identification of the origin of in-
dividual peaks. Data were also aequired from the “CCa(p, n)?¥Sc re-
action at 20-MeV bombarding energy, in order to ascertain the contri-
bution of delayed-protons from 40Sc in the proton spectra obtained

from BHE bombardment of 4OCa..
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40Ca + 3He experiments, natural isotopic composition Ca

3

In the
targets of 1.0 to 1.5 mg/cmzthickness were used. For the 6Ar(3He, 2n)
reaction, the gas target and gas handling system described in Sec. III B

were used.

a. DPeak identification, energies, and intensities. The known,

weak, beta-delayed proton emitter 403«: {(Ve 69) was present in all the

: 41Ti. spectra (gee Table 4-1). Figure 4-11 shows low-energy proton
spectra following 3He and proton bombardment of 40Ca; parts a) and b)
were obtained at “He bombarding energies of 29.5 and 60 MeV respec-
tively. The 6-pm AE 50-pm E teélescope cutoff was ~ 2.2 MeV. The
40Sc spectrum produced at a proton bombarding energy of 20 MeV is
shown in Fig. 4-11 c¢) and was taken with a thickér E counter in order
to investigate proton decay groups with higher energies. Those peaks
arising from more than one source but not separated into clearly iden-
tifiable components (due to proton energy differences being less than
or nearly equal to the ~ 40 keV energy resolution) are numbered as one
peak.

A more complete spectrum from the 60-MeV 3He bombardment
of a *0Ca target is shown in Fig. 4-12. The peak labeled (1) shows the
location of peak {1 which has been partially reduced in intensity due to
an electronic threshold effect. Finally, a delayed-proton spectrum

36Ar (3He, 2n) is shown in Fig. 4-13 for the

from 37Ca produced via
energy region between 2 and ¥4 MeV. Beyond 4.2 MeV the spectrum
is featureless, and no specific peaks could be identified. The fits to

peaks 22, 23, and 24, shown in the inset of Fig. 4-13, were generated

using the Gaussian peak fitting program described earlier in Sec. III E.
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Fig. 4-11. Identlfled protons following 3He or proton
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Fig, 4-12, Delayed protons following 4 Ca + 3He bombardment at Ej

The numbering system is identical to that in Fig, 4-11 and is desgcribe
The intensity of peak (1) is reduced due to an electronic cut-off effect.

XBL738- 3007
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in the text.
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Fig. 4-13. Delayed protons from
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7Ca.. The peak numbering cor-
responds to that in Figs. 4-11 and 4-12 (see text).
parentheses sh.ow locations of proton peaks whose energies were
determined from other data. The inset shows in more detail the
three main proton groups with energies greater than 3 MeV. The
smooth curve and the dashed lines are Gaussian fits to these peaks.

Numbers in
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Three types of data were used in identifying the origin of indi-
vidual proton peaks: half-lives, energies and intensities from single-
component spectra, and relative excitation functions. As noted in Sec.
III C, half-life information was available for each statistically signif-
icant peak from the sequentially-routed 8 X512-channel data; the rel-
atively ghort 41'l'i. half-life aids in distinguishing most of the peaks
originating from this precursor.

(i) 4OCa.-r p. The p + 40Ca reaction at 20 MeV produces only
40Sc. These data were used to identify major 40gc peaks with higher
resolution than available in the previous measurements (Ve 69). The
resulting energies and intensities could then be applied to the interpre-

40

tation of the Ca + 3I—Ie results.

36

Ar + 3He. As can be seen from Table 4-1, the 3 36

(ii) He + Ar
reaction at 40 MeV has several competing exit channels capable of pro-
ducing delayed protons. The nuclide 36K can, in principle, B+ decay

to proton unbound levels in 36A.r. However, from beta-decay systeom-

atics such decays should be extremely weak; 361{ has been discounted

as a source of delayed protons produced in reactions on this target.
Th;'ee other possibilities exist. Two of these—-32C1 and 298--

can be eliminated as possible sources for peaks 18, 22, 23, or 24 in

in Fig. 4-13 since the energies of the main decay groups are known

(Ha 72) and do not correspond to these peaks. (In 32Cl, only electron

~apture could lead to protons with energies greater than 2.8 MeV.) The

third possibility, 33Ar, does have a main decay peak essentially of

equal energy with peak 24 (Ha 71). However a) other known proton
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groups from 33Ar do not appear in the spectrum, and b) 328 targets
(as CuZS) were bombarded with 29.5-MeV 3He beams and no proton

33Ar was observed. This latter

activity that could be associated with
is consistent with other evidence (Ma 70a) that inert gas nuclides have
extremely low collection efficiencies in He-jet systems without cooled
collector foils. Thesereesults eliminate 33Ar ag a source of back-
ground in this spectrum.

40Ca + 3He. Data from 40Ca + 3He were acquired at

(iii)
three bombarding energies and with several different AE-E detector
telescopes. These data establish relative excitation functions for most
of the peaks shown in Fig. 4-12; this spectrum contains contributions
from 40Sc, 37Ca, and 4'1Ti. However, 36K can be eliminated as a
source of protons as in the previous discussion; in fact, no prominent
peak exhibiting a lifetirme as long as that of 36K was obsgerved (see
Table 4-1). The preceding discussion on 33Ar eliminates it from con-
sideration as a background source. Likewise the relative excitation
functions coupled with the known 3201 proton energies serve to elim-
inate it as a possible proton source.

Finally, in addition to products from competing reaction chan-
nels, target contaminants comprise another potential source of deleyed
protons. The two most likely contaminants are oxygen {from CaO) and
Mg, which was present at ~0.2% by weight of the naturasl Ca target

25

material. These lead to . 'Ne and >°Si, via the 1%0(°He, 2n) and

4
2‘Mg (3He, 2n) reactions respectively. No identifiable 17Ne peaks or
components were found; as discussed in the case of 33A.r, inert gases

do not adhere to the {uncooled) collector. On the other hand proton
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peaks from 25Si were found; their intensities are consistent with the
approximate level of Mg contamination in the Ca targets.

The results of these analyses are shown in Table 4-15, where
laboratory proton energies and relative intengities for one or more
components are indicated for each of the 43 numbered peaks. Where
more than one laboratory energy is indicated for an individual peak,
the energy was determined independently for each constituent from
one-component data. The energy calibrants used for the various re-
actions and the relevant proton energy ranges are tabulated in Table
4-4, In addition, part of the 41’I‘i data acquired with the 6-pm
AE 50-uym E telescope required the use of secondary calibration points
at 1.085 MeV (4oSc) and 1.542 MeV (41‘1'1), their energies having first
been determined (in part) from the primary calibrants in Table 4-4.
The relative intensities for each nuclide were computed separately,
correcting where necessary for 'contaminant'' contributions. I
should be noted that peaks 43 and 33 have been assigned to 25Si and
ariée from the decay of the lowest T = 3/2 state to the 24Mg ground-
and first-excited states reapectively (see Sec. IVC).

36

Ar(3He, 2n) data reliably give relative intensities

40('Ja +3He data are similarly iden-

The present
down to ~ 4% while 37Ca peaks in the

tifiable to ~ 2.5% for Ep< 3 MeV, and to ~ 1% for EP> 3 MeV. The re-

44

sults for " Ti cover all significant proton decays in the energy range

from 0.6 to 8.5 MeV, and with relative intensities down to ~ 3% for
Ep < 3 MeV and down to 1.5% for Ep > 3 MeV.

b. Half-lives. The previously established half-lives of 40Sc and

40

3'7Ca are shown in Table 4-1. The present measurements of the = Sc
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Table 4-15. Obsaerved proton energies and relative intensities for
4

the delayed-proton precursors 41Ti, ‘OSc, and 37Ca. The peak

numbers correspond to peak identification numbers shown in Figs.

4-11, 4-12, and 4-13.

Peak E (Lab)a) Relative Inteasities b)
Number — yroy 4 Kev gy g, 37ca
1 0.870 £ 15 13.8 % 1.5
2 1.000 = 15 38.6 2 2.49 27.3 % 3.0°)
3 1.085 = 40 100.
4 1.248 + 15°) 3.9 + 0.9 14.5 & 1.8%
5 1.339 % 25 442 1.00
6 1.454 = 15 8.9 1.5
7 1.546 £ 15 21.6 £ 0.7
8 1.612 % 25 2.7% 6.6
9 1.709 = 10°) 2.6+ 0.7% 8.7 2 0.8%
10 1.846 + 20 9.4% 1.0
11 1.925 = 10 9.7 % 0.6
12 1.983 25 3.4 % 0.6
13 2.063 = 30 4.4 % 0.5
14 2.443 £ 25 9.0 £ 1.0
15 2,271 £ 10 26.1 £ 0.9
16 2.409 + 20 14.7 £ 0.3Y
2.443 & 259 5.4+ 0.9%)
17 2.498 + 20 2.5 0.3
18 2.580 + 208 4.5 3 0.48
19 2.662 = 20 8.4 £ 0.8
20 2.745 £ 20 2.5% 1.0
21 2.814 = 15 494
22 3.063 + 150 2.0 1.2D
23 3.103 = 3% 100.
3.077+ 159 0.3 £ 3.8Y
22 3.173 + 108! 12.8 = 1.08)
3.448% 207 4.0+ 14"

continued .
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Table 4-15 (continued)

Peak E_(Lab)? Relative Intensities?)

Number MeV % keV 41 Ti 40Sc 37Ca
25 3.339 = 30 2.3+ 0.49 1.7 0.4%)
26 3.487 £ 20 2.8+ 0.4 1.1 £ 0.4"
27 3,605 £ 15 9.7+ 0.4
28 3.690 = 15 15.5+ 0.8
29 3.749 = 10 31.0 = 2.0
30 3.836 = 25 2.4+ 0.2
31 3.904 x 25 1.5+ 0.2
32 4,046 £ 20 1.4+ 0.2
33 4.094 %= 25 —2551——

34 4,187 + 15 15.4 £ 0.5

35 4,379 £ 15 7.2+ 0.4

36 4,564 = 20 2.2+ 0.3

37 4.638 + 10 22.1 £ 0.7

38 471322 4V 100.

39 4.832 % 25 3.0+ 0.3

40 4,876 + 20 3.4+ 0.4

41 4.925 = 20 2.9 £ 0.3

42 5.177 £ 30 1.5 £ 0.3

43 5.387 £ 30 ———ZSSi
a) Unless otherwise noted, the observed energies are average values

b)

<)
d)

e)

from the 4OCa + 3He data.

These values are computed separately for each nuclide with 100

assigned the strongest branch. Unless otherwise indicated, they are

from the 4OCa + 3He data.

4
Average of values determined from 40Ca + 3He and ‘OCa + p data.
Computed after removal of the 4oSc component.

From 4OCa + p data only.

continued . . .
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Table 4-15 (continued)

f) This peak is tentatively assigned to 4OSc on the basis of the relative

excitation data.

40 3 36

g) Average of values from “"Ca+ "He and ~ Ar + 3He data.

h) From 36Ar + 3He data.

j) Energy calibration point, see Sec. IVA.

40c, 4 3He at 29.5 MeV only.

3

j) From

k) Computed after removal of 7Ca component.
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and 37Ca half-lives are consistent with these previous measurements,

however neither, when weighted with the accepted values, makes a
statistically significant change. These earlier values have therefore
been adopted and have been used for all subsequent calculations pre-

gsented here. The present results for the #

Ti half-life are not, how-
ever, consistent with the former value. The present number of 80 % 2
msec results from separate measurements from selected peaks at sev-
eral bombarding energies. These peaks are all associated with 41'I‘i
decay only; at 29.5 MeV peaks 7, 23, and 38 were used, while at the
higher bombarding energies of 36.5 and 60 MeV, peaks 7, 15, 29, and
38 were used.

The earlier Brookhaven data on 41']?'1 (Po 66, Re 64) were taken
at ~ 32 MeV bombarding energy, at which, according to Table 4-1,
some contributions from the decay of 37Ca could appear in the spectrum.
Although the present data acquired at 29.5-MeV bombarding energy are

above the 37

Ca threshold, no evidence for this nuclide exists in the pro-
ton specirum (and none was expected, since a < 2-MeV a particle has an
extremely small probability of emission from the compound nucleus).
On the other hand, peak 23 in the E3He = 36.5-MeV results is ~ 337,

37Ca. contamination of 10-15% is possible.

due to 37Ca; go at 32 MeV a
Since this group amounts to ~30% of the proton peak intensities pre-
viously used to evaluate the hali-life, this level of impurity could be
enough to lengthen the apparent half-life to ~ 88 msec. One should al-
so note that the present data have a peak-to-valley ratio approximately

three times better than that of the earlier results; this should serve

4
also to reduce the small background contributions from ‘OSc (Ve 69}
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4

at the higher proton energies. The present result for the 1Ti hale-

life has been used for all subsequent calculations in this work.

2. Analysis

37

The spin-parity assignments for the precursors 41Ti and Ca

follow from their T, = + 3/2 mirrors and from the J™ of the lowest

T = 3/2 states in the T,=% 1/2 nuclei. For mass 44, J" for ‘HK(g.s.)

4

is 3/2+ (En 67), while the lowest T = 3/2 state in 1Ca has been identi-

fied as 3/2+ by Belote, et al. {Be 67) and Lynen, et al. (Ly 67).

Trainor et al. (Tr 73) have assigned J" = 3/2+ for the lowest T =3/2

level in 41Sc. In the case of mass 37, the ground state J " for 37C1 is
known to be 3/2+ (En 67), while Butler et al. (Bu 68} have assigned

37 37

37 = 3/2+ to the lowest T = 3/2 states in~ ‘K and ~‘Ar,

Unlike some of the other Tz = -4/2 nuclei in the A =4n+1 series

where high resolution delayed-proton studies have resulted in some new

3 21

spectroscopic assignmenté (17F, 3C1 (Ha 71) and

3

Na (Sec. IV B)),

the energy levels in 41Sc and 7K have been extensively studied to ap-

proximately 7 MeV in excit:.ion in each case, with spins and parities

assigned for many levels. Hence, in the present case only one new

40

level (in 41Ss:) has been identified, while in ~"Ca, several new levels

are postulated as a result of the present 40Sc data.

a. 05c.  The nuclide ‘wSc(J17 = 47) is a very weak delayed pro-

ton emitter, with less than 19 of the total 40

Sc ﬁ+ decay proceeding to
particle-unbound levels in 4OCa (Ve 69). The relative intensities for
the major proton peaks arising from the decay of these levels are shown

in Table 4-15; relative intensities of less than ~ 2.5% would not have been
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reliably measured for proton energies less than 3 MeV, nor relative
intensities of less than ~1.5% for protons greater than 3 MeV. Peak
5 has been tentatively assigned to 4OSc decay. The relative excitation
data from 40Ca + 3He are consistent with this assignment, even though
it appears only very weakly in the 40Ca + p data in Fig. 4-11.

The 4OSc peak energies, corrected to the center-of-mass, are
shown in Table 4-16 with a comparison to the previous measurements
of Verrall and Bell (Ve 69). Their data extend to higher proton energies
than the present results, and they identify peaks whose relative intensi-
ties extend as low as ~ 0.1% . The higher resolution results presented
here show only one major change; the strongest proton peak, previ-
ously ~ 1.05 MeV and thought to be composed of decays from two or
more closely grouped levels, has been resolved into two components
( peaks labeled 2 and 3). It is possible that peak 3 still contains
more than one component.

Also shown in Table 4-16 are the excitation energies in 4003
deduced on the assumption that the protons arise solely from decay to

the 39

K ground state. These energies can be compared to known states
in 4OCa measured in 39K(p, y) experiments (En 67, De 70). These re-
sults do not correspond entirely with the previous measurements, pos-
sibly because allowed beta decay from 4OSc: proceeds to states with

J¥ =37, 47, or 57, while proton capture reactions require £ =3 protons

to populate J" =4 or 5 levels in 40

Ca. No £=3 proton results for
39K(p, y) have been reported.
Finally log ft values have been calculated for these decays as-

suming log ft = 5.0 for beta decay to the 9.45-Mé&V level--seen in the



Table 4-16 Energy Levels, Branching Ratios, and Log ft Values for “)Sc Delayed-Proton Decay,
{Energics in MeV * keV).

Paalc Proton Energy (c. m.) Deduc;e:)da) E::;I: . ' E:z;n;:
Number {Ve 69) Present Ex in " Ca in qua J Note Log ft
2 1,032 % 15 9,362 15 9.364 2 1 c) 5. 61
3} 1.08 2 30 {1.112“0 9,442 % 10 5. 454 2 1 (2,3)° c, d) 5.00

1,27+ 30 1.279 % 15 9,609 + 15 9.603 % 1 3" ¢, d) 5.76
5 1.373 % 25 9,703 % 25 9.669 % 1 0,1,2,3)" c, d) 6.22

9.812 %1

6 1,48 = 30 1,491 = 15 9,821 * 15 {9.830*1 c) 5.85
8 1,58 % 40 1,653 + 25 9,983 * 25 6.04
9 1.72 % 30 1,752 % 10 10,082 % 10 6.23
10 1,88 30 1.893 20 10,223 20 10,236 & 2 ' c} 5.59
14 2.15 2 30 2.166% 25 10.496 = 25 10,531 % 2 c) 5,43
16 2.44 % 30 2.505 % 25 10,835 = 25 5. 40

601 -

a) Theae are computed using the measured proton enargies and Esep = 8,330 2 0.001 MeV (Table 4-2).

b) The it values are computed using the known excitation energies for the first three levels listed, and the deduced values
for excited states > 9.65 MeV. The Q, value is from (Table 4-2), and the branching ratios are calculated assuming
log ft = 5.0 (Go 66) for the strongest transition (peak 3).

c} These are {from ref. (En67), corrected for the nawer value of the separation energy.

d) These are from ref, {De 70), weighted with these iroem (En 67).
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present data as the largest intensity proton group. This assumption is
based on the average allowed transition in the A =20 to 69 mass region,

as shown in (Go 66). The sum of the ﬂ+-decay branches leading to the
ten proton groups observed in this work is ~ 0.2%, following the above
assumption. Even in the case of a faster transition for this decay e.g.,
log ft ~ 4.5, the total observed branching ratio leading to proton unstable
states in 20Ca is < 1%.

37Ca.. There are two major differences in the otherwise gen-

b.
eral agreement with the previous results for 37Ca (Po 66); proton decay
has been seen from the lowest unbound level capable ~f being fed by
allowed beta decay (peak 1 in Fig. 4-11 b) and the decay peak at ~3.1
MeV arising in part from the T =3/2 state has been resolved into three
components. Energy levels in 37K fed by allowed [3+ decay are shown
in Table 4-17, along with 2 comparison to known levels (Go 67, Th 70).
Although other levels with J” = (1/2, 3/2, or 5/2)+ are known in this
energy region, possible proton peaks arising from their decay were too
weak to have been reliably identified in the present spectra. These as-
signments algso assume that the primary decay mode is to the 36A.r
ground state. This assumption essentially agrees with the previous re-
sults, although two levels, one at 5.05 MeV (the T = 3/2 state) and at
5.32 MeV are known to have l"p/l"< 1 (Go 67, Th 70). In the case of the
T = 3/2 state, I"Y/l""' 1.4)(10-3, and ].'1‘31/1"'* 1.1 XiO-:; qualitative evidence
can be seen in some spectra for this very weak proton dacay to the {irst
excited state in 36Ar (28 2 low energy shoulder on peak 4, Figs. 4-11b
a.nd 4-12), but it is not of sufficient intensity to be reliable identified.

For decay of the 5.32-MeV etate to the first-excited state in 36Ar, the



Table 4-17 Energies of Unbound Levels in 371{ Fed by Allowed Beta Decay from 37Ca. and a Comparison with Previous Results.
(Energies are in MeV * keV).

Peak Deduced Exn) be ve sean qounarar as abassaruse s es e s Previous Work b
Number in 37K Ref. Go 67 Ref. Th 70 TPO/F
2.751 + 15 2,750 1 5/2+
9 3.614 £ 10 3,623 % 15 (1/2,3/2, 5/2)+
11 3,836+ 10 3,844 £ 10 (1/2, 3/2, 5/2+
4,417 5 (1/2,3/2, 5/2}+
17 4,425+ 20 or
4.435+ 5 (1/2,3/2, 5/2)+
18 4.509 £ 20 4,523 + 20 1/2+ 4.496 ¢ 10 1/2+
20 4,679 £ 20 4,659 + 10 (1/2,3/2, 5/2)+ 4. 671 % 15 (1/2, 3/2, 5/2)+ e
22 5,006 % 15 5,018+ 3 (3/2, 5/2)+ 5,018 + 10 -
23 5.047¢ 3% 5.0484 3 {3/2,5/2)+, T=3/2 5.048 £ 15 0.988 % 0.007 '
24 5.119 + 10 5.116% 5 1/2+ 5.116 % 10
25 5.289 = 30 5.318% 6 3/2 5.321 = 10 3/2+ 0.75 1 0.08
26 5,442 + 20 5.449: 6 5,452 + 10 1/2+
32 6.016 + 20 6.012 + 20 (1/2,3/2, 5/2)+ 6.017 % 10 (3/2, 5/2)¢

a) All peaks were presumed to arise [rom decay to the 36Ar g.8. The excitation energies were computed using a proton

separation energy of 1.857 % 0.0014 MeV (see Table 4-2).
b) This ratio is based on partial widths given in refs. Go 67, and Th 70.

c¢) This number is already averaged (see Table 4-3) and as noted in Sec., IV A was used, in part, as an energy calibrant

{sce Table 4-4).
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proton energy is ~ 1.5 MeV, while the relative intensity is ~0.¢ (from
I‘pi/l"*' 0.25). This is too weak to have been observed here. The last
column in Table 4-17 gives Fpo/l" for ‘these two states.

Several calculations for (o) 2 have been made for the super-
allowed beta decay to the T = 3/2 analogue level (Ha 65, Ba 64, La 72,
En 66). All give consistent values for <U‘>2 which, when used in Eq.
(2-14), result in log ft =3.27to 3.30 for the superallowed decay to the
T = 3/2 analogue state {assuming a=1in Eq. (2-20)).

If one assumes a log ft value of 3.30 for this nearly model-
independent prediction for the superallowed beta-decay transition
strength, the relative proton intensities can then be used to determine

37K. These

absolute ft values for positron decay to unbound levels in
results and the absolute positron decay branching ratios that follow are
shown in Table 4-18. The branching ratios and ft values for beta decay
to the 5.05- and 5.32-MeV states have been corrected for the I‘p/l" ratio
shown in Table 4-17.

Table 4-18 also shows the branching ratio and ft value for decay

3

to the & ground state, for which the log ft has been obtained from the

mirror 37Ar electron capture decay. By combining this branching

ratio with the present results, the branching to the 1.368-MeV, J" =1/2+
state can be estimated. The decay scheme for beta-delayed protons
from 37Ca is shown in Fig. 4-14; the branching ratios and ft values to

proton unbound levels are from the present work.

c. 41'1"1. The ground state of ‘“sc has J¥- 7/2-; hence heta

decay to this state from oy (3™ = 3/24) is first-forbidden unique and

will be strongly hindered. (The analogous mirror 4 Ca - g electron



37

Table *4-18. Branching Ratios, and ft Values for ~ 'Ca Positron Decay.

E";.,rgy In g b) Proportion of Bra“‘:;‘_;“g o Ec'd) Log ft

K " Proton Decays (%) From ~ Ca (103 sec) (sec)
(MeV * keV) (%) .
0.000 3/2+ 15.62 + 0,527 125 + 3 5.10 % 0.0t
1,368%) 172+ 8.4 = 2.56 121 - 36 5.08 £ 0.13
2.750 = 1 5/2+ 8.48 = 0,94 6.37 = 0.73 74.0 + 8.3 4.87 = 0.05
3.617 * 8 5.35 & 0.50 4.02 = 0.39 67.7+ 6,5 - 4.83 % 0.04
3,840 = 7 5.96 = 0,40 4,48 = 0.32 52.1 = 3.6 4.72 = 0.03
4.417 2 50 1,54 % 0.149 1.15 + 0.14 133 = 16 5.12 + 0.05
4,503 = 8 1/2+ 2.77 & 0.25 2.08 = 0.20 . 69.3 + 6.5 4.84 + 0.04
4,665 = 8 1,54 & 0.62 1.15 = 0.46 110 = 44 5.04 + 0.18
5.018 + 3 (3/2, 5/2)+ 2.46 £ 0,74 1.85 + 0.56 52 % 16 4.71 + 0.14
5,047 = 3 3/2+, T=3/2 61.46 + 2,27 46. 74 2.0 3.30
5.117 = 4 1/2+ 7.87 + 0.64 5.91 + 0.50 14,9 =+ 1,2 4.17 2 0.04
5.318 * 5 3/2+ 1.04 = 0.25 1.05 + 0,279 7 oz 18 4,85 + 0.12
5.449 & 5 1/2+ 0.68 % 0,25 0.51 % 0,19 130 % 47 ’ 5.11 £ 0.17
6.016 % 8 (3/2, 5/2}+ 0.86 = 0,12 0.65 + 0.09 59.5 + 8,7 4,77 £ 0.06

a) This is a weighted average of present and previous results shown in Table 4-17,
b) Spins and parities are from those shown in Table 4-17 and the present results,
c) The branching ratios and ft values are calculated based on the assumption of isospin purity for the lowest T=3/2 state,

correcting for [T, /T.
Py

continued . . .

“E€VL-



Table _4-18 (continued) _ e e e e e,

d)
e)
f)
g)

h)

i)

The ft values are calculaled using the Qﬁ shown in Table 4+2 and a half-lite of 1752 3 msce.

Ref., (Go067).
This is taken {rom the mirror decay, using QE.C. and TV.2 from {En67) and LE.C. from (Go 71a).

‘he branching ratio is calculated from the sum of all measured branching ratios and that inferred for the g raund
stale branch.

The lower of the two energies listed in Table 4-17 has been tentalively nsed, since no evidence for the upper
level was observed in ref, (Th 70).

Zoarrected for FPD/F given in Table 4-17.

“FTr-
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3/2+ 11.640

175 msec

7
*"Ca
% Log ft
(3/2,5/2)+ 6.01 0.65 4.77
0.5! 5.1
1.05 4.8%
91 447
46.74 3.30
1.85 4.71
— 1.5 5.04
y—2.08 4.84
T LIS §.i2
4.48 4.72
3617,— 4.02 4.83
275 6.37 4.87
36 i/ .
Ar + p 2+ 1368/ — 8.4 5.08
3/2+  0pog—ise  5.10]
37
K
XBLT310~ %297
Fig. 4-14. Proposed decay scherae for 3 ‘Ca. The

excitation energies are weighted averages of present
and previous results. The branching ratios and log
ft values for decay to the excited states are from the
present work, while the ground-state log ft is taker
from the mirror decay.
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capture decay has log ft = 10.5.) The first level to which allowed p+
decay can proceed is at E_~ 2.0 MeV, well above the proton separation
energy. It is therefore possible to directly determine the absolute beta-
decay branching ratios from the relative intensities of the proton decays
of these unbound levels, providing all significant proton intensities are
measured. The observed proton groups range in energy from ~1.0
MeV to 5.3 MeV, though a fur.. .r search for other proton groups with
energies up to 8.5 MeV was made.

Excited states in 41Sc have been extensively studied, using both
resonance (Yo 68, En 67, Ma 70) and particle-transfer reactions (Yo 70,
Yo 70a, Bo 65, Ge 69). Excitation energies from the present delayed-
proton results are shewn in Table 4-19, along with those from previcus
determinations; these resuits show remarkably good agreemernt with
known levels in 41Sc. As noted in Sec. IV A, the decay of the T = 3/2
state (peak 38) results in a new determination of the excitation energy
of this level (combined with the recent resonance data from (Tr 73) or
(Tr 73a)).

Marinov et al., (Ma 70) have reported 40Ca(p, p) and (p, p') re-
sults for states between 5.8 and 7.0 MeV in excitation; for states below
6.1 MéeV, no strong inelastic decay modes were seen. Some levels
above this energy do exhibit significant partial widths for decays to ex-
cited states in 4OCa. Three of the proton peaks discussed here have
been assigned to transitions to excited states on the basis of results in
Bef. {Ma 70). The state at ~6.09 MeV hag a decay branch to the 37,
3.737-MeV state in 4OCa, as well as 2 ground -state decay branch. The

assignment of peaks 4 and 40 agree with this (see Table 4-19). The



Table 4-19. Energies of Unbound Lavals in ‘181.- Fod by Alloved Bata Dacay from "'rc, and a Comparison with Previous Results
(Energioa are in MevV + kev).

Pinal® ipeducad® - ~— Frevious Work
Poak atate energles Ref. Yo 68° Ref. En 67° RoP. Ha 70° Other
number 40 a1

in ""ca in ""8Be¢

2.09 ¢ 7 (324,524

2 a.s. 2.111 15
2,100 ¢ 20 124°
2.077 £ 20 2/24,5/24%

) q.8. 2,671 ¢ 15 2,667 3 (5/2+,9/24)
‘18 a.0. 3,414 £ 10 . 3.415 ¢ 2 1/2+

16 g.8. 3.556.1 20

19 a.8. 3.615 t 20 3.782 ¢ 3 5/2+ 3.783 £ 2 5/2+ .77 1 10 528 &
2 a.a. 2.971 15 3.970 ¢ 2 172+ N
23 q9.5. 4.241 £ 15 4.245 ¢ 4 5/2+ 4.248 2 5/2¢+

24 g.8. 4.313 £ 20 4329 £ 4

25 q.0. 4.509 £ 20 4,505 £ 2 (3/2,5/2)+

26 q.8. 4.661 t 20 4.643 £ 172-9

27 g.0. 4.782 £ 15 478 2 (3/2,5/+

20 .0, 4.869 15 4872 2 6 S/2¢ ° 4.86B t 2 {3/2,5/2)+

29 a.6. 4.929 ¢ 10 4.948 £ 4 (3/2,5/2)+ .

0 q.8. 5.019 ¢ 25 _ samta 172+

n a.s8. 5.008 £ 25 5.082 £ 2 {3/2.5/2)+

34 g.s. 5.378 £ 15 5,380 ¢ 9 5.175 ¢t 2

15 9.8, 5.575 £ 1§ 5.575 £ 10 5,2+ 5.575 ¢ 2 (3/2,5/2)+

i1 a.o0. 5.763 ¢ 20 5.780 ¢ 8 '

continued, . .



Table 4-19. continued

™ a0 5.041 £ 10 5.830 £ 2 (3/2,5/2)+ 5.837 * 10 5,838 (37241
1 as. 5,019 ¢ &V 5,901 3/2+, Te3zi M
39 q.9. 6.040 2 25 6.017 l/2#j 6.014 % 10 1/2+

40 q.0. G,00% ¢ 20

k} 6.087 ¢ 11 6.086 + 10
4 3.737 MoV 6.102 t 15

a a.n. 6.135 £ 20 6.130 32+ 61324 10

42 9.8, 6,391 ¢ )0 6,411 * 10 {572+

12 3,353 Hov 6.472 ¢ ?5" 6.477 £ 10

13 1.737 My 6.930 1 30" 6.948 ¢ 10

a) The excitation snergies in ‘nca ara from {Ma 71),

b] The energies are calculated ueing & proton separation energy of 1,086 %+ 0.001 HaV, {sea Table 4-2}.

€) Tha axcitation energles given in this referance have been corrsctod for the ch in p F tion energy (note b) above.

4) Ge 69,

a) Yo 70.

£) Yo 70a.

g) The assigned parity of thin stats pracludes it belng fed by allowed bsta decay. Nevertheless, the deduced snergy appears to
bo in agresment. Tho width of this laval is 36 koV (En 67); it is possibla that this ie a doublet, part of which is fed by
allowed p" decay.

h) Tr 7)a.

L) This onergy ls already averaged, and part of tho enorgy calibration, sce Table 4-4.

J) This energy ie from H. A. Brown, Rice University Ph.D. Thesis, 196) (unpublished}, quoted in ref. (Yo 60)}. It is not
incluued in the average computad for E., however the I" assignmant is tentatively used,

x) Thio assignment is based, in part, onh agresment with ref, (Ma 70) with rospect to excitation energy and ohserved decay mode,

~8%F-
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states at 6.47 and 6.94 MeV have been observed to decay primarily to
the first and second-excited states in 40Ca respectively; the present
assignments follow this result, The ground-state branches for both of
these states are so weak that they are not reliably observed in the pres-
ent spectra--congistent with the results in Ref. (Ma 70).

Penetrability calculations for proton decay from states in 4

Sc
are shown in Fig, 2-2, following the discussion in Sec. IID. It is ap-
parent from this figure that for states below 6 MeV in excitation the
ratio of penetrabilities for decay to the excited states vs that for decay
to the ground state is extremely small.

A relatively strong peak (number 16) is observed at EP" 2.4
MeV. Although it has a small 4085 component, the deduced half-life
(after removal of the 40Sc) is comsistent with that of U Ti. It corre-
sponds tu a level at Ex ~ 3.56 MeV decaying to the 40Ca ground state;
however no such level has been previously observed in 41Sc. A com-
parison with the mirror 41Ca nucleus, shown in Fig. 4-15, indicates
that the known J7 = (1/2, 3/2, 5/2)+ levels agree up to 4.3 MeV, ex-
cept no mirror for the (3/2, 5/2)+, 3.54-MeV state in 41Ca has been
identified. The bracketed level at 3.556 MeV in 41Ss: shown in this
figure follows from the present assignment for the 2.4 MeV proton
peak. Supporting evidence for assignment of this new level comes
from the inelastic scattzring results of (Ma 70;. These results show
no states between 5.8 and 7.0 MeV in excitaticn that would correspond
to the assignment of this 2.4-MeV proton peak to a state decaying to

either of the first two excited states in 40Ca. The lower positive par-

ity states in mass-41 arise from particle-hole configurations; hence
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Mass 4l mirror levels with

( MeV)

Ex

6 T
[ J"=(1/2,3/2,5/2) + 5/2 ——573
51 3/2 ——5.04
—, —4,
3/2,5/2—4.i b 248 S2——a2r
ar 1/2——3970 3/2——389
B—388 s5/2— 3783
-353  [——355¢) ¥2—362
12 341 1/2—3415
3t 1/2———298
1/2 268 1/72_—--2T2 5/2——27I
GRYT261 MET 26T o, o4 1/2——255 5/2—253
IV2——230 |
o}  e——201 ¥2—2097 3/2—210 3/2—— 210
3r2——172
[
o G e oo
Cao Sc (a) (b) (c)
Experiment — Theory —

XBL?310 - 4296

Fig. 4-15. Comparison of mirror 1evils in mass 41 below 4.3 MeV
with J7 = (1/2, 3/2, or 5/2)+. The Hea levels are taken from Refs.
{Sm 68, Se 732) while 4 5c excitation energies are from Table 4-20.
The level at 2.72 MeV (shown by dashed lines) is not observed in the
delayed proton spectra, while the bracketed level at 3.56 MeV is from
the present results. The theoretical predictions are from a) Ch 71,b)
Di 68, and c) Ar 67.
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they are only weakly excited in reactions from a 40Ca target, and sucha
levelat 3.5 MeV might not have been identifiable. Furthermore, the near-
by 3.46-MeV state with J":i/Z-, produced in particle-transfer reactions (Ge
69, Yo 70), has a width of ~ 60 keV(En67) which could obscure a weaker
transition to a state wcar 3.56 MeV.

Penetrability calculations are also of interest in determining
the branching ratio for decay to the T = 3/2 state in 4AISc, and the ques-
tion of isospin purity discussed later. ¥rom these experimental results,
only upper limits can be established for possible decay branches of the
T =3/2 stal;e to the first three excited states. The proton energies for
each of these possible decay modes unfortunately closely match energies
of peaks arising from 4OSc decay. Limits for such decay branches are
shown in Table 4-20, along with penetrabilities calculated for each de-
cay mode. The earlier results reported in (Go 73) showed a decay
branch to the 0+, first-excited state with a relative intensity of 4 + 2%.
This peak (6) now appears to a2 .ise solely from the decay of 403(: (see
Table 4-15).

It is apparent from the penetrabilities listed iz Table 4-20 that
decay of the T = 3/2 state to any of the energetically allowed excited
states in 40Ca is quite unlikely and that the upper limits extracted from
the present data are probably too large. These possible decays there-
fore have not been included in the calculation of the branching ratio and
ft value for beta decay to this state, nor in the calculation of the isospin
impurity for this level.

The mass-excess of this narrow analogue level (I’ ~ 65 &V, Tr

73a) can be used, along with the known mass-excesses of the 41K
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. 2ble 4-20. Possible Proton Decays of the Lowest
T=3/2 State in 4igc,

4OC.’.& Final Stalea)

E. " I‘ElabO) (I)riier:s‘;te;lc Penetrabiiityd)
(MeV) J MeV = keV (%) P
G. 000 0+ 4,734 24.3 0. 39
3.353 0+ 1.463 <0.7 0.2005
3.737 3- 1.089 <1.2 0. 0003
3.904 2+ 0.926 <0.4 0.0002
4,492 5- 0.352 e) ~x 10”12

a) Excited states in 4OCa are from Ref. (Ma 71).

b) Calculated assuming a separation energy of 1. 086 MeV (Table 4-2).
¢} These are in terms of percent of the total protnn decay cf 415c.

d) These calculations are described in Sec. II D, with rg = 1.3 fm.

e) This proton energy is below the experimental range of obser-

vation.
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ground state (Wa 71), and of the lowest T = 3/2 state in 41Ca (Be 67,
Ly 67), to predict the mass-excess of dATi. Using the isobaric multi-
plet mass equation (IMME)(Ce 68) a value of -15.78% 0.03 MeV is ob-
tained, in agreement with the prediction of -15.72 MeV from Kelson and
Garvey (Ke 66). The calculations of reaction thresholds and beta-decay
energies for 41T; shown in Tables 4-1 and 4-2 use the IMME result.

From the relative proton intensities, and energy-level assign-
mente discussed above, branching ratios and absolute transition
strengths for positron decay of 41Ti have been calculated and are shown
in Table 4-21. The ground-state decay branch is taken from the mirror
4 Ca —~ 41K electron capture. Its very small magnitude for H Ti
(~ 4 XiO-S%) has no effect on the absolute beta-decay intensities to un-
bound levels.

Figure 4-15 shows a state in ~ Sc at 2.72 MeV with J" = 1/2+
{En 67, Ge 69). FProtcns from the decay of this state were not observed
in the present experiments, although their predicted position is near
peak 8, which is predominately from 40Sc decay. Since this level is the
only known state with I" = (1/2, 3/2, or 5/2)+ below 5.3 MeV whose
corresponding proton decay was not observed, an upper limit on the
relative intensity of this possible “1Sc decay peak has been calculated
to be £1.5% . This limit corresponds to a beta-branching ratio of
< 0.4%, and log ft = 6.04. The uncertainty in the observed beta-decay
branching ratios generated by this upper limit is incorporated in the
errors for each decay shown in Table 4-21. This level, in fact, is the
only previously known state in 415c with a firmly established J" not

seen in the present delayed-proton data.
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Table 4-21 (continued)

Proportion of

En;lrgya])n Proton Decays _g;_d) Log [t

Sc b) (Beta Decay gt

(MeV % keV) s Branchiag Ratio®) (%) (102 sec) (sec)
5.838 + 2 (3/2, 5/2)+ 5.36 + 0.19 10.9 = 0.5 4,04 £ 0,02
5.939 = 4 3/2+, T=3/2 24.25 £ 0.50 2.22¢ 0.09 3.35 £ 0.02
6.018 £ 9 1/2+ 0.73 ¢ 0.07 9.5 7.5 4.84 £ 0.05
6.089 = 6 1,77 = 0.24 27.0 = 3.8 4,43 + 0.06
6.133 = 9 (3/2)+ 0.70 + 0.07 65.6 £ 7.3 4,82 + (.05
6,414 = 9 (5/2)+ 0.36 = 0.07 100 % 20 5.00 £ 0.09
6.476 = 9 0.75 £ 0.15 46.0 = 9.1 4.66 = 0.09
6.947 £ 9 0.99 + 0.12 22.7 % 2.9 4.36 = 0.06

a)

b)

c)

d)

e)

This ia a weighted average of excitation energies lis ed in Table 4-19,

This is based on those listed in Table 4-19 and the present results assuming allowed beta

decay. The groundstate J" is from (En 67).

With the exception of decay to the ground state, the absolute beta~decay branching ratios

follow directly from the observed proton intensitias.

The ft values are calculated using Q_ from Table 4.2 and Ti/ =80 + 2 msec,

p Z

This branching ratio is calculated from comparison with the mirror decay (En (7).

G2t~
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For comparigson, Fig, 4-15 also shows results of shell-model
predictions for mass 41, Two of these earlier calculations, part b)
Ref. (Di 68) and part c) Ref. (Ar 67), used a restricted basis space--
allowing for 1[7/2 particles and 1d3/2 holes--which accounts, in part,
[or their lack of agreement with the experimental data. A more com-
plete calculation (Ch 71), shown in part a), uses single particle states
in 1[7/2, 2p3/2, and 2p.1/2 orbits, and 1d3/2 and 251/2 hole states.
The low energy levels compare well with those identified experimentally,
while the levels above 3 MeV are not reproduced as adequately.

The excitation energies listed in Table 4-21 are a weighted av-
erage of present and previcus results shown in Table 4-19. No allow-
ance has been made in the beta-decay branching ratios for y-decay,
since the radiative widths for levels in 4 Sc are quite small (Yo 68).
For those levels with J" = (1/2, 3/2, 5/2)+ and for which I‘Y and I
are known, FY/F is € 0.5% (Yo 68, En 67).

The proposed decay scheme for 41Ti delayed-proton emission
is shown in Fig. 4-16. Beta-decay branching ratios and log ft values

determined from this work are given for each decay.

3. Discussion and conclusions

7 . N
a. 3 -CaQ+ decay and effects on the solar neutrino cross-section.

Several predictions have been made for beta-decay transition strengths
to states in TK, primarily to estimate the solar neutrino capture crc-ss-
section for the 37Cl( v, e ) 37Ar reaction (Ba 64, En 66, La 72). These
estimates for log ft values and the corresponding ex.itation energies

appear in Table 4-22 along with results from the present experiments.
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tion energies are weighted averages from Table 4-21.
branching ratios and {t values for all unbound levels are

from the present work. The log ft for decay to the ground
state is from the mirror.

3/2+ [12.861
80 msec
B+
PP,
I Ti
% Log 77
6947, 0.99 4.36
dsser— 68T 4,/ 036°7° "5 456
(3/21+ 6.33¢0 177 3-70 —aa3 :.aai
72— 608 g20” 5535073 —, 5 4
frappar— 5.939£—24.25 3.35
(3/2,572)% — —sE3eT——r, <295 35 _ 3.35 4
57787 0.53°°  s.06 0%
572+ 5.575,~ 1.75 461
5.375,— 3.74 4.34
5.45
472+ (342._5’2”5,023510__.«32 038 0.58 ———— 5.26
ey PN eesag9asy— 152 0 a7
e 521+ 28 e 535 4.73 450
4643 — 0.68 5.30
(372,572 + 4.505,— 0.56 5.43
520 ———23%; 001053 %7 Ta0s
2+ 3.970,— 1.19 5.24
5/2+ 3783,— 1.96 5.07
3.556,— 3.57 4.87
72+ 3.415,— 6.33 4.66
5/2+ 2.667,— 5.24 4.92
372+ 2.097— 9.36 4.79
7/2- 0.000— [r0.5]
41
Sc
RBL7310 - 4298
44 .. -
Proposed decay scheme for = Ti. All excita-

The
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Table 4-22, Comparison of Calculated Excitation Energies and log ft Values with Experimental Results for ° Ca.
Ex’perimental Regults Theoretical Predictions
- ~—Erevious (o 6b). SN - . S— B bb — Tl
E, log £t E, log ft E, log ft E, log 1t E, log ft
{MeV) (sec) {MeV) (sec) (MeV) {sec) (MeV) (sec) (MeV) (sec)
0.000 5.10 0.00 (5.06)" 0.00 [5.06]" 0.00 4.45 0.00 5.14
1.368 5. 08°%) 1.36 [4.9)" 1.46 4,48 1.36 4.7 1.47 5. 44
2. 750 4.87 2.75 C [4.9® 1.57 4,34 2.74 3.81 2.65 4.36
3.08 (>5.4)
3.617 4.83 3.62 4.8 3. 62 4.68 -
3.840 4. 72 3.84 4,8 %\s
(4.12) 5.0
4,417 5.12 4. 40 4.7
4,503 4. 84
4. 665 5. 04 4. 66 4.5 4,71 4,12
4.83 (>4.8)
5.018 4, 71 5.02 | 5 od)
5.047 3.30 5.05 ) ' 5.12 3.28 5,07 3.27 5.05 3.30
5,118 4.17

continued . . .



Table 4-22 (continued)

Experimental Results Theoretical Predictions
Eiﬁﬁﬂmn) Previoys ‘Eﬁ ﬁﬁ‘ Ba 64 En 66 La 72
o og ft ' og ft Ex log It Ex log ft Ex log ft
(MeV) {sec) (MeV) {sac) {MeV) (sec) ({MeV) (sec) (MeV) {sec)
5,317 4,85
5,449 5. 141 5.53 3.77
5.79 4.47
5.91 4.34
'
6.016 4.77 6.03 4.5 6.03 4.77 I
D
(6.32) 4.7 !
6.54 4.6
6.96 4.5
a) Taken from Table 4-18.
b) This log ft is from the pravious experimental value for the mirror 37Ar electron capture decay as computed in (Ba 64).
c) REstimated by assigning the remaining beta-decay strength to known, but unobserved level(s) with J" = (1/2,3/2, or 5/2)+.
d) The earliecr work did not rasolvethe T = 3/2 state decay protons from those decays {rom nearby levels, hence a

slightly lower ft was adopted by these authors.
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The earlier delayed-proton data (Po 66) are also shown for comparison.
Both Bahcall (Ba 64) and Engeloertink (En 66) calculated ft's for decay
to the first three levels with J” = (1/2, 3/2, and 5/2)+ and for the
transition to the lowest T = 3/2 state, using a limited basis space, while
Lanford and Wildenthal (La 72) employed a full sd shell basis space.
These morc complete calculations still fail to predict several of the
states between 3 and 5 MeV fed by allowed beta decay. As noted in
(La 72), this lack of agreement probably arises from the restrictions
still present in their basis space for the calculations, since some of
the states are undoubtedly due to particle excitations into the 1f-2p shell,
Since =~ 62% of the total beta-decay strength populates the
ground state plus T = 3/2 state {5.05 MeV), it is unlikely that new infor-
mation on the beta branching will cause a dramatic change in the pre-
dicted solar neutrino capture cross-section. The effect of the present
experimental results on this cross-section has been estimated using the
method detailed by Bahcall (Ba 64). The largest change occurs in the
estimated cross-section contribution for capture to the T = 3/2 state.
In his later paper, Bahcall (Ba 66) apparently used log ft = 3.2 for this
decay, which allowed for unresolved contributions from nearby T =1/2
states to the total decay strength (Po 66). As noted carlier, the present
results have resolved these components and the capture cross-section
contributions can be computed separately for each level. Using the ft
values shown in Table 4-18, the change in the predicted solar neutrino

capture cross-section (Ba 66) is

-42 2
o (present) ~ 0.97 ¢ (Bahcall) ~ 1.31X10 12 .m?2.
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Clearly, the present result has no significant effect on the estimates
for the capture cross-section.

It is also of some interest to estimate the magnitude of possible
mixing between the 5.047-McV, 3/2+4, T = 3/2 state and the nearby
state at 5,048 MeV if it haa J° = 3/2+. U onc assumes that the entire
decay strength to this state is due to mixing with the analogue state, then
using Eqs. (2-14 and 2-20), az can be estimated from the [t value for
this decay to be ~ 4% (assuming (a) . 0). The corresponding charge
dependent matrix element, estimated from Eq. 2-22, is =6 keV, within
the range for such matrix element magnitude as discussed in (Bl 66
and Be 72).

The mixing gives an estimate for the probable lower limit on the
isospin purity of the T = 3/2 state of ~96% . Such an impurity level in
this state would have 2 negligible effect on the estimate for the predicted
neutrino capture cross-section in the mirror.

b. HTi beta decay and the isoapin purity of e {T = 3/2).

(i). The antiapalogue state and the Gamow-Teller matrix element.

The T = 3/2 analogue levels in maass 44 can be described as:

2 -1
/20 50, T=1 ®6372)) y.3/2, T-3/2. (4-1)

The antianalogue configuration has the same components, but recoupled

to T = 1/2 viz.,

2 -1
(/2" 50, T=10 U930 5372, T:1/2 (4-2)
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Particle-hole states in mass 41, mainly in the Tz- +1/2 isobar 41Cax,

have been studied and identified through direct-reactions, including
39%(3He, p) (Be 67). *2Cal®He, a) (Ly 67), and °Ca(p,d) (Sm 68, Ma 72).
They have also been observed in 4oCa(c:l,p) {Be 65, Se 73a) through 2p-
2h components in the th’Ca ground state. All these reactions show that
the main d3/2 hole strength is in the lowest 3/2+ state in ca at 2,017
MeV, with possibly some fractionation to levels at 3.7 and 4.8 MeV.
However it i{s not clear from the data whether these latter two levels
have J7=3/2+ or 5/2+, or the exact strength of the antianalogue com-
ponent, if any. Neither of these two levels was seen in 41K(3He, t)
(Sc 70), while the analogue and 2.02 MeV levels were strongly populated,
Experimental estimates of the amount of antianalogue strength in the
2.02-MoV mirror level in *1Ca range from 80% (Ly 67) to 1007, (Ma 72).
Inthe T_= -1/2 mirror s, the lowest 1"-3/2+ state at 2.1
MeV was seen in 4‘:,Ca.(:’l'h:-.d) (Bo 65), again through 2p -2h components
in ca (g.s.). The ¥9cCa(d, n) reaction (Ge 69) to this state exhibits the
same strong £ = 2 stripping pattern as does the analogous (d, p) reaction
to its mirror in 41Ca. These arguments, along with the direct reaction
evidence in 41Ca.. serve to lacate the main antianalogue strength at

~ 2.0 MeV in ¥

Sc.

Finally, several shell model predictions for 2p-1h states in
mass-41 have been made (S5a 67, Di 68, Ar 67, Ch 71); they all generally
agree that the main component of the antianalogue configuration (Eq. 4-2)
is concentrated in the lowest J":= 3/2+ state (the last three calculations

are shown as part of Fig. 4-15). The other primary configur-ation pre-

dicied to contribute to 3/2+ states in similar to that in Eq. (4-2), but
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with the two f7/2 nucleons coupled toJ =1, T =0. This recoupled con-
figuration is predicted to have components in the three calculated
J7 = 3/2+ states below 7 MeV (Sa 67, Be 67) with the smallest contribu-
tion to the lowest J 7 = 3/24 state.

On the basgis of the experimental and theoretical evidence just
discussed, the antianzlogue state configuration is assumed to be con-

4 Sc. The Gumow-Teller ma-

centrated solely in the 2.1-MeV level in
trix element <0>A.A. , for beta decay to the antianalogue state can then
be calculated ({1 ):..A.. = 0 assuming no substantial mixing with the

T = 3/2 state) to be 0.253% 0.013. This value is related to the matrix
element for the superallowed decay, (0) S.A.* as shown in Eq. 2-24,
and (0)& , = 0.0322 0.002.

(ii). Isospin purity of the lowest T = 3/2 state in 41Sc. Using this

value for (O')SZ A’ the amount of iscapin purity (aZ) fc. the T =3/2
state can be calculatad. From the experimental determination of g:s A’
and Eqas. (2-14) and (2-20).

a®= (90.9¢ 4.0)%: (6)C, = 0.032.

In the extreme case of (o‘):A = 0 (where deviations from the calcu-

lated value can only be due to isospin impurities)
2
a” =(92.6% 3.8)%.

In view of this ~ 8 to 109 impurity for the T =3/3/2 state, it
wcould be of interest to ascertain those states which predominate in
the mixing with the analogue state. Recently, contributions to the par-

tial widths for the isaspin-forbidden proton decay of T = 3/2 states
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have been calculated (Au 71). These results indicate that a major
term in these amplitudes comes from mixing between the configuration
state {(i.e., the antianalogue state) and the analogue level; the estimated
mixing i8 of the order of 1% for 41Sc. However, this prediction uses
a value of the charge-dependent matrix ~lement (Eq. 2-22) that is ap-
proximately a factor of 5 to 10 larger than those values measured in

the s-d shell or in the £ shell (Bl 66, Be 72).

/2

It i3 of course possgible that mixing with other states occurs,
which might aid in explaining the isospin impurity found ir the pres-
ent Tesults. One such candidate is the state at 5.838 MeV, which is
~1400 ke¥ away from the T =3/2 state, and is populated by significant
beta-decay strength. The possible mixing due to this level can be es-
timated from Eqs. (2-14) and (2-20), and the assumpticn that the de-
cay strength arises solely via mixing with the T = 3/2 siate. This
gives an admixture of ~ 19%, and the resulting charge-dependent ma-
trix element from Eq. (2-22) is ~43 keV. The latter is well within
the tabulated values for this matrix element (Bl 66, Be 72). Although
this overestimates the measured amount of isospin mixing with the
T = 3/2 state, the assumption that the entire beta-decay strength ob-
served for the 5.838-MeV state arises from this mixing is most likely
an oversimplification. The Gamow-Teller matrix element undoubtedly
contributes as well, which would serve to decrease the size of the
mixing.

The observed isospin purity of the T = 3/2 state in e of
> 94% is consistent with previous determinations of isospin purity for

17 33

other T =3/2 states--notably those in * 'F and °~Cl (Ha 71). It appears
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that in the present case mixing with nearby states, and possibly with
the antianalogue state, are plausible sources of the observed impurity,

and that the [ormer is the more significant source for such mixing.

3

E. Results for 2 Al

Although the masses and decay properties of Tz = -3/2 nuclei
in the A = 4n+1 series have been the subject of considerable study, al-
most no information has been available for their counterparts in the
A =4n+3, Tz= -3/2 geries. Mass measurements (Ce 69) using the
(p, 6He) reaction have established the particle stability of Z3}’;1 (the
lightest, nucleon-stable member of the 4 n+3 series). As such, it
should exhibit beta-delayed proton decay, although much weaker than
the comparable members of the 4n+1 series. The results discussed

here kave been reported in (Go 72).

1. Discussion of data

Proton beam energies used for the 24Mg(p. 2n) reaction (on
99.96% -enriched targets) ranged from 30 to 40 MeV; as shown in Table
4-1, even the lowest of these energies can produce 2oNa.. 24A1 or
24

Al in competing reactions.

a. Pulsed-beam: experiment. The description of the pulsed-

beam, shielded-detector apparatus (wheel) has been given in Sec. IIID.

The protons following decay of 23

Al were detected in the 8-pm AE 50 um
E telescope mounted as shown in Fig. 3-9. In order to observe low
energy protons as well as alpha particles, singles spectra were re-

corded from the 8-pm AE detector, and from an additional 14-uym detec-

tor mounted in an adjacent position., This system was used for the
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excitation function measurements, at beam energies of 30.3, 31.8, 33,
35, and 40 MeV. Half-life data were also taken, as described in Sec.

IIIC.

b. He-jet experiments. Although this method had a lower overall

efficiency (see discussion in Appendix A), it afforded both a higher par-
ticle resolution, and a lower background. In addition, as described in
Sec. IIIC, it provided a means of doing an anticoincidence experiment
to aid in reducing the background at low energies due to i60 recoil nu-

20Na. (Thus 1{DO nuclei in

clei from the beta-delayed alpha d=cay of
coincidence with the alpha particles detected in this iarge are . detector
were rejected from the AE-counter spectrum,)

The helium-jet experiments were done at a 40-MeV bombarding
energy, and used a 6-pm AE and 50-pm £ detector telescope. Half-life

data were also acquired using the methods previously described.

c. Proton spectra and half-life data. An identified proton spec-
23

trum following decay of "“Al is shown in Fig. 4-17, This spectrum
was acquired using the helium-jet technique; spectra obtained using the
wheel system were similar, though with peak widths o/~ 70-80 kaV
FWHM due to proton energy loss in the thick target. In both cases the
protons at energies > 1.0 MéeV exhibited a half-life consistent with that
for the main peak, but were always too weak to reliably analyze.

The original data taken using the wheel technique were calibrated
using very low-intensity H; bearmns of 0.63 and 1.45 MéV/nucleon elasti-
cally scattered from a Au target directly into the 4ymAE 504um E
detector telescope (the wheel having been stopped so as to expose the

detectors to the target). The proton spectrum acquired with the helium-
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818+ 20 keV
80} Y 2%Mg(p,2n)23al
um AE
60F SO
2 Sopm w
c
340F — 40 keV FWHM .
Q
20} .
ol b 4
0.5 1.0 1.5 2.0

Observed proton energqy (MeV)

XBL7110-4530A

. 2 .
Fig. 4-17. Identified protons following beta decay of 3A.1. This spec-
trum was acquired using the helium-jet system. Vertical arrows des-
ignate the energy range over which protons could be observed.
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jet could not be similarly calibrated. However, with the higher res-
olution 401\2\ resuibes reported in Sec. IV D this nudide, produced in the
40Ca.(p, n) reactior, could be used for calibration of the 23A1 proton
data from the helium-iet experiments. The resulting 23A1 proton en-
ergy is 818 = 20 keV, as shown in Fig. 4-17. (This more accurate
value agrees with that noted in (Go 72), which reported results based
on the H,

2

This main proton peak was observed to have similar half-lives

calibration only.)

in each of the two experimental methods. The resulting average half-
life is 470+ 30 mser. This value eliminates any possibility of either
24A1 or 24Alm as a source for these protons. However, it is discon-
certingly similar to that for 2oNa (see Table 4-1), which can in prin-
ciple decay by electron capture to proton unbound levels in 2ONe (as
discussed in Sec. IV B above), resulting in protons ¢ 1.0 MeV.,

The yield of 23Al protons, along with 20Na alpha decay data
taken simuitanecusly, waa obtained as a function of bombparding energy
as described above. The resulting excitation function is shown in part
a) of Fig. 4-18. No proton yield was observed at the 30.3-MeV bom-
barding energy, consistent with the calculated 24Mg (p, 2n) 23A1 thres-
hold of 30.78 %+ 0.08 MeV (Table 4-1). The maximum production cross-
section for this 818-keV proton peak is = 220 nb.

The observed ratio of protons to 4.42-MeV a particles (To 73a,
also Fig. 4-6 above) is shown in part b) of Fig. 4-18 as a function of
bombarding energy. The 4.42-MeV alpha yield was determ._.ed from
the dE/dx loss in either of the two independent AE detectors shown.

This proton-to-alpha yield ratio can be seen to drop by a factor of ~10
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Fig. 4-18. a) An excitation function for

protons
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a8 the beam energy is lowered 8 MeV, indicating that ZONa is not the
source of these protons.

It is of interest to note that at 40 MeV bombarding energy, the
ratio of the sum of all observed ZONa alpha groups to the 818 keV-proton
intensity is ~103. The ordinate in Fig. 4-18b is approximately the ab-
solute cross-section ratio for 23A1 protons (818 keV group) to 2C)Na al-
phas (4.42 MeV group) as detected in the 8-pm counter. Hence this
yield ratio as a function of bombarding energy is important in elimina-

ting the possibility of a very weak 20

Na K-capture branch as a potential
source ior the observed proton peak. There are no other sources of
such decay protons- -either as target contaminants, or as competing

reactions- -with the exception of 23A1.

2. Analysis and conclusions.

The proposed decay scheme for 23A1 is shown in Fig. 4-19,
The excitation energies and i assignments for levels up to 3 MeV in
23Mg are from (Ha 70), (En 71), and (Ne 72). The location and JTas-

25

signment for the lowest T = 3/2 state was determined in ““Mg(p, t) ex-

3
periments reported by Hardy et al., (Ha 69). Similarly, (p, He) data
established the spin and parity of the T = 3/2 analogue level in 23Na

23

(Ha 69). The ground-state spin-parity for ““Al is assumed to be 5/2+,

based on these results for the T = 3/2 analogue levels, and the JT=5/2+

ground state in the 2

3

“Ne mirror. Assuming the proton decay peak a-
rises from decay to the 22Na. ground state, the observed peak energy
corresponds to a previously unrepcrted state at 8.434 MeV, which is

restricted to J" = (3/2, 5/2, or 7/2)+ if populated by allowed [3+ decay.
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72+ _ _9.650

3/2+_ 290 ! 6.1

7/2+ 2.05l~ S 5.8

/2+ 451 25 5.4
3/2+_0.000,— 38 5.3

23M
XBL 7310-1336
Fig. 4-19. Proposed decay scheme for 23A1. The excitation ener-

gies for states in ©“Mg are discussed in the text. The inferred beta-
decay branching ratios and log ft values are discussed there also.
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The inferred branching ratios and log ft values for positron
decay to the bound levels are taken from the measured branching ratios
for the mirror ZBNe B~ decay (Ch 72). Using these values and the 23Ne
hz1f-life as reported in (En 67), the ft values for Be were calculated
following the description in Sec. IIA. The mirror levels in ZBMg have
been identified (Ne 72) and the corresponding log ft values and positron-
decay branching ratios are shown in Fig. 4-19 (no allowance for (Lt)‘/
(ft)” has been made).

The log ft value for the superallowed (54 decay to the T = 3/2
state can be estimated to be ~ 3.3 from Eq. (2-14), similar to its coun-
terparts in the A = 4ni1 series. The inferred branching ratio fcllows
directly from this assumption, Likewise, the approximate beta-decay
branching leading to the 8.43-MeéV state follows [rom the assumption
that the lag ft~ 5.0 for this allowed decay (Go 66).

Ap the decay scheme in Fig. 4-19 shows, the T = 3/2 state is
unbound to proton decay by ~ 200 keV. Penetrability calculations indi-
cate that the partial width for this posaible decay is approximately the
same crder of magnitude ag that for a typical 7.8-MeV Ml y ray in this
mass region (Sk 66). The experimental search for this low energy pro-
ton, the details of which are described earlier and in Sec. IIIC, pro-
duced no positive result. These data, in conjunction with the beta-decay
branching ratios shown in Fig. 4-19, permit a crude estimate of
Fy/I‘p > 50 for the isospin-forbidden proton decay of the T = 3/2 state.

As a note of minor historical interest, 23A1 was thought to have
been identified as one of the producta from proton bombardments of a

natural Mg target (Ty 54). These bombardments in the circulating



beam of a 200 McV synchrocyclotron were done at proton energies of
23, 50, and 80 MeV. Gross beta activity was detected in a acintillator.

A 0.13-sec activity produced at 23 MeV was thought to be from either

23A1 or ZZMg. As can be noted from the present excitation function

data, this bombarding energy is below the 23A1 threshold. The 0.13-

24

sec activity is probably due to Alm, as 22Mg has 2 haii-life of ~ 4

sec (En 67). However, at a 50-MeV proton bombarding energy, activity

with a ~0.4 sec half-life waa reported, but no identification was made.

23 20

In retrospect, both “"Al and “"Na (having nearly identical half-lives)

could contribute to this ~0.4-sec [3+ activity. Using the present 23A1
results as shown in Fig, 4-19 and the maximum proton production cross-
section noted earlier, the total 24Mg(p, Zn)zsAl cross-section at 40 MeV
is ~220 pb. The 24Mg {p, a.n)ZONa cross-section can be estimated from

the observed alpha to proton ratio of ~6.5X10'3 (from Fig. 4-18b), and

2

the positron branching to the 10.26 MeY state in “CNe of ~ 2.9% (To 73a);

hence the cross-section for this reaction at 40 MeV is ~1200 pb. The

0.4-sec activity originally observed at 50 MeV is therefore probably due

20

mostly to ~ Na p+ decay, with an ~15% contribution from the positron

23

decay of ""Al.
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V. SUMMARY AND CONCLUSIONS

Results of Ligh-resolution particle-decay exreriments have
been presented for several of the light-mass delayed-proton precursors.
Thesge observed particle energies have led to assignment of the decays
to existing or, in somne cases, new energy levels. For those assigned
to previously known excited states, the agreement between the results
of the present ohservations and the published values is excellent.

As detailed in the text, the proton intensities have been used to
derive transition strengths for the preceding beta decay. For 4 Sc, the
absolute ft values yield information on the degree of isospin admixing in
the lowest T = 3/2 state. This value of ~ 8% is of the same order as

33¢1 (Ha 71).

those determined in previous measurements for 17}5‘ and
The ratios of mirror transition rates determined for masses
21 and 25 are consistent with those for other odd mass mirrors, e.g.,
masgses 9 (Wi 71), 13 (Wi 71a), 47 (Ha71), and 29 (Es 71a). The re-
sults for these six mirror pairs have been plotted as a function of

W; + wo in Fig. 5-1. As can be seen, there is no evidence for a sys-
tematic change in (g_:)+/(ﬁ:)- as a function of decay energy. As discussed
in a recent analysis by Wilkinson, et al., (Wi 72), the possible origin
of these asymmetries in the odd-A syatems as due to lack of perfect
analogue symmetry in the final states should be studied. In the cases

of 1Mg, and 25Si, a2 measure of the proton to gamma yield would pro-

vide information on the beta branching to bound levels; such results

combined with the ground-state transition strength from the mirror
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(as was done for >SAr (Ha 71)) would aid in checking the assumption of
isospin purity in the T = 3/2 gtate {which is the basis for obtaining beta-
decay branching ratios for these nuclei in the present work). In any
event, if the T = 5/2 state in either mass 21 or 25 contained ~ 10% ad-
mixture (as has been observed in some of the members of this A =4n+1
series), the resulting effect on {ft) +/(f_t_)' would be a reduction of ~0.05,
which is not large enough to fully account for the observed discrepan-
cies in mirror decay rates.

The results presented here for 23A.l employ a technique which
could be applicable for the characterization of decay properties of
other nuclei that might be particle stable in this eeries. Although 23A1

is the lightest, nucleon stable member, 27}?, 31Cl and 3

dicted to exist (Ke 66). Like 2'3A1, the other potential beta-delayed

5K are all pre-

T,= -3/2, A = 4n+3 proton emitters would have very small decay
branches to particle-unbound levels in the daughter nuclei, since their
proton separation energy is quite high--grzater than 5.9 MeV (Wa 71).
Experiments searching for these nuclei and higher-mass members of the
series would be valuable since they are expected to lie near the edge of
stability, and could lead to the observation of new examples of proton

radioactivity,
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APPENDIX A

Helium Jettery

This section describes empirical observations regarding some
of the experimental parameters involved with the transport of recoil
nuclei with a helium-jet system. Details of its construction and use
have been given in Sec. II B. Although this method of transport of
radioactive species has been in use for some time (see Ma 69 and ref-
erences therein), only recently have there been attempts to explore
the chemistry involved in the transport process.

Table A-1 lists the various reactions considered, along with
a brief description of the experimental conditions. The quantity in the
last column is the product of reaction cross-section and transport ef-

ficiency. This is calculated from (following the description in Es 71a):

: \ ( . ) (Zpe> ”b(i-e- ) (A1)
_ . . . . (A4
o€ BR-Q/ NOFaFiTe Q (1— e-)\tb) . ( e-xtd _e-x(td+tc))

The first factor is the number of counts, C, in the peak or peaks of inter-
est, the beta decay branching ratio(s), BR, and £, the fraction of a unit
sphere subtended by the detector telescope. The second factor is the in-
verse of the number of target nuclei available for the reaction of interest,
where M is the target molecular weight, Fa and F.l are the fractional
atomic and isotopic abundances, respectively, N0 is Avogadro' s number,
and Te is the effective target thickness. For experiments where the re-

coils of interest escape from the target (as in the He-jet experirments),
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Table A-1. Observed yield Irom various reactions producing beta-delayed-particle precursors.

Entry Reaction Beam Brief description of c)
number Em”(MeV) experimental parame(ersb) (nangbzarns)
1 PeaiPne, 204 10 29.5 300
2 36.5 140
3 60 320
3 0 ca®He. 2np1*sc 29.5 6500
5 36.5 10600
6 60 ’ 20000
1 40 cat*He. 2na’ ca 36.5 40
g 60 190
9 0caHe, 2n i1 29.5 pure® He 65

10 &0 84-cm-lang capillary®’ 100
11 24y 100 He, 20 %050 29.5 5200
12 29.5 pured) He 3100
13 40 1800
14 10 ~54,air + 1, 2-ethanediol bubbler? 7300
15 &0 1800
16 3ar3He, 2n)°"Ca 40 150
17 2B5i3He, 2 25 29.5 208
18 20 e te, 2% Mg 29.5 Ne + He mixture 1100
19 32634, 2n) P 2ar 29.5 <50
20 Catp.n s 20 ~4% N, + 1,2-cthanediol bubbler ! 37000
2 24 ptgtp, 2m23al 40 20000
22 240g(p, an)®Na 40 91000"
21 0ca12c, 3n v, (78y72 ~10% air + 1, 2-ethanediol bubbier® 60’
24 0yet12c, 3012% (18 71.5 ~16% air + H,0 bubbler” 508!
25 Beatbo, 2ep1*Pco™ (106 79.2 7.6-um Ni degrader foil 30

b

c

d
e
f

For heavy-ioa beams, the initial beamn :nergy is in (  ): the beam energy at the target surface is
aiso given.

For those blank entries, no chemical additives were used.
) With the exception of 53

Cnm. thes. entries are for the total cross-section for production of the
nuclide.

The heltum was passcé through a liquid-nitrogen trap,

This tube is twice as long as used for the other experiments,

1 The heliom impurity-gas mixture was bubbled through the liquid at the entrance to the target box.

g} Beta decay branching ra:ios estimated from Ve 68.

h
i

j

} Beta-decay branching ratios from Ha 71.
) Beta-decay branching ratios from To 73a.

) Beta-decay branching ratio from Ce 70,
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Te is usually taken to be the recoil range in the target as computed
from range-energy tables (No 70), while for those experiments where

the recoils stop in the target, T = t
e cos Gt

- R, where t is the target
thickness, Gt the target angle, and R the recoil range in the target.

The third factor is the inverse of the total number of bearn par-
ticles, where ZP is the projectile charge, e the electronic charge,and
Q the total integrated charge collected. Finally, the last factor accounts
for equilibrium of activity on the collector foils (or in the target), and
TC is the time for one complete revolution of the helium-jet collector
wheel (= 6 X cycle time), or the cycle time for the pulsed-beam exper -
iments; the remaining expanential terms account for decay during bom-
bardment (tb = bombardment time), and decay during the counting or de-
lay times (l:c = counting time, ty = delay time).

The product o ¢ is in units of nanobarns for M in g/mole, Te
in mg/cmz, and Q and e in pCoulomb., For those pulsed-beam exper-
iments where the target was observed directly, €= 1. The uncertain-
ties associated with this product {and in deriving €) are large, since
many factors influence the results. One of the more significant, es-
pecially in the case of heavy ion beams, is the determination of the
total beam current. There is multiple scattering in both the helium
gas and in the exit foil which could affect the amount of beam refocused
into the Faraday cup.

Relative cross-section information for various competing reac-
tions is listed in Table A=1 also. As can be seen, both the (-He, 2np)
and (3He, 2na) reactions become more important at higher bombarding

energies. Also shown are the o e products for (3He, 2n) reactions on
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several light-mass Tz = 0 targets; there appears to be considerable
variation, influenced by both transport efficiencies and reaction cross-
sections. The effects of various chemical additives are shown by com-
paring entries 1 and 9 (*1Ti), 11 and 12 (2°5i) and 13 and 14 (?5Si). mn
addition, studies done using the 24Mg (p, an) 20Na reaction have shown
effects due to beam intensity below 1 yA. The counts per unit of in-
tegrated charge drop linearly as the beam intensgity is decreased down
to ~100 yA. Above 1 pA, on the other hand, there appears to be no
noticeable increase in this ratio. The effects of several chemical ad-
ditives were 2lso tested at these various beam intensities; no repro-
ducible effects were observed.

In contrast to the 2ONa results, definite improvements in the

4 Ti; for the 2ONe (12C,

transport efficiencies can be seen for 25Si and
3n) reaction, the transport efficiency increased by a factor of 10 with
the addition of 2ir and an HZO bubbler (see entry 24).

Table A-2 lists helium-jet efficiencies for some of the nuclides
studied, based on measured cross-sections at similar beam energies.
The pulsed-beam (wheel) data were obtained as part of this work. The
325 (3He, 2n) cross section has apparently not been measured. If it is
similar to those for (3He, 2n) reactions on other Tzz 0 targets, the
33Ar transport efficiency can be estimated.

As noted above, due to uncertainties in the beam intensities, the
efficiencies listed in Table A-2 are probably accurate within a factor of
3. It should also be noted that the efficiency includes ' sticking' prob-

ability as well as transport efficiency. The results described here ap-

parently confirm the general view that chemical'impurities' play a role
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Table A-2. Cross-sections and Helium-jet Efficiencies,
Beam o €
Reaction Energy (MeV) {(nb) Reference (%)
0o PHe, 2 MiTi 40 50X10°  wheel data 0.7
24\ e (p, 20)23A1 40 220x10°  wheel data 9.
Ocaip, n0se 20 3.8x10°  wheel data 1.
24\ te(p, an)®ONa 40 1.2%10%  wheeldata 8.
022, 3n)*Fe 65 500 Ce 70 12.
40ca(160, 20p)?3co™ 80 1.6x103  ce 73 2.
24Mg(PHe, 2n)%7si 38 150103  Es 7ia 5.
20N (3He, 2n) *iMg 34 230x10°  Es Ma 0.5
325034e, 2n)33ar 30 ~50X10°  estimate  <0.4
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in this process (Ma 74) and that there appears to be some chemical
specificity involved, either with regard to the type of ' impurity’ used,
or the chemical nature of the recoil product, or both (Ko 71, Ko 72).
Clearly additional studien on increasing the transport efficiency, es-

pecially for low cross-section reactions, would be desirable.
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FOOTNOTES

Havar is an alloy consisting primarily of Co(42.5%), Ni(13.0%),
Cr (20.0%), and Fe(17.9%), with a2 density of 8.3 gm/cm3.

Hamilton Watch Co., Metals Division, Lancaster, Penn.

Chromium Corporation of America, 8701 Union Avenue, Cleveland,

Ohio 44105

Tube Sales, 1730 Geary Blvd., San Francisco, Ca 94115,

Ledex, Inc., 123 Webster St., Dayton, Ohio 45401.

Servometer Corporation, 82 Industrial East, Clifton, N. J. 07012,
Transducer Technology, Inc., Route 83, Ellington, Conn. 06029,
Ortec, Inc., 100 Midland Road, Oak Ridge, Tenn. 37830.

Materials Electronics Products Corp., 990 Spruce St.,

Trenton, N, J. 08638.
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