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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 observed following beta decay of
25, 37 40 41 . 23

~ the précursor nuclei Zng, Si, Ca, Sc, Ti, and Al. These

measurements spanned a proton energy range from 600 keV to 8.5MeV,
and included all significant 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 a11§Wed decays have been determined.

The half-lives of these nuclei have been measured, and all ex-
cept that for 41Ti are consistent with the previous values. For 41Ti,
the half-life ié 8_0:i:>2 msec, which differs from tﬁe 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"g:' values for 21Mg and 2581 are compared to the negatron
decay rates in their respective mirrors. For mass 21, (gt)+/(_§_t)_

= 1.10# 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 superaIIOWedv



trasted with theoretical predictions for decay rates to their respective

-xii-

decay to the T = 3/2 state in 41Sc indicates that this level has an iso-
spin impurity of ~89%. o .

The observed beta-decay rates in Zng and 37Ca are also con-

daughters. The calculated values agree Well for Zng, while for 37Ca
the calculations appear to be limited by the basis space used.

Delayed protons from 23Al, the first member of the A =4 n+3
series of Iz =3/2 nuclei, have been observed, aﬁd the half-life of
23Al has been measured to be 470+ 30 msec. In addition, delayed pro-
tons from 40Sc were studied in order to ascertain their confribution

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



I. INTRODUCTION

There are currently 24 known beta-delayed charged-particle
precursors with A < 50 (for a general review, see Ha 72, Ha 74),

45¢cr (Ha 73). Although

iﬁcluding the most-recently discovered,
some of these are characterized by only one si-gnifica_nt particle de-
cay peak or have very small beta-branching ratios to particle-
uﬁbound levels, several members of the Tz =-3/2, A = 4n+1 series
of nuclei exhibit cornpiex proton decay spectra afising from beta de-

cay to many unbound levels. Accurate determination of the particle

energies and intensities from these nuclei can yield information on

i,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 wavefunctiohs, which in general, have beven rea-
sonably successful in describing energy spectra,‘ spectroscopic fac-
tors for single-nucleon transfer reactions, and electromagnetic ob-

servables (La 73).



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 transitions 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

p:‘h -decay énergy, given by

(f_t)*/(ft)' o w(’; tWooo (-1
The superscripts + and - refer to positron and negatron decair, re-
spectively, and WO is the total decay energy. More recent work bvyv
Wilkinéon and others (Wi 72) on mirror decay rates for Tzz +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 expefimental evidence. The odd-mass systems,
however, continue to show positive values for this ratio (though not
necessarily of non-trivial origin).

The nuclides 21Mg (Ha 65a, Ve 68), 25Si (Ha 65a, Re 66),

3 4

"Ca (Ha 64, Re 64, Po 66) and 1Ti (Re 64, Po 66) are among those

in the T = - 3/2, A = 4n+1 series that have noi previously been stud-

ied with high energy-resolution, low-background techniques. For the o
present experiments a helium-jet transport system (Ma 6.9) was de-

veloped in order to detect charged particles from a thin source in a

relatively background-free environment. The baékground was further

reduced by use of a detector telescope and standard particle identifica-

tion techniques (Go 64). These experimental techniques are detailed

in Section III.
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Results are reported in Section IV for delé.yed broton decé,y
from 21Mg, ZSSi, 37Ca, 40Sc, 41Ti, and the first member of the
A = 4n+3 séries of T=-3/2 nutlei,23Al, and include detection of all
significant particle decay branches from these nuclei. Beta decay

branching ratios ranging over two to three orders of maghitude have

been determined.



II. THEORY AND CALCULATIONS

The intensity of a particle decay> peak is controlled by two fac-
tors, the partial width for this decay exhibited by the parent state in
th¢ Tz_:‘ -1/2 emitter nucleus, and by the strength of the preceding
beta-decay‘transition connecting this state and the precursor ground
state. These decays are shown schematically in Fig. 2-1. The beta-
decay transition strength is defined in terms of an ft value, where f
is the (unifless) statistical rate function and t the partial half-life for
the decay. This product is usually between ~ 1 ><1O4 and ~ 3><1O6 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 (Ko 65,
Bl 69, Go 71a):

Yo

f E_f(iZ,Wg) =S Wp(Wg-W)ZF(iZ;W)dW (2-1)
0.511

where W and p are the electron energy and momentum, respectively.

WO is the total decay energy in terms of the nuclear mass difference,

and is related to the end-po.int beta~decay energy EO’ or the atomic

mass difference, Q and excitation energy, Ex’ by

‘3’

~4a



T=3/2 : Precursor

= LT

[Zf 2] +p : Ese_paraﬁon

T.=0
Tz T=1/2 | l 4
Proton |
daughter A
[Z-1]
T,=-1/2

Emitter
v XBL 7312-6850
Fig. 2-1. An jllustration of a typical beta-delayed proton decay scheme,

showing the atomic mass difference, Q_, and the proton separation"
energy. : g
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WO = EO+ 0.511 = Qﬁ—Ex'zl: 0.511 (all in MeV); (2-2)

+Z is the charge of the daughter nucleus, and thev positive and
negative signs correspond to negatron and positron emission respec-
tively. The solution for Eq.(2-1) depends on F(:E‘Z,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(xZ,W) = F,(¥Z, W) L, (2-3)
208,202 gy [Dlygtin) |° ,
where : FO = (-—‘-?ﬁ-——) eV > (2-4)
[(ZYO + ,1)]
2 2
[g7, + £]]
0 = —-—————-——2 r = R . (2‘5)
2p FO
and the nomenclature used is:
_ 2
a = e /hc=1/137.036
v = (£Z) aW/cp
2.1/2
YO = [1'(0'2) ] /
R = r Ai/3
0 _ ‘
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 ordef in aZ, so

1+ Yo :

4



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

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

V ~ 1.45 azlz [4/3 . (2-7)

However, with the interest in comparing measured 0+- 0+
pure Fermi transition strengths (AT =0) with theoretical predictions
and the _brecise evaluation of beta-decay coupling constants, the above
a.ppfoxima.tions do not give the required accuracy. To a lesser extent
the intercomparison of mirror Gamow-Teller d'ecay.r rates in light nu-
clei is likewise affected. Two major corrections are required: .1)
the inclusion of higher order terms in the equation for Lb and 2) cor-
rections for electromagnetic radiative effects.

The former has been estimated by Wilkinson (Wi 70b), among
others, and.for light nuclei (Z< 30) and high beta decay energy, this

can amount to ~39% . Hence, following his analysis, higher order

terms have been included in the equation for Lo:

aZR

Ly =1-5(2)° -2z WR - 3284 pr)%). (2-8)

This equation is used in the evaluation of F(+Z, W) for calculating the
statisti_ca.l rate function, f, as done in the computér pfogram FERMI
(Ba 66a).

The radiative cbrréétions are considered in two pérts, 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:,_l on the other hand,

are evaluated for each case, and can be written as

f=f (1+Ts) (2-9)

!
where f is evaluated from Eq.(2-1) and 6i is the correction for i‘il

order in a.

‘Wilkinbson and Macefield (Wi 70) have estimated § to order Za,
and their parameterization for the Z=0 cvase has bbeen used here for
both negatron and positron decay. (This estimate compafed to their
tabulated. values for Z < 30 is accurate to < 0.2070 in its effect on f).
The second ofder correction (62) is given by Jaus and Rasche (Ja 70)
as ‘.

4

: O[ZQ.Z]_ ~ 4X10" 72 - - (2-10)

and, although small, has been included in the present f calculations.
The estimate to third order (Ja 72) is 63~ 3.6X10—6Z2, and is clearly
small enoer.vgh (<3 X1.0—3 for Z < 30) to be neglected.’

Statistical rate functions calculated using the approximation

for L, shown in Eq. (2-6), and ignoring outer radiative corrections

0
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. As a further check

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

f values were calculated for several 0+— 0+ superallowed decays and



were compared to those calculated by Towner and Hardy (To 73). The
largest deviation was 0.22% for the positron decay of 50Mn.

The method for calculating the statistical rate function de-
scribed in this section appears to be accurate enqugh to give essen-
tiaily no systematic contribution to errors for either f values or for
ratios of pbsitron to negat_rqn decay rates due to approximation‘s made
in the caicu_lation. 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.:

-94 .
f - 1.234 X140 C.g.s. units (2-11)

2 2 12 2
gy (1) + 84 (9)

where g’V_ is the renormalized vector couplingvcons'_'tant, (1) the
Ferm.i mati'ix element, g:q the renormalized axial-vector coupling
constant, and <0> the Gamow-Teller matrix element. As noted‘
above the renormalization is due to the inclusion of inner radiative
correctioné (Bl 70). From the evaluation of several well-known .
.O.+—>O+ pure Fermi transitions in the light ﬁuclei, Towner and Hardy

] o
(To 73) have deduced the value for gy 2s

gy = 1.413X107%7 ergxem?. (2-12)

Decay of the neutron yields a measurement of g;\/g’v; Wilkinson (Wi 73)

has recently re-evaluated this ratio to be
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o ‘ - ‘ .
g /gy =1.254. (2-13)
So equation (2-11) becomes

ft = 6166 5 sec . (2-14)

(1Y% + 1.565 (o)

Wavefunctions for the precursor and for states in the daughter

can be written (assuming isospin purity for the parent state) as
g = le@, T, T () (2-15)
and, allowing for isospin mixing in the daughter,

be=al WU, T, T (D)) + b| YT, T, T, (D) (2-16)

properly normalized so a.2 + b2 =1.

The Fernﬁ matrix element is
CEITIDERCIES (2-17)
where

Z 'T:l:(n) :Ti v o | (2"18).
n

and Ty (n) is the isospin raising (+) or l'owering operator (-) and can
operate on all n nucleons. T, converts a proton to a neutron, and 7_

a neutron to a protbn. Accordingly, T, operating on . gives

Tilip(J, T, T;-)) =[(T+T NT=* Tz.+1)]1/2 ly@, T, T,*1)). (2-19)

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

jection Tz, 1__e ITz(f) - Tz(i), = 1, so that from :Eqs. (2-16) and
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C(2-17)

(1Y% <[ T(T+1) - T_() T (9]a°. (2-20)

Clearly, for the T = 3/2 superalloWed positron decays considered here,

2

(1)2 = 3a”, and the evaluation of this matrix element does not depend

~on choice of model wavefunctions, only on the degree of isospin purity

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

not reduce so simply. Its form is given by

RCIEET: | Z o(n) - 7, (n) [ gy (2-21)
: oy .
where o(n) is the Pauli spin operator and 7,(n) is as defined above. The
selection rules can be deduced from the properties of rEl (r.(n)- T, (n), which
is a rank 1 tensor, and hence can give AJ=0, £1 and AT =0, 1.

The actual évaluation of (0>> depends upon the nuclear wave func -
tions. For the case of superallowed beta decay to the analogue T =3/2
state, (0) 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
somé nuclei in the sd shell, including mass 241 and mass 37. The ear-
lier estimates égree with shell-model calculations for these two masses.
For these superallowed decé.ys 1.565 (-0>2/< 1 )2 s 15% for the A = 4n+1

(A< 37) nuclides; hence the transition rate for these decays can be cal-

culated from equaition (2-14) in a nearly model-in_dependent 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 occur.,
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 bé a sum of iso-
vector and isotensor parts; generally, as is done here, the isovector
part is a;ssurned 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 level.s.in masses 13 and 17.)

If the mixing is assumed small, perturbation theory can be used
to show that |

(E,T> i ET<) @ = <¢(T>)1Hc|4’(T< ) | (2-22)

where E,. is the excitation energy of the state with isospin T, and HC

T
is the charge-dependent part of the nuclear Hamiltonian. From this
equatiqn, the .amount of mixing of the T> state with. neérby '1_'< states can
be estimated from kriowledge 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

2

have shown that ‘a” < 19, 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~ 1% for mass 41.

Thése results from (Au 71) show that the predominant mixing
in the T =3/2 state occurs with the aptianalogue 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

v(T = 3/2) recoupled to T = 1/2. These wavefunctions can each be ex-

"p’anded in terms of the single-particle wavefunctions. Since these con-

stituent cpnfigurations are identical (just coupled to different T) the

resulting beta decay matrix elements are related simply by the ratio

of the Ciebs;:h-Gordon coefficiex_lts, C(T), involved in the expansion,

viz:

- cw) .

(WTHT )| So.7[w(T,, T,)) = aT—<)<¢‘T>’ T )| Zor [$(T, T ).
(2-23)

The relationship between the Gamow-Teller matr‘ix element for beta

decay to the T =3/2 state, { to that for decay to the antianalogue

%) S.A.
state (T = 1/2), <0>A A is:

C(T)

< 1
o A -1 . (2-24)
(%)s.A. () € YA.A. N3 (%) A.A.

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

sion of results for mass 41 in Sec. IVD.
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D. Partial widths and penetrabilities

The decay modes exhibited by an unbound level depend mainly
on the degree 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 relé.tionship between the partial width Fal for a given exit chan-

nel a, and the penetrability P and the reduced width y2:

2 .
Pa[ = Zpdl \ (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 contained in yz. The

penetrability is given by

- P : -
Pa! Az (2-26)
alf
where
p =kR = kro(A11/3 + A12/3)" (2-27)

k is the wave number, and is calculated from

2

| 1/2 |
K =<7:&E— et - 0.2187 (WE)1/2. (2-28)
. |

The energy E is in MeV in the center-of-mass (c.m.) system and y is

the reduced mass in amu.,

I)-

i\;
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The denominator in Eq. (2-26) is the penetration function, and
is given by

2 o2 .2
Aaﬂ _Fal G (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.
Penefrabilities for two differeﬁt nuclei are plotted in Figs, 2-2
and.2—3‘ to iliustrate the effects of energy and angular momentum.
Figure 2-2 shows the penetrabilities for excited states in 418c decaying
to the gr'oun‘d state and first three excited states in 40Ca. It is évident
from th.is‘ figure that, for states below 6 MeV in.exc_itation in 4 Sc, the

ratio of penetrabilities for decay to the excited states in 4"OCa 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 theé 4OCa g.s. will
predomiﬁaté; |

On the other hand l;h_e proton decay penetrabilities for excited
states in 25Al, shown in Fig. 2-3, vpresent a different picture. The
Coulomb barrier in mass 25 is smaller than in maés 41, while the
first few excited states in '24Mg are lower in energy than their counter-
pa_rts in 40Ca. ' In addition the an_gular. momentum barrier is lower in
the mass .25 cassé for decays to the first-excited ‘sféte in the proton |
'daughter since ﬁhe first-excited state in 24Mg is J" = 24, while its
counterpart in 4OCa, has J" = 0+. In fact, for states.>in 25Al above 5

MeV in excitation, decay to the 24Mg ground state is less favored than
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Proton penetrability for e’ (J1.'r)—>4OCo(JfW) +p

—

IO [ 7 T TV

[
L
J| - 2+

0+
32+

10~ T 1 T T T T | T T T T

1.0 3.0 50 7.0 .LO 3.0 5.0 7.0
Excitation energy in 4Sc ( MeV)

XBL738-4006

Fig. 2-2. Penetrability calculations forzproton decay of 41Sc(*).
The ordinate is the penetrability P = P/Ag calculated with 15 =1.3
fm (see text for details). The curves are labelled with the spin,
parity and level order (ground state, 1st excited, 2nd excited, etc.)
for each final state.
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T

IO—? 1 ! | T |
30 50 7.0

Excitation energy in 2571 (MeV)

XBL 7341-1467
: ' . 25, 1.,
Fig. 2-3. Calculated penetrabilities for proton decay of TAIL(*),

with rg = 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 é.t lower excitation energies in 25Al than in the cor-
responding case in 41Sc, and the resulting proton spectrum could be
more complicated due to these competing decay modes.

No attefnpt has been made to calculaf:e the reduced widths from
model wave functions. In order to estimate partiai decay widths and

lifetimes, the Wignei‘ sum-rule limit has been used (Ma 68), where -

> 827 Mev. | (2-30)

<
B
A

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

half-lives follow:

{
o~ —9 Moy (2-31)
“al HRZ | :
and
. Hhln2 R2 .
t=7In2 = '—12-5—4&-:@-—[ secC. (2-32)
: a

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

: strengths of energetically-allowed, but unobserved decays.

LIR
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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 sfrengths, depends on high-resolution, lbw-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 ‘tb a shielded counting chamber (Es 71). Although such a sys-
tem was a cl_ear improvement over the former method of directly ob-
serving decay particles from recoils stopped in the target, it did not

‘appear to have a transport e.fficiency suitable for non-gaséous activ-
ities produced in low cross-section reactions. A .helium—jet system
(Ma 69); similar to those used in studies of a-emitting isotopes
(among others), was designed andv built for transport of light mass,

non-gaseous activities.

A. Cyclotron, beam transport and pumping system

The cyclotron, beam transport system, »ar-1d experimental area
are shown inFig.3-1. The location of the pumping system with re-
spect to thé counting charhber is also shown; the total pumping dis-
vtance was ~9 m through 10 cm inside-diameter (ID) pipe. This entire
system Was constructed to be compatvibvle with other experiments using
Cave 2, with all components of the experimental equipment readily re-
movable for an unobstructed beé.m éath to the facilities further down-

stream.
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A’ more detailed diagram of the helium-jet system is exhibited
in Flg 3-2. The cyclotron bea.m,wa..s focused bn a retractable AIZO3
screen (nionitored via closed-circuit television) locé.ted 10.8 cm up-
stream from the target box entrance foil. The beafn spot size gener-
ally was 0.5 to 0.7 cm square in order to pass through the 1.0-cm diam-
eter tantalum entfanc‘e collimatof, which was located 4 cm upstream
from the entrance foil. Foil lifetime was greatly ' reduced when the
beam was focused to a smaller Ispot.

The beam entered the target box through the 1.0-cm diam en-
trance foi1>,> exited through a similar 1.9-cm diam foil window and was
refocused into a Faraday cup located ~1.8 m downstream. Either 5.6-
pm Havar foil‘s1 (4.6.mg/cm2) or 5-pm Ni foils2 (4.'5 mg/cmz) were
used for these isolafion foil windows (no significant difference in foil
durability was qbserved).

Typical 3He+2 or p beam currents were 2to 4 pA (at all bom-
barding energies), with usually < 50 nA dropped on the entrance colli-
mator. Foil lifetimes ranged from 8 to 50 hours at f:hese currents,

A few exploratory experimenfs were conducted with 12C and 160 beams
(the results‘ of which are briefly discussed in Appendix A); the entrance
foil was typically 2.5-uym Ni. Even then, isolation foil lifetime de-

creased appreciably unless the heavy ion beam intepsities Wer.e limited

to ~0.8 to 1.0 pA (measured fully stripped).
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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 manually positioned via geared shafts as shown
in Figs. 3-2 and 3-3. The target wheel position was 5.2 cm 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 10% He, was used as both target and
transport gas.

A fraction of the b.eam—induced 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 tube3. 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 yield as a func-
tion of several parameters. The description and resulfs of these tests

are given in Appendix A.



B 737-4585
Picture of helium-jet apparatus, showing target box (light-
colored box in center-foreground), with target/degrader-foil wheels re-

Fig. 3-3.

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 collection/

counting chamber is shown in the background, with the detector turretand
pre-amplifiers in place.

X



-25-

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 te.sts 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 {/sec for He gas, which gave an
operating pressure in the counting chamber of 0.3 to 0.4 torr. With
the installation of a larger pump, the pumping speed increased to ~
560 4/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-4/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 activity 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, flowever, 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



XBB 737-4588
Fig. 3-4. Close-up photograph of collector wheel, showing 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-
delayed proton emitters 33Ar or 17Ne was found in those experiments
in which their production was possible. (See Sec. IV for further dis-

cussion.)

Collector foils were typically 50-pm-thick Al disks; for exper-
iments using a 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 solenoidal stepping
motor4, and a 1:2 gear ratio. This position change required ~ 25 msec.
Althou'ghb the stepping motor could be fired as many as 10 times per
second, 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 preéluded the observation of

events from foils on either side of the counting position.

2. Gas target
36 3 37 :

For the " "Ar ("He, 2n) Ca experiments, a gas target and gas-
handling systein 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 necessary, under these limita-

tions, to construct a gas target system with a 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 pressurizing 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-ym and 0.23-
pm thick Ni foils respectively (~ 200 ptg/cm2 for the exit foil). The
inside dimensions of the stainless steel gas cell were 0.1 cm in length
and 1.9 cfn 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/cm2 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 a mercury-filled Toepler pump driven by com-
pressed air. The argon target' gas, enriched to 99% 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 monitored with a specially designed differential pressure
transducer, with a proportional dc output feeding a remote digital volt-
meter. The transducer is shown in Fig. 3-6; it consists of a low-
volume bellows5 sealed 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 measure 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 ""exposed'' 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 ym; the thinner detectors
(notably 4, 6,8, and 11 um) were commercially prepared surface bar-

rier del:ectors,7 while the others were fully-depleted P-diffused Si

rrepared at LBL. The stopping detectors (E) were either ~50-pm, 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 protons--and a lower limit on

a-particle energies of ~1.4 MeV.

Each AE-E telescope was followed by a 100-pum thick partially-
depleted Si detector 1.5 cm in diameter to reject long range particles
traversing the telescope. 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 and 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. Bias 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 accurate.ly'liocated 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 sr.

Since the capacitance of a detector is proportional to the ratio
of ai‘ea 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 a high signal-
to-noise ratio. This output signal was amplifiéd by another factor of
5 in a low-noise amplifier before being sent to the standard 198" linear
amplifiers. A block diagram of the electronics se.t-up is shown in Fig.
3-8. .Instead of the usual delay-line shaping at the linear amplifier
stage, RC shaping was used for the 4, 6, and 8;pin thick detectors,
with the integration time ~ 0.5 to 2.0 usec.

After having fnet a coincidence requirement of 2 7 ~ 40 nsec, the
AE anci E signals were féd into a Goulding-I.andis particle identifier
(P.1.) whose output is proportional to Iparticle type. (Go 64). Events -

corresponding to 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 enérgy, ET’ signal was obtained from the
sum of the AE and E signals.

The total particle resolution 'was.depenvden‘t upon thé exact com-

bination of detectors used, but ranged from 25 to 45 keV FWHM for

| protons. This resolution was influenced, in part, by the large capac-

itance of the AE detectors. The observed proton w_idths were also in-
fluenced by the momentum-broadening due to the preceding [5+ decay,
and in some cases, by the intrinsic widths of broad states themselves.
The max.imum beta-broadening contribution for each precursor is given

in Table 3-1.

2. Timing and half-life measurements

The collectoi' wheel pro&ided a ti‘ming signal used to initiate
each counting cycle. The assoc.iated electronics are shown schemat-
ically as part of f‘ig. .3—8. Six holes, each 1.6 mm in diameter, were
located along the same radial axes as. thé'colle'ctor foiis, 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, causing the photodiode to ''gate-off'' the voltage sigﬁal. The

"on'"' gignal 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 mechanically or capacitively
induced a noise signal in the deteétors, 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 3-1. Maximum Effect of Beta-Broadening on
Observed Proton Peak Widths

Energy at Maximum (MeV)

Nuclide , - E,(lab) FWHM (kev) 2
24 p1q ~6. 0 s 14
25, . ~6.0 ~2.9 11
376, 5.8 | ~2.9 7
a1, - 7.0 ~307 | 9
40. - 4.88 1.085 4P
"Sc _
c)
23, 3.80 | 0.818 | 4

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 71a).
b) This is calculated for the most intense profon peak.

c) This calculation is for the single observed proton decay ‘peal.(.




'IO

-37-

groups of equal‘length (typiéally 30-50 msec each). Energy signals
‘from the amplifiers were blocked while the collector wheel was stepped.
*During the counting period, ET signals were stored both in a 400 chan-
nel analyzer and ir; 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
cémputer onto nia.gnetic tape.

Logic signals corr_esponding to one peak or group of peaks of
inteﬁrest 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's.ignal. This provided
an.othervserﬁi—independent éource of half-life information; in no case

did data acquired with these two methods i-esult in half-lives whose

| .difference was greater than the sum of the statistical errors.

3.. Anticoincidence expgriments '

In searching for possible protons from 23A1 whose enefgies
were foo low to penetré,te the thin AE detéctor,’ ,i‘t was necessary to
look at’ AE-counter spectra 1n anticoincidence 'witl.l the E detector fol-
loWing it, a.nd in anticoincidence with a large area detector mounted on
the opposite side of the éollection foil. For these experimenfs, the
collection foils were 550 ;.Lg,/cm2 Ni foils. The 1.8 cm diameter, 60-
pm thick, bartia’_lly-depletedvdet_ect';or was mounted 4.8 mm from the

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

~was 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. Pulseéd beam experiments
3

Part of the 2 Al data was acquired using 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 follows.

A motor-driven 3.2-mm-thick Ta wheel rotated at a constant
velocity in‘front ef 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 stogged in tﬁe target. The thick targets re-
quired for efficient recoil s.topping’ 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 pulsfng (via modulation of the cyclotron dee
volt"a.ge') was 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 teleseopesvwere used as described for the

helium-jet system electronics (Sec. III C). Half-life data were also

N
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acquired iﬁ a method similar to that already described.

This system also allowed the scattering 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-

| 41

culated in Appendix A are based, in part, on low-quality 25Si and T Ti

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

E. Data reduction and analysis

T

analyzed peak-by-peak using an interactive, Gaussian peak-fitting pro-

The E.. data, either summed or in separate time groups were

gram, DERTAG, (Ma _7_1a) on the SCC-660 computelf. Centroids, peak
widths, and integrals were obtained for each peak. In general, the 400
channel data frc;m the PHA and the 512-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 were usually combined
- by meaﬁs of weighted a?grgges 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 (g;g_;, usually 8 or 10 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-
mg a long-lived background; however, since the particle-identification
reduced the background to negligible levels in most cases, there was no

necessity for using this option.



-44 -

Although these two sources of half-life inf-orrnation were not
éompletel;t independent, they provided an excellent consistency check.
The values thus obtained were averaged together (not treated as inde-
pendent sources of data), while final half-lives were the result of a
weighted average of these average values from several different exper -
iments.

The energy for each proton decay peak was interpolated (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 necessary, beca‘use: of slight non-
linearities at the extrefne 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

Y

3He or proton beams of various energies from the Berkeley 88-in.
cyclotron. Since the T = -3/2, A = 4 n+1 series of nuclides, and
some of those in the nebighboring TZ: -1, A =4n series, exhibit beta-
delayed pé.rticle deca.y,. 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,b and those produced. in competing re-
vactions. Half-lives shown include the present meaéurements; the
mass-excesses used throughout this dissertation are from the 1971
Atomic Mass Table (Wa 71) unless otherwise noted. . ,
A synopsis of the relevant Q|3 values (differ‘ences in ground-
state atomic masses) and proton or alpha separation energies are shown
in Table 4-2. These numbers are used throughout t'his section in com-
puting béta—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 determination‘.s in the beta daughter. Such preci-
sion is a necessar? 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 21 2'Bi -



Table 4-1. Reactions, Thresholds, and Half-Lives for Beta—Delayved
"~ Proton Precursors Produced from ZONe, 24Mg’, 36 r and 40Ca' Targets
(Reactmn), Threshold (Lab) in MeV

, v e ab et et a5 et e st vtan e -wws Target = 3..6.. e et an e ot e e ae ;6 - Half_Lifeb)
Nuctide 2) ne 24_Mg ar ca nren)
1700 (3He, 2na), 31.2  (3He, 2n2a), 41.0 - | -- 108.5 + 0.9
20, <, d) (He , 2np), 25.8 (3He,2nap),35.7 - - 446 £ 3
zng (3He, 2n), 22.0  (°He, 2na), 32.0 - - 122.5+ 2.1
24,, 1) - (3He, 2np), 25.9 ; - 2066 % 7
24, ;m ) -- (*He, 2np), 26.4 - -- 130 4
25g; | -- Cite, 2n), 21.3 - - 220.7+ 2.9
29 -- - (*He, 2n2a), 35.9 -- 189 % 6
32, d) - ] (*He, 2nap), 30.2 (°He, 2nZap), 37.5 298 + 6
33, - - (He, 2na); 26.5 (CHe,2n2a), 33.9 173.8 + 1.8
36, @9 .- - (*He, 2np), 23.1 (He,2nep), 31.3 340.0+3.38)
37Cah) - - He,2n), 19.8 (°He,?2na), 27.2° 175 =3
40, | -- - - (3He,2np), 24.5 182.4 % 0.7
a1 1) - - - CHe,2n), 218 80 =29
20, -- (p, an), 25.0 ] .- 446 %3
23, - (p, 2n), 30.8 - .- 470+ 30"

continued



Table 4-1 (continued)

(Reaction), Threshold (Lab) ini MeV
................................................Target 40 00 0t 00 4s st 08 00 b 00 or 08 00 45 2o 0u oo ae 45 40 40 b0 0r 00 00

, : ; .. b)
Product 20 24 36 40 Half-Life
Nuclidea) Ne Mg Ar Ca (msec)
24, -- ~ (p,n), 15.4 -- - 2066 7
24,,m : -- , (p,n), 15.8 o . | 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).

-vv-

e) This half-life is a weighted average of present and previous (Ha 72) results.

f) Although this does beta-decay to excited states inA24Mg that are both proton- é.nd alpha-

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

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

h) The 37Ca mass-excess is -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 from this work only (see discussion in Sec. IV D).

k) The 2>Al half-life is from the present work.




Table 4-2. Relevant Particle Separation Energies and Q,(g.s.) Values (Energies in MeV # keV).

p

Ca) . : : Final Separation
Precursor Q[3 Refs. System ) Energy Refs.
21 : 13.095 = 19 Wa 71 20 . 2,432 % 2% Wa 71, Blé9a,
Mg S : o Netp ' : Ha 72a
‘ . 17F+a §.560:t9' Wa 71
23A1 , 12.238 + 80 . Ceb69 - ZZNa +p . 7.579 £ 3 - Wa 74
254, 12.736 £ 10 . Be 72a : 24 2.271 £ 0.6 Ev 71, Pi72,
Si . : . Mg + p Ro 70 .
. . . . >
. » ) .
-37Ca » 11.§40i 34 Bu 68, Be 73 36Ar+ p 1.857 %1 Wa 71 1
4OSc 14.324+ 7 . Wa 71 : _ 39K +p 8.330 £ 1 Wa 71
41Ti 12.862 + 30 . b), Al173 » 4_0Ca ip - 1.086 % 1 Al 73‘, Wa 71

a). With the exception of 41Sc, the mass-excesses for the T7;= -1/2 nuclei are from (Wa 71).

b) The mass-excess for Hopy is computed from the present results (see Sec. IVD).

o

% A recent ZONe(p, v} measuremernt reported by J. Dubois, et al., Physica Scripta 5, 163 (1972), gives E_= 3543.7 + 0.4 keV
for the 3.54-MeV- state. Combining this with the resonance energy repovrted in (Bl169a), a more accurate Es = 2.4309 £ 0.0004 MeV
results. Clearly this has no effect on the beta decay resuits reported here using the tabulated value of 2.432 + 0.002 MeV. This

newer value was reported too late to have been included here.
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21 2Po and attempt to correct for detector dead-layer effects, source

thicknesses and charge collection, clearly the most accurate standards

—.

are prot_ohs from precisely-known 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, TZ = -
1/2 nucléi have been accurately measured by a variety of techniques
(sée references in Table 4-3 below): radiative capture, resonance scat-
tering, and particle transfer reactions. These sémé states can be pro-
duced and detected through beta—dela;yed proton decay, and as a simple
cross-check of théir reported energies, protons from the decay of these
states have been measured using the heliﬁm-jet system. These results

have been reported in Ref. (Go 73).

25 37 4 29

The T = 3/2 states in >1Na, 22Al, >'K, *sc and

studied in this way. Their respective precursors, Zng, 2581,

#15 ang 20

36

P were

37Ca,

S, were produced in the (3He, 2n) reaction on ZONe, v 24Mg,

Ar, 405 and 28Si targets, respectively. The first four of these
nuclides are discussed in greater detail in the ensuing parts of Sec. IV.
The mass-29 system was not ihvestigat_ed beyond this cross-calibration

experiment. A 28Si target ~1.0 mg/cm2 thick was used for the produc-

tion of 27s.

Bombardment of each target alterﬁated with short bombardments
of a 24Mg target in order to use the relatively high yield 25Si product as
" a source of protor;ls to monitor any electronic gain shifts. A precision
pulser was also employed to follow any electronic instabilities. The

36 3

Ar ("He, 2n) 37ca experiment was done at a 40 MeV bombarding
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energy, while the fo_uf remaining reactions were éone at the lower
beam energy of 29.5 MeV.

Déléyed protons were detected in a 48—pi’n AE 500-pm E tele-
scope. For these cross—'c'alibratior; measurements a total experimental
resolution of 30 keV FWHM was achieved. Proton energies were cor-
rected for any small shifts in gain, and for detectér 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 région, the concomitant
beta;decay branching ratios to these states. are significant (for A> 17).
Thé narrow peaks arising from thé isospin—'forbidden'pr‘oton decay of
these T = 3/2 stateé are therefore prbmi‘nentvin each spectrum and
can Be readily. identified.

Delayed-proton. spectra fr_ovaSSi and 4"1Ti are shown in Fig.
4-1. As discussed in detail later, the T =3/2 state in 2 Al shows pro-
ton decay branches tq 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 2°Al to the ground state and first-excited state in 24Mg. Part
(b) shows protons from excited states in 41Sc, fed by positron decay
from 4 Ti; peak 3 is t.he. proton decay of the lowest T =3/2 state in
41Sc to the 4_0Ca ground state. |

The resuits o‘fvthes‘e measurements are shown in Table 4-3,
where l;heI center-of-mass (c.m.) proton enérgies are éompared to
those dedﬁced from the previous experimental determinations. Decay

255i and 37Ca have been used

protons from the lowest T = 3/_2_,states in
as calibration points, in part since these energies are the most pre-

cisely known (éee Table 4-3 for references). In addition, the first-
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Table 4-3.

Proton Decay Energies (center-of-mass) of the Lowest T=3/2 States

Final State

in Proton

w et s e ee s e en s s

Deduced from

LR 'Prbtoﬁ decay (c. m.) energies' (MéV + keéV) ~ oo

e s e s e ee

: Present Weighted
Precursor Daughter Previous Work Refs. Results Average

37Ca 36Ar (g.s.) 3.1898 + 2.4 Go 67, Be73 calibrant

254, 24 ~.a) 4.2623 £ 2.8 Mo 68, Te 69a .calibrant

Si Mg(1x) Be 73a
a1, 40C, (g6 4.779 +4 En 67, Te 69 4.851 £ 6 4.851 % 6 P)
i a (g.s. Gr 68 .

Zng ZONe (lx)c) . - 4,908 =5 . Mc 69‘ 4.8?8 + 6 4.904 = 4

255i 24Mg(g.s. ) 5.6309 £ 2.8 calibrant

29 2845 (4.0) 5.633 4 Yo 66, Mo 68, 5.633 % 6 5.633 £ 3 9

t1g.s Te 69a, Ba 72 g
Zng zoNe(g.s.) 6.542 £ 5 6.533 % 6 6.538 + 4

a) Excitation energy of the first-excited state in 24Mg is from (En 67).

b) This is not a v)eighted average, but from this work only.

c¢) Excitation energy of the first-excited state in 2ONe is from (Aj 72).

d) By combining this average with the resonance energy measurements of (Yo 66}, (Te 69a), and (Ba 72) with the direct

excitation energy measurements of (Mo 68) and (Ba 72), an improved value of the ng ground-state mass-excess of

-16.949 + 0.004 MeV results.

1

>

O
'



-50-

excited state in ‘24Mg is ' well-known (En 67), so the two proton peaks
from 29si shown in Fig. 4-1 differ in energy. by a precisely known .
amount, _

With (;he exéeption of the 72 keV discrepancyvfor the 41Sc: re-

29

sult, the other nuclides, 21Na, and P, give values in excellent agree-

ment with the previous measurements and are a unique check on the
self-consistency of fhé T = 3/2"state excitation energies. For 415c,
the previous T = 3/2 state assi.gnment (En 67, Te 69, Gr 68) is in sub-
stantial disagreement with the present result. ‘This reassignment has
bee‘ri'cohfirmed by recently reported results (Tr .73) from 4OCa(f;, p)
studies -from which 'J'"‘ éan be uniquely determ'uiéd. 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 célibrants

In addition l:o thé proton decay eﬁergieé from T = 3/2 states
just described, other well-known states in 2INa and %%Al1 exhibit
strong proton decay peaks that can serve as energy calibrants. These
sta’tes are low.erA in excitation, and their resulting low-energy protons )
(Ep (lab) <.2 MeV) are important in establishing a low-en_ergy calibra- -
tion. These states, their respéctive proton decay energies and the -

energy regions of interest are tabulated in Tab'lev4_—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)

Excitation Final State Proton Reaction and

Précursor in Emitter . Ref. in Daughter Energy (Lab) Prot};gn}zrelergy a)
2 g, 3.545 & 2 Va4, Bl69a 20N g. 5. 1.060 % 0.4 A2, 3)
: ; Ha 72a
4.294 %3 Vab64, Blé69a ‘ g.s. 1.773 + 2 A(2,3)
- Ha 72a .
4.468 + 5 Vabd g.s. 1.939 £ 5 A(2,3)
8.970 + 4 Table 4-3 | g.s. 6.225+ 4 A(1), D(1) >
8.970 + 4 Table 4-3 1.634 4.669 * 4 A(1,2), D(1) T
25, 419721 Ro 70, Br 73 “Mg g s 1.849 = 1 B(2), D(2,3), E(3)
4.582 % 1 Ro 70, Br 73 g.s. 2.218 + 1 B(2), D(2,3), E(3)
4.582 % 1 Ro70, Br73 1.369  0.905 %2 B(2), 'D(3), E(3)
7.902 + 3 Table 4-3 . g.s. 4.091 2 3 A1), B(1,2), C(1), D(1, 2)
7.902# 3 Table 4-3 : 1.369 5.404 + 3 : A(1), B(1,2), C(1), D(1,2)
37¢a ' 5.047 + 3 ' Table 4-3 ' C34r gus. 3.403£3 c(1)
o : 5.939 + 4°) Table 4-3, Tr 73 Ocag.s. 4.734 2 4 D(1, 2)

continued.



Table 4-4 (continued)

a)

m o o >

Reaction

20

Ne + >He

24 3

36
40

40

Mg + "He
Ar + 3He
Ca + 3He

Ca +p

Proton Energy Range .(Lab)

1. Ep> 2.3 MeV only
2. 0.7 MeV < Ep < 5.5 MeV -

3. Ep < 3 MeV only

b) Weighted average of present result and that from (Tt 73).

=29~
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The 23Al experiments used two methods of energy calibration.
For those results obtained using the pulsed-beam method, low-energy
protoqs; apcelerated as H; beams, were elastically scattered directly
into the detector telescopes by a thin Au foil. The vbeam energies, as
measured in an analyzing magnet (Hi 69), :Were 0.63 and 1.15 MeV/ -
nucleon. Secondly, for those 23Al experiments using the helium-jet
system, delayed-protons from 4OSc: were used as energy calibr‘a;nts.
(These results are discuséed in more detail in the 23A1v and 4OSc 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 Eq. 1-1, yields
(_f_f.)+/(£)_~ 1.07 for mass 21. However, the previous Zng data (Ha
65a, Ve 68), when compared to -21,F negatron decay rates, show strong
disagreemeﬁt with”this prediction. These earlief delayed-proton exper-

irﬂents were hampered by a large, low-energy background, relatively

 poor energy resolution, and a limited observable energy range.

The results discussed here have been repo'rtied in Ref. (Se 73).

1. Discussion of data -
The Zng 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'zoNa, but avoids the pdssibil‘ity of producing 17Ne.

a. Proton spectra. An identified proton spéctrum obtained with
an 11~-uym AE 265-um E detector telescope is shown in Fig. 4-2. The

energy region between 2.3 and 7.5MeV, acquired with SO—me AE and
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‘Fig. 4-2. An identified proton spectrum acquired with the counter telescope noted in
the figure. All peaks are associated with the decay of “*Mg and are numbered to cor-

respond with the data listed in Tables 4-5 and 4-6, The vertical arrows denote decays
from the T = 3/2 state in 21Na,
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500-pm E counters, is shown in Fig. 4-3, with better statistics than
in Fig. 4-2. The numbers above the peaks correspond to the peak nurh-
bers and decay assignments in Tables 4-5 and 4-6 below. Additional
data taken with a 6-um AE 50-pm E telescope are shown in Fig. 4-4,>
spanning the low-energy proton rénge from 0.6 to 2.2 MeV.

No known ﬁ+-de1ay'ed pfoton precursors could be produced from
likely cohtérﬁinants in the ‘targetbgas. Although ZONé can, in principle,
decay via electron capture to protoh unbound levels in 20Ne, the result-

ing maximum proton energy (lab) would be < 1.0 MeV (Go 71, Wa 71).

- The half-lives exhibited by all statistically significaht peaks in the se-

quential time-routed data were found to be consistent with the 21Mg
half-life. Hence thé proton spectra obtained 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 spécti-a are
composed primarily of three sets of multiple peaks, making the extrac -
tion of accurate intensitie.é difficult. Figure 4-5 shows a typical decom-
position of one set of multiple peaks usvin.g the Gaussian peak-fitting pro-
gram described in Sec. III E. The energies, intensities and widths of
peaks 9 through 19 remained consistent for data from three separate
experimenfs when analyzed in this manner.

The energy calibfanfs 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 ‘br_oadenihg from the preceding [3+ decay
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Fig. 4-3. Delayed protons from 1Mg with energies greater than 2.3 MeV. Again 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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i Fig. 4-4. Low-energy proton spectrum following the decay of
- 21Mg. The peak numbers and arrows have the same connotation
' as in Figs. 4-2 and 4-3.
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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 data are

- identical to that in Fig. 4-3.
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Table 4-5. Observed pf_qton energies and relative intensities for
the delayed-proton decay of Zng'. 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 = 0.4 4.3 + 0.6
; 1.257 #10 . 23.3 £ 1.7
4 1.498 +10 6.3 % 0.6
5 1.773 + 2”) 51.4 + 2.0
6 1.939 2 5°) 100
7 2.042 15 8.3 % 1.0
8 2.157 %25 4.6 = 0.4
9 2.474 £20 7.6 £ 2.0
10 2.588 +30 2.9 £ 1.0
11 3.167 £35 3.3 % 0.2
12 3.271 %25 5.9 % 0.3
13 3.377 %15 4.5 + 0.5
14 3.487 %35 1.352 0.10
15 3.600 £50 1.3 + 0.2
16 3,742 £35 3.6 £ 0.5
17 © 3.873 %20 10.3 + 0.4
18 4.043 £25 2.46+ 0.20
19 4.142 20 1.0 % 0.2
20  4.514 %15 2.5 % 0.5
21 4.669 + 47 14.4 = 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 + 0.4

a) These are relative to the most 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 measurements,

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

AP

of those unbound levels in >!1Na fed by the positron decay of 21Mg.

b. a-particle spectrum and results. States in 2 Na above 6.56 N

MeV are unbound to a decay to 17F, 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 are exhibited by the T = 3/2 level in 13N (Ad 73) while an up-
per limit for a decay has been obtained for decay of the T = 3/2 state
.17
n

i F (Hav71, Ad 73)). Simple barrier-penetrability predictions (fol-

lowing the prescription in Sec. II D) for ¢ = 0 a emission from the
21Na, T = 3/2 level to the 171?‘ ground state suggest that, as an uppér
limit, this (isospin-forbidden) decay is relatively ﬁnhindei‘ed by the
Coulomb barrier. In fact, the penetrability for tlﬂis decay is compara-
ble to that calculated for the proton decay of this state to the third-
excited state in 2oNe,.a.s shown in Table 4-7 below. |

An experimental search for thfs possible deéay mode employed a
4-um AE 48-pm E detector telescoi)e; a-particles with energies as
low as 1.4 MeV could be reliably identified. The resulti.ng:spectrum is
shown in Fig. 4-6; as can be seen, the B+-dé1ayed. a decay of 20Na. _ -
dominates the spectrum. Since prc;ton data from delayed'-proton decay
of Zng were collected simultaneously, direct comparison of the inten-

sities establishes a limit for this possible decay branch of < 1.6%, rel-

ative to the total proton decay.
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Fig2 4-6. Identified a-particle spectrum following 3He bombardment
of ONe. The predicted location for a particles from decay of the
2iNa T =3/2 state is shown by the arrow at lowest energy. The re-
‘maining arrows indicate a-particle groups and their respective labora-
tory energies (in MeV) following the deecay of 2ON_a.
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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 20Ne,

[
S

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 2'oNa decay are shown in Fig. 4-6, along with the

location of the po_téntial 1.95-MeV a particle from 21 Na (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

energi'es. and intensities agree with the recently published results for
p+-délayed alpha deéay of 20Na (To 73a).

c. Half-life measurements, Since 21Mg is the only known de-

layed-proton precursor present in the spectra, no systematic errors
from contaﬁinant _adivities should ‘be present to di's‘tort the measured
lifetime. Coﬁlbining data acquired using the two‘r‘nethods described in
Séc. III C, the present determination of the 21Mg half—lifé (resulting
from four :independen_(_:'experiments) is 123.1 +£ 3.3 msec. This éom-
pares well with thé previously reported Zng half-life of 121 £ 5 msec
(Ha 65a), and gives a weighted average of 122;5i 2.8 msec. This

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

2. Analysis

a. Assignment of energy levels. The céntel.'—of—rnass proton energy
and the parent state in 21'Na for eaéh of the peaks in Table 4-5 are given
in Table 4;6. Unfortunately some ambiguities remain regarding a few of
these assignments for the dbserved protonpeaks. Suchuncertainties arise

due to the two or more decay modesavailable to states above 5 MeV in ex-

citation. The energy levels of ¢1Na up to ~5 MeV have been extensively



Table 4-6. Proton energies from the decay of unbound levels in 21Na. fed by ﬁ+-decay of Zng, and a comparison of 21Na energy levels
inferred from this work with previous results. Underlined numbers preceding each entry correspond to peak-idéntification numbers shown

in F_igs. 4-2, 4-3, and 4-4. (All'entri‘es given as MeV % keV).

: : et .20 Deduced :
Proton Energies (c.m.) Corresponding to Decay to the Following Levels in " Ne: Energies in Previous Work
g. s. 1.634 MeV ‘ 4.247 MeV 4.968 MeV . 21Na En 67 Bu 68 - Other
2 14132 0.4° o 3.545% 2 3.544% 8 3.54 % 20
5 1.862 % 2P -9 4294 3 4.294x 9 4.28 £ 30
6 2.036% 5° - 4.468 + 5 4.468 2 9 4.41 £ 30
9 2.598 % 20 1 0.947 % 20 5.022 * 15 4.99 50 4.99 £ 30 5.039
X .3 1.320% 10 5.386 + 10 5.34 % 30 :
11 3.326 % 35 x°) 5.758 = 35 5.69 5.78 + 30
12 3.435% 25 X | 5.867 + 25 5.82
13 3.547% 15 x®) 5.979 + 15
14 3.662% 35 x®) 6.094 % 35 6.08
15 3.78 % 50 x®). 6.21 + 50 6.24 6.16 = 30
16 3.930 % 35 8 2.265% 25 6.341 % 20
17 4,068 % 20 X 6.500 % 20 6.51. 6.54 + 30 6.52")
22 5.865% 15 18 4.246 % 25 X ; X 8.301 2 15 (8.35) 8.31 % 30 '
23 5.986% 15 19 4.350 % 20 X X 8.417 % 15
24 6.387% 25 20 4.741 % 15 7 2445215 X 8 g.816+ 10
25 6.538+ 4°) 21 4.904+ 4° X 4 1573210 8 89702 4" 890440 8.97 + 301

Unassignéd proton peak: 10 2.718 *

continued.
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Table 4-6 (continued)

a)
b)

c)

d)
e)
f)

g)

h)

i)

i)

The energies are calculated using a proton separation energy of 2.432 = 0.002 MeV (seé Table 4-2).
These proton energies were used, in part, to determine the energy calib.ration .(see discussion in Sec. IV A).

Unobserved, but energetically-allovs}ed, proton decays within the experimental range are marked by X, while those outside

this range (<600 keV) are shown by --.

" Ref. (AAm 69)

These possible decays were obscured by peaks arising from the decay of other states. .
Ref. (Be 67a)

Possible proton decays from these levels leading to higher excited states in 20Ne are also within the present energy range,

but no such decays were observed.

This number is based on the average of the delayed-proton results and resonance measurements discussed in Sec. IV A.

0

This nurﬁber is corrected based on the remeasured mass of 1 C {Br 68).

The possible origin of this peak is discussed in the text.

—fg_
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studied (Bl 69a, En 67),’ most recently by Haas, et al. (Ha 72a) using
20Ne (p, y) and 2°Ne (d, n) reactions. In addition the energy levels in

the mirror 2‘1Ne 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 21Na. populated by allowed beta decay from 21 Mg will

» have Jﬁ ='3/2+, 5/.2+, or 7/2+, since the ground state spin and parity

Zng is presumed to be 5/2+4, in analogy with its mirror 21F. Fur-

ther verification comes from the determination that J" for the lowest
T = 3/2 state in each of the Tz:‘:izi/Z isobars is 5/2+ (21Ne: Ref. Bu
68: 21N'a,: Ref. Be 70). It ﬁherefore seems reasonably unlikely that
additiona‘l. le\l}els capable of being fed by allowed beta decay could exist

for excitation energies < 5 MeV. For this reason, nonew levels below 5 MeV

are postulated in Table 4-6. Peak 3 has been associated with decay of

" the 5.39-MeV state to the 2ONe 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.

7 Peak iO, on the other hand, has not been assigned to any level in
ZiNa, aithough it certainly arises fro’rn_ﬂie [3+ decay of Zng. How-
ever, it is not certain whether this relatively.weak peak is due to decay
to the ground state, or the first-excited state in 2oNe. Although it has
not been associated with é parent state in 2_1Na, the proton intensity is
inclﬁded in subsequent branching ratio determiﬁations.

Three peaks arise from the decay of the T :3/2 state (denoted by

the vertical a.rrbws in Figs, 4-2, 4-3, and 4-4); the .proton decay to

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

Table 4-6 also indicates the comparison of the “INa 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 rebsult directly from the data of Refs, (Va 64, Bl 69a, and
Ha. 72a). No comparison with ‘these values is therefore shown under the
_heading "previous work.'" Only those energies that reasonably cor-
‘respond to the excitation énergies deduced from the present data are
listed in the last three columns.. of Table 4—6.. Although some T = 1/2
| states above 5 MeV in ziNa havev been established, .spin and parity as-.
js-ignmeﬁts'for thes.e ‘é'tat'es'are g-’éner‘al_ly qnavailable. As it is difficult
to cbrrela,tér the _pre_-seht resulis v;rith preyiléus meaSUrements, the en-
_eré_i;eérl of excited states ab;)ve '5 MéV are 'fai{en from the present study
only aﬁa é.re used fof all sﬁbséquent éq.lcdlations. |

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

'T = 3/2 state ln 21,Na are shown in Table 4-7. Of the potential decay
modes not seen in the pre.se‘nt work, penetrability célculations indicate
that only proton decay to ZONe* (4.25 MeV) and a decay fo 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 ratio and log ft

calculétions shown below.



Table 4-7. Energies, Branching Ratios and Penetrabilities for Particle Decays
of the. Lowest T = 3/2 State in 2iNa

Finala) Partiélé ‘Observed ' Relative )

State Decay Energy Intensity Branching Penetra.bilityC
(MeV) . (c.m.)(MeV) C (%) ' Ratio (%) P 1/P
o+ 2ONe 0.000 o+ 6.538 ' 1.76 % 0.12 20+ 2 0.99 1.8
1.634 , 2+ 4,904 . 4.78 .+ 0.23 - 56+3 1.57 3.0
4.247 4@ 2.291 <0.35 0.061 <5.7
4.968 22— 1.573 2.02 £ 0.19 242 0.096 21.0 i
. o~ .
5.622 - 3- 0.916 X 0.010 N
5.785 1- 0.753 v X "~ 0.004
o+t 1p ' 0.000 Y- 2.410 <1.60 o : ' 0.070 <23
0.495 1/2+ 1.915 X : ' ' 0.002
a) . .. .20 s ooy s 17 ' . .
Excited states in © Ne are from (Aj 72) while for = F they are from (Aj 71). _ _
b) These are stated in terms of the percent of the total prbton decay of 2.1Na. Possible groups marked X were uhobserved, though
within range of observation. These results agree qualitatively with the observations in (Mc 69) where resonances were found in
o the Pg: Py, and P3 channels.

This is calculated as discussed in Sec. II D, with ry = 1.3 fm..
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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
FPO/F (see Table 4-7) and the results from (Be 70), which giveé
FY ~ 9 ¢V, The total width is ~ 1200-1500 &V (Mé 69, Te 69), so =
' Fy/l"'~ 0.75%. |

c. Branching ratios and ft values. As noted in Sec. II B, several

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

21Mg. The earlier Nilsson

Wildenthal (La 73) give (a)°g , ~ 0.27 for
formalism estimates give (0) ZS.A. ~ 0.24 (Ha 65), in agreement with
the shell_—rhodel calculations. From the assumption of isospin purity
for the T = 3/2 state in 21Na. (i.e., a2 =1 in Eq. 2-20), Eq. 2-14 then
gives logﬂ: = 3.26 which in turn yields a calculated branching ratio for
this. decay. | It should be noted from Eq. 2-14 that the ft values are
relatiQely ingensitive to (o) 2. . For an uncertainty of up to * 509 in
the estimate of the Gamow—'l"eller matrix element, the transition
stren’gth:is affected by-~ 5% , and the sub‘sequent log ft by ~ £0.02,

The Zng proton intgnsities, relative to the_vtotal'proton decay
from the.T =3/2 st;ate, are thus a measure of the beta decay strength;
the beta br.a_,néhing ratio for each uﬁbound level, and hence the pértial
half-life, can be obtained fro.m tflese relative proton intensities. These
branching ratios are shown in column 4 of Table 4-8 for each unbound
level in Zi_Na. Lack of B-decay data to bound states in 21Na precludes

a worthwhile discussion of isospin mixing in its T = 3/2 analogue state.

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

three levels are taken from the mirror 21F—> Ne 8 decay (Ha 70a).
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Table 4-8. ‘Branching Ratios and ft Values for the Positron.Decay of Zng.
" Energy Levela) Pro . Branching Ratiod) Theoretical Predictions f)

21 portion of 21 d,e) 21

In “'Na b) Proton Decays From =~ Mg ft ' Log ft Log ft Eyin ""Na

(MeV) 7 (%) (%) (1—03 sec) (sec) (sec) (MeV) N
0.000 3/24 15.8 = 4.08) 182 + 46 5.26 % 0.10 5.55 0.000. 32
0.332 52+ 40.7 = 5.08 62 + 8 '4.79 £ 0.05 4.70 0.314 5/2+
1.723 7/2+ 10.9 = Z.Og) 126 = 23 5.10 £ 0.07 4.80 1.800 C7/2+
3.545 5/2+ -1.38 £ 0.19 0.45 = 0.07h)- 1200 + 180 6.09 £°0.06 8.34 3.592 5/2+
4.294 5/2+ 16.48 £ 0.65 5.36% 0.31 65.9 = 3.6 4.82 + 0.02 5.21 4.445 5/2+
" 4.468 3/2+ ] '32.09 £ 0.34 10.45 = 0.46 30.4 % 1.2 '4.48 + 0.02 4.44 4.353 3/2+
5.022 (5/2+, 3/2+) 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 71 £6 -4.85 + 0.03 5.33 5.345. 7/2+
5,758 1.06 + 0.06 10.34 % 0.03 384 = 27 5.59 + 0.03 4.99° 6.147 7/2+
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::t 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 + 0.01 730 £ 60 5.86 + 0.03 4.65 6.932 5/2+
6.21 0.42 % 0.06 0.4 % 0.02 690 % 110 5.84 £ 0.06 5.68 7.322 7/2+
6.341 2.63 % 0.19 0.86 £ 0.07 98 + 8 4.99 + 0.03 4.59 7.588 3/24
6.SOQ 3.29 £ 0.13 1.07 £ 0.06 69.1 + 3.8 4.84 £ 0.v02 . 4.73 7.689 5/2+

' B , 4.24 8.261 5/2+
8.301 0.94 + 0.07 0.31 + 0.03 40.2 £ 3.3 4.60 £ 0.03 3.81' 8.672 5/2+
8.417 0.55 % 0.07 0.18 + 0.02 59+ 8 4.77 %+ 0.05 4.67 8.685 3/2+
8.816 ) 3.65% 0.36 1.19 £ 0.13 5.4+ 0.6 3.73 £ 0.04 5.93 8.861 7/2+
8.970 5/2+, T=3/2 8.56 % 0.33 2.79 = 0.16 1.80 3.26 3.26 8.993 5/2+,T=3/2
E, = 2.718" 0.93 + 0.32 0.30 % 0.11

continued . . .
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-Table 4-8 (continu.ed)

a)

b)

c)
d)

e)

f)

g)

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 only.
Spms and parities are from (Ha 72a).

The sum of the proton decays equals 91.0% since ‘there is a 9.0% proton 'background" made up of decays apparently due

to weakly populated broad levels too weak to analyze.

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

has been made for the 0.75% gamma-decay braneh 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 1nd1v1dual levels with the experimental results
These branc'hing ratios were calculated from comparison to the mirror 21F decay (Ha 70a).
This value has been corrected for the FY/F'j'Z.S% (Bl 69a).

This unassigned peak 1s discussed in the text. Only the decay energy is listed, since the level from which it originates

is uncertain.

_OL_
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The resulting branching ratios are also given in Table 4-8. In addition
to these three allowed B-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, Lal‘. , (Ro 72) have subsequently re-
ported J7 = 1/2-for this state, consistent with it's assigned mirror in
21Na,. Hence there is é.vlevel at 2.80 MeV in 21Na poténtially fed by
fifst-fo'rbidden unique beta decay. HOWever, since only an upper limit
for this decay has been established (i.e., a lower limit on the ft value),

Zng [3+ decay ig-

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

Calculations of thé. statistical rate function, f, were made for each
positron vdecay shown in Table 4-8 following the method discussed in
Sec. II A The consequent ft values, and their logarithms are tabulated
in columns 5 and 6f The shell moael predictions for énergy-levels and
ﬁ-decay transition ratesv‘in_ mass 21 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 16O core.
Log f_t values were obtained for the vT-: 1/2 levels with JT = 3/24, 5/2+,
and 7/.2+, és well as for the lowest T =3/2 level (see additional discus-
gion belbw)_. . | | |
| The deduced energy levels in _ZiNa, and the beta dec‘ay 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 ratios are listed in Table 4-9.
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5/2+ 13,095

B+ll22.5 msec

21 M 9
% Log ft
T=3/2  5/2+ gor0,/—— 279 - 326
7 I 119 373
1f
0.18 a.77
8.4.% 0.3i 460
2- 7.400 —_
4+ 6.679
5/2+ 6560 6500, 1.07 484
6.341 0.86 4,99
"F + o 2l 2 590
609 d
293 047 5:38
2342 062 530
z 0.34 559
w 243 485
(5/2+,3/24) 502 2.53 4.95
-~ 4468, — 1045 448
5/2+ 3.294 5.36 482
2+
572+ " 3.545 045 6.09
o+ 2.43 S
20N
e+ ‘
+p 7/24 \.723,— 10.9 5.10

5/2+ 033z~ 407 479
3/2+ 0000, 15.8 5.26

ZINQ

XBL73I- 2055

Fig., 4-7. Proposed deca? scheme for 21Mg. The excitation
energies above 5 MeV inJr INa are taken from this work (except
the 8.970-MeV state). B -decay branching ratios and log ft
values are also listed.



Table 4-9. Relative Branching Ratios and Reduced Widths for
the Decay of T = 1/2 States in 21Na

Ratio of Reduced Widths®

21 ‘ ‘ Intensitya of - Intensity
Ex in " "Na Proton Decay ) . : " Ratios 1x/gs 2x/gs
(MeV) To g.s. To 1x . To 2x 1x/gs 2x/gs  3/2+,5/2+ 7/2+ 3/2+,5/2+ 2+
5.022 2.44% 0,64 - 5.32% 0.17 . 2.2 4.3 -- --
6.341 1.15 + 0.16 1.47 % 0.13 : 1.3 0.73 0.11 -
8.301 0.45% 0.02  0.79 % 0.06 53 3.2 0.48 -- '
8.417 0.23 + 0.02 0.32 £ 0.06 1.4 0.85 0.13 -- LIN
8.816 0.18 £ 0.03 0.80 + 0.16 2.66 +0.32 4.4 14.8 278 0.46 - 310 1.6

2

a) This is qﬁotéd as the percentage of the total proton decays from 1Na..

b). The reduced widths are calculated by dividing the observed intensity by the penetrability for the decay (using the lowest

possible I) assuming the state has 17 = 3/2+, 5/2+, or 7/2+. The pénetrabilities were evaluated using ry = 1.3 fm.
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3. Discussion and conclusions

‘a. Comparison of experimental and theoretical results. The ma-
jor »exper.i‘i'nental and theoretical results app_earing in Table .4-8 have
been illustrated in Fig. 4-8. Enough data exist to permit comparisons < .
of theoretical and experimental B-decay transition rates to levels up
through 5.6 MeV in excitatioﬁ. Such a comparison shows excellent
agreement except for thé’decajr t§ the 3.5-MeV state, for which a
strongly hindered transition is predicted. Ablthough the present results
indicate that this decay has a considerably greater strength than pre-
dicted, it is the weakest of éll the (allowed) pf-decay rates measured.
Qualitatively the difference between experiment and. theory for this
éase px;oba'bly rebresents only a small change in the matrix element
cancellations arising from details of the wavefunctions.

Baséd on known spins and parities for statesat 4.294and 4.468 MeV,
the predict‘ed 1exiéls at 4.35 (JTr = 3/2+)_ and 4.45 MeV (J7 = 5/2+4) have
been invefted in order that the known and predicted spins correspond.

The level at 5.022 MéV has been tentatively assigned J "= (3/2, 5/2)+,
based on earlier measuréments (Ha 72a). The shell model calculations
show a sté.te at 5.60 MeV With J™ = 3/2+, while the next available 5/24‘—
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 -
poséiblé 3/2+ states. (The alignment of !:hevse pairs of levels is shown
'in Fig. 4-8 by dashed lines.) |

A more circumstantial case may be made for correlafing the exper-
imentally deduced level at 5.386 MeV with that caléulated to be at 5.35

MeV. The measured and predicted beta-decay rates show moderate
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Fig, 4-8. Experimental and theoretical excita-

tion energies and log ft values for _states in 2_1Na

populated by allowed Bt decay of 41Mg,
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agreement, and a state at 5.34 MeV has been identified by Butler, et al.,
(Bu 68) in 23Na.(p, t). If this state has J "= 7/2+, Ehe two neutron trans-
fer could readily proceedv' 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 reﬁorted from such resonance experiments.

Of the 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 MeV)
is 90% of the total calculated decay s‘:rength from Zng, while these
e}iperimental results indicate 89% of the total [3+ decay populates these
states. Individual comparisons of the predic’ted and experimental transi-
' t.ion strengths for decay to these low-lyinglevels show a difference of
less than 109 betw.een log ft values (with the exception of the 3.5-MeV
séate noted previously). This reinforces fhe 5% (rms) and 12% (max-
imum) deviatioﬁ in the logarithms fouﬁd by Lanford and Wildenthal
(La 73) in a more general study of theéretical vs exper‘imental log ft
values in the mass ranges A = 17 to 22 and 35 to 39.

The lével at 8.816 MeV exhibits a relatively 'fast‘_ﬂ-decay transition
rate (Go 66). It should be eniphasized that this strength is predicated
on the assignment of peaks 7,20, and 24.to this level (cf. Table 4-6),
which is a reasonable assumption base‘d 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 étate (assuming identical A fnight sirﬁply account
for this enha.néed decay strength, the necessary T = 3/2 admixture can
be estimated from Eq. (2-22). HOWevéf, the res.ulting admixture of
~309 would imply both an unusually strong charge-dependent matrix
element, and an isos.pin impurity of the T = 3/2 state considerably
greater than that experimentally determined fér T‘: 3/2 states in 17F,
3C1 (Ha 71) or 41Ti (see later discussioﬁ in Sec. IV D). Further, if
such substantial mixing were to occur between these levels, one might
expect the particle decay modes éf these states to be similar. Tables
4-7, 4-9, é.nd Fig. 4-:7 indicate that this is not the case. Laﬁford and
Wildénthal (La 73) in fact predict a log ft = 3.81 for a 5/2+ state at 8.67
MeV (seé Table 48 and Fig. 4-8), which compares remarkably well
with the experimental value 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 lowest T = 3/2 state in 21Na, and the resxil(:ing ﬁJr—decay transi-
tion rates to oth‘ei' levels in 21Na,, the expected half-life for the mirror

B~ decay of 211“ can be estimated. As noted previously, the mirror

- levels in 21,Na and 21Ne hav_e been assigned up to 5 MeV (Ro 72). Hence

partial haif;lives for allowed B~ decay to the first six levels with

J7 = (3/2, 5/2, or 7/2)+ in. 21Ne can be calculated from the present
experimental values of (ﬂ:_)+ for positron decay to the analogs in 21Na.
Comparison §f this predicted half-life thus ébtained with the measured

21F half-life of 4.35% 0.04 sec (Fo 65) gives (&) /() = 1.0 % 0.08.
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C. Results for 25Si

Although the more complete delayed-proton results for ZSSi 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-
pendé on measurements of all the significant particle decay branches
of the T = 3/2 state (for which the superalloWed B-—decay strength can be
calculated), such high resolution experimeﬁts fnight serve to reduce the

errors on the ft values, and in turn, yield a more accurate ratio of

() /5.

1. Discussion of data .
The 24Mg(3He,' 2n)25Si experiments were done primarily at 29.5-

MeV and 40:MeV bombarding energies on a natural Mg target. Although

a 40-MeV 3He beam is energetic enough to produce 21Mg via the 24Mg

(3He, 2na) reaction (see Table 4-1), no proton pe‘ak's_ associated with

its decay were seen. A experiment performed \%rith a 60-MeV 3He beam

did, in fact, produce peaks identifiable with Zng, notably those prom-

v inent peaks at 1.773 and 1.939 MeV (peaks 5 and 6 in the'21Mg spectra ' -r

shown in the previous Section). These peaks, along with the 25Si peaks

NI
.

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 25Si delayed-proton spectrum displayed

in Fig. 4-9 was obtained using a 10-ym AE 250-ym 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 identify 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 be.lo_w in Tables 4-10
and 4-11. Additional data, not shown here, were acquired using both
thinner (6-pm AE 50-um E) and thicker (50-pm AE 500-ym E) detector
telescopes. In the latter case, no additional higher energy proton
groups (Ep> 5.5 MeV) were identified.

No known B+-de1ay.ed protons could originate from any likely
target contaminahts. However, competing reactions from the 24Mg +
3I—Ie reaction can occur, in principle. The produc.tion of Zng as one
of these has already been discussed. The nuclide 24Al, and its isomer
24A1m 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
either can positron decay to proton unbound levels__in 24Mg (To 71).
. However, all stat'istically significant peaks in tfle time-routed data were

25.

found to exhibit half-lives consistent with that of "~ Si, thereby elimina-

ting 24Al and 2'4A1m as sources of the intense proton peaks.

The energy calibration points used here are designated in Table
4-4, The fesulting lab energy for each of the 24 pi'otoh peaks is
listed in Table 4-10, including the relative intensiéy— for each of these
peaks. The energy resolution is ~ 40 keV 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 to a particle-

identification-gate misadjustment. The intensities for these higher en-
ergy peaks are taken from data acquired with a 50-ymAE 500-um E

telescope. The errors on the relative intensities listed in Table 4-10

]
LN

~u
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Table 4-10. Observed proton energies and intensities for the
delayed-proton decay of 25Si. The peak numbers correspond to

the identification numbers shown in Fig. 4-9.

Peak Ep (Lab) Relativea)
Number ~ MeV % keV Intensity (%)
1 0.905 2 2P  22.2+1.4
2 0.992 + 25 . 3.4% 0.6
3 1.213 % 15 3.8 % 0.6
4 1.335 % 15 4.7+ 0.6
5 1.405 + 20 2.7+ 0.4
[ 1.445 £ 20 2.7+ 0.4
1 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 = 1P 33.3 % 2.5
11 2.075 % 10 ' 20.3 + 0.6
12 2.218+ 17 . 16.8% 1.0
13 © 2.895 % 15 | 5.9 + 0.5
14 3.408 £ 20 47206
15 3.498 £ 20 6.4+ 0.6
16 3.333 % 15 , 32.2+ 1.6
17 3.461 % 15 , 9.2 £ 0.6
18 4091 3?0 . 100
19 4.172 % 40 5.6+ 0.8
20 4.372 = 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 5.404+ 3P | 21,7+ 1.6

a)v These are relative to the most intense gr'oup-peak 18.

b) Energy calibration point, see discussion . in Sec. IV A.
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include any uncertainties arising from this procedure, as well as any
statistical effects. N,

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% 6 msec, and by Reeder, et al., (Re 66)--218+* 4 msec.
The resulting weighted average of these three vé»lues is 220.7%x 2.9 msec
and has been used for all subsequent calculations and results quoted

here.

2. Analysis

a. Assignment of energy levels. The penetrability calculations

displayed in Fig. 2-3 indicate that proton decay of excited states in
5Al can proceed to several final states in 24Mg with nearly equal
probability, which can com'plicate identification of the origin of a peak.

However, unlike 21Na,, many excited states above 5 MeV are known in

25A1, making proton decay assignment somewhat easier. The accuracy

of the energy calibration also aided in these assignments.

25

The ground state J"_for
5

Si is assumed to be 5/2+, analogous

to that for the >°Na ground state. The lowest T =3/2 states in 25A1 and

2 .
5Mg 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 2~5A1 substan-

tiate the J ™ assignment (Mo 68). Hence allowed 5+ decay from the

A

-3
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analogue, ZSSi, will populate. J7 = (3'/2', 5/2, or 7/2)+ states in 25Al.

The peak assignments are exhibited in Table 4-11, and the de-
duced energy levels in 2'5A1 are compared to previous determinations,
States up Eo ~ 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 § decay eiist in fhis energy region.
Above S‘MeV,- .recént studies employing the 24Mg(p, p) and (p, p' y)‘ re-
actions (Du 72), and the 24Mg(3He, d) and 28Si(p, d) reactions (Br 73),
have accurately locatéd many new levels. No ne'\v;V levels have been
pOst_-ulatéd based on the present delayed proton results. In fact, the
agreement between fhose 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 protoﬁs), at Ex~ 5.28 and 7.12 MeV, have previously been tenta-
tively assigned J7 = 1/2+ in Ref. (Du 72). The lower of these is a
broad state with '~ 185 keV (Du 72) and could be é.‘doublet, one com-
ponent of which is fed by allowed b'eta—dec.ay. 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 J" = 1/2+ assign-

ment to the higher 7 MeV state is less certain, and the present data

~indi-ca.t:e this assignment is 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
’ 25

. due to decays to excited states in 24Mg from high-lying levels in ~"Al,



Table 4-11. Assignment of observed proton decays to states in ZSAI, and a comparison of the inferred excitation energies to previous

results. Underlined numbers preceding each entry correspond to peak identification numbers shown in Fig. 4-9. (All entries given as MeV % keV).

Center-of-Mass Proton Energies Corresponding .to Decay to the Deduceda) Previous Excitation Ene'rgies
Following Levels in 2 Mg: Levels in
’ 25 b) Other
g.s. 1.369 MeV 4.123 MeV 4.233 MeV Al En 67 Br 73 E_ Ref.
7 1.586 % 15 .9 3.857 + 15 3.86 3.856+ 3 3.8591% 0.8 PiT72
3.858 + 4 va69”
3.858 Li 68
10 1927+ 19 -- 4197+ 1° 4.20 e) 4.198 Li68
12 23112 1Y 1 09434 29 4582+ 1% e) 4.581 Li68
- xs D 5 1.464 £ 20 5.104 £ 20 5.08 5.101 £ 10
13 3.017 % 15 X, 5.288 + 15 5.28 5.28 +10 . Du72
14 3.239 % 20 X 5.510 + 20 5.527+ 7
45 3.332 % 20 x8 5.603 % 20 _ 5.58 %10 Du72
x8) 11 2.162 £ 10 _ 5.802 4 10 5.78 5.809 + 7 5.79 +10 Du72
21 4.846+ 15 16 3.473 £ 15 X -- 7.145 % 11 7.12 7.112 % 10 7.42 £10 Du72
22 4.968%20 47 3.606 % 15" x x 7.243 % 12 7.25:30%) 7240 7 7.24 10 Du72
X x? 2 1.034% 25 p'e 7.428 % 25 7417+ 7 7.42 +10 Du72
23 5.367% 15 xD 3 1.264 % 15 X 7.648 + 11 7,647+ 6 Te 692>
22 s.6312 39 48 42632 39 6 1.506 % 20 4 1.391 £ 15 7.902 + 3% e).
x¥ 19 4.347 + 40 x® X 7.987 £ 40 7972« 6 Te69a®)
7.968 £ 5 Mo 68P)
7.975 & 5  Be 73a2)
%P 20 4.556 + 20 9 1.801 % 10 8 1.684 15 8.193 + 8 8.20+ 301 8.194 + 6 Teb69a”
continued . . .
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Table 4-11 (continued)

a)

b)

<)

d)
e)
»
g)
h)

i)

These. energies are calculated using a proton separation energy of 2.271 = 0.001 MeV (see Table 4-2).
The original excitation energies given here have been corrected for the change in separation energy.

Energetically allowed proton. decays that are below the experimental energy range (<600keV) are denoted 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 energies of these states, which are averages of previous results, are from Table 4-4.

—G8.-

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

Weak evidence for this 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
to decay of a heretofore unobserved state below 5 MeV in 25Al; thﬁs it
has beéﬁ assigned to the 7.428-MeV state, previously identified in Refs.
(Br 73, Du 72). |
Peak v19 has been associated with the decéy ‘of an excited state
at 7.987 MeV. Since this peak is seen as a low-intensity shoulder on
peak 18 (possibly the ground-state decay of this state is a similar
shoulder on peak 24), the energy is uncertain to 40 keV. However, it
agrees wéli with the state at ~ 7.97 MeV, which has been identified as
the T = 3/2 analogue to the first-excited states in 25Si and 25Na (Mo 68,
Te 69a, Be 73a). Since [3+ decay to this level is not superallowed, the
resulting proton intensity would be redﬁced considerabiy compared to
the superallowed [3+ decay to the nearby (AE~ 70 keV) 255i ground-state
analogue. The proton specfrum shown in Fig. 4-9 is consistent with
this. States above 7.5 MeV are unbound'té pll'otovn decay to the 5.228-
MeV sta;te' in 24Mg. Only de.caylfrom the 8.193-MeV state would yield
pr'otonvs above the 600—keV_ lower lirni.t on the experimental energy range;
no protoﬁs corresponding to this decay were observed.
With the exception of a state ~ 4.9 MeV tentatively assigned

J7 = 7/2+ in Ref. (Li 68), all 'ene.rgetically observable decays -from
thése known levels with J7 = (3/2, 5/2, or 7/2)+ have been seen for
| states up to 5 MeV. No strongv‘ pfoton peak due to the decay of a ~4.9-

MeV level is apf)arent,in the present proton spectra.

b. Decé,y 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
to the ground and first-excited states in 24Mg were identified in the
earlier work (Re 66), the lower intensity decays to the second and
third-excited states were first observed in the present work. Table
4-12 gives the relative branching ratios for each of these decays, as
weil as the fesults of penetrability calculations for each decay. Al-
though the proton decays are isospin forbidden, the competition from -
isospin all_ov;red y decay is ne\./erthelessb small--l"y/l" ~ 29%. 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 eé.rlier measurements by Reeder et al.
(Re 66), and differ in some assignments to proton unbound levels in the
emitter, ZSAI. The higher resolution data discus-sed 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 assignmentslisted 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 rggion appears in Fig. 4-9, 'i"he second level, vat 6.70 MeV, is
based on the observed peak ~ 2.§ MeV (lab) assigned as originating
from dec’a& to the first excited state in 24Mg. However, #his observed

proton peak could be due to decay to the -2_4Mg ground state of a state

- at 5.3 MeV in excitation. The present results prefer this assignment

~since the observed peak width is consistent with the known width of a



Table 4-12. Energetically Allowed Proton Decay of the Lowest T= 3/2 State in 25Al.

Final State

Center-of-Mass Observedb) Relative
In 24Mg J.na) Decay Energy Intensity Branching Ratio Penetrabilityc)

{MeV) (MeV) - (%) (%) 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 77.5 £ 2.2 1.30 23.5

4,123 4+ 1.508 1 0.82 + 0.12 2.4 % 0.3 0.007 147 &
4,233 2+ 1.398 1.43 £ 0.18 3.6+ 0.5 0.11 13.0 ®
5.228 3+ 0.403 - : ‘ ' ~4x10™2

24

a) Excitation energies and J" for 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 energy range.

‘ o c) Calculatéd as discussed in Sec. II D, with Ty = 1.3 im.

Fiad
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level at 5.28 MeV (as noted in the discussion above). The level at 6.92
MeV was postula.ted on the basis of an observed peak ~ 3.2 MeV. The
present results resolve this group into two peaks, boéh 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, agreéing with the earlier proposal in (Ha 65a), and was thought

25Na. This

to be the T = 3/2 analcsgue' to the second-excited state in
state in 2E’Na. is now known to have J" = 1/2+ (Be 69); beta decay to ifs
mirror in 25Al would not be an allowed transition and hence protons

from this state would not be expected. The présent assignment of this

peak to a state at 7.65 MeV is shown in Table 4-11. It should be noted

that this state appears to decay also to the second-excited state in 24Mg.

d. Branching ratios and ft values. The estimate of (o) g.A, =0.24
from (Ha 65), used with Eq. 2-14, gives log ft = 3.26 for the super-
allowed beta decay léading' to the lowest T = 3/2 state. The assump-
tioh 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
estimafed to be < 1% (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 MéV is calculated from
fhe mirror 25Na. negatron decay (Al 71). The statistical rate fﬁnction

calculations were performed as described in Sec. II A, and the ft

. values and their ,corres'pondihg logarithms are shown in the last two



Table 4-13.

Branching Ratios and ft Values for the Positron Decay of 25

Si.

Energy Level?®)

Proportion of

Branching Ratio®)

In %5a1 Proton Decays From 2°Si e Log ft
(MeV % keV) Jwb) (%) (%) (103 sec) (sec)

0.000 5/2+ 20.7 % 1.0°) 213 2 10 5.33 2 0.02
0.945 % 1 3/2+ 22.1 % 1.4 133 & 8 5.13 0. 03
1,613 1 7/2+ 16.9 £ 1.3 128 + 8 5.11 % 0.03
1,790 + 1 5/2+ 1.7+ 0.3 1172 #192 6.09 £ 0.07
2.673 £ 1 3/2+ <0.49 > 3300 6.5

2.724 1 7/2+ 6.7 1.2% 187 + 34 5.27 % 0.08
3.859 % 1 5/2+ 1.16 + 0.18 0.36+0.06 1820 290 6.26 % 0.07
4.197 % 1 3/2+ 10.16 £ 0. 77 3.16x0.26 169 + 14 5.23 % 0.04
4.582 % 1 5/2+ 11.90 0. 53 3.70+ 0. 20 112 = 6 5.05 % 0.02
5.102 + 9 (5/2)+ 0.82 +0.12 0.26%0.04 1140 +170 6.06% 0.07
5.282 + 8 ' 1.80 + 0.12 0. 57+ 0. 04 448 + 33 5.65 % 0.03
5.525 % 7 1.43 + 0.18 0. 452 0. 06 479 + 63 5.68 % 0.06
5.585 + 9 1.95+ 0.18 0. 61%0. 06 336 + 33 5.53 % 0.04
5.803 % 5 6.19 & 0.37 1.93%0.13 90 £ 6 4.95 £ 0,03
7.116 + 6 12.60 % 0. 59 3.9240.22 137+ ° 0.8 4.14 % 0,02
7.241 %5 3.54 + 0.25 1.09+0.08 43,5+ 3.3 4.64 + 0.03
7.418 % 6 0.950.18 0.2920.06 134 2 26 5.13 £ 0.09
7.647 % 5 1.98 + 0. 24 0.62+0.08 50 + 6 4.70 £ 0.06
7.902 + 3 5/2+, T=3/2 39.38 £ 0.92 12. 512 0. 54 1.83 3.26

continued . . .
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Table 4-13 (continued)

a_) . . . C‘) »
Energ;;sLevel Proportion of BranchlngsRatm Q )
In "7Al : Proton Decays From "7Si ﬂs_c’ - Log ft
: b) , : :
(MeV % keV) 3" (%) (%) (10> sec) o _ (sec)
7.972° % 3 (3/2fr,T53/2) 1.71 £ 0.24 0.53 % 0.08 ‘ 39.5% 5.8 4.60 + 6.06

8.194%5 . 4.45%0.31 1,39 £0.10 11.540.9 4.06 + 0,03

a) For states above 3 MeV, the values listed here are weighted ave_réges of those energies with errors in Table 4-11.
For levéls 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, Mov68). v

c} 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.

d) The ft values are calcula.ted using the Q_, shown in Table 4-2 and Ti/Z = 220.7 £ 2.9 msec.

p

e) The branching ratios and ft values for states below 3 MeV are calculated from comparibson to the mirror 25Na decay (Al 71).

f) This branching ratio has been corrected for I'p,/I" = 0.979 (Du '7;?.).

_'[6_
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'columns of Table 4-13. The decay scheme for 25Si, 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 branch are listed in Table 4-14, along with

reduced-width ratios for the different possible N assignments.

3. Discussion and conelusions

The branching ratioe and ft values deduced from the present
work differ in some respects from the earlier w0rk (Re 66).v The prevs—
ent results indicate that ~ 314%, of the beta—decay strength goes to proton-
unbound levels above 3 MeV, which then gives the partial half-life for
Vbeta decay to the six states below 3 MeV. This improved value for the
the Branching leads to a new evaluat‘ion of the re.tio of (g;)*/(g)'

The mirrors in 25Mg-25

Al have been assigned up to 5 MeV (Li
68) and the negatron decay rates ‘_in'ZSNa have been measured for these
8ix mirror levels (vA‘1_ 71) ‘The resulting Q:_va.lues_ can then be used to
calculate the expected partial half-life for posiﬁron vdevca.y to these mir -
ror levels. Thus a comparison _qf the partial half-lives gives

(£t) +/(£§)- = 1.17+ 0.04, consistent with the ratio determined by Alburger

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

37

D. Results for >'Ca, *Ti, ana *

Sc.

41

The previous studies of > 'Ca and *!Ti (Ha 64, Re 64, Po 66)

were corﬁplicated 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 PB-decay branches resulting in low ‘energy protons that were
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5/2+ 12.736
220.7 msec
B+
25.. .
Si
% Log fr
.39 4.06
8.194 /
0.53 4.60
 5/2+ 3/2% 79727000/ 35| 326
: 0.62 4.70
7647/ 029 513
£418 1.09 4.64
728l 7,6 4 392 414
1.93 4.95
5585 5‘803/[: 0.6l 5.53
=222-5.9254—  0.45 5.68
5282,— 0.57 5.65
5102 4 0.26 6.06
4582/ 3.70 5.05
4197/ 316 5.23
3.859,— 0.36 6.26
T ) 6.7 5.27
/e l/2r 2721 26734 34 6.5
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~ Mg +p 7{2+ I6|3ff . .
3/2+ ] 0945, —22.1 . 513
5/2+ O.OOO{._ZO'T' 5.33
25
Al

XBL 7311-6824

Fig. 4-10. Proposed decay scheme for_ZSSi. The

excitation energies for the unbound states are weighted
averages of present and previous results. The branch-
ing ratios and ft values are from Table 4-13. '



Relative Branching Ratios and Reduced Widths for the Decay of T=1/2 States in

25

Table 4-14. Al.
B Ratio o‘f Reduced Widths b)
" Observed Ratio of a) L '
Proton Intensities 1x/g.s. 2x/g.s. _
"E_in 2°al 1x/g.5. 2x/g.s. (3/2, 5/2)+ 7/2+ (3/2, 5/2)+ . 1/2+
X (MeV). . , _ _ :
4,582 1.32 3.5
7.115 3.54 1.9 0.26
7.241 4.00 . 2.2 0.32
7. 647 1. 41 480 0.56
2x/1x ' 3x/1x 2x/1x 3x/1x
8.194 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 caléula_,ted by dividing the observed intensity by thé'penetrability

for decay, assuming J" = (3/2, 5/2, or 7/2)+, and r

0 = 1.3 fm.

_bé_
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unobservéd in these experiments. Since the ground state J" is 7/2-
for 418(: and all excited statés are uanund to protons (see Table 4-2),
accurate intensity measurements of all significant proton decay peaks
can result in direct determination of beta-decay _brvé.nching ratios and
absolute ft values. The degree of isospi_n purity of the lowest T = 3/2
state in 4 Sc can then be determined. o

_ Higher accuracy data for the delayed proton decay of 4OSC were
also necessary, since proton péaks from this nﬁclide were present in

all 40Ca;+3He spéctra disuussed below. The bulk of the 37Ca, 4_1Ti

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. Discussion of data
TR & SR« J a3
The nuclides © Ca and "~ Ti were produced utilizing "He beams

for bombardment of 36Ar and 4OCa. targets. The 36

Ar + 3He exper -
iments were done at 40 MeV, while the 4OCa. + 3He experiments were
performed at 29.5, 36.5, and 60 MeV in order to establish relative

peak intensities as a function of bOmba‘rding energy. In each case com-

_peting reactions can potentially c'omplicate the proton spectra, as shown

in Table 4-1. Half-life »info_rmation and intensity as a function of bom-
barding energy arelimportant aids in identificafion of the origin of in-
dividual péaks. Data»were‘ also agquired from the 4OCa(p, n)4OSc re-

action at 20-MeV bombarding energy, in order to ascertain the contri-

bution of delayed-protons from 40Sc in the proton spectra obtained
40 | o

from 3He bombardment of *°Ca.
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In the 4OCaL + 3He experiments, natural isotopic composition Ca

36

targets of 1.0to 1.5 mg/crhzthickne'ss were used. For the Ar(3He, 2n)

reaction, the gas target and g'as handling system described in Sec. IIIB

were used, .

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

weak, beta-delayed proton emitter 4OSc (Ve 69) was present in all the
41TJ'. spectra (see Table 4-1). Figure 4-114 shows low—enerbgy proton
spectra following 3He' and proton bombardment of 4O.Ca; parts a) and b)
were pbtained at 3He bombarding energies of 29f5 and 60 MeV respec-
tively. The 6-um AE 50-um E telescope cutoff was ~ 2.2 MeV. The
4OS‘: spectrum produced at a proton bombarding energy of 20 MeV is
shown in Fig. 4-11 c¢) and was taken with a thicker 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'corn‘p'onentsj (due to proton eﬁergy differences being less than
or nearly equal to the. ~ 40 keV energy resolution) are numbered as one
peak. |

A mo.r.e complete spectrum from th¢ 60-MéV 3He bombardment
of a 40Cak target is shown in Fig. 4-12. The peak labeled (1) shows the
loéation of peak 1 which has .been partially reduced in intensity due to
an électronic thresh_old. effect. Finélly, a delayed;proton spectrum
from 3.7Ca produced via 36Ar (3He, .2n) is sho&n in Fig. 4-13 for the
energy region between 2 and ¥4 MeV. Beyond 4.2 MeV the spectrum
is featureless, and no sv.pecific peé.ks could be id'entifie‘d. The fits to

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

us'ing the Gaussian peak fitting program described earlier in Sec. III E.

ok

nt
0
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Fig. 4-11. Identified protons following “He or proton

bombardment of 40Ca. The peak identification num-
bers are discussed in the text. '
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Fig. 4-12. Delayed protons following 4OCa + 3He bombardment at E3.. =60 MeV,
The numbering system is identical to that in Fig. 4-11 and is described in the text.
The intensity of peak (1) is reduced due to an electronic cut-off effect.
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Fig. 4-13, Delayed protons from 37Ca. ' The peak numbering cor-
responds to that in Figs. 4-11 and 4-12 (see text). Numbers in
parentheses show 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.
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Three types of data were used‘in identifying the origin of indi-
vidual broton peaks:. half-lives, energ.ies and intensities from single-
component spectra, and felative 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 short 41Ti half-life aids in distinguishing most of the peaks
originating f_fom this precursor.

(‘1)‘ 4OCa + p. The p + 4OCa,_rea,‘ction at 20 MeV produces only
40

Sc. These data were used to identify major 40Sc.pea.ks with higher

resolution than available in the previous measurements (Ve 69). The

resultiﬁg energies and intensities could then be applied to the interpre- .

tation of the 4OC::L + 3He results.

36

(ii) 36Ar + 3He. "As can be seen from Table 4-1, the 3He + 7 Ar -

reactionbat 40 MeV has several competing exit channels capable of pro-
ducing delayed protons. The nuclide 36K can, in principle, [3+ decay
‘to proton unbound levels in 36Ar. However, from beta-decay system-

36

atics such decays should be extremely weak; ~ K has been discounted

as a source of delayed protons produced in reactions on this target.

29

Th;‘ee other possibilities exist. Two of the.se——32C1 and
can be eliminated as possible sources for peaks 18, 22, 23, or 24 in
in Fig. 4-13 since fhe energies of the main decay groups are known
(Ha 72) and do not corfespond to these peaks. (In 32Cl, only electron
captﬁre could lea.d 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

Lo
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groups from 3?’Ar do not appear in the spectrum, and b) 328 targets
(as CuZS)‘ were bombarded with 29.5-MeV -3He beams and no proton
activity that could be associated with 33Ar was observed. This latter
is consisten_t with other evidence (Ma 70a) that inert gas nuclides have
extremely low collection efficiencies in He-jet systems without cooled
collector foils. Thevsereesults eliminate 3'3Ar as a source of back-
ground in this spectrum.

4OCa + 3He. | Data from 4OCa, + 3He were acquired at

(iii)
three bomb'ardihg energies and with several different AE-E detector
telescopes. These data establish _r'elative excitation functio_ns for most
of the peaks shown in Fig, 4-12; this spectrum contains contributions
from 4OSc, 37Ca, and 4AiTi. However, 36K' can be eliminated as a
~ source of protons as in the previous diséussion;' in fact, no prominent
peak ekhibiting a lifetime as long as that of 36K,wa.s observed (see
Table 4-1). The preceding discussion on 33Ar eliminates it from con-
sideratioﬁ as.a background source. Likewise the relative excitation
functions coupled with the known 32C1 proton energies serve to elim-
inate it aé‘ a pos.sible,pr'otvon source.

Finally, ih addition to products from competing reaction chan-
nels, target contafninants comprise another potential source of dedayed
protons. The two most likely contafninants aré 6xygen (from CaO) and
- Mg, which was present at ~0.2% by weight of the natural Ca target

25 - 16,3

material. Thes'e lead to 17N.e and Si, via the O("He, 2n) and

2‘_4M_g (3He, 2n) reactions respectively. No identifiable 17Ne peaks or
components were found; as discussed in the case of 33,Ar, 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 leve‘l of Mg contaminatioﬁ in the Ca targets.

The results of these analyses are shown in Table 4-15, where
laboratory proton energies and relative intbensities.for one or more
components are indicated for each of the 43 numbered peaks. Where
more than one laboratéry energy is indicatéd for an individual peak,
the energy.was determined independently for eacﬁ constituent from !
one-component data. The energy calibrz‘mt’s used for the various re- |
act’ipns and the relevant proton energy ranges are tabulated in Table
4-4. In addition, part of the 41Ti data acquired with the 6-pm
AE 50-um E telescope required the'vuse‘ of secondary calibration points
at 1.085 MeV (4OSc) and 1.542 MeV (.4Ll"i), their energies having first |
been determined (in part) from the primary calibrants in Table 4-4.

The relative intensities fo.r.each nuclide were computed separately,
éorrecting where necessary for ”confaminant” contributions. It
should be nofed that beaks .43 a‘nd. 33 have been assigned to 25Si and
ariée from the decay of the lowest T = 3/2 state to the 24Mg ground -
and_first-ekcited states trespectively (see Sec. IVC).

Thé present 3()Ar(:‘}He, 2n) data reliably give relative intensities
down to ~ 4% while 3?Ca. peaks in the 40Ca + 3He data are similé,rly iden-
~tifiable to ~ 2.5% for Ep< 3 MeV, apd to~ 1% for Ep’> 3 MeV. The re-
sults for 41’I'i 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 MéeV and down to 1.5% for Ep > 3 MeV.

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

40

37Ca are shown in Table 4-1. The present measuréments of the " Sc
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Table 4-15. Observed proton ehergies and relative intensities for
the delayed-proton precursors 41 Ti, 4OSC, and 37Ca.. The peak
numbers cbrrespond to peak identification numbers shown in Figs.

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

Peak E_(Lab)® Relative Intensities P!
Number MSV + keV H Ti 4OSc . 37Ca,
1 0.870 + 15 | 13.8 % 1.5
2 1.000 + 15 38.6+ 2.49 27.3 £ 3.0%
3 1,085 + 10 | 100. |
4 1.248 + 15°) 3.9 0.99 14,5 + 1.8°)
5 1.339 % 25 4.4 % 1.00
6 1.454 & 15 8.9 £ 1.5
7 1.546 + 15 21.6 % 0.7
8 1.612 = 25 4.7+ 0.6
9 1.709 % 10°) 2.6+ 0.7° 8.7+ 0.8
10 1.846 % 20 9.4+ 1.0
11 1.925 + 10 9.7+ 0.6
12 1.983 + 25 3.1+ 0.6
13 12.063 £ 30 4.1 0.5
14 2.113 % 25 | 9.0 + 1.0
15 2.271 % 10 26.1 % 0.9
16 2.409 20 14.7 + 0.3
2.443 + 25%) 5.4+ 0.9%)
17 2.498 % 20 2.5 % 0.3
18 2.580 208 4.5+ 0.4%
19 2.662 = 20 8.1+ 0.8
20 2.745 % 20 | 2.5+ 1.0
21 2.814 % 15 4.9 % 0.5
22 3.063 + 152 4.0+ 1.2P
23 3.103 2 37 | 100.
3.077+ 15 60.3 + 3.8%) |
24 3.173 = 108 12.8 + 1.08)
3,148+ 209 4.0 + 1,49

continued .
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Table 4-15 (continued)

Peak E. (Lab)a) ‘ Relative Intensitiesb)
Number /20 | yev oy 40g C 37,
.

25 3.339 % 30 2.3+ 0.49 | 1.7+ 0.4

26 3.487 £ 20 2.8 + 0,45 | 1.4 + 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 + 25 1.5 0.2

32 4.046 + 20 | 14202

33 4.094 % 25 — 25,

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 22.4 % 0.7

38 4734+ 49 1o0.

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 5.477 % 30 1.5 £ 0.3

43 5.387 + 30 | — 25—

a) Unless otherwise noted, the observed energies are average values

b)

c)
d)

e)

3

from the 4OCa, + “He 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. v _ ’ o

‘ Average of values determined from 4OCa + 3He and 4OCa, + p data.

Computed after removal of the 4OSc component,

From 40Ca + p data only.

continued . . .
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Table 4-15 (continued)

f)

g)
h)
i)
j)
k)

This peak is tentatively assigned to 40Sc on the basis of the relative

excitation data.

36

Average of values from 40Ca. + 3He and ~TAr + 3He data.

From 3()Ar + 3He data.

Energy calibration point, see Sec. IV A.
From 4OCaL + 3He at 29.5 MeV only.

Computed after removal of 37Cat 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-

sented here. The present results for the 4

Ti half-life are not, how-
ever, consistent with the fé'rmer value. The przesent number of 80 :E.Z
msec results from separate measurements from selected peaks at sev-
eral bombarding energ‘ie_s. Thevse ‘peaks are all.associated with 41/1"1
décay_g_gly_; at 29,5 MeV peaks 7, 23, and 38 were used, while at the
higher bombarding energies of 36.5 and 60 MeV, peéks 7, 15, 29, and
38 were used. |

The earlier Brookhaven data on 41Ti (Po 6-6, Re 64) were taken
at ~ 32 MeV bombarding energy, at which, according to Table 4-1,
some cohtrii)utions from the decay of 37Ca could appear in the spectrum.
Although the preSent data acqﬁir"ed at 29.5-MeV bombarding energy are
above the 37C‘a‘thre'shold, no e‘vidence for.this nuclide exists in the pro-
ton spectrum (and none Wé.s expected, sihce a < é;MeV a particle has an
éxtremely small probability of emission from the compound nucleus).
On the other hand, peak 23 in the E3He = 36.5-MeV results is ~ 337

due to 3

7Ca.; so at 32 MeV a 37Ca, contamination of 10-159% is possible.
Since this group amounts to ~30% of the protonvp‘e.ak intensities pre-
viously used'to evaluafe the half-life, this level of irhpurity 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 fatio approximately

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

also to reduce the small background contributions from 408(: (Ve 69)
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at the higher proton energies. The present result for the 41Ti. half-

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

2. Analysis

Thé spin-parity assignments for the precursors 41Ti and 37Ca
follow from their T =+ 3/2 mirrors and from. the J™ of the lowest
T = 3/2 states in the Tz =+ 1/2 nuclei. For mass 41, J7 for 41K(g. S.
is 3/2+ (En 67), while the lowest T = 3/2 state in 41_Ca has been idehti—'
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 _s’tate J7 for 37C1 is
known to. be 3/2+ (En 67), while Butler et al. (Bu 68) have assigned
I7 = 3/2+ to the lowest T = 3/2 states in 37K and 37Ar.

Unlike some of the other Tz = -1/2 nuclei in the A =4n+1 series
where high resolution deléyed-pr'c')ton studies have resulted in some new

33¢1 (Ha 71) and %INa (Sec. IV B)),

spectroscopic assignments‘ (17F,
the energy 1e‘vels in 41 Sc and 37K have been extensively studied to ap-
éroximately 7 MeV in excitation in each case, with vspins and parities
assigned for many levels. Hence, in the present case only one new
level (in 41Sc) has been identified, while in 40Ca., several new levels
are postulated as a résuit of fhe- present 40Sc-dai:a.

a. *0sc.  The nuclide 4OSC(JTr = 47) is a very weak delayed pro-

40S<: [3+ decay proceeding to

ton emitter, with less than 19 of the total
particle -unbound levels in 40Ca. (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
intensitieé of less than ~1.5% forvprotons greéter than 3 MeV. Peak
5 has been tentatively assigned to 4OSc decay. The» relative excitation
data from 4[OCa + 3He are consistent with this assignment, even though
it appears only very weakly in the 4OCa. + p data ih_Fig. 4-11.

The 4080 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 p;‘otori energies
than the pfesent 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 e;céitatioﬁ energies in *0ca
deduced on the assumption that the protons arise solely from decay to

the 39

in 4OCa measured in 39K(p, y) experiments (En 67, De 70).- These re-

K ground state. These energies can be compared to known states

sults do not correspond entirely with the previous measurements, pos-
sibly because allowed beta decay from 40Sc proceeds to states with
J™ =37, 47, or 57, while proton capture reactions require £ =3 protons

to populate J" = 4™ or 5 levels in DVca. 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-MeV level--seen in the



Table 4-16 Energy Levels, Branching Ratios, and Log ft Values for 405(: Delayed-Proton Decay.

(Energies in MeV  keV).

_ ‘ o a) Known i , o Present
Peak Proton Energy (c.m.) Dedu(;eod . Levels i} Re_sul_tst:))
- Number (Ve 69) . : Present .~ E_ in Ca in 40Ca. J Note Log _f_t_

2} {1.032& 15 9.362 ¢ 15 9.364 1 c) 5.64

3 1.08 = 30 1.112 £ 10 . 9.442 £ 10 9.454+ 1 (2,3)"  c d) 5. 00

4 1.27 + 30 .- 1.279 £ 15 9.609 £ 15 9.603 1 37 c, d) 5.76

5 1.373 % 25 9.703 + 25 9.669 %1 (0,1,2,3)" c,d) 6.22

' {9. 812 + 1 ' A

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 o
9 1.72 % 30 1.752 + 10 10.082 + 10 6.23 i
10 1.88 % 30 1.893 % 20 ' 10.223 + 20 10.236 + 2 ‘ ' c) 5. 59
14 2.15 + 30 2.166 + 25 10.496 = 25 10.531 1+ 2 c) 5.43
16 2.44 % 30 2.505 % 25 10.835 % 25 ' 5.40

a) These are computed using the measured proton energies and’ Esep = 8.,3.30 + 0.001 MeV (Table 4-2).

b) The ft values are computed using the knov;rn excitation energieé for the first three levels listed, and the deduced values

for excited states > 9.65 MeV. The Q‘3 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 newer value of the separation energy. -
d) ‘These are from ref. (De 70), weighted with these from (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 =20to 69 mass region,

as shown in (Go 66). The sum of the ﬁ+—decay branches leading to the
ten protén groups observed in this work is ~ 0.2%, following the above
assumption. Even in the case of a faster transitioﬁ for this decay e.g.,
log ft ~ 4.5, the total observed branching ratio leading to proton unstable
states in 40Ca is € 19%.

b. ?_7_09_. There are two major differences in the otherwise gen-
eral agreement with the previoﬁs results for 37Ca (Po 66); proton decay
has been seen from the lowest unbound level .cé.pable of being fed by
allowed beta decay (peak 1 in Fig. 4-11 b) and the decay peak at ~3.1
MeV a.rising in part from the T =3/2 state ﬁas been resolved into three
components. Energy levels in 37K fed by allowed [3+ decay are shown
in Table 4-17, along with a 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 also assume that the prin';ary decay mode is to the 36Ar
ground state. This assumptioﬁ essentially agrees with the previous re-
sults, :although two leveis, one at 5.05 MeV (the T = 3/2 state) and at
5.32 MeV are known to have I‘p/l"< 1 -(Go 67, Th 70v). In the case of the
T = 3/2 state, I;//I‘ ~ '1.4)(10—3, and l'i)i/l""' 1.1 X10-2'; qua_litative evidence
can‘be seen in some spectra for this very weak proton decay to the first
excited state in 36Ar (as a low energy shoulder on peak 4, Figs. 4-11b

and 4-12), but it is not of sufficient intensity to be i'_eliable identified.

For decay of the 5.32-MeV state to the first-excited state in 36Ar, the
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Table 4-17 Energiés of Unbound Levels in 7K Fed by Allowed Beta Decay from 37Ca, and a Comparison with Previous Results.
(Energies are in MeV % keV).

Poak Deduced E 2 ~-----'--;-----------~-----------'--Previouls L R R R TR ‘
Numbet i 37k x Ref. Go 67 , Ref. Th-70 Fpo/l“b)
1 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)+ o~
22 5.006 + 15 5.018 = 3 (3/2,5/2)+ 5.018 + 10 -
23 5.047% 3° 5.048 = 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 # 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)+ 6.0172 10 (3/2,5/2)+

a) . All peaks were presumed to arise from decay to the 36Ar g.s. The excitation energies were computed using a proton
separation energy of 1.857 + 0.001 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
(see Table 4-4).
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proton energy is ~ 1.5 MeV, while the relative intensity is ~0.6 (from
I‘pi/l"'v 0.25). This is too weak to have been observed here. The last g
column in‘ Table 4-17 gives FpO/I‘ for these two states. -
Several calculations for (o) 2 have been made for the super-
allowed beta decay to the T = 3/2 analogue levelb(Ha 65, Ba 64, La 72,
En 66). All give consistent vélues for <0> 2 which, when used in Eq.
(2-14), result in log ft =3.27to 3.30 for the superallowed deéay to the
T = 3/2 analogue state (assuming a,2 =1 in Eq. (2'_20)).
If one assumes a log ft value of 3.30 for this nearly model-
independent prediction for the superallowed beta'-deca.y transition
strength, the relativé proton intensities can then be used to determine

3?K, "These

absolute ft values for positron decay to unbound levels in
results and ﬁhe absolﬁté 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 h_aye been corrected for the Fp/F ratio
shown in Table 4-17. | .

Table 4-18 also shows the branching ratio.and ft value for decay
to the 3.7K .ground state, for which the log ft has béén obtained from the
“mirror 3_7Ar electron capture decay. By combining this branching
ratio with the present results, the branching' to the 1.368-MeV, J"=1/2+ -e
state can be estimated. The decay scheme for beta-delayed p‘rofons
from 37Cé. is shown in Fig. 4-14; the branching ratios and ft values to

.proton unbound levels are from the present work.

41

c. Ti. The ground state of 4

Sc hasg J7= 7/2—; hence heta

decay to this state from 41Ti a7 = 3/2+) is first-forbidden unique and

will be strongly hindered. (The analogous mirror 4 Ca - 41K electron



Table "4-18. Branching Ratios, and ft Values for 37Ca. Positron Decay.

En3e;gy In a) Tl_b) Probortion of Branc3h7ing ) . it-c, @ - Log ft

K J Proton Decays (%) From ~ ‘Ca (103 sec) (sec)
(MeV = keV) : (%)
0.000 3/2+°) 15.62 + 0.527 125 & 3 5.10 + 0.01
1.368°% 1/2+° ' 8.4 x 2.58 121 % 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 + 57 1.54 = 0.19 4,15 % 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 £ 0.04
5.318 + 5 3/2+ 1.04 = 0.25 1.05 + 0.27" 71 % 18 4.85 £ 0.12
5.449 £ 5 1/2+ 0.68 + 0.25 0.51 % 0.19 130+ 47 5.114 % 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 [ /I\°
Po

continued . .

A2 %



Table 4-18 (continued)

d) The ft values are calculated using the Qﬁ shown in Table 4-2 and a half-life of 175+ 3 msec.

e) Ref. (Go67). ]
f} This is taken from the mirror decay, using QE.C. and Ti/Z from (En 67) and £E.C. »
The branching ratio is-calculated from the sum of all measured branching ratios and that inferred for the ground

from (Go 71a).

g)
state branch.

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

i) Corrected for Fp /T given in Table 4-17.
0

“PI-
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3/2+ 11.640

J» |75mséc

| B |
“ . ; *Ca

(3/2)5/2)4‘ 6.01

1/2+ __ 54493—0.51 5.I1
2 g i
+ . .}
T=3/2 429 $58
-0l18—1.85 4.7
5/72)+ :
4665 1.15 5.04
1/2+ 4.50 2.08 4.84
a4y — 115 5.2
2+ 3.827 , __3840—4.48 472

572+ 2.75 6.37 4.87

0+ 1.857

36 o 12+ 4 5.
Ar + p | 12+ 1368 — 8.4 5.08

- ’ ' 372+ 0000 —{15.6 5.10]

37K

XBL7310-4297

Fig. 4-14. Proposed decay scheme for 37Ca. 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 taken
" from the mirror decay.
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capture decay has log ft = 10.51) The first level to which a.llowed [3+
decay can proceed is at Ex ~ 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 i:)roto.n intensities are
measured. The observed proton groups range in'énergy from ~1.0

MeV to 5.3 MeV, though a further search for other proton groups with
energies up to 8.5 MeV was made.

Excited states in 415c 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 previous
determinations; these results show remarkably good agreement 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 récent resonance data from (Tr 73) or
(Tr 73a)).

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

40

3.737-MeV state in Ca, as well as a 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 Levels in

41

Sc Fed by Allowed Beta Decay from 4
(Energies are in Mev + kev).

Tc, and a Comparison with Previous Results

Fina1® ibeduced® : Previous Work -
nﬁ:::r 3‘:;° ' e"e:gies Ref. Yo 68° Ref. En 67° Ref. Ma 70° Other
o in Ca . in Sc '
2 g.s "2.111 £ 15 2,096 * 7 (5/2+;5/2+)d
' 2.100 * 20 372+
2.077 £ 20 2/24,5/24%
7 a.s. 2.671 t 15 2.667 3 (S/2+,9/2+)
t1s a.s. 3.414 £ 10 : 3,415 * 1/2+
16 q.8. 3.556‘ 20
19 ‘g.s; 3.815 ¢ 20 3.782 £ 3 5/24 3.783 ¢ 5/2+ 3.776 £ 10 57249 £:
21 a.s. 3.971 * 15 3.970 1/2+ 3
23 g.s. 4.241 t 15 4.246 1 4 5/2+ 4.248 5/2+
24 q.s. 4.313 20 4.329 £ 4
25 g.s. 4.509 t 30 14.505 ¢ (3/2,5/2)+
26 ‘g.s. 4.661 * 20 4.643 ¢ 172-9
27 g.s 4.782 * 15 '4.778 ¢ (3/2,5/2)+ .
28 .s. . 4.869 * 15 4.872 t 6 5/2+ 4.868 * (3)2,5/2)+
20 a.s 4.929 * 10 4.948 + (3/2,5/2) + P
30 q.s. 5.019 * 25 5.023 * 1/2+
3 a.s. 5.088 * 25 5.082 (3/2,5/2) +
34 " g.s. 5.378 £ 15 5.380 % 9 5.375 +
35 q.s. 5.575 £ 15 5.575 + 10 5/2+ 5.575 + (3/2,5/2)+
36 a.s. 5.763 + 20 5.780 + 8 '

continued, . .



Table 4-19. continued

38

39

40

41

42

12

13

) ~R
q.s. 5.841 t 10 5.838 + 2 (3/2,5/2)+ 5.837 * 10 _ 5.838 (3/24)
) . a1 m
-8 5.939 * 4 . 5.941 3/2+, T=3/2
g.s.  6.040 ¢ 25 6.017 17243 . ' 6.014 + 10  1/2+
g.s. . 6.085 *+ 20 ,
) ' k 6.087 + 11 6.086 + 10
3.737 Mev © 6.102 £ 15 :
q.s. 6.135 & 20 6.130 37243 , 6.132 + 10
g.s. 6.393 + 30 ' 6.413 £ 10 (5/24)
3.353 MeV 6.a72 £ 25 : 6.477 £ 10
X

3.737 MeVv 6.938 t 30 : ) 6.948 ¥ 10

a)
b)
c)
4)
e)
£)

9)

h)
i)

3

k)

‘The excitation energies in 4°Ca are from (Ma 71).

The energies are calculated using a proton separation energy of 1.086 + 0.001 MeV, (see Table 4-2).

~8V¥-

The excitation energies given in this reference have been corrected for the change in proton separation energy (note b) .above.

Ge 69.
Yo 70.

Yo 70a.

The assigned parity of this state precludes it being fed by allowed beta decay. Nevertheless, the deduced energy appears to
be in agreement. The width of this level is 36 keV (En 67); it is possible that this is a doublet, part of which is fed by -

" allowed p+ decay.

Tr 73a. , ' » :
This energy is already averaged, and part of the energy calibration, see Table 4-4.

This energy is from N. A. Brown, Rice University Ph.D. Thesis, 1963 (unpublished), quoted in ref. (Yo 68). It is not

included in the average computed for Bx, however the J" assignment is tentatively used.

This assignment is based, in part, on agreement with ref. (Ma 70) with respect to excitation energy and observed decay mode.
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states at 6.47 and 6.94 MeV have been observed to decay prvimarily to
the first and. second-excited states in 40Ca fespectively; the present
assignments follow this result. The ground-state branches for both of
these sit\ates are so weak that they are not reliably observed in the pres-
ent spec;tra-—consistent with the results in Ref. (Ma 70).

Pénetrability calculations for proton decay from states in 41Sc
are shown in Fig. 2-2, follbwing thé discussion in Sec. II D. 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 e’xtrefnély small,

A 're_latively strong peak (number 16) ié_observed_ at Ep~ 2.4
MeV., Although it has a small 40Sc component, the deduced half-life
(afte‘r‘removal of the 4OSc) is consistent with that of *1Ti. It corre-
sponds to a level at Ex ~ 3.56 MeV decaying to (:he 4OCa. ground state;
however no such level has been pr_eviously observed in 4 Sc. A com-
parison with the mirror 41Ca nucleus, shown in F1g 4-15, indicates
that the known I = /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 *'Sc shown in this
figure follows from the present assignment for the 2.4 MeV proton
peak. Supporting evidence f;)r assignment of this new level comes
from the inelastic scattering results of (Ma 70). Thése results show
no states between 5.8 and 7.0 MeV in excitation that would correspond
to the assighrﬁent of this 2.4-MeV proton peak to a state decaying to

40

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

ity states in mass-41 arise from partic1e~ho'1e configurations; hence
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Mass 4l mirror levels with

( MeV)

Ex

™ = ' .
JT=(1/2,3/2,5/2) + o s73 .
51 o 3/2——5.04
/2— 4, —_—1
3/2.5/2——al Yo——4238 S2—a2r
al- 1/2——3970 -
I —r A — 3/2—389
3/25/@}— : ——3783 2
55/2,‘3/2 e 353 [——3.55¢) ¥2—3.62
I/2——331 |/2—3ai5 .
3+ , 1/2——298
1/2____2.68 1/2----272 Sr2——27
(6/2——2.61 5/2° 2867, ., 1/2——255 S5/2—253
- /2——230 -
oL se——201 3/2—2097 32—2I0 . 3/2—210
3/2——1.72
i+
o 4~ 4l - -
Ca Sc (a) -~ (b) (c)
Experiment T Theory

XBL7310~ 4296

Fig. 4-15. Comparison of mirror lev?ls in mass 41 below 4.3 MeV

with JT™ = (1/2, 3/2, or 5/2)+. The 41ca levels are taken from Refs.

(Sm 68, Se 73a) while 41Sc 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. B :
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they are only weakly excited in reactions from a 4OCaL target, and sucha
levelat 3.5 MeV might not have been identifiable. Furthermore, the near-
by 3.46"MeV state with J":1/2—, 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 near 3.56 MeV.

Pene;trability calculations are also of interest in determining
the branching ratio for decay to the T = 3/2 state ’iri 41Sc, and the ques-
tion of isospin purity discﬁssed later. From these experimental results,
only upper limits can be established for poésible decay branches of the
T =3/2 staée 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 * 29,.
This peak (6) now appears to arise solely from the decay of 40Sc (see
Table 4-15). » |

It is apparent from the pehetrabilities listed in 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 presentv 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 célculation 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



Table 4-20. -

Possible Proton Decays of the Lowest

T=3/2 State in 41sc.
*0ca Final State® | .
' b) Observed

Ey . Eab Intensity c) Penetrabilityd) .
(MeV) J MeV * keV (%) P . S
0. 000 ' 0+ 4, 734 24.3 0.39
3.353 0+ 1.463 <0.7 0.0005
3.737 3- 1.089 <1.2 0.0003
3.904 2+ 0.926 | <0.4 0.0002
4.492 5- 0. 352 e) ~x10” 12

. .40 ' '

a) Excited states in Ca are from Ref. (Ma 71).
b) Calculated assuming a separation energy of 1. 086 MeV (Table 4-2).
c) These are in terms of percent of the total proton decay of 41Sc:.
d) These calculations are desc.ribed 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 “*Ca (Be 67,
Ly 67), to predict the mass-excess of 41Ti. 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 41Ti shown in Tables 4-1 and 4-2 use the IMME result.
“From the relativ‘e_ proton intensities, and energy-level assign-

ments discussed above, branching ratios and absolute transition

‘strengths for positron decay of 41’I'i have been calculated and are shown

in Table 4-21. The ground-state decay branch is taken from the mirror
4 Ca — ‘MK electron capture. Its very small magnitude for 41Ti
(~ 4 Xi.O_S%) has no effect on the absolute beta-decay intensities to un-
bound levels.

Figure 4-15 shows a state in 41Sc at 2.72 MeV with J" = 1/2+
(En 67, Ge 69). Protons from the decay of this state were not observed
in the present experiments, although their predicted position is neaf
peak 8, which is predominately from 4OSc decay. Since this level is the
only known state with J" = (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 41Sc decay peak has been calculated
to be < 115% . This lirﬁit correéponds 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 1s incorporated in the
errors fo.r éach decay shown in vTable. 4-21. This level, in fact, is the

only previously known state in 4‘lsc with a firmly established 7™ not

seen in the present delayed-proton data.
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Table 4-21. Branching Ratios and ft Values for 1Ti Positron Decay.
Snsrey I g &9 ,
41Sc b) (Beta Decay Log it
(MeV £ keV) J7 Branching Ratio C)_ (%) (103 sec) (sec)
0.000 72~ wax1075° ~3x107° 0.5
2.097 % 6 3/2+ 9.36 = 0.60 61.5 + 4.4 4.79 + 0.03
2.667% 3 5/2+ 5.24 + 0.19 82.5 + 3.9 4,92 % 0.02
3.415+ 2 1/2+ 6.33 = 0.24 45.6 = 2.2 4,66+ 0.02
3.556 20 3.57 £ 0.09 74.6 = 3.1 4.87+ 0.02
3,783 % 2 5/2+ 1.96 + 0.20 119 = 12 5.07 + 0.05
3.970 £ 2 1/2+ 1.19 + 0.12 176  * 19 - 5.24 £ 0.05
4.248 + 2 5/2+ 14.63 = 0.95 12.0 = 0.9 4.08 % 0.03
4.329 % 4 0.97 £ 0.27 173+ 48 5.24 % 0.12
4.505% 2 (3/2, 5/2)+ 0.56 + 0.10 268 = 48 5.43 % 0.08
4.643 + 3 0.68 + 0.10 204 % 30 5.30 % 0.06
4.778 = 2 (3/2,5/2)+ 2.35 £ 0.10 53.2 & 4,73 % 0.02
4,868 + 2 5/2+ 3.76.% 0.20 31.3 % 4.50 + 0.03
4,945 % 7 (3/2,5/2)+ 7.52 £ 0,50 14.9 + 4,17+ 0.03
5,023 % 2 12+ 0.58 + 0.05 182+ 17 5.26 % 0.04
5.082 2 (3/2, 5/2)+ 0.36 + 0.05 280 % 39 5.45 % 0,06
5.375 + 2 ' 3.74 £ 0.14 22.1 + 1.1 4,342 0.02
5.575 + 2 5/2+ 1.75 = 0.10 40.8 = 2.7 4.61+ 0.03
5.778 £ 7 0.53 = 0.07 115 = 16 5.06 + 0.06
" continued . . .

V1=



Table 4-21 (continued)

Proportion of -

En4eirgyal)n Proton Decays _f_t_d) Log ft
Sc ) (Beta Decayc) . 3 o8 —
(MeV % keV) J Branching Ratio ™’ (%) . (107 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 ©2.22x 0.09 3.35 + 0.02
6.018 = 9 1/2+ 0.73 £ 0.07 69.5 = 7. 4.84 + 0.05
6.089 = 6 ' 1.77 = 0.24 27.0 = 3. 4.43 + 0.06
6.133 = 9 (3/2)+ 0.70 + 0.07 65.6 = 7. 4.82 + 0.05
6.411 = 9 (5/2)+ 0.36 = 0.07 100 + 20 5.00 £ 0.09
6.476 £ 9 0.75 + 0.15 46.0 £ 9. 4. 66 = 0.09
-6.947 £ 9 0.99 + 0.12 22.7 % .9 4,36 £ 0.06
a) This is a Weighted average of excitation energies listed in Table 4-19.
b) This is based on those listed in Table 4-19 and the present results assuming allowed beta
decay. The groundstate J" is from (En67).
c) With the exception of decay to the gl_;ound state, the absolute betka-decay branching ratios
follow directly from the observed proton intensities.
| d) The ft values are calculated using QB from Table 4-2 and T1/2= 80 £ 2 msec.
e) This branching ratio is calculated from comparison with the mirror decay (En67).

YA o
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For comparison, 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--
allowiflg for 1f7/2 particles and 1d3/2 holes- —S;/h,ich accounts, in part,
for their lack of agreement with the experimentél data. A more com-
plete calculation (Ch 71), shown in part a), uses éingle particle states
in 1f7/2, 2p3/2, and Zpi/2 orbits, and 1d3/2 and .2.51/2 hole states.
The low enérgy levels compare well with those identified experimentally,
while the levels above 3 MeV are not reproduced as adequately.

The excitation energies listed in Table 4-24 are a weighted av-
erage of present and previous results shown in Table 4-19. No allow-
aﬁce has been made in the beta-decay branching ra.tios for y-decay,
since the radiative widths for ievels in 4 Scb are quite small (Yo 68).
For those levels with J" = (1/2, 3/2, 5/2)+ and for which FY and T
are known, ]f‘y/F is < 0.5% (Yo 68, En 67). |

_ The.proposed decay scheme for 4’lTi delayed-proton emission
is shown in Fig. 4-16. Beta—decafr branching ratios and log ft values

determined from this work are given for each decay.

3. Discussion and conclusions

a. 37Ca p+ decay and effects on the solar neutrino cross-section,

Several predictions have been made for beta-decay transition strengths
to states in 37K, primarily to estimate the solar neutrino capture cross-

section for the 37

Cl(y, e) 37Ar reaction (Ba 64, En 66, La 72). These
estimates for log ft values and the corresponding excitation energies

appear in Table 4-22 along with results from the present experiments.
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372+  [12.86]
80 msec
B+
4t
d
/o Log f¢

6.947‘/'0-99 4.36

As/r— 8474, /03607 550 466

(372)+ 6.133¢.0 177 210 a.03 482

12+ —x75,6.018 74 0.73 —— 4.84
5.939£-24.25 3.35

L2.502)F 58385776: 5 53°%% 506 +04
_________ 5/2+ 5.575,— 1.75 4.6
5.375,— 3.74 4.34
yo. (3/25/2)4, 5082,/ 0-36 5:45

o SRR SR s 0% a3

2 3,50)+ 228 47780 235 > 473 45

3643, — 0.68 5.30
(372,5721+ 4.505,— 0.56 5.43

-5/2+——-@4.248‘/_—|4.63 097 o8 524
172+ 3.970,— 1.I9 5.24
5/2+ 3783, 1.96 5.07
3.556,— 3.57 - 4.87
172+ 3.415,— 6.33 4.66
5/2+ 2.667,— 5.24 4.92
372+ 2.097,—9.36 4.79

40
Ca+p
7/2- 0.000~ [10.5]

4'S_C

XBL73I0- 4298

Fig. 4-16. Proposed decay scheme for 41'Ti'. All excita-
tion energies are weighted averages from Table 4-21., The
branching ratios and ft values for all unbound levels are
from the present work. The log ft for decay to the ground
state is from the mirror. ’



Table 4-22. Comparison of Calculated Excitation Energies and log ft Values with Experimental Results for 37Ca.

Experimental Results

Theoretical Predictions

Present?) Previous (Po 66) Ba 64 En 66 v
E, "~ log ft E_ log ft ' E, log ft E. log ft. 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. 71 1.47 5. 44
2. 750 4.87 2.75 S [4.9)9 1.57 4.34 2.74 3.81 2.65 4.36
3.08 - (>s.4f
3.617 4.83 3.62 4.8 3.62 4.68
3.840 4,72 3.84 4.8
(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 4.7 5,02 l 5 5d)
5.047 13,30 5.05 s 5.12 3.28 5.07 3.27 5.05 3,30
5.118 4.17
continued . . .
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Table 4-22 (continued)
Experimental Results _ : ' : o Theoretical Predictions ' : - ,
Preseﬁta) : Previous (Po ﬁé% Ba 64 , En 66 La 72
log it E_ log ft E_- log ft - E log ft - E, ‘ log ft
(MeV) (sec) (MeV) (sec) (MeV) (sec) (MeV) (sec) (MeV) {sec)
5.317 4.85
5. 449 5.11 : , : 5.53 3.77
5.79 4.47
5.91 4.34
'
6.016 4.77 6.03 4.5 : : 6.03 4.77 ~
f\e]
(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 previous experimental value for the mirror 37Ar electron capture decay as computed in (Ba 64).
c) Estimated by assigning the remaining beta-decay strength to known, but unobserved level(s) with I" = (1/2,3/2, or 5/2)+.
d) The earlier work did not resolve the T = 3/2 state decay protons from those decays from 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 Engelbertink (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 more complete calculations still fail to predict several of the
states between 3 and 5 MeV fed By allowed beta decéy. As noted in
(La 72), this lack of agreement probably arises from vthe restrictions
still preéent in their basis spaée for the calculations, since some of
the states are undoubtedly due to particle excitations into the 1f-2p shell.

Since ~ 629% of the total beta-decay strength populates the
ground state plus T = 3/2 state (8.05 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
experimen.tal 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 unre.solved contributions from nearby T = 1/2
states to the total decay strength (Po 66). As noted earlier, the present -
results have resolved these components and the capture cross-section |
contributions can be computed sepa#rately 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

o (present) ~ 0.97 ¢ (Bahcall) ~ 1.31 X140 **em”®.
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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 rhagnitude of possible
mixing between the 5.047-MeV, 3/2+,_T = 3/2 state and the nearby
state at 5.018 MeV if it has J" = 3/2+. If one assumes that the entire
decay strength to this state is due to mixing with the analogue state, then
using Egs. (2-14 and 2-20), az can be estimated from the ft value for

this decay to be ~ 4% (assuming ( o) 2 0). The corresponding charge

" dependent matrix elemenf, 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 pro.bable lower limit on the
isospin purity of the T = 3/2 state of ~96% . Such an impurity level in
this state would have a negligible effe.ct on the estimate for the predicted
neutrino capture cross—section'in the mirror.

b. 41Ti beta decay and the isospin purity of"41Sc (T = 3/2).

(i). The antianalogue state and the Gamow-Téller matrix element,

The T = 3/2 analogue levels in mass 41 can be described as:

2 (4-1)

N -1 |
(7,20 520, T=1 ® @372 5372, T-3/2.

The antianalogue configuration has the same components, but recoupled

to T =1/2 viz.,

[E7/2) 520, T4 ® W32 52372, T-1/2 - (4-2)
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Particle-hole states in mass 441, mainly in the Tz: +1/2 isobar 41Ca,

have been studied and identified through direct-reactions, including

39K (3He, p) (Be 67), *?cCa(®He, a) (Ly 67), and *?Ca(p, d) (Sm 68, Ma 72).

S
L]

They have also been observed in 40Ca(d,p) (Be 65, Se 73a) through 2p-
2h corﬁponents in the 40Ca ground state. All these reactions show that
the main d3/2 holé strength is in the lowest 3v/2+ state in 41Ca. at _2.017
MeV, with possibly some fractionation to levels at 3.7 and 4.8 MeV.
However it is not clear from the data whether these latter two levels
have J"=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 we‘re strongly populated.
Experimeiital estimates of the amount of antianalogue strength in the
2.02-MeV mirror level in 4ica range from 80% (Ly 67) to 100% (Ma 725.
In the T = -1/2 mirror 41Sc, the 1owe_sit JT=3/2+ state at 2.1
MeV was seen in 40Ca.(3He, d) (Bo 65), again thi‘oug_h 2p -2h components
in ¥9Ca (g.5.). The 29Ca(d, n) reaction (Ge 69) to this state exhibits the

same strong £ = 2 stripping pattern as does the analogous (d, p) reaction

. . . 41
to its mirror in

Ca. Theée arguments, along with the direct reaction
evidence in 4 Ca, serve to locate the main antianalogue strength at
~ 2.0 MeV in *sc.

Finally, several shell model predictions ‘fo_r Zp—ih states in
mass-41 have been made (Sa 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 configuration pre-

dicted to contribute to 3/2+ states in similar to that in Eq. (4-2), but
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with the two f nucleons coupled toJ =4, T =0. This recoupled con-

7/2
figuration is predicted to have componen.ts. in the three calculated
77 = 3/_2+ states below 7 MeV (Sa 67, Be 67) wifh the smallest contribu-
tion to the lowest J " = 3/2+ state. |

On the basis of the experimental and theoretical evidence just
discussed, the antianalqgue state configuration is assumed to be con-
Centratédsolely in the 2.1-MeV level in 41Sc. The Gamow-Teller ma-
trix element (G)A.'A. , for beta decay to the antianalogue state can then
be calculated (( 1 >P?:A =0 éssurﬁing no substantial mixing with the
T = 3/2 state) to be 0.253+ 0.043. This value is -r.el'ated to the matrix
element for the superallowed decay, (o) S.A» 28 shown in Eq. 2-24,

and ( - 0.032% 0.002.

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

value for <0)SZ A’ the amount of isospin purity (32) for the T =3/2
state can be calculated. From the experimental determination of ft SA

and Eqs. (2-14) and (2-20).

2?2 (90.9% 4.1)%; <">sZA = 0.032.

In the extreme case of <0>SZ A" 0 (where deviatvions from the calcu-

‘lated value can only be due to isospin impurities)

a? = (92.6+ 3.8)%.

In view of this ~ 8 to 10% impurity for the T =3/3/2 state, it

- would 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 isospin-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
41 |

mixing is of the order of 1% for Sc. However, this prediction uses Y

a value of the charge-dependent matrix element (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 f shell (Bl 66, Be 72).

7/2 »
It is of course possible that mixing‘with bther states occurs,

whiéh might aid in explaining the isospin impurity found in the pres-

ent results. One such candidate is the state at 5.838 MeV, which is

~100 keV 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 Egqs. (2-14) and (2-20), and the ass-umption that the de-

cay strength arises solely via mixing with the T = 3/2 state. 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 élement (Bl 66, Be 72). Although

this overestimates the measured amount of isospin mixing with the

T= 3/2 sta.te,- the assumption that the entire beta-decay strength ob-

served for the 5.838-MeV state arises from this }nixing is most likely -1

an oversimplification. The Gamdw—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 t1Sc of

> 91% is consistent with previ;)us determinations of isospin purity for

33

other T =3/2 states--notably those in 17F and "7Cl (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 former is the more significant source for such mixing.

E. Results for 23Al
Although the masses and decay properties of T = -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, 'I'é: -3/2 series. Mass measurements (Ce 69) using the
(p, 6He) reaction have established the particle stability of 23Al (the
lightest, nucleon-stable member of the 4n+3 series). As .-suvch, it
should exhibit beta-delayed proton decay, although much weaker than
the comparable members of the 4n+1 series. / The results discussed

here hav_é been reported in (Go 72).

1. Discussion of data

24

Proton beam‘energives used for the ~ "Mg(p, ‘._Zn)' reaction (on

99..96% -enriched targets) ranged from 30 to 40 MeV; as shown in Table

24Al or

24‘Alm in 'competin_g reactions.

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

beam, shielded-detector apparatus (wheel) has been given in Sec. IIID.
The proténs following decay of 23{-\1 were detected in the 8-pm AE 50 yum
E telescope mouvntevd 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-um 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 vdiscussion 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 i‘educing the background at low energies due to 16O recolil nu-.
cléi from the beta-delayed alpha decay of 20Na. (Thus 16O nuclei in
coincidence with the alpha particles detected in this large area detector
were rejecfed from the AE-counter spectrum.)

The helium-jet experimehts were done at a 40-MeV bombarding
energy, and used a 6-um AE and 50-ym E detector telescope. Half-life
data were also acquired using the methods previously described.

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

trum following decay of 23A1 is shown in Fig. 4-17.  This spectrum
was acquired using the helium-jet techniciue; spectra obtained using the
wheel system were similar, though with peak widths of ~ 70-80 keV
FWHM due to proton energy loss in the thick target. In both cases the
protons at energies > 1.0 MeV exhibited a half-life consistent with that"
for the main peak, but wére always too weak to reliably analyze.

‘The briginal data taken using the wheel technique were calibrated
using very low-intensity H; beams .of 0.63 and 1.15 MeV/nucleon elasti-
cally scattered from a Au target directly into the 4umAE 50qum 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
80F ¥ 2%Mg(p,2n) %A1 -
6 .m NAE

60k o .
:2 50pm E
c :
340 —{—40 keV FWHM ~4
S |

20} -

O. [ l a h i : Mﬁﬂlljl"nr}lnﬂr—qnn.n' a

0.5 1.0 .5 2.0

Observed proton energy (MeV)

XBL7110-4530A

Fig. 4-17. Identified protons following beta decay of 3A1 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 40Sc results reported in Sec. IV D this 'nu&de, produced in the
40Cla.(p, n) reacti‘on, could be used for calibratién of the 23A1 proton
data from the helium-jet experiments. The resulting 23Al vproton en-
ergy is 818 % 20 keV, as showh in Fig. 4-17. (This more accurate
value agrées with that noted in (Go 72), which reported results based

on the H; célibration only.)

This main proton peak was observed to héve similar half-lives
in each of the two experimental methods. The resulting average half-
life is 470 % 30 msec. This value eliminates any possibility of either
24A1‘or 24Aim 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 electljon capture to proton unbound levels in 20Ne (as
discussed in Sec. IV B above), resulting in protons ¢ 1.0 MeV.

The yield of '23A1 protons, along with Zo.Na alpha decay data
taken s»imultaneously, was obtained as a function of bombarding 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) 2,3A1 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 determinea 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

- ,z)
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Fig., 4-18. a) An excitation function for 23A1
protons acquired with the wheel apparatus.
Where error bars are not shown, they are
smallezr than the data points. b) The yield ra-
tio of 2341 protons to 4.42-MeV a particles from
20Na as a function of bombarding energy. The
ordinate gives the approximate absolute ratio for
protons to alphas observed in the 8-um AE de-

" tector.
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as the beam energy is lowered 8 MeV, indicating that 2ONa 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 20Na al-
phas (4.42 MeV group) as detected in the 8-ym ‘co'unter. Hence this
yield ratio as a function of bombarding energy is important in elimina-
ting the possibility of a very weak 2oNa. K-captufe branch as a potential
source for the observed proton peak., There are 1;xo other sources of

such decay protons--either as target contaminants, or as competing

reactions--with the exception of 23Al.

2. Analysis and conclusions.

The proposed decay scheme for 23Al is shown in Fig. 4-19.
The excitation energies and Jw'assign_ments for levels up to 3 MeV in
23Mg are from (Ha 70), (En 71), and (Ne 72). The location and J " as-
signment for the lowest T = 3/2 state was detefmined in 25Mg(p, t) ex-
periments i‘eported by Hardy Lal. , {Ha 69»). Similarly, (p, 3He) data
established the spin and parity of the T = 3/2 analogue level in 23Na
(Ha 69). The ground-state spin-parity for 23Al is assumed to be 5/2+,
based onlthes'e.results for the T = 3/2 analogue levels, and the J"=5/2+
ground state in the 2'3-Ne mirror. Assuming the proton decay peak a-

rises from decay to the 2'ZNa. ground state, the observed peak energy

corresponds to a previously unreported 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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Fig., 4-19. Proposed decay scheme for 23Al. The excitation ener-
gies for states in 2?’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 2:‘}Ne B~ decay (Ch 72). Using these values and the Ziﬁ\le
half-life as reported in (En 67), the ft val_ues for 2?’Ne were calculated
following the description in Sec. IIA. The mirror levels in 23Mg have
been identified v(Ne 72) and the corresponding log ft values and positron-
decay branching ratios are shown in Fig. 4-19 (no allowance for (_f_t)+/
(ft) " has been made).

The log ft value for the superallowed B 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 = 4n+1 series. The inferredbranéhing ratio follows
directly from this assumption. Likewise, the approximate beta-decay
branching leading to the 8.43-MeV state follows from the assumption
that the log ft~ 5.0 for this allowed decay (Go 66).

As 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 possible decay is approximately the
same order of magnitude as 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 pvositive result. vThese data, in conjunction with the beta-decay
branching 1"atios shown in Fig. 4-19, .permit a crude estimate of
1"\(/1"p = 50 for the isospin-forbidden protqn decay"of the T = 3/2 state.

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

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

~f
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beam of a 200 MeV synchrocyclotron were done at proton energies of

23, 50, and 80 MeV. Gross beta activity was detected in a scintillator.

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

23A1 or 22Mg. As can be noted from the present excitation function
. . 2
data, this bombarding energy is below the 3A1 threshold. The 0.13-

sec activity is probably due to 24A1m’ as 22Mg has a half-life of ~4

sec (En '67). However, at a 50-MeV proton bombarding energy, activity
with a ~0.4 sec half-life was reported, ‘but no identification was made.

3Al and 2oNa (having nearly identical half-lives)

In retros_pe_cf, both 2
couid contribute to this ~0.4-sec [3+ activity. Using the present 23Al
results as shown in Fig, 4-19 and the maximum proton production cross-
section nofed earlier, the total 24Mg(p, 2n)2_3A1 ‘cross-section at 40 MeV
is ~ 220 p.b. The 24Mg (p, an)zo.Na cross-section can be estimated from
the observed alpha to proton ratio of ~ 6.5>(10_3_ (from Fig. 4-18b), and.
the positron branching to the 10.26 MeV state in 20Ne of ~ 2.9% (To 73a); .

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

0.4-sec activity vorigina.lly observed at 50 MeV is therefore probably due

20

mostly to " "Na [3+ decay, with an ~45% contribution from the positron

3

decay of 2 Al,
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V. SUMMARY AND CONCLUSIONS

Results of high-resolution pé.rticle—decay experiments have
been presented for several of the light-mass delaYed—proton precursors.
These observed particle energies have led to assignment of the decays
to existing or, in some casgs, new energy levels. Fo'r those assigned
to breviously known excited states, the agreement between the results
of the presént'observations and the published values is excellent.

As detailed in the text, the proton intensities have been used to
derive transition strengths for the precedingbeta decay. For 41Sc, the
absolute ft values yield information on the degree of isospin admixing in
the lowest T = 3/2 state. This value of ~ 87, is of the same order as

33¢1 (Ha 71).

those determined in previous measurements for 17F and
The ratios of mirror transition rates determined for masses
21 Aand 25 are consistent with those for other odd mas s: mirrofs, ‘e.g.,
‘masses 9 (Wi 71), 13 (Wi 71a), 17 (Ha71), and 29 (Es 71a). The re-
sults for these six mirror pairs have been plotted as a funcpion of
W+ W '

tematic change in (£t_;)+/(_f1:)- as a function of decay energy. As discussed

in Fig., 5-1. As can be seen, ‘there is no evidence for a sys-

-5
in a recent analysis by Wilkinson, et al., (Wi 72), the possible origin

of these asymmetries in the odd-A systems as due to lack of perfect -
analogue syrhmetry in the finél states should beb studied. in the cases’

of Zng, and 25Si, a 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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B Fig. 5-1. The ratio of mirror beta decay rates as a function.ofthe
sum of the decay energies. The points are labelled with the mass of
the mirror pair.
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(as was done for 33Ar (Ha ‘71)) would aid in checking the assumption of
isospin purity in the T = 3/2 state (which is the basis for obtaining beta- "

decay branching ratios for these nuclei in the prevSent work). In any

e

event, if the T = 3/2 state in either mass 21 or 25 contained ~ 109 ad-
mixturé (as has been observed in some of the rhembers of this A =4n+1
series), the resulting effect on (f_§)+/(§§)'— 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 23A1 employ a technique which
could. be applicable Ifor the characterization of decay properties of
other nuclei that might be particle stable in this series. Although 2341

is the lightést, nucleon stable member, 27P, 310_1 and 35K are all pre-

23Al, the other potential beta-delayed

dicted to ex%st (Ke 66). Like
Tz = —3/2, A =4n+3 préton emitters would have very small decay
branches to particle-unbound levels in the daughter nuclei, since their
proton separation energy is quite high--greater than 5.9 MeV (Wa 71).
Expevriments searching for these nuclei and higher-mass members of the
series would be valuable since. they are e%pected to lie near the edge of
stability, and could lead to the observation of néw examples of proton

. s ’ "Ji)
radioactivity. .
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APPENDIX A

‘Helium Jettery

- This section describes empirical observations regarding some
of the experimental p#rameters involved with the transport of recoil
nuclei with a helium'—jet system. Details of its construction and use
have been given in Sec. III B. Althdugh this method of transport of
radioactive species has been in use for some time (see Ma 69 and ref-
erences theréin), only recently have there been attempts to explore
the chemistry invol\.red in the trans.port vprocess.

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):

-\T

c\( M Z e e S
g€ :<BR-Q/’<NOFaFiTe>’< 5 > (1_e->)\tb).(e->\td -X(td+tc)) - (A

-e

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 moleculér weight, Fa and ‘Fi are the fractional
atomic and isotopic abundanées, reépectively, N0 is Avogadro' s number,
‘and Te is the effectivé target.thickness. For experiments Where the re-

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

Entry Reaction Beam Brief déscription of c)
number Energya)(MeV) experimentalparametersb) (nanglfarns)
1 0caPHe, 2n)¥iTi 29.5 300
2 36.5 340
3 _ 60 320
a - *0caPHe, 2np)*%sc 29.5 6500
5 36.5 10600
6 60 20000
7 40ca(3He, 2na)37ca 36.5 40
8 60 190
9 40ca(3He, 2n) ¥ Ti 295 pured) He : 65
10 60 84-cm-long capilhrye) 100
11 24)\ 12 (3He, 2n) 25si 29.5 5200
12 29.5 pured) He v 3100
13 40 o ' 1800
14 40 ~S%air + 1, 2-ethanediol bubbler? 7300
15 ’ 60 1800
16 365r(He, 2n)%7Ca 40 150
17 285 (3He, 2n)%7s 29.5 208
18 20Ne(PHe, 2021 Mg 29.5 Ne + He mixture v 1100
19 325034, 2n)33ar 29.5 ‘ <soP
20 Ve, m*0sc 20 ~4% N, + 1, 2-ethanediol bubbler®) 37000
24 24\ g (p, 2n) 23A1 40 ' 20000
22 24\1g(p, an)?ONa 40 91000"
23 40ca(t?c, 3n*Fe (18)72 109 air + 1, 2-ethanediol bubbier? 603!
24 20ne(12¢, 3n) 2% (78) 71.5 ~10%air + H,0 bubbler” 508
25 0ca(to, 2np)®3co™ (106) 79.2 7.6-um Ni degrader foil 20

a) For heavy-ion beams, the initial beam energy is in ( ); the beam energy at the target surface is

b)
c)

d)
e)
f)
g)
h)
i)
3)

also given.

For those blank entries, no chemical additives were used.

With the exception o
nuclide.

¢ 53

Com, these entries are for the total cross-section for production of the

The helium was passed through a liquid-nitrogen trap.

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

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

Beta-decay branching ratios estimated from Ve 68.

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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T 1is usually taken to be the recoil range in the target as computed
e .
from range—energy tables (No 70), while for those experiments where

. L ot
the recoils stop in the target, Te = Tos 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 beam 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 ecjuilibrium ‘of aictivity oﬁ the collector foils (ér in the target), and

Té 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 exponenfial terms accouni: for decay during bom-

bombardment time), and decay during the counting or de-

"

bardment (tb

lay times (fc counting time,. td = delay time).

The product o ¢ is in units of nanobarns for M -in g/mole, T,
in mg/cmz, and Qand e in pCoulomb. For thosé pulsed-beam exper-
iments where the targef 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 éignificant, 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 (3He, 2np)

and (3He', 2na) reactions become more important' at higher bombarding

energies. Also shown are the o ¢ products for (3H_e, 2n) reactions on
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several 1ight-ma$s_ Tz = 0 targets; there appears to be considerable
variation, influenced by both transport efficie.ncies' and reaction cross-
sections. The effects of various chemical additives are shown by com-
paring entries 1 and 9 (*1Ti), 11 and 12 (®°Si) and 13 and 14 (%%si). In
addition, studies aone'using the 24Mg (p, an) 2ONaLbreaction have shown
effects due to beam ihtensity below 1 pA. The counts per unit of in-
tegrated cha.rge drop linearly as the beam intensity is decreased down
to ~100 pA. Above 1 pA, on the other hand, there appears to be no
noticeable ihcrease in this ratio. The effecfs of several chemical ad-
ditives \x./ere also tested at these various beam intensities; no repro-
ducible effects were observed.

 In contrast to the 2ONa results, definite improvements in the
transport efficiencies can be seen fér 25Si and (_M Ti; fo‘r the 20Ne (1ZC,
3n) reactioh, the transport efficiency increased by a factor of 10 with
the addition of air and an HZO bubbler (see enti‘y 24).

Table A-2 lists helium-jet efficiencies for some of the nuclides
studied, ba..sed on measured .cro'ss—sections at éim'ilar beam energies.
The puised-beém (wheel) data were obtained as part of this work. The
32S(?’He, 2n) cross secfion has appérently not beeﬁ Iineasured. If it is
similar to those for (3He, 2n) reacti()ns on other. Tz: 0 targets, the
3?’Ar transport,eff.iciency can be estimated.

As noted above, -due to qncertainties in the beam intensities, the
efficiencies listedb in Table A;Z are probably acbcurate within a féctor of
-3. It should also be noted that the efficiency include’s ' 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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Cross-sections and Helium-jet Efficiencies.

Table A-2.

Beam o €

Reaction Energy (MeV) (nb) Reference - - (%)

*0ca e, 2nm) *Ti 40 50x10°  wheel data 0.7
24\ g (p, 2n)23A1 40 220X10>  wheel data 9.
4OCa.(p,n)AmSc .20 3.8><106 wheel data 1.
24\ g(p, an)?'Na 40 1.2%x10%  wheel data 8.
Ycat?c, 3n*re 65 500 Ce 70 12.
40ca(10, 20p) 23 co™ 80 1.6%x10°  Ce 73 2.
24\ 19 (3He, 20)%%si 38 150x10>  Es 7a 5.

20Ne(3He, 2n) *iMg 31 230x10°  Es 71a 0.5

325(3He, 2n)>3Ar 30 ~50%10° estimate <0.1
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in fhis process (Ma 74) and that there appears to‘ be some. chemical
specific.ity.involved, either with regar.d to the type of 'impurity' used,
or the chemical nature of the recoil product, or ‘both (Ko 71, .Ko 72).
‘Clearly additional studies on .increasing the transport efficiency, es-

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

s
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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 a density of 8.3 gm/cm">,

Hamilton Watch Co., Metals Division, l.ancaster, Penn.

Chromium Corporation of America, 87041 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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