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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 

h I . 21M 25S ' 37C 40S 41 T · d 23AI Th t e precursor nuc e1 g, 1, a, c, . 1, an . . ese 

measurements spanned a proton energy range from 600 keV to 8.5 MeV, 

and included all significant particle decays of these nuclei. A helium-

jet transport system was developed and used with various b.E-E coun-

ter telescopes to obtain high-resolution, low-background spectra. 

These data permitted accurate location of proton unbound levels in the 

beta-decay daughters, and absolute branching ratios and ft values for 

these allowed decays have been determined. 

The half-lives of these nuclei have been measured, and all ex-

cept that for 41Ti are consistent with the previous values. F 41T' or 1, 

the half-life is 80 ± 2 msec, which differs from the old value of 88 ± 1 

msec. This latter value is thought to have been affected by the pres

ence of 37 Ca activity produced in a competing reaction. 

21 25 . 
The ft values for Mg and Sl are compared to the negatron 

decay rates in their respective mirrors. For mass 21, (!}) + / (~)-

= 1.10± 0.08, while for mass 25 this ratio is 1.17± 0.04. A compar-

ison of predicted and observed beta-decay rates for the superallowed 



-xii-

decay to the T::: 3/2 state in 41Sc indicates that this level has an iso-

spin impurity of - 8%. 

. 21 37 
The observed beta-decay rates In . Mg and Ca are also con-

trasted with theoretical predictions for decay rates to their respective 

21 . 37 
daughters. The calculated values agree well for Mg, while for Ca 

the calculations appear to be limited by the basis space used. 

Delayed protons from 23 AI, the first member of the A = 4 n+3 

series of T = 3/2 nuclei, have been observed, and the half-life of 
z 

23 Al has been measured to be 470 ± 30 msec. In addition, delayed pro-

tons from 40Sc were studied in order to ascertain their contribution 

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

There are currently 24 known beta-delayed charged-particle 

precursors with A ~ 50 (for a general review, see Ha 72, Ha 74), 

45 
including the most-recently discovered, Cr (Ha 73). Although 

some of these are characterized by only one significant particle de-

cay peak or have very small beta-branching ratios to particle

unbound levels, several members of the T = - 3/2, A = 4n+1 series 
z 

of nuclei exhibit complex proton decay spectra arising from beta de-

cay to many unbound levels. Accurate determination of the particle 

energies and intensities from these nuclei can yield information on 

beta-decay strengths and spectroscopic details of excited states in 

the beta daughter. If these relative transition rates can be related 

to absolute beta -decay rates to the daughter, measurement of the 

particle decay intensities will yield absolute ft values for beta decay 

to the unbound levels. 

Spectroscopic details can then be compared with theoretical 

predictions. Recent shell-model calculations (La 73) have provided 

both excitation energies and log ft values for some nuclei in the sd - --
shell. Experimental measurements of ~ values for these transitions 

through observation of delayed protons permit a new and sensitive 

test of these model wavefunctions, which in general, have been rea-

sonably successful in describing energy spectra, spectroscopic fac-

tors for single-nucleon transfer reactions, and electromagnetic ob-

servables (La 73). 
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Moreover. beta decay studies in these light nuclei can furnish 

additional inform.ation on the question of m.irror sym.m.etry for beta 

decay. In a com.parison of m.irror beta-decay transitions in light nu-

clei for both even arid odd A, Wilkinson (Wi 70a) pointed out an appar - ~. 

ent proportionality between the ratio of m.irror decay rates, and the 

13* -decay energy, given by 

The superscripts + and - refer to positron and negatron decay, re-

spectively, and W 0 is the total decay energy. More recent work by 

Wilkinson and others (Wi 72) on m.irror decay rates for T = ± 1, even 
z 

A isobars indicates that the earlier system.aticevidence for a "funda-

m.ental" asym.m.etry in these system.s has in fact largely disappeared 

in the light of new experim.ental evidence. The odd..:.m.ass system.s, 

however, continue to show positive values for this ratio (though not 

necessarily of non-trivial origin). 

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

37 41 . 
Ca (Ha 64, Re 64, Po 66) and Tl (Re 64, Po 66) are am.ong those 

in the T = - 3/2,· A = 4n+1 series that have not previously been studz 

ied with high energy-resolution, low-background techniques. For the 

present experim.ents a helium.-j et transport system. (Ma 69) was de-

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

relatively background-free environm.ent. The background was further 

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

tion techniques (Go 64). These experim.ental techniques are detailed 

in Sec Hon III. 
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Results are reported in Section IV for delayed proton decay 

from 21 Mg , 25 Si, 37 Ca, 40 Sc , 41 Ti, and the first member of the 

A = 4n+3 series of T = - 3/2 nuclei,23 AI, and inc! ude detection of all 

significant particle decay branches from these nuclei. Beta decay 

branching ratibs ranging over two to three orders of magnitude have 

been determined. 
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IL 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 

the T = - 1/2 emitter nucleus, and by the strength of the preceding z . 

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 ~ value, where f 

is the (unitless) statistical rate function and t the partial half-life for 

the decay. This product is usually between 1 X10 4 and - 3X10 6 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): 

Wo 

£ =1(:l:Z, W6) = S Wp(W; _W)2F(:l:Z~W)dW ( 2-1) 

0.511 

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

W 0 is the total decay energy in terms of the nuclear mass difference, 

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

mass difference, Qf3' and excitation energy, Ex' by 

-
~' 
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Proton 

daughter 
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T=3/2 

T=I/2 

A 
[Z-I] 

Tz=-1/2 

Emitter 

T= 3/2 

Precursor 

Q{3 

T 
Eseparation 

~ 

XBL 7312-6850 

Fig. 2-1. An illustration of a typical beta-delayed proton decay scheme, 
showing the atomic mass difference, Q~, and the proton separation' 
energy. 
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(all in MeV); (2 - 2) 

± Z is the charge of the daughter nucleus, and the positive and 

negative signs correspond to negatron and positron emission respec-

tively. The solution for Eq.(2-1) depends on F(±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: 

where 

F(±Z, W) = F O(±Z, W) LO 

2-y -2 
F = (~) 0 

o 1'1 
e 7T v 

Ir(-Yo+iv) 12 
2 

[(2yO + 1)] 

2 2 
[ g -1 + f 1 ] 

2 
2p FO 

and the nomenclature used is: 

2 
1/137.036 a - e /f! c = 

v = (±Z) aW/cp 

YO = [ 1_(aZ)2] 1/2 

R = rO A 1/ 3 

r is the usual gamma function, and 

(2- 3) 

(2- 4) 

(2- 5) 

2 f2 are the g-1 ' 1 

radial components of the lepton wavefunction evaluated 

at the nuclear radius R, for even and odd parity (as-

surning j = 1/2 for the lepton angular momentum). 

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

1 + YO 

2 
(2- 6) 

'-' 
? 

-
.(' 
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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-=F V (for e-=F) for W in Eq. 2-1, where (Ba 66a) 

(2 - 7) 

However, with the interest in comparing measured 0+- 0+ 

pure Fermi transition strengths (6.T = 0) with theoretical predictions 

and the precise evaluation of beta-decay coupling constants, the above 

approximations do not give the required accuracy. To ales ser extent 

the intercomparison of mirror Gamow- Teller decay rates in light nu-

clei is likewise affected. Two major corrections are required: 1) 

the inclus ion of higher order terms in the equation for LO 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 N 3 0/0. Hence, following his analysis, higher order 

terms have been included in the equation for LO: 

L = 1 - 1. ( aZ) 2 _ ..? a Z W R - 1.3 (aZWR + (pR) 2) • o 4· 3 
(2 - 8) 

This equation is used in the evaluation of F(± Z, W) for calculating the 

statistical rate function, i, as done in the computer program FERMI 

(Ba 66a). 

The radiative corrections are considered in two parts, the 

'inner' correction which does not depend on Z or W 0 (i. e. it is nu

clide independent), and the 'outer' corrections which are Z and W 0 
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dependent. The former do depend on details of the decay process, but 

can effectively be considered as a renormalization of the beta-decay 

coupling constants (Bl 70). The outer corrections, on the other hand, 

are evaluated for each case, and can be written as 

f 

f = f (1 + ~ 0.) 
1 

(2- 9) 

f 

where f is evaluated from Eq. (2-1) and o. is the correction for ifi.1 
1 

order in a. 

Wilkinson and Macefield (Wi 70) have estimated 0 to order Za, 

and their parameterization for the Z= 0 case has been used here for 

both negatron and pos itron decay. (This estimate compared to their 

tabulated values for Z ~ 30 is accurate to < 0.2% in its effect on .!2. 

The second order correction (6
2

) is given by Jaus and Rasche (Ja 70) 

as 

and, although small, has been included in the present f calculations. 

The estimate to third order (Ja 72) is 0
3

- 3.6X10- 6 Z 2, and is clearly 

-3 . 
small enough ($3 X 10 for Z ~ 30) to be neglected. 

Statistical rate functions calculated using the approximation 

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

were compared with those including a more correct evaluation of finite 

size effects (Eq. 2-8) and the outer radiative corrections just discussed; 

differences of up to as much as - 5% were found. As a further check 

on the accuracy of the prescription of !.. calculations described above, 

f values were calculated for several 0+- 0+ superallowed decays and 
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were compared to those calculated by Towner and Hardy (To 73). The 

largest deviation was 0.22% for the positron decay of 50Mn . 

The method for calculating the statistical rate function de-

scribed in this section appears to be accurate enough to give essen-

tially no systematic contribution to errors for either i values or for 

ratios of positron to negatron decay rates due to approximations made 

in the calculation. The present calculations include an estimate for 

the error in each i. value caused by uncertainties in WOo 

B. Allowed beta decay and nuclear matrix elements 

The comparative half-life (.!!:) for allowed beta decay is related 

to the nuclear matrix elements, viz.: 

ft = 
-94 

1.231 X10 c. g. s. units 
'2 2 '2 2 

gy (1 > + g A (0"> 

where gy is the renormalized vector coupling constant, (1) the 
f 

(2-11) 

Fermi matrix element, gA 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 

corrections (Bl 70). From the evaluation of several well-known 

0+-0+ pure Fermi transitions in the light nuclei, Towner and Hardy 
f 

(To 73) have deduced the value for gy as 

g~ = 1.413X10- 49 ergxcm3 (2-12) 

I I 

Decay of the neutron yields a measurement of gAl gy; Wilkinson (Wi 73) 

has recently re-eva.1uated this ratio to be 
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(2-13) 

So equation (2-11) becomes 

ft = 6166 

( 1) 2 + 1.565 (a) 2 
sec. (2 -14) 

Wavefunctions for the precursor and for states in the daughter 

can be written (assuming isospin purity for the parent state) as 

l/J. = Il/J (J., T., T (i))) 
1 1 1 Z 

and, allowing for isospin mixing in the daughter, 

l/Jf = all/J(J f , Tf'T~(£») + bll/J(J f , T;, Tz(f») 

2 2 . 
properly normalized so a + b = 1. 

The Fermi matrix ele:ment is 

where 

( 1) = ( l/Jf Il T ± (n) I l/JJ 

n 

l ,T± (n) = T± 
n 

(2-15) 

(2-16) 

(2-17) 

(2-18) 

and T ± (n) is the isospin raising (+) or lowering operator (-) and can 

operate on all n nw:leons. T + converts a proton to a neutron, and T 

a neutron to a proton. Accordingly, 'f' ± operating on l/J
i 

gives 

(2-19) 

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

jection T z ' i.e. ITz(f) - Tz(i) I = 1, so that from Eqs. (2-16) and 

-
r 

-
..;:' 
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(2-17) 

(2-20) 

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

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

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

of lj;r 

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

not reduce so simply. Its form is given by 

( cr) = (4Jf I ~ cr(n)· T ± (n) I 4Ji> (2-21) 

n 

where cr(n) is the Pauli spin operator and T ±(n) is as defined above. The 

selection rules can be deduced from the propertiesof ~ cr(n)· T ± (n), which 

is a rank 1 tensor, and hence can give C0"=0, ±1 and .6.T = 0, ±1. 

The actual evaluation of (cr) depends upon the nuclear wavefunc

tions. For the case of superallowed beta decay to the analogue T = 3/2 

state, (cr) 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 (cr) for beta decay for 

some nuclei in the sd shell, including mass 21 and mass 37. The ear-

lier estimates agree with shell-model calculations for these two mas seS. 

2 2 
For these superallowed decays 1.565 (cr) /( 1) ~ 15% for the A = 4n+1 

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

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

Because the nuclear Hamiltonian is not charge independent, 

isospin mixing of T< states into T> states and vice-versa can 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 (BI69). The charge-dependent potential can be a sum of iso-

vector and isotensor parts; generally, as is done here, the isovector 

part is assumed to dominate. (Recently, Adelberger, et al. (Ad 73) 

have indicated evidence for mixing due to the isotensor potential in the 

particle decays of T = 3/2 levels in masses 13 and 17.) 

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

to show that 

(2-22) 

where ET is the excitation energy of the state with isospin T, and Hc 

is the charge -dependent part of the nuclear Hamiltonian. From this 

equation, the amount of mixing of the T state with nearby T states can 
>< 

be estimated from knowledge of the size of the matrix elements, which 

have been tabulated by Bloom (BI 66), Blin-Stoyle (BI 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 T = 0 daughter nucleus are isospin 
z 

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

have shown that· a 2 ~ 1% admixture in the T = 3/2 state is necessary to 

-'I 
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reproduce the partial widths. Other calculations by Auerbach and Lev 

(Au 71) give a 
2 ~ i% for mass 41. 

These results from (Au 71) show that the predominant mixing 

in the T = 3/2 state occurs with the antianalogue state (configuration 

state). Although this polnt will be discussed in greater detail in Sec. 

IV, the antianalogue configuration is s imply that of the analogue state 

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

panded in terms of the single-particle wavefundions. Since these con-

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

resulting beta decay rna trix elements are related s imply by the ratio 

of the Clebsch-Gordon coefficients, C(T), involved in the expansion, 

viz: 

I 

( t/J (T <' Tz ) I !; Cf· r I t/J (T >' T z) ) 

(2-23) 

The relationship between the Gamow-Teller matrix element for beta 

decay to the T = 3/2 state, (Cf') S. A. to that for decay to the antianalogue 

state (T = 1/2), ( Cf) A. A.' is: 

C(T<) 

= C(T) ( Cf) A. A. = 
1 

- (Cf) • .J-Z . A.A. 
(2 - 24) 

The usefulness of this relationship will become evid·ent in the discus-

sion of results for mass 41 in Sec. IV D. 
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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 relationship between the partial width r a 1. for a given exit chan

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

2 
r a1. = 2 P aJ. Ya1. (in MeV) (2- 25) 

where 1. is the relative angular momentum involved in the decay 

(usually chosen to be the lowest possible value consistent with ~1T = (_1)1). 

All of the internal nuclear structure effects are contained in y2. The 

penetrability is given by 

P aJ. 

where 

1/3 1/3 
P = kR = k rO(A + A ) 1 2 

k is the wave number, and is calculated from 

(
2 E)1/2 k - ~ - 2 

11 

(2- 26) 

(2 - 27) 

(2- 28) 

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

the reduced mass in aInu. 

. 
~. 

, 
I 
L 



-15-

The denominator in Eq. (2- 26) is the penetration function, and 

is given by 

2 2 2 
A at. = F aJ. + G aJ. (2 - 29) 

which are the regular and irregular solutions to the Coulomb function, 

respectively, for angular momentum J.. These solutions, and the re-

suiting penetrabilities are obtained through the program COCAG. 

Penetrabilities for two different nuclei are plotted in Figs. 2-2 

and 2-3 to illustrate the effects of energy and angular momentum. 

Figure 2- 2 shows the penetrabilities for excited states in 41 Sc decaying 

to the ground state and first three excited states in 40 Ca . It is evident 

from this figure that, for states below 6 MeV in excitation in 41 Sc, the 

ratio of penetrabilities for decay to the excited states in 40 Ca to that 

for decay to the ground state is extremely small. It is therefore likely 

that for excited states up to 6 MeV, proton decays to the 40Ca g. s. will 

predominate. 

On the other hand the proton decay penetrabilities for excited 

states in 25AI, shown in Fig. 2-3, present a different picture. The 

Coulomb barrier in mass 25 is smaller than in mass 41, while the 

first few excited states in 24Mg are lower in energy than their counter-

40 
parts in Ca. In addition the angular momentum barrier is lower in 

the mass 25 CCl'iSe for decays to the first-excited state in the proton 

daughter since the first-excited state in 24Mg is J IT = 2+, while its 

counterpart in 40Ca has J IT = Ot. In fact, for states in 25 Al above 5 

MeV in excitation, decay to the 24Mg ground state is less favored than 
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Proton penetra bil ityfor 41 Sc• (J T ) - 40Ca ( Jr) + p 

10 

-I 
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XBL738-4006 

Fig. 2- 2. Penetrability calculations for ,roton decay of 41 Sc(':'). 
The ord inate is the penetrability P = P / A.£ calculated with orO = 1.3 
frn (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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2+ . 

I 
I 
,3+(4 X) 

I 
I 
I 

2+ (3x) 

4+ 

3.0 5.0 7.0 9.0 3.0 5.0 7.0 9.0 

Excitation energy in 25A1 (MeV) 
XBL 7311-1467 

Fig. 2-3. Calculated penetrabilities for proton decay of 25Al(,:,), 
with rO = 1.3 frn.. 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 

l 'k I f I 1 t I 't t' .. 25AI h . h 1 e y rom eve s a ower eXCl a lon energles In t an In t e cor-

responding case in 41 Sc, and the resulting proton spectrum could be 

more complicated due to these competing decay modes. 

No atternpt has been .made to calculate the reduced widths from 

rnode1 wave functions. In order to estimate partial decay widths and 

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

MeV. (2 - 30) 

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

half-lives follow: 

r -
125.4 Pal 

MeV . al flR2 
(2-31) 

and 

t = 7' 1n2 = 
1'1 In 2 I:!:R 

2 
sec. 

125.4 Pal 
(2 - 32) 

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

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

Accurate measurement of particle decay branches over a 

broad energy range, and hence determination of the preceding beta-

decay strengths, depends on high-resolution, low-background spectra 

extending to low particle energies. Previous transport techniques 

developed to study the delayed-proton decay of gaseous activities em-

ployed a helium-sweeping system to carry activity away from the tar-

get area to a' shielded counting cham,ber (Es 71). Although such a sys-

tern was a clear 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 efficiency suitable for non- gaseous activ-

Hies produced in low cross - section reactions. A helium-j et system 

(Ma 69), similar to those used in studies of a-emitting isotopes 

(among others), was designed and built for transport bf light mass, 

non-gaseous activities. 

A. Cyclotron, beam transport and pumping system 

The cyclotron, beam transport system, and experimental area 

are shown inFig.'3-1. The location of the pumping system with re-

spect to the counting chamber is als 0 shown; the total pumping dis-

tance was - 9 m through 10 cm inside-diameter (ID) pipe. This entire 

system was constructed to be compatible with other experiments us ing 

Cave 2, with all components of the experimental equipment readily re-

movable for an unobstructed beam path to the facilities further down-

stream. 
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A more detailed diagram of the helium-jet system is exhibited 

in Fig. 3-2. The cyclotron beamwas focused on a retractable AI
Z

0
3 

screen (monitored via closed-circuit television) located 10.8 cm up-

stream from the target box entrance foil. The beam spot size gener-

ally was 0.5 to 0.7 cm square in order to pass through the 1.0-cm diam-

eter tantalum entrance collimator, which was located 4 cm upstream 

from the entrance foil. Foil lifetime was greatly-reduced when the 

beam was focused to a smaller spot. 

The beam entered the target box through the 1. O'-cm diam en-

trance foil, 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-

f:LmHavar foils i (4.6 mg/cm
2

) or 5-f.lm Ni foils
Z 

(4.5 mg/cm
Z

) were 

used for these isolation foil windows (no significant difference in foil 

durability was observed). 

T . I 3H +2 yplca e or p beam currents were Z to 4 f.lA (at all bom-

barding energies); with usually < 50 nA dropped on the entrance colli-

mator. Foil lifetimes ranged from 8 t050 hours at these currents. 

A few exploratory experiments were conducted with 1ZC and 160 beams 

(the results of which are briefly discus sed in Appendix A); the entrance 

foil was typically Z.5-f.lm Ni. Even then, isolation foil lifetime de-

creased appreciably unless the heavy ion beam intensities were limited 

to - 0.8 to 1.0 f.lA (measured fully stripped). 
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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 as sembly, and the counting chamber. 

Targets and beam degrader foils were mounted on parallel, 6-position 

wheels which could be manually positioned via ge~red 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 

( b 1 ) F the 21 Mg' . t . 1 k h b a so ute. or experlmen s, commercla spar c am er 

gas, consisting of 900/0 Ne and 10% He, was used as both target and 

transport gas. 

A fraction of the beam-induced product nuclei recoiling from 

the target were thermalized by the gas within the 2.S-cm-long, 1.9-cm 

ID collector cylinder, entrained in the gas flow and swept into the 0.48-

rom ID stainless steel capillary tUbe
3 

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-j et 

technique, several empirical tests were made to study yield as a func-

tion of several parameters. The description and results of these tests 

are given in Appendix A. 
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Fig. 3-3. Picture of heliuITl-jet apparatus, showing target box (light
colored box in center-foreground), with target/degrader-foil wheels re
ITloved and placed in front for exhibit. The beaITl enters froITl the right. 
The gas ITlanifold is shown in the upper right corner, while the collection/ 
counting chaITlber is shown in the background, with the detector turret and 
pre-aITlplifiers in place. 

.. " .... 
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One maj or change in the operation of the system during the 

course of this work has been the introduction of chemical "additives. II 

The results of tests conducted with this system and elsewhere have 

shown that for many reaction products of interest, the total sys tern 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 collectioh/ counting chamber was continuously evacuated by 

a combination Roots - blower/mechanical pump. For the earlier exper

iments, the pumping speed was ~ 451/ sec for Hega~, which gave an 

operating pres sure in the counting chamber of 0.3 to 0.4 torr. With 

the installation of a larger pump, the pumping speed increased to -

560 J./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 - 1/ 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-

diame..ter Al disk, with six collection foils mounted 60 degrees apart. 

Collection of activity and counting were done on the same side of the 

fo i l surfcoce. The collection efficiency (II sticking" probability) was not 

measured directly, rather this is included in the overall system effi-
. . 

ciency discussed in Appendix A. It is known, however , that there is 

some dependence on chemical species, since the rar e gas nuclides do 

not adhere to the collector (Ma 70a). The present data corroborate 
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XBB 737-4588 
Fig. 3-4. Close-up photograph of collector wheel, 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-

d 1 d . 33A 1 7N f d' h . . e aye proton emltters r or e was oun ln t ose experlments 

in which their production was pos sible. (See Sec. IV for further dis-

cussion. ) 

Collector foils were typically 50-jJ.m-thick Al disks; for exper-

iments using a second telescope or anti-coincidence detector mounted 

on the opposite side of the foils, 0 .6-jJ.m thick Ni foils (~ 550 jJ.g/ cm 2) 

were used. The collector foils were moved from the co llection posi-

tion to the counting location by means of a 30 deg solenoidal stepping 

4 motor, and a 1:2 gear ratio. This position change r e quir ed - 25 msec. 

Althou'gh the stepping motor could be fired as many as 10 times p er 

second, typical cycle time:s were from 300 - 500 msec. No puIs ing of 

the beam was neces sary 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 precluded the observation of 

events from foils on either side of the counting position. 

2 . Gas target 

. 36 3 37 
For the A..r ( He,2n) Ca experiments, a gas target and gas-

handling system were constructed for use with the helium-jet. A sketch 

of the gas target system is shown in Fig. 3- 5. For this reaction the 

3 
recoil energy is quite small (-~2.9 MeV using a 40 MeV He beam) ; 

this places a severe limitation on the gas target exit window th icknes s. 

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 he lium 
jet transport. For simplicity, o n ly the target and gas h a nd ling 
apparatus are shown, with the transport system a nd counting c h a m
ber omitted. Details of its use are given in the tex t. 
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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 1.91 - f.1m and 0.23-

fJ.m thick Ni foils respectively (- 200 f.1g/ cm
2 

for the exit foil). The 

inside dimensions of the stainless steel gas cell were 0.1 cm in length 

and 1.9 cm in diameter, with a total volume of -2.9 cm
3

. At a pres

sure of 1200 torr, this is equivalent to a target 2.83 mg/ cm 
2 

thick; how-

ever, the severe recoil energy restrictions limit the useful target thick-

ness to - 200/0 of this value which, depending on beam energy, is an ef

fective target thickness of - 500 fJ.g/ cm
2

. The gas pressures were 

equalized through use of a mercury-filled Toepler pump driven by com-

pressed air. 
° 36 

The argon target gas, enriched to 99% Ar, 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 bellows 5 sealed at one end and a linear displacement trans

ducer 6 which measures the bellows displacement due to pressure 

changes. The targoet box pressure served as a reference pressure; 

this system could measure differential pres sures of the order of 0.05 

torr. The helium input pressure was well-regulated to avoid pressur e 

instabilities or drift. 
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Fig. 3-6. Cut-away drawing of the differential pressure 
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The cell was filled through a 1.5 nun ill 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-j et, including the vo lume of 

the -1 rnrn ill 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 dEl dx detector s 

(~E) ranged in thickness from 4 flm to 50 flm; the thinner detectors 

(notably 4, 6,8, and 11 flm) were commercially prepared surfa c e bar

rier detectors,7 while the others were fully-depleted P-diffused Si 

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

flm, or - 260-flm thick P-di£fused Si or 500-flm 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 ~E-E telescope was followed by a 100-flm. thick partially-

depleted Si detector 1.5 cm in diameter to rej ect 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 plat e 
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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 - -250 C by a thermo-electric coolerS 

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 accurately located the .6.E detec-

tor - 6 to 7 mm from the activity, depeilding 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 area to thickness, the thin detectors presented the problem of high 

capacitive noise, and low output signal voltage (see Go 65). Special 

pre-amplifiers were used which utilized two matched, field - effect 

transistors on the input stage, giving the pre -amp output a high s ignal-

to-noise ratio. This output signal was amplified by another factor of 

5 in a low-noise amplifier before being sent to the standard "19S" linear 

amplifiers. A block diagram of the electronics set-up is shown in Fig. 

3-S. Instead of the usual delay-line shaping at the linear amplifier 

stage, RC shaping was used for the 4, 6, and S-fJ.m thick detectors, 

with the integration time -0.5 to 2.0 fJ.sec. 

After having met a coincidence requirement of 2 'T - 40 nsec, the 

~E and E signals were fed into a Goulding-Landis particle identifier 

(P. I.) whose output is proportional to particle 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. 1. gates 

helped to further eliminate events due to multiply- scattered beta par-

ticles. The total particle energy, E
T

, signal was obtained from the 

sum of the ~E and E signals. 

The total particle resolution was dependent upon the exact com-

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

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

Hance of the ~E detectors. The observed proton widths were also in

fluenced by the momentum- broadening due to the preceding 13+ decay, 

and in some cases, by the intrinsic widths of broad states themselves. 

The maximum beta-broadening contribution for each precursor is given 

in Table 3-1. 

2. Timing and half-life measurements 

The collector wheel provided a timing signal used to initiate 

each counting cycle. The associated electronics are shown schemat-

ically as part of Fig. 3 -8. Six holes, each 1.6 mm in diameter, were 

located along the same radial axes as. the collector foils, a small, col-

limated light beam passed· througp. 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 signal. The 

.'Ion" $ignal was re-established by the light beam and photodiode when 

the wheel completed its 60 deg motion; this sigrial provided the start 

signal for the timing. Since the wheel mechanical~y or capacitively 

induced a noise signal in the detectors, the timing signal was delayed 

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

began for a preset time, divided into four or eight sequential time 
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Table 3 -1. Maximum Effect of Beta-Brdadening on 
Observed Proton Peak Widths 

Energy at Maximum (MeV) 

Nuclide E13+ E (lab) 
p 

FWHM (keV) a) 

21 Mg ""6.0 ""3.5 14 

25Si ""6.0 ""2.9 11 

37 Ca 5.8 ""2.9 7 

41Ti 7.0 ""3.7 9 

40Sc 4.88 1.085 4 b) 

23Al 3.80 0.818 4c ) 

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 proton peak. 

c) This calculation is for the single observed proton decay peak. 

-~ 
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groups of equal length (typically 30- 50 msec each). Energy signals 

from the amplifiers were blocked while the collector wheel was stepped . 

o During the countin~ period, ET signals were stored both in a 400 chan

nel analyzer and in a Nuclear Data ND-160 4096-channel analyzer, the 

latter being routed by the timing signals into 8 groups of 512 channels 

each. Data thus stored could be transferred off-line via a PDP-5 

computer onto magnetic tape. 

Logic signals corresponding to one peak or group of peaks of 

interest in the ET spectrum were recorded in a 400-channel analyzer 

operating in the multiscale mode. The channel address was advanced 

at a preset rate by a quartz-crystal oscillator, and the system was 

initialized each time by the flipper wheel timing signal. This provided 

another semi-independent source of half-life information; in no case 

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

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

3. Anticoincidence experiments 

23 
In searching for possible protons from Al whose energies 

were too low to penetrate the thin ~E detector, it was neces sary to 

look at ~E-counter spectra in anticoincidence with the E detector fol-

lowing it, and in anticoincidence with a large area detector mounted on 

the opposite side of the collection foil. For these experiIT1ents, the 

collection foils were 550 flg/ cm
2 

Ni foils. The 1.8 cm diameter, 60-

fJ:m thick, partially-depleted detector was mounted 4.8 mm from the 

collector foil, giving a solid angle of 3 .3 sr. The electronic set-up 

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 .6E. 

The .6E signals were then fed directly into the Nuclear Data operating 

in a 8X512-channel, time-routed mode. The experiment is discussed 

in Sec. IV E. .[ 

D. Pulsed beam experiments 

Part of the 23A1 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 of the detector telescopes, shielding them during beam

on periods. During the beam-off time, large slots rotated in front of 

the detectors, allowing the viewing of the target, and the proton decays 

of those recoil nuclei stopped in the target. The thick targets re-

quired for efficient recoil stopping affected the proton energy resolution 

achieved with this system. Some background, due to target activation, 

was also present in the proton spectra. 

Control of the beam pulsing (via modulation of the cyclotron dee 

voltfi-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 ~3.6 sec: -1.4 sec bombardment, - 1.4 sec 

counting. The two detector telescopes were used as described for the 

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

This system also allowed the scatter ing of low energy protons -

accelerated as low energy H2 + beams - - into the detector telescopes as 

an energy calibration. The cros s - sections or helium-j et efficiency cal-

l d · A d· A b d· 1 l·ty 25S · d 41 T · cu ate In ppen IX are ase, In part, on ow-qua 1 I an 1 

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

E. Data reduction and analysis 

The ET data, either surnrned or in separate time groups were 

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

gram, DERTAG, (Ma 71a) on the SCC-660 computer. Centroids, peak 

widths, and integrals were obtained for each peak. In general, the 400 

channel data from the PHA and the 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 means of weighted averages [or both peak energies and intensities. 

Eight point half-life data for each staUs tically- significant peak 

Were obtained from the peak- by-peak analysis descr ibed above. The 

400-channel multiscale data were usually summed into a smaller num-

ber of time groups of equal length (~., usually 8 or 10 groups). Hal£-

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 CLSa (Cu 63). This program had the capability of includ-

ing 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. 
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Although these two sources of half-life infor:rnation were not 

co:rnpletely 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 fro:rn several different exper-

i:rnents. 

The energy for each proton decay peak was interpolated (or in 

rare cases extrapolated) fro:rn 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, because of slight non-

linearities at the extreme low-energy end of the decay spectru:rn, to 

use a quadratic fit to the calibration data. 

-
-~-
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IV. EXPERIMENTAL RESULTS AND DISCUSSION 

The nuclides discussed in this section were all produced using 

3He or proton beams of various energies from the Berkeley 88 - in. 

cyclotron. Since the T = -3/2, A = 4 n+1 series of nuclides, and 
z 

some of those in the neighboring T = -1, A = 4 n series, exhibit beta
z 

delayed particle decay, the resulting particle spectra can potentially 

be complicated by competing reaction channels .. These reactions, 

their products and thresholds are tabulated in Table 4-1, including 

both those nuclides of interest, and those produced in competing re-

actions. Half-lives shown include the present measurements; the 

mass-excesses used throughout this dissertation are from the 1971 

Atomic Mass Table (Wa 71) unless otherwise noted. 

A synopsis of the relevant Q p values (differences in ground

state atomic masses) and proton or alpha separation energies are shown 

in Table 4-2. These numbers are used throughout this section in com-

puting beta-decay transition strengths and excitation energies in the 

emitter nuclei. 

A. Energy calibration 

In addition to the requirements of high-resolution particle mea-

surements, acc,urate calibration energy standards are necessary for 

precise level energy determinations in the beta daughter. Such preci-

sion is a necessary aid in assignment of decay protons to specific en-

ergy levels, and in identifying new levels in the emitter nucleus. 

Rather than base the calibrations on a- source standards such as 21 ~i -



Product ) 
Nuclide a 

17 
Ne 

20Na c, d) 

21 
Mg 

24Al f) 

24
Al

m c) 

25
Si 

29S 

32Cl d) 

33 Ar 

36 c, d) 
K 

37 Ca h) 

40Sc 

41 i) 
Ti 

20Na 

23 AI. 

, 
'." I 

, . ' ;1" 
If 

Table 4-1. Reactions, Thresholds, and Half -Lives for Beta-Delayed 

<r-' 

Proton Precursors Produced from20
N 

24M 36
A 

and 40C Targets e, g, r, a 

(Reaction), Threshold (Lab) in MeV 
~~~~~~~~~~~~~~~~~~~~~~-~Target -~~~~~~~-~-~-~-~-~--~--

Hal£-Lifeb ) 
(msec) 

20Ne 24Mg 36Ar 40Ca 

3 ( He,2na), 31.2 

3 ( He, 2np), 25.8 

(3He , 2n),· 22.0 

(3 He ,2n2a),41.0 

3 
( He,2nap),35.7 

3 . 
( He, 2na), 32.0 

3 
( He, 2np), 25.9 

3 ( He, 2np), 26.4 

3 . 
( He,2n), 21.3 

(p, an), 25.0 

(p, 2n), 30.8 

108.5 :I: 0.9 

446 :I: 3 

122.5:1: 2.1 e) 

2066 :I: 7 

130 :I: 4 

220.7:1: 2.9 e) 

3 
( He, 2n2a), 35.9 189 :I: 6 

3 3 
( He, 2nap), 30.2 (He, 2n2ap), 37.5 298 :I: 6 

3 3 
( He,2na), 26.5 (He, 2n2a), 33.9 173.8 :I: 1.8 

340.0 :I: 3.3 g) 3 3 
( He,2np), 23.1 (He, 2nap) , 31.3 

3 ( He,2n), 3 19.8 (He, 2na), 

3 
( He,2np), 

3 
( He,2n), 

27.2'" 175 :I: 3 

24.5 182.4:1:0.7 

21.8 80 :I: 2 j ) 

446 :I: 3 

470 :I: 30 k ) 

continued ..... 

I 
H::> 
w 
I 



Table 4-1 (continued) 

(Reaction), Threshold (Lab) in MeV 
............................................... · .... ·Target - .............................................. .. 

Product 
Nuclidea) 

20
Ne 

24
Mg 

36
Ar 40Ca 

24Al (p, n), 15.4 

24
Al

m (p, n), 15.8 

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

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

Half-Life b) 
(msec) 

2066 ± 7 

130 ± 4 

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

unbound levels have not been observed. 

d) The mass-excess is from (Go 71). 

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

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

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

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

h) The 37 Ca mass -exces s 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, -1S.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 23 Al half-life is from the present work. 

~\ t 

, , ., ~\, .... , 

I 
~ 
~ 
I 
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Table 4-2. Relevant Particle Separation Energies and Qj3 (g. s.) Values (Energies in MeV ± keY). 

a) 
Final Separation 

Precursor Qj3 Refs. SysteITl Energy 

21
Mg 

13.095 ± 19 Wa 71 20Ne + p 2.432 ± 2* 

17F + a 6.560 ± 9 

23 Al 12.238 ±80 Ce 69 22Na + p 7.579 ± 3 

25Si 12.736 ± 10 Be 72a 24Mg + P 2.271 ± 0.6 

37
Ca 

11.640 ± 34 Bu 68, Be 73 36 Ar + p 1.857 ± 1 

40
Sc 

14.324 ± 7 Wa 71 39K + P 8.330 ± 1 

41Ti 12.862 ± 30 b), Al 73 40 Ca + p 1.086 ± 1 

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

b) The mass-excess fer 41Ti is computed from the present results (see Sec. IVD). 

Refs. 

Wa71, B169a, 
Ha 72a 

Wa 71 

Wa 71 

Ev 71, Pi 72, 
Ro 70 

Wa 71 

Wa 71 

A173, Wa71 

~, A recent 20 Ne (p, y) measurement reported by J. Dubois, et al., Physica Scripta 5, 163 (1972), gives E = 3543.7 ± 0.4 keY 
--- - x 

for the 3.54-MeV state. Combining this with the resonance energy reported in (B169a), a more accurate E = 2.4309 ± 0.0004 MeV 
sep. 

results. Clearly this has no effect on the beta decay results reported here using the tabulated value of 2.432 ± 0.002 :\,[eV. This 

newer value was reported too late to have been included here. 

I 
,p.. 
U1 
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212po and attempt to correct for detector dead -layer effects, source 

thicknesses and charge collection, clearly the most accurate standards 

are protons 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 = 4 n+1, T z = -

1/2 nuclei have been accurately measured by a variety of techniques 

(see references in Table 4-3 below): radiative capture, resonance scat-

tering, and particle transfer reactions. These same states can be pro-

duced and detected through beta-delayed proton decay, and as a simple 

cross-check of their reported energies, protons from the decay of these 

states have been measured using the helium-jet system. These results 

have been reported in Ref. (Go 73). 

The T = 3/2 states in 21 Na , 25 AI, 37 K, 41 Sc and 29p were 

tud · ·d· thO Th 0 to 21M 25S ' 37 C s Ie In IS way. eir respec Ive precursors, g, 1, a, 

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

36Ar , 40Ca and 28 Si 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 investigated beyond this cross-calibration 

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

tion of 29S . 

Bombardment of each target alternated with short bombardments 

of a 24Mg target in order to use the relatively high yield 25Si product as 

a source of protons to monitor any electronic gain shifts 0 A precis ion 

pulser was also employed to follow any electronic instabilities. The 

36 Ar (3He , 2n) 37 Ca experiment was done at a 40 MeV bombard ing 
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energy, while the four reIl'laining reactions were done at the lower 

beam energy of 29.5 MeV. 

Delayed protons were detected in a 48-fJ.m 6E 500-fJ.m E tele-

scope. Fo:!:" these cross-calibration Il'leasurements a total experimental 

resolution of 30 keV FWHM was achieved. Proton energies were cor-

rected for any small shifts in gain, and for detector dead layers. 

Since the log it values are typically - 3.3 (Ha 65) for superallowed beta 

decay populating the T = 3/2 states in this mass region, the concomitant 

beta-decay branching ratios to these states are significant (for. A> 17). 
I 

The narrow peaks arising from the isospin-forbiddenproton decay of 

these T = 3/2 states are therefore proIl'linent in each spectrum and 

can be readily identified. 

Delayed-proton spectra from 25Si and 41Ti are shown in Fig. 

4-1. As discus sed in detail later, the T = 3/2 state in 25 Al shows pro

ton decay branches to excited states in 24Mg . Part (a) shows the spec

trum from 25Si; peaks f and 2 are proton decay peaks from the T = 3/2 

level in 25AI to the ground state and first-excited state in 24Mg . Part 

(b) shows protons from excited states in 41 Sc, fed by positron decay 

from 41 Ti; peak 3 is the proton decay of the lowest T = 3/2 state in 

41 40 
Sc to the Ca ground state. 

The results of these Il'leasurements are shown in Table 4-3, 

where the center-of-mass (c. Il'l.) proton energies are compared to 

those deduced from the previous experimental determinations. Decay 

protons from the lowest T = 3/2 states in 25Si and 37 Ca have been used 

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

cisely known (see 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 

- ................... , ...... Proton decay (c. m.) energies (MeV ± keV) .. 
Final State 
in Proton Deduced from Present 

Precursor Daughter Previous Work Refs. Results 

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

25Si 24Mg (lx)a) 4.2623 ± 2.8 Mo 68. Te 69a calibrant 
Be 73a 

41Ti 40 . Ca (g.s.) 4.779 ± 4 En67. Te69 4.851 ± 6 
Gr68 

21 Mg 20Ne (lx)c) 4.908 ± 5 Mc 69 4.898 ± 6 

25
Si 

24 
Mg(g.s. ) 5.6309 ± 2.8 calibrant 

29S .28Si (g.s) 5.633 ± 4 Yo 66, Mo 68, 5.633 ± 6 
Te 69a, Ba 72 

21 Mg 20 Ne (g.s.) 6.542 ± 5 6.533 ± 6 

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

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

c) Excitation energy of the first-excited state in 20Ne 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 29 p ground-state mass-excess of 

-16.949 ± 0.004 MeV results. 

Weighted 
Average 

4.851 ± 6 b) 

4.904 ± 4 

5.633 ± 3 d) 

6.538 ± 4 

I 

~ 
-.0 
I 
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.excited state in 24Mg is well-known (En 67), so the tWQ proton peaks 

frotn 25Si shown in Fig. 4-1 differ in energy by a precisely known 

atnount. 

. 41 
With the exception of the 72 keV discrepancy for the Sc re-

21 29. 
sult, the other nuclides, Na and P, gtve values in excellent agree-

tnent with the previous tneasurements and are a unique check on the 

self-consistency of the T = 3/2 state excitation energies. For 41Sc, 

the previous T = 3/2 state assigntnent (En 67, Te 69, Gr 68) is in sub-

stantial disagreetnent with the present result. This reassigntnent has 

been confirtned by recently reported results (Tr 73) from 40 Ca (p, p) 

studies frotn which J 1T can be uniquely detertn~ed. The result of this 

resonance experitnent has been cotnbined with the present tneasuretnent 

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

2. Additional energy calibrants 

In addition to the proton decay energies frotn T::: 3/2 states 

just described, other well-known states in 21Na and 25 Al exhibit 

strong proton decay peaks that can serve as energy calibrants. These 

states are lower in excitation, and their resulting low-energy protons 

(E (lab) < 2 MeV) are important in establishing a low-energy calibra-
p . 

tion. These states, their respective proton decay energies and the 

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

sitnilar infortnation on the T = 3/2 states discussed above. 

---



fl. 

Precursor 

21 Mg 

25Si 

37Ca 

41 Ti 

• •• 

Table 4-4, 

Excitation 
in Emitter 

3.545 ± 2 

4.294 ± 3 

4.468 ± 5 

8.970 ± 4 

8.970 ± 4 

4.197 ± 1 

4.582 ± 1 

4.582 ± 1 

7.902 ± 3 

7. 902 ± 3 

5.047 ± 3 

5.939 ± 4b ) 

Delayed-Proton Peaks Used as Energy Calibrants 
(Energies in MeV ± keV) 

Final State 
Ref. in Daughter 

Va 64, Bl69a 20 Ne g. s. 

Ha 72a 

Va 64, Bl69a g. s. 

Ha 72a 

Va64 g. s. 

Table 4-3 g. s. 

Table 4-3 1.634 

Ro 70, Br 73 24 
Mg g. s. 

Ro70, Br73 g. s. 

Ro 70, Br 73 1.369 

Table 4-3 g. s. 

Table 4-3 1.369 

Table 4-3 36 , Ar g. s. 

Table 4-3, Tr 73 40 
Ca g. s. 

~' 
I"~ 

l,t 

Proton Reaction and 

Energy (Lab) Proton Energy a) 
~e 

1.060 ± 0.4 A(2,3) 

1. 773 ± 2 A(2,3) 

1.939 ± 5 A(2,3) 

6.225 ± 4 A(1), D(1) I 
\Jl 

4.669 ± 4 
~ 

A(1,2), D(1) 

1.849 ± 1 B(2), D(2,3), E(3) 

2.218 ± 1 B(2), D(2,3), E(3) 

0.905 ± 2 B(2),D(3), E(3) 

4.091 ± 3 A(1), B(i,2), C(i), D(1,2) 

5.404 ± 3 A(1), B(1, 2), C(1), D(1, 2) 

3.103 ± 3 C(1) 

4.734 ± 4b ) D(1,2) 

continued. 



Table 4-4 (continued) 

a) Reaction Proton Energ~ Range .(Lab) 

A. 20Ne + 3He 1. Ep > 2.3 MeV only 

B. 24Mg + 3He 2. 0.7 Me V < Ep < 5.5 Me V 

C. 36Ar + 3He 3. Ep < 3 MeV only 

D. 40Ca + 3He 

E. 40Ca + p 

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

~; I . \ ~ , .... 

I 
U1 
N 
I 
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The 23 Al experim.ents used two m.ethods of energy calibration. 

For those results obtained us ing the pulsed - beam. m.ethod, low- energy 

protons, accelerated as H; beam.s, were elastically scattered directly 

into the detector telescopes by a thin Au foil. The beam. energies, as 

m.easured in an analyzing m.agnet (Hi 69), were 0.63 and 1.15 MeV; 

nucleon. Secondly, for those 23AI experim.ents using the helium.-jet 

system., delayed-protons from. 40 Sc were used as energy calibrants. 

(These results are discussed in m.ore detail in the 23 Al and 40 Sc sec-

tions, respectively.) 

B. 21 
Results for Mg 

The earlier prediction (Wi 70a) of a m.irror beta-decay-rate 

asym.m.etry proportional to decay energy, as shown by Eq. 1-1, yields 

(ft)+;(£t)- - 1.07 for m.ass 21. However, the previous 21 Mg data (Ha 

21 
65a, Ve 68), when com.pared to F negatron decay rates, show strong 

disagreem.ent with this prediction. These earlier delayed- proton exper-

im.ents were ham.pered by a large, low-energy background, relatively 

poor energy resolution, and a lim.ited observable energy range. 

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

1. Discussion of data 

The 21Mg . t d t 295M :'(7 N H experlm.en s were one a • ev, on a e- e gas 

inixture. As can be seen from. Table 4-1, this bom.barding energy is 

sufficient to produce 20Na , but avoids the possibility of producing 17Ne . 

a. Proton spectra. An identified proton spectrum. obtained with 

an 11-1J.m. ~E 265-IJ.Ill E detector telescope is shown in Fig. 4- 2. The 

energy region between 2.3 and 7.5MeV, acquired with 50-IJ.Ill ~E and 



0.7 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 

Observed proton energ y (Me V) 
XBL 7210-5776 

. Fig. 4-2. An identified proton spectrum acquired with the counter telescope noted in 
the figure. All peaks are as sodated with the decay of 21 Mg and are numbered to cor
respond with the data listecl 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-fJ.m 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 num-

bers and decay assignments in Tables 4-5 and 4-6 below. Additional 

data taken with a 6-p.m.6.E 50-fJ.m E telescope are shown in Fig. 4-4, 

spanning the low-energy proton range from 0.6 to 2.2 MeV. 

+ No known j3 -delayed proton precursors could be produced from 

likely contaminants in the target gas. Although 20Na can, in principle, 

decay via electron capture to proton unbound levels in 20 Ne , the result-

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

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

quential time-routed data were found to be consistent with the 21 Mg 

half-life. Hence the proton spectra obtained consist solely of decay 

peaks from break-up of proton unbound levels in 21 Na . 

Between proton lab energies of 2.4 to 4.3 MeV, the spectra are 

composed primarily of three sets of multiple peaks, making the extrac-

tion of accurate intensities difficult. Figure 4-5 shows a typical dec om-

position of one set of multiple peaks using 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 

experiments when analyzed in this manner. 

The energy calibrants used to obtain the proton peak energies are 

listed in Table 4-4. The resulting lab energies for the 25 proton peaks 

are shown in Table 4-5, along with the relative intensities for each peak; 

these numbers are averages over several different experiments. The 

energy resolution achieved in these experiments is shown in each spec

trum; typically momentum broadening from the preceding j3 + decay 
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Fig. 4-3. Delayed protons from 21 Mg 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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0.6 1.0 1.5 2.0 

Observed proton energy (MeV) 

XB L 7 3 11 - 680 5 

Fig. 4-4. Low-eriergy proton spectruITl following the decay of 
21Mg. The peak nUITlbers and arrows have the saITle 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 proton energies and relative intensities for 
. 21 . 

the delayed-proton decay of . Mg. The peak num.bers correspond 

1 to the identification num.bers shown in Figs. 4-2, 4-3, and 4-4. 
" . 

. 
~. E (Lab) Relative a) .... Peak p 

Num.ber MeV ± keV Intensity(%) 

1 0.902 ± 20 16.6 ± 0.5 

2 1. 060 ± 0.4b ) 4.3 ± 0.6 

3 1. 257 ±10 23.3 ± 1.7 

4 1. 498 ±10 6.3 ± 0.6 

5 1.773 ± 2b) 51. 4 ± 2.0 

6 1. 939 ± 5b ) 100. 

7 2.042 ±15 8.3 ± 1.0 

8 2.157 ±25 4.6 ± 0.4 

2 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 1.35± 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 

.!2 4.142 ±20 1.0± 0.2 

20 4.514 :1:15 2.5 ± 0.5 

. 21 4.669 ± 4b ) 14.4 ± 0.7 
-'"'-
~ 

22 5.584 ±15 0.48± 0.05 

23 5.699 ±15 O. 73± 0.06 

24 6.081 ±25 0.57± 0.10 

25 6.225 ± 4b ) 5.5 ± 0.4 

a) These are relative to the m.ost intense proton group - peak 6. 
b) Energy calibrant, see discussion in Sec. IV A. 
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contributed 5to 14keV to this width (see Table 3-1). These measurements, 

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

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

b. a-particle spectrum and results. States in 21Na above 6.56 

MeV are unbound to a decay to 17 F, as noted in Table 4- 2. In partie-

ular, the lowest T = 3/2 state is a-unbound by 2.4 MeV (Wa 71). This 

nuclide is the heaviest member of the T = -1/2, A = 4 n+1 series whose 
z 

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 (3) while an up-

per limit for a decay has been obtained for decay of the T = 3/2 state 

17· . 
in F (Ha 71, Ad 73)). Simple barrier-penetrability predictions (£01-

lowing the prescription in Sec. II D) for 1. = 0 a emission from the 

21 17 
Na T = 3/2 level to the F gr ound state suggest that, as an upper 

limit, this (isospin-forbidden) decay is relatively unhindered by the 

Coulomb barrier. In fact, the penetrability for this decay is compara-

ble to that calculated. for the proton decay of this state to the third

excited state in 20Ne , as shown in Table 4-7 below. 

An experimental search for this possible decay mode employed a 

4-fJ.m ~E 48 -fJ.m E detector telescope; a-particles with energies as 

low as 1.4 MeV could be reliably identified. The resulting spectrum is 

shown in Fig. 4-6; as can be seen, the i3 + -delayed a decay of 20Na 

dominates the spectrum. Since proton data from delayed-proton decay 

of 21 Mg 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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21 Mg /3+ 21N * 17F 
--- a ---Q + ? 

20Ne(~He'P2n) 2°Na L 2°Ne· ___ Q+ 160 I I -- -r------ --- -[ - --I 
2.lp -I 

29.5 MeV 3He 

4.42 

J I 
4.66 

I I 
4.86 

1 

10 3 2.50 
(/) 

1 
3.81 -

1 
c 
:J 
0 
u 

10 2 

10 

1.5 2.5 3.5 4.5 5.5 6.5 
Observed alpha ene rg y ( MeV) 

XBL7212-490f; 

Fi~ 4-6. Identifie.d a-partic.le spectrum f.ollowing 3He bombardment 
of ONe. The predlcted locatlOn for a partlcles froni decay of the 
21Na 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 l3+decay of 20 Na . 
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The energy calibration scale for the a-particle spectrurn was taken 

fiorn the known decays of the 7.42-and 10.26-MeV levels (Aj 72) in 2~e, 

which result in a energies (lab) of 2.16 and 4.42 MeV respectively. 

Using these as calibrants, the deduced energies of the other rnajor 

peaks arising from 20 Na decay are shown in Fig. 4-6, along with the 

location of the potential 1.95-MeV a particle from 21Na (T = 3/2). The 

intensities of these peaks relative to the 2.16 MeV peak (100%) are: 

2.50 (4.5%); 3.81 (1.8%); 4.42 (17.8%); 4.66 (0.6%); 4.86 (1.3%). These 

energies and intensities agree with the recently published results for 

+ 20 !3 -delayed alpha decay of Na (To 73a). 

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

layed-proton precursor present in the spectra, no systernatic errors 

from contaminant activities should be present to distort the measured 

lifetime. Combining data acquired using the two methods described in 

Sec. III C, the present determination of the 21 Mg half-life (resulting 

from four independent experiments) is 123.1 ± 3.3 msec. This com

pares well with the previously reported 21 Mg half-life of 121 ± 5 msec 

(Ha 65a), and gives a weighted average of 122.5± 2.8 msec. This 

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

2. Analysis 

a. Assignment of energy levels. The center-of-mass proton energy 

and the parent state in 2~a for each of the peaks in Table 4- 5 are given 

in Table 4-6. Unfortunately some ambiguities rernain regarding a few of 

these as signments for the observed proton peaks. Such uncertainties arise 

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

citation. The energy levels of 21Na up to - 5 MeV have been extensively 

.-. 

-:.;. 
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Table 4-6. Proton energies from the decay of unbound levels in 21Na fed by ~+ -decay of 21 Mg , and a comparison of 21Na energy levels 

inferred from this work with previous results. Underlined numbers preceding each entry correspond to peak-identification numbers shown 

in Figs. 4-2, 4-3, and 4-4. (All entries given as MeV ± keV). 

Proton ~nergies (c.m.) Corresponding to Decay to the Following Levels in 20Ne : 
Deduced a) 

Energies in Previous Work 

g. s; 1.634 MeV 4.247 MeV 4.968 MeV 21Na En67 Bu 68 Other 

2 1.113± 0.4b ) 3.545 ± 2 3.544 ± 8 3.54 ± 20 

5 1.862 ± 2b ) c) 
4.294 ± 3 4.294 ± 9 4.28 ± 30 

6 2.036 ± 5b ) 4.468 ± 5 4.468 ± 9 4.41 ± 30 

9 2.598 ± 20 0.947 ± 20 5.022±15 4.99 ± 50 4.99 ± 30 5.03d ) 

X 3 1.320 ± 10 5.:386 ± 10 5.34 ± 30 

11 3.326 ± 35 Xc) 5.758 ± 35 5.69 5.78 ± 30 

12 3.435 ± 25 X 5.867 ± 25 5.82 

13 3.547 ± 15 X e ) 5.979 ± 15 

14 3.662 ± 35 Xe ) 6.094 ± 35 6.08 

15 3. 78 ± 50 X e ) 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 6.52f) 

22 5.865±15 18 4.246 ± 25 X X 8.301 ± 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 2.145± 15 X g) 8.816 ± 10 

25 6.538 ± 4b ) 21 4.904 ± 4b ) X 4 1.573 ± 10 g) 8.970 ± 4 h) 8.90 ± 40 8.97 ± 30 i ) 

Unas signed proton peak: 10 2.718 ± 30 j ) 

continued. 
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Table 4- 6 (continued) 

a) The energies are calculated using a proton separation energy of 2.432 ± 0.002 MeV (see Table 4-2). 

b) These proton energies were used, in part, to determine the energy calibration (see discussion in Sec. IV A). 

c) Unobserved, but energetically-allowed, proton decays within the experimental range are ma.rked by X, while those outside 

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

d) Ref. (Am 69) 

e) These possible decays were obscured by peaks arising from the decay of other states. ' 

f) Ref. (Be 67a) 

g) 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. 

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

i) This number is corrected based on the reineasured mass of iDe (Br 68). 

j) The possible origin of this peak is discussed in the text. 
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studied (Bl 69a, En 67), most recent,ly by Haas, et al. (Ha 72a) using 

20 20 . Ne (p, 'Y) and Ne (d, n) reactions. In addition the energy levels in 

the mirror 21Ne nucleus have also been recently investigated (Ro 72), 

and assignments of mirror levels up to 4.8 MeV have been made for 

these nuclei (Ha 72a, Ro 72). 

States in 21Na populated by allowed beta decay from 21 Mg will 

have JTT = 3/2+, 5/2+, or 7/2+, since the ground state spin and parity 

of 21 Mg is presumed to be 5/2+, in analogy with its mirror 21 F. Fur

ther verification comes from the determination that J TT for the lowest 

T = 3/2 state in each of the T = ± 1/2 isobars is 5/2+ (
2i

Ne: Ref. Bu z 
21 68: Na: Ref. Be 70). It therefore seems reasonably unlikely that 

additional levels capable of being fed by allowed beta decay could exist 

for excitation energies < 5 MeV. For this reason, no new levels below 5 MeV 

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

the 5.39-MeV state to the 20Ne first-excited state, although it could 

have been assigned a level - 3.75 MeV. For reasons just noted, the 

former assignment appears to be the more correct. 

Peak 10, on the other hand, has not been assigned to any level in 

21 Na, although it certainly arises from the j3 + decay of 21 Mg. 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 20 Ne . Although it has 

not been associi'lted with a parent state in 21 Na , the proton intensity is 

included in subsequent branching ratio determinations. 

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

the vertical arrows in Figs. 4-2, 4-3, 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 peak, 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 21Na energy levels 

deduced from the present data with those found in the literature (Bu 68, 

En 67). As noted in Sec. IV A and Table 4- 4, proton groups 2, 5, and 

6 were used as part of the energy calibration; the corresponding excita-

Hon energies result 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 energies 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 21 Na have been established, spin and parity as-

signments for these states are generally u,navailable. As it is difficult 

to correlate the present results with pre~i'Ous measurements, the en

ergies. of excited states above '5 MeV are taken from the present stUdy 

only and are used for all subsequent c~lculations. 

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

T = 3/2 state in 21Na are shown in Table 4- 7. Of the potential decay 

modes not seen in the present work, penetrability calculations indicate 

20 * 17 that only proton decay to Ne (4.25 MeV) and a decay to F (g. s. ) 

might be expected. An upper limit for each of these two decays has 

been obtained, hut neither is included in the branching ratio and log Q 

calculations shown below. 

I -,-



p + 20Ne 

. '·-.1 , 

Finala ) 
State 

(MeV) 

0.000 

1.634 

• • .'" 

Table 4-7. Energies, Branching Ratios and Penetrabilities for Particle Decays 

of the Lowest T = 3/2 State in 21Na 

PartiCle 
Decay Energy 

JTT (c.m. )(MeV) 

0+ 6.538 

2+ 4.904 

Observed 
Intensity 

I( %) 

.. 1.76 ± 0.12 

4. 78± 0.23 

Relative 
Branching 
Ratio (%) 

20 ± 2 

56 ± 3 

Penetrabilityc) 
P 

0.99 

1.57 

I/P 

1.8 

3.0 

4.247 4+ 2.291 < 0.35 0.061 < 5.7 

4.968 2- 1.573 2.02 :!: 0.19 24 ± 2 0.096 21.0 

5.622 3- 0.916 X 0.010 

5.785 1- 0.753 X 0.004 

a + 17F 0.000 5/2+ 2.410 <1.60 0.070 < 23 

0.495 1/2+ 1.915 X 0.002 

a) Excited states in 20Ne are from (Aj 72) while for 17 F they are from (Aj 71). 

b) These are stated in terms of the percent of the total proton decay of 21 Na. Possible groups marked X were unobserved, though 

within range of observation. These results agree qualitatively with the observations in (Mc 69) where resonances were found in 

the PO' P1' and P3 channels. 

c) This is calculated as discussed in Sec. II D, with rO = 1.3 frn. 

I 
0"-
--.) 
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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 measurem.ent of 

r p Ir (see Table 4-7) and the results from (B~ 70), which gives 
o 

r - 9 eV. The total width is - 1200-1500 eV (Mc 69, Te 69), so 

" r /r - 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 

2 . 21 
Wildenthal (La 73) give (a) S. A. - 0.27 for Mg. The earlier Nils son 

forrn.alisinestirnates give ( a) 2 S. A. - 0.24 (Ha 65), in agreement with 

the shell-model calculations. From the assumption of isospin purity 

for theT = 3/2 state in 21Na (Le., a 2 = 1 in Eq. 2-20), Eq. 2-14 then 

gives log ft = 3.26 which in turn yields a calculated branching ratio for 

this decay.' It should be noted from Eq. 2-14 that the ~ values are 

relatively insensitive to ( a ) 2. For an uncertainty of up to ± 50% in 

the estimate of the Gamow-Teller matrix element, the transition 

strength is affected by - 5%, and the subsequent log ~ by - ±0.02. 

The 21 Mg proton intensities, relative to the total proton decay 

from the T = 3/2 state, are thus a measure of the beta decay strength; 

the beta branching ratio for each unbound level, and hence the partial 

half-life, can be obtained from these relative proton intens ities. These 

branching ratios are shown in column 4 of Table 4-8 for each unbound 

level in 21 Na . 21 Lack of l3-decay data to bound states in Na 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 -+ 21Ne 13 - decay (Ha 70a). 



Energy Levela ) 

In 21Na 
(MeV) 

0.000 

0.332 

1.723 

3.545 

4.294 

4.468 

5.022 

5.386 

5.758 

5.867 

5.979 

6.094 

6.21 

6.341 

6.500 

8.301 

8.417 

8.816 

8.970 

Ep = 2.718 i) 

f·" . 

J 
"b) 

3/2+ 

5/2+ 

7/2+ 

5/2+ 

5/2+ 

3/2+ 

(5/2+,3/2+) 

.-. .' ' 

5/2+, T=3/2 

Table 4-8. 

Proportion of c) 
Proton Decays 

(%) 

1.38 ± 0.19 

16.48 ± 0.65 

32.09 ± 0.34 

7.76 ± 0.68 

7.47 ± 0.55 

1.06 ± 0.06 

1.89 ± 0.10 

1.44 ± 0.16 

0.43 ± 0.03 

0.42 ± 0.06 

2.63 ± 0.19 

3.29 ± 0.13 

0.94 ± 0.07 

0.55 ± 0.07 

3.65 ± 0.36 

8.56 ± 0.33 

0.93 ± 0.32 

. . - ,.. 
, 

Branching Ratios and!! Values for the Positron Decay of 21 Mg . 

Branching Ratiod ) Theoretical Predictions f) 

From 21 Mg ft d,e) Log !! Log !! E . 21 x In Na 
(%) (10 3 sec) (sec) (sec) (MeV) J" 

15-.8 ± 4.0g) 182 ± 46 5.26 ± 0.10 5.55 0.000 3/2+ 

40.7 ± 5.0g) 62 ± 8 4.79 ± 0.05 4.70 0.314 5/2+ 

10.9 ± 2.0 g) 126 ± 23 5.10 ± 0;07 4.80 1.800 7/2+ 

0;45 ± 0.07h ) 1200± 180 6.09 ± 0.06 8.34 3.592 5/2+ 

5.36 ± 0.31 65.9 ± 3.6 4.82 ± 0.02 5.21 4.445 5/2+ 

10.45 ± 0.46 30.4 ± 1.2 4.48 ± 0.02 4.44 4.353 3/2+ 

2.53 ± 0.25 88 ± 8 4.95 ± 0.04 4.67 5.600 3/2+ 

2.43 ± 0.21 71 ± 6 4.85 ± 0.03 5.33 5.345 7/2+ 

0.34 ± 0.03 384 ± 27 5.59 ± 0.03 4.99 6.147 7/2+ 

0.62 ± 0.04 198 ± 13 5.30 ± 0.03 4.84 6.230 3/2+ 

0.47 ± 0.06 239 ± 28 5.38 ± 0.05 4.82 6.602 7/2+ 

0.14 ± 0.01 730 ± 60 5.86 ± 0.03 4.65 6.932 5/2+ 

0.14 ± 0.02 690± 110 5.84 ± 0.06 5.68 7.322 7/2+ 

0.86 ± 0.07 98 ± 8 4.99 ± 0.03 4.59 7.588 3/2+ 

1.07 ± 0.06 69.1 ± 3.8 4.84 ± 0.02 4.73 7.689 5/2+ 

4.24 8.261 5/2t 

0.31 ± 0.03 40.2 ± 3.3 4.60 ± 0.03 3.81 8.672 5/2'i 

0.18 ± 0.02 59 ± 8 4.77 ± 0.05 4.67 8.685 3/2t 

1.19 ± 0.13 5.4 ± 0.6 3.73 ± 0.04 5.93 8.861 7/2+ 

2.79±0.16 1.80 3.26 3.26 8.993 5/2+, T=3/2 

0.30 ± 0.11 

continued. 
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Table 4-8 (continued) 

a) 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 5 MeV are. from the present work only. 

b) Spins and parities are from (Ha 72a). 

c) 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. 

d) 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 bran<:h froITl this level (see text). 

e) The!! values are calculated using the QI3 listed in Table 4-2, and a half-life of 122.5± .2.8 ITlsec. 

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

to correlate these individual levels with the experimental results. 

g) These branching ratios were calculated from comparison to the mirror 21 F decay (Ha 70a); 

h) This value has been corrected for the r y /r-2.5% (B169a). 

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

is uncertain. 
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The resulting branching ratios are also given in Table 4-8. In addition 

to these three allowed ~-decay transitions, Harris and Alburger (Ha 70a) 

also reported an upper limit for the negatron branch leading to the 

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

ported J 1T = 1/2-for this state, consistent with its assigned mirror in 

21 Na . Hence there is a level at 2.80 MeV in 21Na potentially fed by 

fir st -forbidden unique beta decay. However, since only an upper liITlit 

for this decay has been established (1. e., a lower limit on the.£!: value), 

the present calculations for the branching ratios for 21 Mg ~ + decay ig

nore this possibility. 

Calculations of the statistical rate function, b were made for each 

positron decay shown in Table 4-8 following the m.ethod discus sed in 

Sec. II A.. The consequent.!! values, and their logarithms are tabulated 

in columns 5 and 6. The shell model predictions for energy levels and 

~-ciecay transition rates 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 160 core. 

Log!! values were obtained for the T= 1/2 levels with J 1T = 3/2+, 5/2+, 

and 7/2+, as well as for the lowest T = 3/2 level (see additional discus-

s ion below). 

The deduced energy levels in 21 Na , and the beta decay branching 

ratios and log.!! values resulting from the data 'presented here are sum

marized in the 21 Mg 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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5.59 

4.85 
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4.79 

5.26 

XBL 731- 2055 

Fig. 4-7. Proposed dec~ schellle for 21 Mg . The excitation 
energies above. 5 MeV in + 1 Na are taken. frolll ~his work (except 
the 8.970-MeV state). 13 -decay branchmg ratlOs and log ft 
values are also listed. -
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Table 4-9. Relative Branching Ratios and Reduced Widths for 
the Decay of T = 1/2 States in 21Na 

Intensitya of Intensity 
Ratio of Reduced Widths

b 

in 21Na 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+ 

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 0.15:!: 0.02 0.79:!: 0.06 5.3 3.2 0.48 

8.417 0.23:!: 0;02 0.32 :!: 0.06 1.4 0.85 0.13 

8.816 0.18:!: 0.03 0.80:!: 0.16 2.66 :!:0;32 4.4 14.8 2.8 0.46 310 

a) This is quoted as the percentage of the total proton decays from 21 Na . 

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

pos sible 1) as suming the state has 3 11 = 3/2+, 5/2+, or 7/2+. The penetrabilitie s were" eval uated using rO = 1. 3 frn . 

... 

7/2+ 

I 
-J 
uv 
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3. Discussion and conclusions 

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

jor experimental and theoretical results appearing in Table 4-8 have 

been illustrated in Fig. 4-8. Enough data exist to permit comparisons 

of theoretical and experimental f3-decay transition rates to levels up 

through 5.6 MeV in excitation. Such a comparison shows excellent 

agreement except for the decay to the 3.5-MeV state, for which a 

strongly hindered transition is predicted. Although the present results 

indicate that this decay has a considerably greater strength than pre-

dieted, it is the weakest of all the (allowed) f3 -decay rates measured. 

Qualitatively the difference between experiment and theory for this 

case probably represents only a sm.all change in the m.atrix elem.ent 

cancellations arising from details of the wavefunctions. 

Based on known spins and parities for states at 4.294 and 4.468 MeV, 

~ / . ~ / the predicted levels at 4.35 (J = 3 2+) and 4.45 MeV (J = 5 2+) have 

been inverted in order. that the known and predicted spins correspond. 

The level at 5.022 MeV has been tentatively assigned J~= (3/2, 5/2)+, 

based on earlier measurements (Ha 72a). The shell model calculations 

show a state at 5.60 MeV with J ~ = 3/2+, while the next available 5/2-t 

state is predicted to be at 6.9 MeV. Thus the two predicted levels at 

5.35 and 5.60 MeV have been exchanged in Table 4-8 to align these 

possible 3/2+ states. (The alignment of these pairs of levels is shown 

in Fig. 4-8' by dashed lines. ) 

A more circumstantial case may be made for correlating the exper-

imentally deduced level at 5.386 MeV with that calculated to be at 5.35 

MeV. The measured and predicted beta-decay rates show moderate 

.1 
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Log ft 
5/2+,T=3/2 3.26 3.26 5/2+,T=3/2 

3.73 5.93 7/2+ 
4.67.........-- ",---3/2+ 

4.77 3.81 5/2+ 

4.60 4.24 512+ 

4.73 . 5/2+ 
4.59 3/2+ 

5.68 7/2+ 

4.65 5/2+ 

~.84 
4.82 7/2+ 

4.99 
5.84 4.84 3/2+ 

5.38 5•86 4.99 7/2+ 

5.30 
5.59 

,,4.67 3/2+ , 
4.85 -- 7~ --5.33 7/2+ 

/ , 
(5/2+,3/2+) 4.95' 

4.48-_~_--5.21 5/2+ 3/2+ 
4.82 - - -- -4.44 5/2+ 

5/2+ 6.09 

7/2+ ---- 5.10 

5/2+ -.:--- 4.79 

3/2+ .....;...--- 5.26 

Experiment 

3/2+ 

8.34 5/2+ 

4.80 ----7/2+ 

4.70 ---- 5/2+ 

5.55 --- 3/2+ 

Theory 

(La nford and Wildenthal) 

XBL 733-2473 

Fig. 4':'8. Experim.ental and theoretical excita
tion energies and log ft values for states in 21Na 
populated by allowed 13+ decay of 21 Mg . 
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agreem.ent, and a state at 5.34 MeV has been identified by Butler, et al. , 

(Bu 68) in 23 Na (p, t). If this state has J1T = 7/2+, the two neutron trans

fer could readily proceed via L = 2 pickup, while a 20Ne (p, p) resonance 

experim.ent would require.£. = 4. This might explain why no level at this 

excitation has been reported from. such resonance experiments. 

Of the 16 J 1T = 3/2+, 5/2+, 7/2+ T = 1/2 levels predicted above the 

proton separation energy, 15 levels with log ~ 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 S.6 MeV) 

is 900/0 of the total calculated decay strength from 21 Mg, while these 

experim.ental results indicate 89% of the total f3 + decay populates these 

states. Individual com.parisons of the predicted and experim.ental transi-

tion strengths for decay to these low-lying levels show a difference of 

less than 10% between log £t values (with the exception of the 3.S-MeV· 
, -

state noted previously). This reinforces the S% (rms) and 120/0 (max-

im.um.) deviation in .the logarithms found by Lanford and Wildenthal 

(La 73) in a m.ore general study of theoretical vs experimental log Q 

values in the m.ass ranges A = 17 to 22 and 35 to 39. 

The level at 8.816 MeV exhibits a relatively fast f3-decay trans Uion 

rate (Go 66). It should be em.phasized that this strength is predicated 

on the assignment of peaks 7,20, and 24 to this level (c.:...£. Table 4-6), 

which is a reasonable assum.ption based on observed decay energies 

and widths. If one assum.es that m.ixing between this level and the 

.~ • 
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8.970-MeV, T = 3/2 state (assuming identical J7T') might simply account 

for this enhanced decay strength, the necessary T =: 3/2 admixture can 

be estimated from Eq. (2-22). However, the resulting admixture of 

-30% would imply both an unusually strong charge-dependent matrix 

element, and an isospin impurity of the T = 3/2 state considerably 

greater than that experimentally determined for T = 3/2 states in 1 7 F, 

33 Cl (Ha 71) or 41Ti (see later discussion in Sec. IVD). Further, if 

such substantial mixing were to occur between these levels, one might 

expect the particle decay modes of these states to be similar. Tables 

4-7, 4-9, and Fig. 4-7 indicate that this is not the case. Lanford and 

Wildenthal (La 73) in fact predict a log i! ::;: 3.81 for a 5/2+ state at 8.67 

MeV (see Table 4-8 and Fig. 4-8), which compares remarkably well 

with the experimental value for the 8.816 MeV state (log i! = 3.73). It 

therefore seems quite plausible that these levels in fact correspond. 

b. Mirror decay rates. From the as sumption of isospin purity 

for the lowest T = 3/2 state in 21 Na , and the resulting (3 -t -decay transi

tion rates to other levels in 21 Na , the expected half-life for the mirror 

(3- decay of 21F can be estimated. As noted previously, the mirror 

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

partial half-lives for allowed (3 decay to the first six levels with 

J7T' = (3/2, 5/2, or 7/2)+ in 21Ne can be calCUlated from the present 

experimental values of (ill + for positron decay to the analogs in 21 Na . 

Comparison of this predicted half-life thus obtained with the measured 

21F half-life of 4.35± 0.04 sec (Fo 65) gives (i!)+/Cgf = 1.10± 0.08. 
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c. Results for 25Si 

Although the more complete delayed-proton results for 25Si re-

ported by Reeder, et al., (Re 66) are a cons iderable improvement over 

the early experiments (Ba 63, Mc 65, Ha 65a), it is still of interest to 

obtain high resolution delayed-proton spectra spanning a large energy 

range. Since the determination of absolute beta -decay strengths de-

pends on measurements of all the significant particle decay branches 

of the T = 3/2 state (for which the superallowed ~-decay strength can be 

calculated), such high resolution experiments might serve to reduce the 

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

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 

. 3 . .. 21 . 24 
a 40-MeV He beam IS energetIc enough to produce Mg Vla the Mg 

(3He , 2na) reaction (see Table 4-1), no proton peaks associated with 

its decay were seen. A experiment performed with a 60-MeV 3He bearn 

did, in fact, produce peaks identifiable with 21 Mg, notably those prorn

inent peaks at 1. 773 and 1. 939 MeV (peaks 5 and 6 in the 21 Mg spectra 

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

at 1.849 and 2.218 MeV, served to cross-~heck the accuracy of these 

energies as calibration points (as listed in Table 4-4). 

a. Proton spectra. The 25Si delayed-proton spectrurn displayed 

.in Fig. 4-9 was obtained using a 10-lJ.mD.E 250-lJ.m E detector telescope. 

3 
These data were taken at a He bearn 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 
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I 
-.) 
-.!) 

I 



-80-

numbers are used to identify the peaks for use below in Tables 4-10 

and 4-11. Additional data, not shown here, were acquired using both 

thinner (6-fJ.m.6.E 50-fJ.m E) and thicker (50-fJ.m ~E 500-fJ.m E) detector 

telescopes. In the latter case, no additional higher energy proton 

groups (E > 5.5 MeV) were identified. 
p 

+ . 
No known 13 -delayed protons could originate from any likely 

target contaminants. 
24 

However, competing reactions from the Mg + 

3H · .. . I e reactIon can occur, In prIncIp e. The production of 21 Mg as one 

of these has already been discussed. The nuclide 24AI , and its isomer 

24 m Al can both be produced from this reaction, though the 29.S-MeV 

bombarding energy is only a few MeV above their respective thresholds. 

Both have been identified as delayed alpha precur sors (Ha 72), although 

either can positron decay to proton unbound levels in 24Mg (To 71). 

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

found to exhibit half-lives consistent with that of 25Si, thereby elimina-

24 24 m . . 
ting Al and Al as sources of the Intense proton peaks. 

The energy calibration points used here are des ignated in Table 

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

listed in Table 4-10, including the relative intensity for each of 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 Sand 6. 

In the spectrum shown iIi 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 intens ities for these higher en-

ergy peaks are taken from data acquired with a 50-fJ.m ~ E SOO-fJ.m E 

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



I' .... 

" 
~.~ 

, 

-81-

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 
E (Lab) 

p Relative a ) 
Number MeV ± keV Intens ity (0/0) 

1 0.905 ± 2b) 2202 ± 104 

2 0.992 ± 25 3.1 ± 006 

3 1.213± 15 308 ± 0.6 

4 1.335± 15 407± 006 

5 1.405 ± 20 207± 0.4 -
6 1.445 ± 20 207 ± 0.4 

7 1.522 ± 15 3.8± 0.6 

8 1.616 ± 15 209 ± 0.4 

9 1. 728 ± 10 9.4± 0.8 

10 1.849 ± 1 b) 33.3 ± 2.5 

11 2.075 ± 10 20.3 ± 0.6 

12 2.218 ± 1 b) 16.8 ± 1.0 

13 2.895 ± 15 5.9 ± 0.5 

14 3.108 ± 20 4.7 ± 0.6 

15 3.198 ± 20 6.4 ± 0.6 

16 3.333± 15 32.2 ± 1. 6 

17 3.461 ± 15 9.2 ± 0.6 

18 4.091 ± 3b ) 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 5.151 ± 15 2.7± 0.6 

24 5.404 ± 3b ) 21.7 ± 1.6 

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

b) Energy calibration point, see discussionjn Sec. IV A. 
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include any uncertainties arising froIn this procedure, as well as any 

statistical effects. 'I. 

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

with the decay of 25Si (except at a 60-MeV bOInbarding energy, as noted 

above). Following the description in Sec. III C, the resulting half-life, 

averaged over five independent deterIninations, is 222.6± 5.9 Insec. 

This agrees with the previous values obtained by McPherson, et al. 

(Mc 65) - - 225 ± 6Insec, and by Reeder, et al., (Re 66) - - 218 ± 4 Insec. 

The resulting weighted average of these three values is 220.7 ± 2.9 Insec 

and has been used for all subsequent calculations and results quoted 

here. 

-2. Analysis 

a. As signInent of energy levels. The penetrability calculations 

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

25 Al can proceed to several final states in 24Mg with nearly equal 

probability, which can cOInplicate identification of the origin of a peak. 

However, unlike 21 Na, Inany exci ted states above 5 MeV are known in 

25 AI, Inaking proton decay assignInent sOInewhat easier. The accuracy 

of the energy calibration also aided in these as signInents. 

The ground state J 1T for 25Si is assuIned to be 5/2+, analogous 

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

25Mg have also been assigned J 1T = 5/2+, on the basis of their character-

istic L transfers in two-nucleon transfer reactions (Ha 66). The Inea

sured 'V-decay transitions froIn this analogue level in 25 Al subs tan-

tiate the J 1T assignInent (Mo 68). + Hence allowed ~ decay froIn the 
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analogue, 25Si, will populate. J"IT = (3/2, 5/2, or 7/2)+ states in 25 AI. 

The peak assignments are exhibited in Table 4-11, and the de

duced energy levels in 25 Al are compared to previous determinations. 

States up to ..., 5 MeV have been the subject of intensive investigation; 

these are summarized in Refs. (Li 68, Ro 70, Br 73). It is unlikely 

that any new levels fed by allowedf3 decay exist in this energy region. 

Above 5 MeV,· recent studies employing the 24Mg{p, p) and (p, pi y) re

actions (Du 72), and the 24Mg{3He , d) and 28Si{p, a) reactions (Br 73), 

have accurately located many new levels. No new levels have been 

postulated based on the present delayed proton results. In fact, the 

agreement between those excitation energies inferred from the present 

data, and the values obtained via reactions described above is excellent. 

The two states populated by beta decay (as inferred from the de-

cay protons), at E ..., 5.28 and 7.12 MeV, have previously been tenta-
x . 

tively assigned J"IT = 1/2+ in Ref. (Du 72). The lower of these is a 

broad state with r..., 185 keV (Du 72) and could be a doublet, one com-

ponent of which is fed by allowed beta-decay. The present proton 

data show a broad peak (peak 13 in Fig. 4-9) ..., 125 keY FWHM, which 

is consistent with the assignment to this level. The J"IT =1/2+ assign-

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

indicate 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 

due to decays to excited states in 24Mg from high-lying levels in 25A l. 



Table 4-11. Assignment of observed proton decays to states in 25 Al, 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 CorreT,0nding to Decay to the Deduceda ) Previous Excitation Energies 
Following Levels in 2 Mg: Levels in 

25 Al En 67b ) 
Other 

g. s. 1.369 MeV 4.123 MeV 4.233 MeV Br 73 E Ref. x 

:1 1.586 ± 15 
c) 3.857 ± 15 3.86 3.856 ± 3 3.8591± 0.8 Pi 72 

3.858 ± 4 Va 69 b ) 

3.858 Li68 

10 1.927± ld) 4.197 ± le) 4.20 e) 4.198 Li68 

12 2.311 ± ld) 0.943 ± 2 d) 4.582 ± 1 e) e) 4.581 Li68 
Xc, f) 5 1.464 ± 20 5.104±20 5.08 5.101 ± 10 

I 

13 3.017±15 X 5.288 ± 15 5.28 5.28 ± 10 Du 72 00 
H:>-

14 3.239 ± 20 X 5.510 ± 20 5.527 ± 7 

15 3.332 ± 20 X g) 5.603 ± 20 5.58 ± 10 Du 72 
xg) .!..!. 2.162 ± 10 5.802 ± 10 5.78 5.809 ± 7 5.79 ± 10 Du 72 

li 4.846 ± 15 .1.2 3.473 ± 15 X 7.115 ± 11 7.12 7.112 ± 10 7.12 ± 10 Du 72 

22 4.968 ± 20 .!.1 3.606± 15 X X 7.243 ± 12 7.25± 30h ) 7.240 ± 7 7.24 ± 10 Du 72 

X Xf) 1 1.034 ± 25 X 7.428±25 7.417 ± 7 7.42 ± 10 Du 72 

23 5.367 ± 15 Xf) 1. 1.264 ± 15 X 7.648 ± 11 7.647 ± 6 Te 69ab) 

24 5.631 ± 3d) ..!.§. 4.263 ± 3d ) i! 1.506 ± 20 .1 1.391 ± 15 7.902 ± 3e ) e) 
Xi) .!.2. 4.347 ± 40 X g) X 7.987 ± 40 7.972 ± 6 Te69ab ) 

7.968 ± 5 Mo 68b ) 

7.975 ± 5 Be 73aa ) 

Xf) 20 4.556 ± 20 2- 1.801 ± 10 8 1.684 ± 15 8.193 ± 8 8.20± 30h ) 8.194 ± 6 Te 69ab ) 

continued . 
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Table 4-11 (continued) 

a) These. energies are calculated using a proton separation energy of 2.271 :!: 0.001 MeV (see Table 4-2). 

b) The original excitation .energies given here have been corrected for the change in separation energy. 

c) Energetically allowed proton decays that are below the experimental energy range (~600 keV) are denoted by --, while 

those within the detectable ener'gy range but unobserved in these experiments are denoted by X. 

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

e) The excitation energies of these states, which are averages of previous results, are from Table 4-4. 

f) Possible evidence for this decay branch exists in some spectra. 

g) Potential decay peak obscured by more intense peaks in the energy region of interest. 

h) From the delayed-proton results in (Re 66). 

i) Weak evidence for this possible decay exists in some spectra (as a high-energy shoulder on peak 24). 

I 

00 
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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 25 AI; thus it 

has been as signed to the 7.428-MeV state, previously identified in Refs. 

(Br 73, Du 72). 

Peak 19 has been as sociated with the decay of an excited state 

at 7.987 MeV. Since this peak is seen as a low-intensity shoulder on 

peak 18 (possibly the ground-state decay of this state is a similar 

shoulder on peak 24), the energy is uncertain to 40 keV. However, it 

agrees well 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 13 + decay to this level is not superallowed, the 

resulting proton intensity would be reduced considerably compared to 

the superallowed 13 + decay to the nearby (~E - 70 keV) 25Si ground-state 

analogue. The proton spectrum shown in Fig. 4-9 is consistent with 

this. States above 7.5 MeV are unbound to proton decay to the 5.228-

MeV state in 24Mg . Only decay from the 8.193-MeV state would yield 

protons above the 600-keV lower limit on the experimental energy range; 

no protons corresponding to this decay were observed. 

With the exception of a state - 4.9 MeV tentatively assigned 

J7T = 7/2+ in Ref. (Li 68), all energetically observable decays-from 

those known levels with J 7T= (3/2, 5/2,. or 7/2)+ have been seen for 

states up to 5 MeV. No strong proton peak due to the decay of a - 4.9-
. 

MeV level is apparent.in the present proton spectra. 

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

protons of the lowest T = 3/2 state are designated by vertical arrows in 
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Fig. 4-9 and are listed in Tables 4-11 and 4-12. Although the decays 

24 
to the ground and first-excited states in Mg 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 

well as the results of penetrability calculations for each decay. Al-

though the proton decays are isospin forbidden, the competition from 

isospin allowed 'Y decay is nevertheless small- -r Ir - 2%. This ratio 
'Y 

is calculated using r - 2 eV (Mo 68) and r (total) - 100 eV (Te 69). 
. 'Y 

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

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

(Re 66), and differ in some assignments to proton unbound levels in the 

emitter, 25 AI. The higher resolution data discussed here resolve some 

of the broad proton peaks in the earlier data into two or more distinct 

peaks, and identify additional peaks in the decay spectrum. 

The assignmentslis.ted.in Table 4-11 indicate that no states be-

tween 5.9 and 7.0 MeV give rise to obs:.eTvable proton decay peaks. 

However, the previous Brookhaven work (Re 66) shows three levels in 

this range of excitation. The lowest of these, at 6.15 MeV, should emit 

protons with an energy of - 3.72 MeV. No evidence for a peak in this 

energy region appears in Fig. 4-9. The second level, at 6.70 MeV, is 

based on the observed peak - 2.9 MeV (lab) assigned as originating 

from decay to the first excited state in 24Mg . However, this observed 

24 
proton peak could be due to decay to the Mg 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 25 AI. 

i'inal State 
In 24Mg 

(MeV) 

0.000 

1.369 

4.123 

4.233 

5.228 

J 1Ta) 

0+ 

2+ 

4+ 

2+ 

3+ 

Center-of-Mass Observedb ) 
Decay Energy Intensity 

(MeV) I(%) 

5.631 6.62 ± 0.49 

4.262 30.51 ± 0.69 

1.508 0.82 ± 0.12 

1.398 1.43 ± 0.18 

0.403 

a) Excitation energies and J1T for 24Mg are taken from ref. (En 67). 

Relative 
Penetrabilityc) Branching Ratio 

(%) P 

16.8 ± 1.3 0.76 

77.5 ± 2.2 1.30 

2.1 ± 0.3 0.007 

3.6 ± 0.5 0.11 

-4x 10- 5 

lip 

8.7 

23.5 

117 

13.0 

b) These are fractional amounts of the total observed proton decay. The decay marked with -- is below the experimental energy range. 

c) Calculated as discussed in Sec. II D, with rO 1.3 fm. 

.,.1\ 
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level at 5.28 MeV (as noted in the discussion above). The level at 6.92 

MeV was postulated on the basis of an observed peak - 3.2 MeV. The 

present results resolve this group into two peaks, both of which have 

been assigned to known states decaying to the 24Mg ground state (see 

Table4-11). 

Finally, the peak at ,.., 5.1 MeV was assigned to a state at 8.97 

MeV, agreeing with the earlier proposal in (Ha 65a), and was thought 

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

state in 25Na is now known to have J 7T = 1/2+ (Be 69); beta decay to its 

mirror in 25 Al would not be an allowed transition and hence protons 

from this state would not be expected. The present 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 2\.ig. 

d. Branching ratios and It values. 
2 

The estimate of < 0-) s. A. = 0.24 

f~bm (Ha 65), used with Eq. 2-14, gives log.!!: = 3.26 for the super

allowed beta decay leading to the lowest T = 3/2 state. The assump-

tion of isospin purity for this state is supported, in part, by the anal

ysis of the proton capture resonance for the lowest T = 3/2 level. 

Based on the protoh partial widths, the isospin impurity amplitude was 

estimated 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 MeV is calculated frotn 

the mirror 25Na negatron decay (AI 71). The statistical rate function 

calculations were perfortned as described in Sec. II A, and the...!.!: 

values and their corresponding logarithms are shown in the last two 



Energy Levela ) 

In 25 Al 

(MeV ± keV) 

0.000 

0.945 ± 1 

1.613±1 

1. 790 ± 1 

2.673±1 

2.721±1 

3.859 ± 1 

4.197±1 

4.582 ± 1 

5.102 ± 9 

5.282 ± 8 

5.525 ± 7 

5.585 ± 9 

5.803 ± 5 

7.116±6 

7.241±5 

7.418 ± 6 

7.647 ± 5 

7.902±3 

Table 4-13. Branching Ratios and .!!. Values for the Positron Decay of 25Si. 

J 
lTb ) 

5/2+ 

3/2+ 

7/2+ 

5/2+ 

3/2+ 

7/2+ 

5/2+ 

3/2+ 

5/2+ 

(5/2)+ 

5/2+, T=3/2 

. ' , . ., 

Proportion of 
Proton Decays 

("/0) 

1.16±0.18 

10.16 ± 0.77 

11.90±0·.53 

O.82±0.12 

1.80 ± 0.12 

1.43 ± 0.18 

1.95 ± 0.18 

6.19 ± 0.37 

12.60±0.59 

3.51 ± 0.25 

0.95±0.18 

1. 98 ± 0.24 

39.38±0.92 

Branching Ratioc ) 

From 25Si 

("/0) 

20.7± 1.0e ) 

22.1 ± 1.4e ) 

16.9±1.3e ) 

1. 7 ± O. 3e ) 

< 0.4 e) 

6.7 ± 1. 2e ) 

O. 36± 0.06 

3. 16± O. 26 

3. 70± O. 20 

O. 26± O. 04 

O. 57± O. 04f) 

O. 45± O. 06 

O. 61± O. 06 

1. 93± 0.13 

3. 92± O. 22 

1.09±0.08 

0.29±0.06 

O. 62± O. 08 

12. 51± 0.54 

ft c, d) 
~3 
(10 sec) 

213 ± 10 

133± 8 

128 ± 8 

1172 ±192 

> 3300 

187 ± 34 

1820 ±290 

169 ± 14 

112 ± 6 

1140 ±170 

448 ± 33 

479 ± 63 

336 ± 33 

90 ± 6 

13.7± 0.8 

43.5± 3.3 

134 ± 26 

50 ± 6 

1. 83 

continued ... 

Log .!!. 
(sec) 

5.33 ± 0.02 

5.13 ± 0.03 

5.11 ± 0.03 

6.09±0.07 

> 6.5 

5.27 ± 0.08 

6.26 ± 0.07 I 
-..0 

5.23±0.04 0 
I 

5.05 ± 0.02 

6.06 ± 0.07 

5.65 ± 0.03 

5.68 ± 0.06 

5.53±0.04 

4.95±0.03 

4.14±0.02 

4.64 ± 0.03 

5.13±0.09 

4.70±0.06 

3.26 

'-
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Table 4-13 (continued) 

Energy Level a) 

In 25 Al 

(MeV ± keV) 

7.9n± 3 

S.194±5 

lTb ) 
J 

(3/2+, T=3/2) 

Proportion of 
Proton Decays 

(0/0 ) 

1.71±0.24 

4.45±0.31 

Branching Ratio c) 

From 25Si ftc, d) 

3 . 
(0/0) (10 sec) 

0.53 ± O. OS 

1.39±0.10 

39.5±5.S 

11.5±0.9 

!" 

Log !!. 

(sec) 

4.60 ± 0.06 

4.06 ± 0.03 

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

For levels 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 6S, En 67), while JlT for the T 3/2 states are 

taken from (Ha 66, Mo 6S). 

c) The branching ratios and!!. 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 i! values are calculated using the QI3 shown in Table 4-2 and T 1/2 = 220.7 ± 2.9 msec. 

e) The branching ratios and!!. values for states below 3 MeV are calculated from comparison to the mirror 25Na decay (A171). 

f) This branching ratio has been corrected for rpo/r = 0.979 (Dun). 

I 
...0 
~ 
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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 ~ 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 J 1T assignments. 

3. Discussion and conclusions 

The branching ratios and.!!: values deduced from the present 

work differ in some respects from the earlier work (Re 66). The pres-

ent results indicate that ..... 31% of the beta-decay strength goes to proton-

unbound levels above 3 MeV, which then gives the partial half-life for 

beta decay to the six states below 3 MeV. This improved value for the 

the branching lead s to a new evaluation of the ratio of ® + / (.!!) - . 

25 25 . 
The mirrors in Mg- Al have been ass1gned up to 5 MeV (Li 

. 25 
68) and the negatron decay rates.in Na have been measured for these 

six mirror levels (AI 71). The resulting.!!: values can then be used to 

calculate the expected partial half-life for positron decay to these mir-

ror levels. Thus a comparison of the partial half-lives gives 

(ft) + jUt) - = 1.17 ± 0.04, consistent with the ratio determined by Alburger 

and Wilkinson (AI 71), but with sotnewhat reduced errors. 

D. R . It· f 37C 41 T · esu s or a, 1, 
40 

and Sc. 

The previous studies of 37 Ca and 41 Ti (Ha 64, Re 64, Po 66) 

were complicated by background and insufficient particle resolution. 

37 
In Ca, 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 

signHicant .J3-decay branches resulting in low energy protons that were 

-;; 

--, 
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5/2+ 12.736 

1220.7msec 

wI 
% 

5/2+ 3/2+ 

1.93 
0.61 
0.45 
0.57 
0.26 

4.582 3.70 

4.19 3.16 

3.859 0.36 

-3/2+ 7/2+· 2.721 2.673C- <g:~ 

5/2+ 1.790r- 1.1 
~7.~/2§<.+=-----'-------""1..:.!.6..li/.13lo!Jr 16.9 

-,,3~/2s,.:+=--__ -,-__ 01oL . .oz9.::t4>b5.r 22.1 

.::!.5~/2:..;+~ ____ -,0>!:. . .!.!.0.!.!.0~or20.7 

Log ft. 

4.06 
4.60 
3.26 
4.70 
5.13 
4.64 
4.14 

4.95 
5.53 
5.68 
5.65 
6.06 

5.05 

5.23 

6.26 

5.27 
>6.5 

6.09 
5.11 

5.13 

5.33 

XBL 7311-6824 

Fig. 4-10. Proposed decay scheITle for 25Si• The 
excitation energies for the .unbound states are weighted 
averages of present and previous results. The branch
ing ratios and It values are froITl Table 4-13. 
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Table 4-14. Relative Branching Ratios and Reduced Widths for the Decay of T=1/2 States in 25 AI. 

Observed Ratio of 
Ratio of Reduced Widths b) 

Proton Intensities a) 1x/goso 2x/g.s. 

in 25 Al 1x/g.s. 2x/g.s. (3/2,5/2)+ 7/2+ (3/2, 5/2)+ 7/2+ 
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 L 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 calculated by dividing the observed intensity by the penetrability 
n . . . 

for decay, assuming J = (3/2, 5/2, or 7/2)+, and rO = 1.3 fm. 

. , . , ' . 
# '-,. 

I 
...0 
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unobserved in these experiments. Since the ground state J 1T is 7/2-

for 41 Sc and all excited states are unbound to protons (see Table 4- 2), 

accurate intensity measur:em.ents of all significant proton decay peaks 

can result in direct determination of beta-decay branching ratios and 

absolute ft values. The degree of isospin purity of the lowest T = 3/2 

state in 41 Sc can then be determined. 

Higher accuracy data for the delayed proton decay of 40Sc Were 

also necessary, since proton peaks from this nuclide were present in 

all 40Ca +3He spectra discussed below. 37 41. The bulk of the Ca, Tl 

and 40Sc 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 

The nuclides 37 Ca and 41 Ti were produced utilizing 3He beams 

for 36 . 40 363 bombardment of Ar and Ca targets. The Ar + He exper-

iments were done at 40 MeV, while the 40Ca + 3He experiments were 

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

peak intensities as a function of bombarding energy. In each case com-

. peting reactions can potentially complicate the proton spectra, as shown 

in Table 4-1. Half-life information and intensity as a function of bom-

barding energy are important aids in identification of the origin of in

dividual peaks. Data were also a:tquired from the 40 Ca (p, n)40 Sc re-

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

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

3 . . 40 
from He bombardment of Ca. 



-96-

40 3 In the Ca + He experiments, natural isotopic composition Ca 

~/ 2· 36 3 targets of 1.0 to i. 5 m1;¥cm thickness were used. For the Ar( He, 2n) 

reaction, the gas target and gas handling system described in Sec. III B 

Were used. 

a. Peak identification, ~nergies, and intensities. The known, 

weak, beta-delayed proton emitter 40Sc (Ve 69) was present in all the 

41 Ti spectra (see Table 4-1). Figure 4-11 shows low-energy proton 

3 40 
spectra following He and proton bombardment of Ca; parts a) and b) 

were obtained at 3He bombarding energies of 29.5 and 60 MeV respec-

tively. The 6-jJ.m.6.E 50-jJ.m E telescope cutoff was - 2.2 MeV. The 

40Sc spectrum produced at a proton bombarding energy of 20 MeV is 

shown in Fig. 4-11 c) and was taken with a 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 components (due to proton energy differences being less than 

or nearly equal to the - 40 keV energy resolution) are numbered as one 

peak. 

3 
A more complete spectrum from the 60-MeV He bombardment 

of a 
40 

Ca target is shown in Fig. 4-12. The peak labeled (1) shows the 

location of peak 1 which has been partially reduced in intens ity due to 

an electronic threshold effect. Finally, a delayed-proton spectrum 

from 37Ca produced via 36Ar (3He,2n) is shown in Fig. 4-13 for the 

energy region between 2 and 1-4 MeV. Beyond 4.2 MeV the spectrum 

is featureless, and no specific peaks could be identified. The fits to 

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

using the Gaussian peak fitting program described earlier in Sec. III E. 
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E 3He = 29.5 MeV 

40Co + 3He 

6p.m ~E 

50p.m E 

E3He = 60 MeV 

9 II 

40COO + p 

6p.m~ E 
° 164p.m E 

Ep= 20 MeV 

0.7 1.0 1.5 2.0 2.5 
Observed proton energy (MeV) 

XBL 738 - 4004 

3.0 

Fig. 4-11. Ideritified protons following 3He or proton 
bombardment of 40Ca. The peak identification num
bers are discussed in the text. 



40Ca + 60 MeV 3 He 
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10' 
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Observed proton energy (MeV) 

X BL 738 - 4007 

Fig. 4-12. Delayed protons following 40Ca + 3He bombardment at E3H = 60 MeV. 
The numbering system is identical to that in Fig. 4-11 and is descriOea in the text. 
The intensity of peak (1) is reduced due to an electronic cut-off effect. 
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36Ar(3He,2n)37Ca 150 

40 MeV 
150 

48fLm .6E 100 
500fLm E 

2.0 2.5 3.0 3.5 
Observed proton energy (MeV) 

23 

(32) 

l 

4.0 

XBL73B-4005 

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 
parehtheses 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 proton peaks: half-lives, energies and intensities from single-

component spectra, and relative excitation functions. As noted in Sec. 

III C, half-life information was available for each statistically signif-

icant peak fr om the sequentially-routed 8 X 512 -channel data; the rel

atively short 41 Ti half-life aids in distinguishing most of the peaks 

originating from this precursor. 

(i) 
40 40 Ca + p. The p + Ca reaction at 20 MeV produces only 

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

resolution than available in the previous measurements eVe 69). The 

resulting energies and intensities could then be applied to the interpre

tation of the 40 Ca + 3He results. 

( 00) 36A 3H 11 r + e. 
3 36 As can be seen from Table 4-1, the He + Ar-

reaction at 40 MeV has several competing exit channels capable of pro-

dueing delayed protons. The nuclide 36K can, in principle, + f3 decay 

"0 36 to proton unbound levels m Ar. However, from beta -decay system-

atics such decays should be extremely weak; 36K has been discounted 

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

Three other possibilities exist. 32 29 Two of these - - Cl and S--

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

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

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

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

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

equal energy with peak 24 (Ha 71). However a) other known proton 

-. 
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33 32 groups from Ar do not appear in the spectrum, and b) S targets 

3 
(as Cu

2
S) were bombarded with 29. 5-MeV He beams and no proton 

activity that could be associated with 33 Ar was observed. This latter 

is consistent with other evidence (Ma 70a) that inert gas nuclides have 

extremely low collection efficiencies in He-jet systems without cooled 

collector foils. Thesereesults eliminate 33 Ar as a source of back-

ground in this spectrum. 

(iii) ,,, 
40 3 

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

three bombarding energies and with several different ~E-E detector 

telescopes. These data establish relative excitation functions for most 

of the peaks shown in Fig. 4-12; this spectrum contains contributions 

from 40Sc , 37 Ca , and 41Ti. However, 36K can be eliminated as a 

source of protons as in the previous discussion; in fact, no prominent 

peak exhibiting a lifetime as long as that of 36K was observed (see 

T bl 4 1) Th d · d . . 33A 1·· . f . a e -. e prece lng ISCUSSlon on r e Imlnates It rom con-

sideration as a background source. Likewise the relative excitation 

32 
functions coupled with the known Cl proton energies serve to elim-

inate it as a possible,proton source. 

Finally, in addition to products from competing reaction chan-

nels, target contaminants comprise another potential source of deJlayed 

protons. The two most likely contaminants are oxygen (from CaO) and 

Mg, which was present at -0.2% by weight of the natural Ca target 

material. These lead to 17Ne and 25Si, via the 160 (3He , 2n) and 

24M.g (3He , 2 ). . 1 n reactIons respectlve y. No identifiable 17 Ne peaks or 

components were found,; as discussed in the case of 33Ar , inert gases 

do not adhere to the (uncooled) collector. On the other hand proton 
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peaks from 25Si were found; their intensities are consistent with the 

approximate level of Mg contamination in the Ca targets. 

The results of these analyses are shown in Table 4-15, where 

laboratory proton energies and relative intensities for one or more 

components are indicated for each of the 43 numbered peaks. Where 

more than one laboratory energy is indicated for an individual peak, 

the energy was determined independently for each constituent from 

one-component data~ The energy calibrants used for the various re-

actions and the relevant proton energy ranges are tabulated in Table 

4- 4. In addition, part of the 41 Ti data acquired with the 6 -fJ.m 

.6.E 50-fJ.m E telescope required the use of secondary calibration points 

at 1.085 MeV (40Sc) and 1.542 MeV (4~i), their energies having first 

been determined (in part) from the primary calibrants in Table 4- 4. 

The relative intensities for each nuclide were computed separately, 

correcting where necessary for "contaminant" contributions. It 

should be noted that peaks 43 and 33 have been assigned to 25Si and 

arise from the decay of the lowest T = 3/2 state to the 24Mg ground-

and first-excited states respectively (see Sec. IV C). 

The present 36 Ar(3He , 2n) data reliably give relative intensities 

down to - 4% while 37 Ca peaks in the 40Ca + 3He data are similarly iden-

tifiable to - 2.50/0 for E < 3 MeV, and to"" 10/0 for E > 3 MeV. The re-
p p 

1 f 41T' 11 . 'f' d' h su ts or 1 cover a slgnl lcant proton ecays In t e energy range 

from 0.6 to 8.5 MeV, and with relative intensities down to - 30/0 for 

E < 3 MeV and down to 1.50/0 for E > 3 MeV. p p 

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

37 . 40 
Ca are shown in Table 4-1. The present measurements of the Sc 
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Table 4-15. Observed proton energies and relative intensities for 

the delayed-proton precursors 41 Ti , 40
S 

37 The peak c, and Ca. 

numbers correspond to peak identification numbers shown in Figs. 

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

Peak E (Lab)a) Relative Intensifies b) 
Number 

p 
41Ti 40

Sc 37Ca MeV ± keV 

1 0.870 ± 15 13.8± 1.5 

2 1~OOO ± 15c ) 38.6 ± 2.4d ) 27.3 ± 3.0e ) 

3 1.085 ± 10 100. 

4 1.248 ± 1Sc ) 3.9 ± 0.9 d ) 14.5 ±1.8e ) 

5 1.339 ± 25 4.4 ± 1.0f ) 

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 ± 10c ) 2.6 ± 0.7e ) 8.7 ± 0.8 d) 

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 2.063 ± 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 
d) 

2.443 ± 25e ) 5.4 ± 0.9 
e) 

17 2.498 ± 20 2.5 ± 0.3 

." 18 2.580 ± 20g) 4.5 ± O.4g) 

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 ± iSh) 4.0 ± 1.2h ) 

23 3.103 ± 3 i) 100, 

3.077 ± 15j ) 60.3 ± 3.8i ) 

24 3.173 ± 10g) 12.8 ± LOg) 

3.148± 20 j ) 4.0 ± 1.1 i ) 

continued. . . 
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Table 4-15 ( continued) 

Peak E, (Lab)a) Relative Intensities b) 
Number p 

41Ti 40Sc 37Ca MeV ± keY 

25 3.339 ± 30 2.3 ± OAk) 1. 7 ± 0.4h ) 

26 30487 ± 20 2.8 ± OAk) 1.1±OAh ) 

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 1.4 ± 0.2 

33 4.094 ± 25 -25Si--

34 4.187 ± 15 15.4±0.5 

35 4.379±15 7.2±OA 

36 4.564 ± 20 2.2 ± 0.3 

37 4.638± 10 22.1 ± 0.7 

38 4.734 ± 4i) 100. 

39 4.832 ± 25 3.0±0.3 

40 4.876 ± 20 3.4± 004 

41 4.925 ± 20 2.9 ± 0.3 

42 5.177 ± 30 1.5 ± 0.3 

43 5.387 ± 30 -25Si--

a) Unles s otherwise noted, the observed energies are average values 
40 3 from the C a + He data. 

b) These values are computed separately for each nuclide with 100 

assigned the strongest branch. Unless otherwise indicated, they are 

from the 40Ca + 3He data. 

c) Average of values determined from 40Ca + 3He and 40Ca + p data. 

d) 
. 40 

Computed after removal of the Sc component. 

e) From 40Ca + p data only. 

continued. 

. 
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Table 4-15 (continued) 

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

excitation data. 

g) 

h) 

40 3 36 3 
Average of values from Ca + He and Ar + He data. 

36 3 
From Ar + He data. 

i) Energy calibration point, see Sec. IV A. 

j) 

k) 

40 3 From Ca + He at 29.5 MeV only. 

37 Computed after removal of Ca component. 
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and 37 Ca 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 41 Ti haif-life are not, how-

ever, consistent with the former value. The present number of 80 ± 2 

msec results· from separate measurements from selected peaks at sev

eral bombarding energies, These peaks are all associated with 41Ti 

decay only; at 29.5 MeV peaks 7, 23, and 38 were used, while at the 

higher bombarding energies of 36,S and 60 MeV, peaks 7,15, 29, and 

38 were used. 

The earlier Brookhaveri data on 41 Ti (Po 66, Re 64) were taken 

at 32 MeV bombarding energy, at which, according to Table 4-1, 

37 some contributions from the decay of Ca could appear in the spectrum. 

Although the present data acquired at 29,S-MeV bombarding energy are 

above the 37 Cil threshold, no evidence for this nuclide exists in the pro-

ton spectrum (and none was expected, since a ~ 2-MeV a particle has an 

extremely small probability of emission from the compound nucleus). 

On the other hand, peak 23 in the E3He = 36,S-MeV results is - 33% 

due to 37Ca; so at 32 MeV a 37Ca contamination of 10-15% is possible, 

Since this group amounts to - 30% of the proton peak intensities pre-

viously used· to evaluate the half-life, this level of impurity could be 

enough to lengthen the apparent half-life to - 88 msec, One should al-

so note that the present data have a peak-to-valley ratio approximately 

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

40 
also to reduce the small background contributions from Sc (Ve 69) 
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at the higher proton energies. The present result for the 41 Ti half-

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

Z. Analysis 

The spin-parity assignments for the precursors 41Ti and 37 Ca 

follow from their T = + 3/Z mirrors and from the J'IT of the lowest , z 

T = 3/Z states in the T = ± 1/Z nuclei.. For mas s 41, J'IT for 41 K(g. s. ) 
z 

is 3/Z+ (En 67), while the lowest T = 3/Z state in 41Ca has been identi-

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

Trainor et al. (Tr 73) have assigned J'IT = 3/Z+ for the lowest T = 3/Z 

level in 41 Sc. In the case of mas s 37, the gr ound state J'IT for 3 7 CI is 

known to be 3/Z+ (En 67), while Butler et al. (Bu 68) have assigned 

J'IT = 3/Z+ to the lowest T = 3/Z states in 37K and 37Ar . 

Unlike some of the other T = - 1/Z nuclei in the A = 4 n+1 series z 

where high res.olution delayed-proton studies have resulted in some new 

spectroscopic assignments (17F , 33 Cl (Ha 71) and Z1N~ (Sec. IV B)), 

the energy levels in 41 Sc and 37 K have been extensively studied to ap-

proximately 7 MeV in excitation in each case, with spins and parities 

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

level (in 41 Sc) has been identified, while in 40 Ca, several new levels 

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

a. 40 Sc . The nuclide 40 Sc (J'IT = 4-) is a very weak delayed pro-

ton emitter, with less than 1% of the total 40 Sc 13+ decay proceeding to 

particle -unbound levels in 40 Ca (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 -Z.5% would not have been 
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reliably rneasured for proton energies less than 3 MeV, nor relative 

intensities of less than-1.5% for protons greater than 3 MeV. Peak 

5 has been tentatively assigned to 40Sc decay. The relative excitation 

data frorn 40Ca + 3He are consistent with this assignrnent, even though 

it appears only very weakly in the 40Ca + p data in Fig. 4-11. 

The 40 SC peak energies, corrected to the center -of-rnass, are 

shown in Table 4-16 with a cornparison to the previous rneasurernents 

of Verrall and Bell (Ve 69). Their data extend to higher proton energies 

than the present results, and they identify peaks whose relative intensi-

ties extend as low as ...., 0.1%. The higher resolution results presented 

here show only one rnajor change; the strongest proton peak, previ-

ously -1.05 MeV and thought to be cornposed of decays frorn two or 

rnorec1osely grouped levels, has been resolved into two cornponents 

(peaks labeled 2 and 3). It is pos sible that peak 3 still contains 

rnore than one component. 

Also shown in Table 4-16 are the e;xcitation energies in 40Ca 

deduced on the assurnption that the protons arise solely £rorn decay to 

the 39K ground state. These energies can be cornpared to known states 

in 40Ca rneasured in 39K (p, ,,) experirnents (En 67, De 70).· These re-

sults do not correspond entirely with the previous rneasurernents, pos

sibly because allowed beta decay £rorn 40 Sc proceeds to states with 

IT _. - -
J = 3 , 4 , or 5 , while proton capture reactions require i = 3 protons 

IT - • 40 to populate J = 4 or 5 levels In Ca. No 1. = 3 proton results for 

39 K(p, ,,) have been reported. 

Finally log i! values have been calculated for these decays as-

surning log Q. = 5.0 for beta decay to the 9.45-MeV level--seen in the 
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Table 4-16 Energy Levels, Branching Ratios, and Log ft Values 

(Energies in MeV ± keV). 

40 
for Sc Delayed-Proton Decay. 

Peak 
Number 

!} 
4 

5 

6 

8 

9 

10 

14 

16 

Proton Energy (c.m.) 

(Ve 69) Present 

1. 08 ± 30 
{1. 032 ±t5 

1.112±10 

1.27±30 1. 279 ± 15 

1.373±25 

1. 48 ± 30 1. 491 ± 15 

1. 58 ± 40 1. 653 ± .25 

1. 72 ± 30 1. 752 ± 10 

1. 88 ± 30 1.893±20 

2.15±30 2.166±25 

2.44 ± 30 2.505 ± 25 

Deduceda ) 

E 
. 40

C ln a 
x 

9.362±15 

9.442 ± 10 

9.609 ± 15 

9.703 ± 25 

9.821 ± 15 

9.983 ± 25 

10.082 ± 10 

10.223 ± 20 

10.496 ± 25 

10.835 ± 25 

Known 
Levels 

in 40Ca 

9.364 ± 1 

9.454± 1 

9.603 ± 1 

9.669 ± 1 

C. 812 ± 1 

9.830 ± 1 

10.236±2 

10.531±2 

J1T 

(2,3) 

3 

(0,1,2,3)-

a) These are computed using the measured proton energies and Esep. 8.330 ± 0.001 MeV (Table 4-2). 

Note 

c) 

c, d) 

c, d) 

c, d) 

c) 

c) 

c) 

Present 
Results: 
Log it b) 

5.61 

5.00 

5.76 

6.22 

5.85 

6.04 

6.23 

5.59 

5.43 

5.40 

b) The it valu:es are computed using the known excitation energies for the fir st 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. (En 67), corrected for the newer value of the separation energy. 

d) These are from ref. (De 70), weighted with those from (En 67). 

..... 
0 
~ 
I 
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present data as the largest intensity proton group. This assu:mption is 

based on the average allowed transition in the A =20to 69 :mass region, 

as shown in (Go 66). The su:m of the (3+ -decay branches leading to the 

ten proton groups observed in this work is ~ 0.2%, following the above 

assu:mption. Even in the case of a faster transition for this decay ~., 

log ft ~ 4.5, the total observed branching ratio leading to proton unstable 

. 40 C · 1at states m a 1S ~ ,0. 

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

eral agree:ment with the previous results for 37 Ca (Po 66); proton decay 

has been seen fro:m the lowest unbound le:v:elcapable of being fed by 

allowed beta decay (peak 1 in Fig. 4-11 b) and the decay peak at - 3.1 

MeV arising in part fro:m the T = 3/2 state has been resolved into three 

co:mponents. Energy levels in 37 K fed by allowed (3+ decay are shown 

in Table 4-17, along with a co:mparison to known levels (Go 67, Th 70). 

Although other levels with JTI' = (1/2, 3/2, or 5/2)+ are known in this 

energy region, possible proton peaks arising fro:m their decay were too 

weak to have been reliably identified in the present spectra. These as

sign:ments also assu:me that the primary decay :mode is to the 36 Ar 

ground state. This assumption essentially agrees with the previous re-

suIts, although two levels, one at 5.05 MeV (the T = 3/2 state) and at 

5.32 MeV are known to have r /r < 1 (Go 67, Th 70). In the case of the p . 

T = 3/2 state, r /r - 1.4 X 10- 3, and r /r- 1.1 Xi 0 -2; qualitative evidence 
Y Pi . 

can be seen in so:me spectra for this very weak proton decay to the first 

excited state in 36Ar (as a low energy shoulder on peak 4, Figs. 4-11 b 

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

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

(Energies are in MeV ± keV) . 

Peak 
Number 

1 

9 

11 

17 

18 

20 

22 

23 

24 

25 

26 

32 

Deduced E a) 

in 37K 
x 

2.751±15 

3.614 ± 10 

3.836 ± 10 

4.425 ± 20 

4.509 ± 20 

4.679 ± 20 

5.006±15 

5.047 ± 3c ) 

5.119±10 

5.289±30 

5.442 ± 20 

6.016±20 

.. ... : ............................ ·Previous Work ............................ '" 

Ref. Go 67 Ref. Th 70 r /rb ) 
pO 

2.750 ± 1 5/2+ 

3.623 ± 15 (1/2,3/2,5/2)+ 

3.844± 10 (1/2,3/2,5/2)+ t. 417 ± 5 (1/2,3/2,5/2)+ 
or 

4.435 ± 5 (1/2,3/2, 5/2)+ 

4. 523± 20 1/2+ 4.496 ± 10 1/2+ 

4.659±10 (1/2,3/2,5/2)+ 4.671±15 (1/2,3/2,5/2)+ 

5.018 ± 3 (3/2,5/2)+ 5.018 ± 10 

5.048 ± 3 (3/2,5/2)+, T=3/2 5.048±15 0.988 ± 0.007 

5. 116 ± 5 1/2+ 5.116±10 

5.318 ± 6 3/2 5.321±10 3/2+ 0.75 ± 0.08 

5.449 ± 6 5.452 ± 10 1/2+ 

6.012±20 (1/2,3/2.5/2)+ 6.017±10 (3/2.5/2)+ 

a) All peaks were presumed to arise froin 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 

r /r - 0.25). 
Pi 

This is too weak to have been observed here. The last 

column in Table 4-17 gives r /r for these two states. 
Po 

2 
Several calculations for < a) have been made for the super-

allowed beta decay to the T = 3/2 analogue level (Ha 65, Ba 64, La 72, 

En 66). All give consistent values for < a) 2 which, when used in Eq. 

(2-14), result in log ft = 3.27 to 3.30 for the superallowed decay to the 

T = 3/2 analogue state (assuming a
2 = 1 in Eq. (2-20)). 

1£ one assumes a log.!!: value of 3.30 for this nearly model-

independent prediction for the superallowed beta-decay transition 

strength, the relative proton intensities can then be used to determine 

absolute ft values for positron decay to unbound levels in 37 K. These 

results and the absolute positron decay branching ratios that follow are 

shown in Table 4-18. The branching ratios and.!!: values for beta decay 

to the 5.05- and 5.32-MeV states have been corrected for the r /r ratio 
p 

shown in Table 4-17. 

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

to the 37 K ground state, for which the log.!!: has been obtained from the 

mirror 37 Ar electron capture decay. By combining this branching 

ratio with the present results, the branching to the 1.368-MeV, J'IT = 1/2+ 

state can be estimated. The decay scheme for beta-delayed protons 

from 37Ca is shown in Fig. 4-14; the branching ratios and ft values to 

proton unbound levels are from the present work. 

c. 4iTi. The ground state of 41 Sc has J 'IT:: 7/2-; henc(' I)('(:a 

decay to this state from 41 Ti (J'IT = 3/2+) is fir st-forbidden unique and 

will be strongly hindered. (The analogous mirr.or 41 Ca ... 41 K electron 

-. ' 
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Energy In ) 
37K a 

(MeV ± keV) 

0.000 

1. 368e ) 

2.750 ± 1 

3.617 ± 8 

3.840 ± 7 

4.417 ± 5h ) 

4.503 ± 8 

4.665 ± 8 

5.018 ± 3 

5.047±3 

5.117 ± 4 

5.318 ± 5 

5.449 ± 5 

6.016±8 

J 

i~ 

'i ' 

TT b) 

3/2+e ) 

1/2+ e) 

5/2+ 

1/2+ 

(3/2,5/2)+ 

3/2+, T=3/2 

1/2+ 

3/2+ 

1/2+ 

(3/2,5/2)+ 

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

Proportion of 
Branching ft c, d) 

Proton Decays (%) FroITl 37Ca c) (103 sec) 
(% ) 

15.62 ± 0.52£) 125 ± 3f ) 

8.4 ± 2.5g ) 121 ± 36 

8.48 ± 0.94 6.37 ± 0.73 74.0 ± 8.3 

5.35 ± 0.50 4.02 ± 0.39 67.7 ± 6.5 

5.96 ± 0.40 4.48 ± 0.32 52.1 ± 3.6 

1.54 ± 0.19 1.15 ± 0.14 133 ± 16 

2.77 ± 0.25 2.08 ± 0.20 69.3 ± 6.5 

1.54 ± 0.62 1. 15 ± 0.46 110 ± 44 

2.46 ± 0.74 1.85 ± 0.56 52 ± 16 

61.46±2.27 46. 74 2.0 

7.87 ± 0.64 5.91 ± 0.50 14.9 ± 1.2 

1. 04 ± 0.25 1.05 ± 0.27 
i) 

71 ± 18 

0.68 ± 0.25 0.51 ± 0.19 130 ± 47 

0.86 ± 0.12 0.65 ± 0.09 59.5 ± 8. 7 

a) This is a weighted average of present and previous results shown in Table 4-17. 

b) Spins and parities are froITl those shown in Table 4-17 and the present results. 

, .. .:, .. 

Log i! 
(sec) 

5.10 ± 0.01 

5.08 ± 0.13 

4.87 ± 0.05 

4.83 ± 0.04 

4.72 ± 0.03 

5.12 ± 0.05 

4.84 ± 0.04 

5.04 ± 0.18 

4.71 ± 0.14 

3.30 

4.17 ± 0.04 

4.85 ± 0.12 

5. 11 ± 0.17 

4.77 ± 0.06 

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'p /f' .. 
o 

continued ... 
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Table 4-18 (continued) 

d) The ft values are calculated using the Qf3 shown in Table 4-2 and a half-life of 175± 3 msec. 

e) Ref. (Go 67). 

f) This is taken from the mirror decay, using QE.C. and T 1/2 from (En 67) and .!..E.C. from (Go 71a). 

g) The branching ratio is calculated from the sum of all measured branching ratios and that inferred for the ground 

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 rpo/r given in Table 4-17. 

! , 
, . ". .~ . 

...... 

...... 
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3/2+ 11.640 

1 175 msec 

.+ 

/3 I 37
Ca 

0/0 Log " 
(3/2,5/2)+ 6.0 I 0.65 4.77 

0.51 5.11 
1.05 4.85 
~.91 4 .74 

4.17 
3.30 

1.85 4.71 

1.15 5.04 
2·08 4·84 
1.15 5.12 

2+ 3.827 3.84 4.48 4.72 

3.617 4.02 4.83 

?=!::....:..._...::2:!!.7~5~ 6.37 4.87 

0+ 1.857 

36 
Ar + p =.:.1/-=2:....:.+_-'---. !..::1.3~sar-::!:I 8.4 5.08 

:=;3/;...:2=-+_---=:O.oo=9r115.6 5.10] 

XBL7310-4297 

Fig. 4-14. Proposed decay scheme for 37 Ca. The 
excitation energies are weighted averages of present 
and previous results. The branching ratios and log 
ft values for decay to the excited states are from the 
present work, while the ground- state log ft is taken 
from the mirror decay. -
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capture decay has log ft = 10.51) The first level to which allowed f3+ 

decay can proceed is at E - 2.0 MeV, well above the proton separation 
x 

energy. It is therefore possible to directly determine the absolute beta-

decay branching ratios from the relative intensities of the proton decays 

of these unbound levels, providing all significant proton intensities are 

measured. The observed proton groups range in energy from - 1.0 

MeV to 5.3 MeV, though a further search for other p1'lOton groups with 

energies up to 8.5 MeV was made. 

Excited states in 41Sc have been extensively studied, using both 

resonance (Yo 68, En 67, Ma 70) and particle-transfer reactions (Yo 70, 

Yo 70a, Bo 65, Ge 69). Excitation energies from the present delayed-

proton results are shGWn in Table 4-19, along with those from previous 

determinations; these results show remarkably good agreement with 

known levels in 41 Sc . As noted in Sec. IVA, the decay of the T = 3/2 

state (peak 38) results in a new determination of the excitation energy 

of this level (combined with the recent resonance data from (Tr 73) or 

(Tr 73a)). 

Marinov et al., (Ma 70) have reported 40Ca (p, p) and (P. p') re-

suIts for states between 5.8 and 7.0 MeV in excitation; 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 3 -, 

3.737-MeV state in 40 Ca, as well as a ground-state decay branch .. The 

assignm.ent of peaks 4 and 40 agree with this (see Table 4-19). The 
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Table 4-19. 41 41 
Energies of Unbound Levela in Se Fed by Allowed Beta Decay from Te, and a Comparison with Previous Results 

(Energies. are in MeV! keV). 

Finala ; b 
,>Deduced Prev:10\U1 Work 

Peak state energies Ref. Yo 68
c Ref. En 67(; Ref. Ma 70c Other number in 40ea in 4lSc 

2 ".s. 2.111 ± 15 2.096 ±.7 (3/2+,5/2+)d 

2.100 ± 20 3/2+e 

2.077 ± 20 ~/2+,5/2+f 

7 q.s. 2.671 ± 15 2.667 ± 3 (5/2+,9/2+) 

'\ 15 g.s. 3.414 ± 10 3.415 :!: 2 1/2+ 

16 g.s. 3.556 ± 20 

5/2+4 I 
19 <I. a • 3.815 ± 20 3.782 ± 3 5/2+ 3.783 ± 2 5/2+ 3.776 t 10 ~ 

~ 

21 <I.a. 3.971 ± 15 3.970 ± 2 1/2+ -.J 
I 

23 g.s. 4.241 ± 15 4.246 :t 4 5/2+ 4.248 ± 2 5/2+ 

24 g.s. 4.313 ± 20 4.329 ± 4 

25 g.s. 4.509 ± 30 4.505 ± 2 (3/2,5/2)+ 

26 g.s. 4.661 ± 20 4.643 ± 3 1/2-
g 

27 g.s. 4.782 ± 15 4.778±2 (3/2,5/2)+ 

28 .s. 4.869 ± 15 4.872 ± 6 5/2+ 4.868 ± 2 (3/2,5/2)+ 

2q g.s. 4.929 1: 11) 4.948 ± 4 (3/2,5/2)+ 

30 g.s. 5.019 ± 25 5.023 ± 2 1/2+ 

31 <I.S. 5.088 ± 25 5.082 ± 2 (3/2,5/2)+ 

34 g.s. 5.378 ± 15 5.380 :t 9 5.375 ± 2 

15 g.s. 5.575 ± 15 5.575 ± 10 5/2+ 5.575 ± 2 (3/2,5/2)+ 

36 <I.S. 5.763 ± 20 5.780 ± 8 

continued ••• 



Table 4-19. continutld 

37 g.s. 5.841 ± 10 5.838 ± 2 (3/2.5/2)+ 5.837 ± 10 5.838 (3/2+) h} 

38 g.s. 5.939 ± 41) 5.941 3/2+, T=3/2 h) 

39 g.s. 6.040 ± 25 6.017 1/2+ j . 6.014 ± 10 1/2+ 

40 9·S. 6.085 ± 20 \ 

4 3.737 HeV 6.102 ± 15k 6.087 ! 11 6.086 ! 10 

41 g.s. 6.135 ± 20 6.130 3/2+
j 6.132 ± 10 

42 g.s. 6.393 ± 30 6.413 ± 10 (5/2+) 

12 3.353 MeV 6.472 ± 25k 6.477 ± 10 

13 3.737 MeV 6.938 ± 30k 6.948 ± 10 

a) The excitation energies in 40Ca are from (Ma 71). 

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

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

d) Ge 69. 

e) Yo 70. 

f) Yo 70a. 

g) 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 13 + decay. 

h) Tr 73a. 

i) This energy is already averaged, and part of the energy cal ib.ration , see Table 4-4. 

j) 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 E , however the JW assignment is tentatively used. x 

k) This assignment is based, in part, on agreement with ref. (Ma 70) with respect to excitation energy and observed decay mode. 

J 
\ . 
" 

I·r~ 

I .... .... 
00 
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states at 6.47 and 6.94 MeV have been observed to decay primarily to 

the first and second-excited states in 40 Ca respectively; the present 
'J 

assignments follow this result. The ground-state branches for both of 

these states are so weak that they are not reliably observed in the pres
~~ 

ent spectra--consistent with the results in Ref. (Ma70). 

Penetrability calculations for proton decay from states in 41 Sc 

are shown in Fig. 2-2, following the 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 extremely small. 

A relativel y strong peak (number 16) is observed at Ep - 2.4 

MeV. Although it has a s:rnall 40Sc component, the deduced half-life 

(after removal of the 40 Sc ) is consistent with that of 41TL It corre

sponds to a level at E - 3.56 MeV decaying to the 40 Ca ground state; 
x 

however no such level has been previously observed in 41 Sc. A com-

parison with the mirror 41Ca nucleus, shown in Fig. 4-15, indicates 

that the known J 7T = (1/2, 3/2, 5/2) + levels agree up to 4.3 MeV, ex

cept no mirror for the (3/2, 5/2) +, 3. 54-MeV state in 41 Ca has been 

identified. The bracketed level at 3.556 MeV in 41Sc shown in this 

figure follows from the present assignment for the 2.4 MeV proton 

peak. Supporting evidence for assignment of this new level comes 

from the inelastic scattering results of (Ma ,70)~ These results show 

no states between 5.8 and 7.0 MeV in excitation that would correspond 

to the assignment of this 2.4-MeV proton peak to a state decaying to 

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

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

J 7r = ( 1/2, 3/2, 5/2) + 

(312.5/2)---4.11 
5/2--4.248 512--4.27 
1/2--3.970 

~dt~==3:9~ 5/2--3.783 
~--353 [-3.556] 312-3.62 
, 1/2--3.41 1/2--3.415 

1/2 __ 2.68 112 ---- 2.72 
(5/2)--2.61 512-- 2.&'7 512--2.42 

1/2--2.30 
312--2.01 3/2--2D97 3/2--2.10 

(a) 

Experiment 

3/2--~.89 

5/2--2.71 
1/2--2.55 

3/2--1.72 

(b) 

Theory 

5/2--5.73 

3/2--5.04 

1/2--2.98 

5/2--2.53 

3/2--2.10 

(c) 

XBL7310- 4296 

Fig. 4-15. Com.parison of mirror levrls in mass 41 below 4.3 MeV 
with J'TT = (1/2, 3/2, or 5/2)+. The 4 Ca levels are taken from Refs. 
(Sm. 68, Se 73a) while 41 Sc 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. 

WI 
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40 
they are only weakly excited in reactions frolll a Ca target, and such a 

level at 3.5 MeV lllight not have been identifiable. Furtherlllore, the near

by 3 .46-MeV state with fIT =1/2-, produced in particle-transfer reactions (Ge 

69, Yo 70), has a width of - 60 keV (En 67) which could 0 bs cur e a weaker 

transition to a state near 3.56 MeV. 

Penetrability calculations are also of interest in deterlllining 

the branching ratio for decay to the T = 3/2 state in 41 Sc, and the ques-

Hon of isospin purity discussed later. FrOlll these experilllental results, 

only upper lilllits can be established for possible decay branches of the 

T = 3/2 state to the first three excited states. The proton energies for 

each of these possible decay lllodes unfortunately closely lllatch energies 

f k .. f 40 S d o pea s arIsIng rOlll c ecay. Lilllits for such decay <branches are 

shown in Table 4-20, along with penetrabilities calculated for each de-

cay lllode. The earlier results reported in (Go 73) showed a decay 

branch to the 0+, first-excited state with a relative intensity of 4 ± 2%. 

40 
This peak (6) now appears to arise solely frolll the decay of Sc (see 

Table 4-15). 

It is apparent frolll the penetrabilities listed in Table 4- 20 that 

decay of the T = 3/2 state to any of the energetically allowed excited 

states in 40 Ca is quite unlikely and that the upper lilllitS extracted fr Olll 

the present data are probably too large. These possible decays there-

fore have not been included in the calculation of the branching ratio and 

~ value for beta decay to this state, nor in the calculation of the isospin 

illlpurity for this level. 

The lllass -excess of this narrow analogue level (r - 65 eV, Tr 

73a) can be used, along with the known mass-excesses of the 41K 



Table 4-20. 

40Ca Final Statea ) 

E x 
(MeV) 

0.000 

3.353 

3.737 

3.904 

4.492 

0+ 

0+ 

3-

2+ 

5-
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Possible Proton Decays of the Lowest 
T = 3/2 State in 41Sc . 

E b) 
lab 

MeV ± keV 

4.734 

1.463 

1.089 

0.926 

0.352 

Observed 
Intensityc) 

I( %) 

24.3 

<0.7 

<1.2 

<0.4 

e) 

Penetrabilityd) 
P 

0.39 

0.0005 

0.0003 

0.0002 

-1X 10-12 

a) Excited states in 40Ca 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 41 Sc . 

d) These calculations are described in Sec. II D, with r 0 = 1.3 fm. 

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

vation. 
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ground state (Wa 71), and of the lowest T = 3/2 state in 41Ca (Be 67, 

Ly 67), to predict the mass-excess of 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 relative proton intensities, and energy..:level assign-

ments discussed above, branching ratios and absolute transition 

strengths for positron decay of 41Ti have been calculated and are shown 

in Table 4- 21. The ground-state decay branch is taken from the mirror 

41 Ca ... 41K electron capture. Its very small magnitude for 41 Ti 

(- 4 X 10 - 5%) has no effect on the absolute beta -decay intens ities to un-

bound levels. 

Figure 4-15 shows a state in 41 Sc at 2.72 MeV with J'IT = 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 near 

peak 8, which is predominately from 40 Sc decay. Since this level is the 

only known state with J'IT = (1/2, 3/2, or 5/2)tbelow 5.3 MeV whose 

corresponding proton decay was not observed, an upper limit on the 

relative intensity of this possible 41 Sc decay peak has been calculated 

to be :;:; 1.5%. This limit corresponds to a beta - branching ratio of 

:;:; 0.4%, and log!! ~ 6.04. The uncel'tainty in the observed beta-decay 

branching ratios generated by this upper limit is incorporated in the 

errors for each decay shown in Table 4-21. This level, in fact, is the 

only previously known state in 41Sc with a firmly established J'IT not 

seen in the present delayed-proton data. 



Table 4-21. Branching Ratios and ft Values for 41 Ti Positron Decay. 

-

Energy In 
Proportion of 

.l!. d) 
41 a) Proton Decays Log it 

Sc lTb ) (Beta Decay 
3 

(MeV ± keV) J Branching Ratio c) (%) (10 sec) (sec) 

0.000 7/2-
.' -5 e) 

.... 4 x 10 .... 3 x 10 7 e) 10.5 

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 I .... 
4.248 ± 2 5/2+ 14.63 ± 0.95 12.0 ± 0.9 4.08±0.03 N 

~ 

4.329±4 0.97 ± 0.27 173 ± 48 5.24± 0.12 
I 

4. 505 ± 2 (3/2, 5/2)+ 0.56 ± 0.10 268 ± 48 5.43 ± 0.08 

4.643 ± 3 0.68 ± 0.10 201 ± 30 5.30±0.06 

4.778 ± 2 (3/2, 5/2)+ 2.35 ± 0.10 53.2 ± 2.9 4.73 ± 0.02 

4. 868± 2 5/2+ 3.76 ± 0.20 31. 3 ± 2.0 4.50 ± 0.03 

4.945 ± 7 (3/2, 5/2)+ 7.52 ± 0.50 14.9 ± 1.1 4.17 ± O. 03 

5~ 023± 2 1/2+ 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 4.34± 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 ... 

f ... ~ .. 
• 
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Table 4-21 (continued) 

Energy In 
41 a) 

Sc Trb) 
(MeV ± keV) J 

5.838 ± 2 (3/2, 5/2)+ 

5.939 ± 4 3/2+, T=3/2 

60018 ± 9 1/2+ 

6.089 ± 6 

6.133 ± 9 (3/2)+ 

6.411 ± 9 ( 5/2)+ 

6.476 ± 9 

6.947 ± 9 

Proportion of 
ft d) Proton Decays 

(Beta Decay . 
3 Branching Ratioc ) (%) (10 sec) 

5.36 ± 0.19 10.9 ± 0.5 

24025 ± 0.50 2.22± 0.09 

O. 73 ± 0007 6905 ± 7.5 

1.77 ± 0.24 27.0 ± 3.8 

0.70 ± 0.07 65.6 ± 7.3 

0.36 ± 0.07 100 ± 20 

O. 75 ± 0.15 46.0 ± 9.1 

0099 ± 0.12 22.7 ± 2.9 

a} This is a weighted average of excitation energies listed in Table 4-19. 

,It' 

Log ft 

( sec) 

4004 ± 0.02 

3.35 ± 0.02 

4.84 ± 0.05 

4,43 ± 0,06 

4.82 ± 0.05 

5.00 ± 0.09 

4.66 ± 0009 

4036±0.06 

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

decay. The ground state JTr is from (En 67). 

c) With the exception of decay to the ground state, the absolute beta-decay branching ratios 

follnw directly from the observed proton intensities 0 

d) The.it values are calculated using Q~ from Table 4=2 and T 1/2 = 80 ± 2 msec, 

e) This branching ratio is calculated from comparison with the mirror decay (En 67). 

I 
~ 

N 
U1 
I 
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For comparison, Fig. 4-15 also shows results of shell-m.odel 

predictions for mass 41. Two of these earlier calculations, part b) 

Ref. (Di 68) and part c) Ref. (Ar 67), used a restricted basis space--

allowing for 1£7/2 particles and 1d3/ 2 holes- -which accounts, in part, 

for their lack of agreement with the experimental data. A more com-

plete calculation (Ch 71), shown in part a), uses single particle states 

in 1£7/2' 2P3/2' and 2p 1/2 orbits, and 1d3/ 2 and 2s 1/ 2 hole states. 

The low energy levels compare well with those identified experimentally, 

while the levels above 3 MeV are not reproduced as adequately. 

The excitation energies listed in Table 4-21 are a weighted av-

erage of present and previous results shown in Table 4-19. No allow-

ance has been m.ade in the beta-decay branching ratios for )I-decay, 

since the radiative widths for levels in 41 Sc are quite small (Yo 68). 

For those levels with J 1T = (1/2, 3/2, 5/2)+ and for which rand r 

" are known, r /r is ~ 0.5% (Yo 68, En 67). 

" The proposed decay scheme for 41Ti delayed-proton emission 

is shown in Fig. 4-16. Beta-decay branching ratios and log .f!. values 

determined from this work are given for each decay. 

3. Discussion and conclusions 

a. 3 ~ Ca f3 + decay and effects on the solar neutrino eros s-section. 

Several predictions have been made for beta-decay transition strengths 

to states in 37 K, primarily to estimate the solar neutrino capture cross

section for the 37 Cl ( v, e -) 37 Ar reaction (Ba 64, En 66, La 72). These 

estimates for log ~ values and the corresponding excitation energies 

appear in Table 4- 22 along with results from the present experiments. 
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3/2+ [12.86J 

1 80 msec 

f3+j 41Ti 

2+ 4.990 
3- 4.823 

0+ 4.439 

0+ 1.086 

. 40Ca + p 

r-_______ 6~.=_94:.:!..7!.1 0.99 

5/2)+. 6.4766.4l1r 0.36 0 •75 

(3/2)+ 6.133~70.70 
112+ 3/2:.6..Ol.6. ~5 0.73 

(3/2,5/2).----:t--5.838~ . 5.36 
~~========~5~J~7&.(~~0.53 
5/2+ 5.575....- 1.75 
_______ --"5!!,:,.3u.7.>!.15r 3.74 

-112+ (3/2,5I2)+5.023~ 0.36 0.58 
-5/2+ !3I2.5/2)+ 48684.945V- 7.52 3 76 
~312,512)+-' -4.77r¥...._ 2.35 . 

4.643.,.,.---- 0.68 
(·-:O3'7./2",=5-,-;/2"")-+------..:;4~.5~0~5...._ 0.56 

'5/2+ 4.3294 .248{--14.63 0.97 

..::1/:....:2=-+~ ____ ____.::!.3::..;:.9!..!.7~0....- 1.19 
:::!.5!...!/2=..+!:...-____ --->!3'-!..7..<:!8;,b3r 1.96 

-:-:-::;:--_____ ~3:,.".5~56~....- 3.57 
.!.,!I /~2=-+!...._ ____ ____.::!.3,,:;.4!.!.1;,b5....- 6.33 

-=5..:..;/2=-+ _____ ~2.~6~6~7~ 5.24 

-=3"-1.:2..:.+ _____ ..!:2!,!,.0~9~7".,__ 9.36 

712- 0.000, 

Log ff 

4.36 

5.00 
4.66 

4.43 
4.82 

3.35 
4.84 

5.06 4.04 

4.61 
4.34 
5.45 

4.17 
5.26 

--4:73- 4.50 
5.30 
5.43 

4.08 
5.24 

5.24 
5.07 

4.87 
4.66 

4.92 

4.79 

[10.5] 

XSL7310- 4298 

Fig. 4:'16. Proposed decay scheme for 41TL 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 . 

E x 
(MeV) 

0.000 

1.368 

2.750 

3.617 

3.840 

4.417 

4.503 

4.665 

5.018 

5.047 

5.118 

Experimental Results 

fr!:l~Ua~t a) fr~~i~l1!'! (l;!2 gg) 
log !!. 
(sec) 

5.10 

5.08c ) 

4.87 

4.83 

4.72 

5.12 

4.84 

5.04 

4. 71 

·3.30 

4.17 

.( 

E x 
(MeV) 

0.00 

1. 36 

2.75 

3.08 

3.62 

3.84 

(4.12) 

4.40 

4. 66 

4.83 

5.02 

5.05 

\ , 
:" 

log !!. 
(sec) 

[5.06]b) 

[4.9]c) 

[4.9]c) 

(>5.4) 

4.8 

4.8 

5.0 

4.7 

4.5 

(> 4.8) 

3.2d) 

Theoretical Predictions 

~ra ~~ ~Il.gg l..a l~ 
E log !!. E log !!. E ·x x x 

(MeV) (sec) (MeV) (sec) (MeV) 

0.00 [5.06]b) 0.00 4.45 0.00 

1. 46 4.48 1. 36 4.71 1. 47 

1. 57 4.34 2.74 3.81 2.65 

3.62 

4.71 

5.12 3.28 5.07 3.27 5.05 

continued. 

j ., . 'It., 

log !!. 
(sec) 

5.14 

5.44 

4.36 

4.68 
I 
~ 

N 
00 
I 

4.12 

3.30 
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Table 4-22 (continued) 

Experimental 

Presenta ) 
~-lOg-i!. 

~~" 

I' • 

Results 

Previous (Po 66r Ex log J. E x 

r' .". 

Theoretic al Predictions 

Ba 64 En 66 La 72 
TOg!! E 

x 
E 

x 
(MeV) (sec) (MeV) (sec) (MeV) (sec) (MeV) 

log !! 

(sec) (MeV) 

5.317 4.85 

5.449 5.11 5.53 

5. 79 

5.91 

6.016 4.77 6.03 4.5 6.03 

a) 

b) 

c) 

d) 

(6.32) 4. 7 

6.54 4.6 

6.96 4.5 

Taken from Table 4-18. 

This log ft is from the previous experimental value for the mirror 37Ar electron capture decay as computed in (Ba 64). 

Estimated by assigning the remaining beta-decay strength to known, but unobserved level(s) with JlT = (1/2,3/2, or 5/2)+. 

The earlier work did not resolve the T = 3/2 state decay protons from those decays from nearby levels, hence a 

slightly lower!! was adopted by these authors. 

log!! 

(sec) 

3.77 

4.47 

4.34 

4.77 ~ 

N 

'" 
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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 ~ s for decay 

to the first three levels with JTT = (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 mQre complete calculations still fail to predict several of the 

states between 3 and 5 MeV fed by allowed beta decay. As noted in 

(La 72), this lack of agreement probably arises from the restrictions 

still present in their basis space for the calculations, since some of 

the states are undoubtedly due to particle excitations into the 1£- 2p shell. 

Since - 62% of the total beta-decay strength populates the 

ground state plus T = 3/2 state (5.05 MeV), it is unlikely that new infor-

maHon on the beta branching will cause a dramatic change in the pre-

dicted solar neutrino capture cross - section. The effect of the present 

experimental results on this cross-section has been estimated using the 

method detailed by Bahcall (Ba 64). The largest change occurs in the 

estimated cross-section contribution for capture to the T = 3/2 state. 

In his later paper, Bahcall (Ba 66) apparently used log ~ = 3.2 for this 

decay, which allowed for unresolved contributions from nearby T = 1/2 

states to the total decay strength (Po 66). As noted earlier, the present 

results have resolved these components and the capture cross - section 

contributions can be computed separately for each level. Using the .!!: 

values shown in Table 4-18, the change in the predicted solar neutrino 

capture cros s - section (Ba 66) is 

-42 2 
(J (present) - 0.97 (J (Bahcall) - 1.31 X 1 0 cm. 

v v 

-z 
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Clearly, the present result has no significant effect on the estimates 

for the capture cross-section. 

It is also of some interest to estimate the magnitude of possible 

mixing between the, 5.047-MeV, 3/2+, T = 3/2 state and the nearby 

state at 5.018 MeV if it has J1T = 3/2+. If one assumes that the entire 

decay strength to this state is due to mixing with the analogue state, then 

using Eqs. (2-14 and 2-20), a
2 

can be estimated from the £t value for 

this decay to be - 4% (assuming < a) 2 = 0). The corresponding charge 

dependent matrix element, estimated from Eq. 2-22, is -6 keV, within 

the range for such matrix element magnitude as discussed in (Bl 66 

and Be 72). 

The mixing gives an estimate for the probable lower limit on the 

isospin purity of tshe T = 3/2 state of - 96%. Such an impurity level in 

this state would have a negligible effect on the estimate for the predicted 

neutrino capture cross-section in the mirror. 

h. 4141 
Ti beta decay and the isospin purity of· Sc (T = 3/2). 

(i). The antia'nalogue state and the Gamow-Teller matrix element. 

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

2 -1 ] 
[(f7/ 2) J =0, T = 1 ~ (d3/ 2) J = 3/2, T = 3/2 . 

(4-1) 

The antianalogue configuration has the same components, but recoupled 

to T = 1/2 viz., 

(4- 2) 
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Particle -hole states in rrlas s 41, rrlainly in the T =: +1/2 isobar 41 Ca, 
z 

have been studied and identified through direct-reactions, including 

39K (3He , p) (Be 67), 42Ca (3He , a) (Ly 67), and 42 Ca (p, d) (Sm 68, Ma 72). 

They have also been observed in 40 Ca(d, p) (Be 65,Se 73a) through 2p-

2h components in the 40Ca ground state. All these reactions show that 

the main d
3

/
2 

hole strength is in the lowest 3/2+ 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 1T = 3/2+ or 5/2+, or the exact strength of the antianalogue com

ponent, if any. Neither of these two levels was seen in 41 K(3He, t) 

(Se 70), while the analogue and 2.02 MeV levels were strongly populated. 

Experimental estimates of the amount of antianalogue strength in the 

2.02- MeV mirror level in 41 Ca range from 80% (Ly 67) to 1000/0 (Ma 72). 

In the T = -1/2 Inirror 41 Sc, the lowest J IT = 3/2+ state at 2.1 
z 

MeV was seen in 4b Ca(3He, d) (Bo 65), again through 2p -2h cOInponents 

in 40Ca (g. s.). The 40 Ca (d,n) reactio~ (Ge 69) to this state exhibits the 

saIne strong 1. = 2 stripping pattern as does the analogous (d, p) reaction 

. . . 41C to ltS Inlrr or In a. These argurrlents, along with the direct reaction 

'd . 41C eVl ence In a, serve to locate the main antianalogue strength at 

~ 2.0 MeV in 41 Sc . 

Finally, several shell model predictions for 2p-1h states in 

Inass-41 have been Inade (Sa 67, Di 68, Ar 67, Ch 71); they all generally 

agree that the Inain cOrrlponent of the antianalogue configuration (Eq. 4- 2) 

is concentrated in the lowest J IT = 3/2+ state (the last three calculations 

are shown as part of Fig. 4-15). The other priInary configuration pre-

dieted to contribute to 3/2+ states in similar to that in Eq. (4-2), but 

_0' 

. 
.... / 
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with the two f
7

/
2 

nucleons coupled to J = 1, T =0. This recoupled con

figuration is predicted to have components in the three calculated 

J7T = 3/2+ states below 7 MeV (Sa 67, Be 67) with the smallest contribu

tion to the lowest J 7T = 3/2+ state. 

On the basis of the experimental and theoretical evidence just 

discussed, the antianalogue state configuration is assumed to be con

centrated solely in the 2.1-MeV level in 41 Sc. The Gamow- Teller ma-

trix element (0") A. A.' for beta decay to the antianalogue state can then 

2 
be calculated ( 1) A. A. = 0 assuming no substantial mixing with the 

T = 3/2 state) to be 0.253 ± 0.013. This value is related to the matrix 

element for the superallowed decay, (0") S.A.' as shown in Eq. 2-24, 

2 
and (O")S. A. = 0.032 ± 0.002. 

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

value for (0");. A.' the amount of isospin purity (a 2) for the T = 3/2 

state can be calculated. From the experimental determination of Q S.A.' 

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

2 2 
a· = (90.9 ± 4.1)%; (O")S.A. = 0.032. 

In the extreme case of ( 0" );. A. = 0 (where deviations from the calcu

lated value can only be due to isospin impurities) 

2 
a = (92.6±3.8)%. 

In view of this - 8 to 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 (L e., the antianalogue state) and the analogue level; the estimated 

41 
mixing is of the order of 10/0 for Sc. However, this prediction uses 

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
7

/ 2 shell (BI 66, Be 72). 

It is of course possible that mixing with other states occurs, 

which m.ight aid in explaining the isospin im.purity found in the pres-

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

-100 keVaway from. the T = 3/2 state, and is populated by significant 

beta-decay strength. The possible mixing due to this level can be es-

tim.ated from Eqs. (2-14) and (2-20), and the assumption 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 m.atrix element (BI 66, Be 72). Although 

this overestimates the measured amount of isospin mixing with the 

T = 3/2 state, the assumption that the entire beta-decay strength ob-

served for the 5.838-MeV state arises from this mixing is most likely 

an oversimplification. The Gamow-Teller matrix element undoubtedly 

contributes as well, which would serve to decrease the size of the 

mixing. 

The observed isospin purity of the T = 3/2 state in 41 Sc of 

;:: 91% is consistelat with previous determ.ihations of isospin purity for 

I . 17 33 other T = 3 2 states - -notably those m F and Cl (Ha 71). It appears 
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that in the present case mixing with nearby states, and possibly with 

the antianalogue state, are plausible sources of the observed impurity, 

and that the former is the more significant source for such mixing. 

E. 23 
Results for Al 

Although the masses and decay properties of T z = -3/2 nuclei 

in the A = 4 nt1 series have been the subj ect of considerable study, al-

most no information has been available for their counterparts in the 

A = 4nt3, T = -3/2 series. Mass measurements (Ce 69) using the 
z 

(p, 6He ) reaction have established the particle stability of 23Al (the 

lightest, nucleon- stable member of the 4 nt3 series). As such, it 

should exhibit beta-delayed proton decay, although much weaker than 

the comparable members of the 4nt1 series. The results discussed 

here have been reported in (Go 72). 

1. Discussion of data 

24 ( . ( Proton beam energies used for the Mg p, 2n) reaction on 

99.9.6>0/0 -enriched targets) ranged from 30 to 40 MeV; as shown in Table 

4-1, even the lowest of these energies can produce 20Na , 24AI or 

24Alm . t· t· ln compe lng reac lons. 

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

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

The protons following decay of 23 Al were detected in the 8-J.lm 6.E 50 iLm 

E telescope mounted as shown in Fig. 3-9. In order to observe low 

energy protons as well as alpha particles, singles spectra were re-

corded from the 8 -:J.lm 6.E detector, and from an additional 14-J.lm detec-

tor mounted in an adjacent position. This system was used for the 
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excitation function ITleasureITlents, at beaITl energies of 30.3, 31.8, 33, 

35, and 40 MeV. Half-life data were also taken, as described in Sec. 

lIIC. 

b. He-jet experiITlents. Although this ITlethod had a lower overall 

efficiency (see discussion in Appendix A), it afforded both a higher par-

ticle resolution, and a lower background. In addition, as described in 

Sec. HIC, it provided a ITleans of doing an anticoincidence experiITlent 

to aid in reducing the background at low energies due to 160 recoil nu-' 

clei froITl the beta-delayed alpha decay of 20Na . (Thus 160 nuclei in 

coincidence with the alpha particles detected in this, large area detector 

were rejected frOITl the LlE-counter ~pectruITl.) 

The heliuITl-jet experiITlents were done at a 40-MeV bOITlbarding 

energy, and used a 6-fJ.ITl6E and 50-fJ.ITl E detector telescope. Half-life 

data were also acquired using the ITlethods previously described. 

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

trUITl following decay of 23Al is shown in Fig. 4-17. This spectruITl 

was acquired using the heliuITl-jet technique; spectra obtained using the 

wheel systeITl were siITlilar, 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 ITlain peak, but were always too weak to reliably analyze. 

The original data taken using the wheel technique were calibrated 

using very low-intensity H~ heaITls of 0.63 and 1.15 MeV/nucleon elasti

cally scattered froITl a Au target directly into the 4-JJ.ITl Ll E 501J.ITl E 

detector telescope (the wheel having b~en stopped so as to expose the 

detectors to the target). The proton spectruITl acquired with the heliuITl-

.1 
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XBL 7110 -4530A 

Fig. 4-17. Identified protons following beta decay of 23 AI. This spec
trurn. was acquired using the heliurn.-jet systern.. 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-

0lution 40 Sc results reported in Sec. IV D this nuclide, produced in the 

40 Ca(p, n) reaction, could be used for calibration of the 23 Al proton 

data from the helium-jet experiments. The resulting 23 Al proton en-

ergy is 818 ± 20 keV, as shown in Fig. 4-17. (This more accurate 

value agrees with that noted in (Go 72), which reported results based 

on the H; calibration only. ) 

This main proton peak was observed to have similar ha1£-lives 

in each of the two experimental methods. The resulting average ha1£-

life is 470 ± 30 msec. This value eliminates any pos s ibility of either 

24AI 24Alm f h H . . . d' or as a source or t ese protons. owever, 1t 1S 1scon-

certingly similar to that for 20Na (see Table 4-1), which can inprin

ciple decay by electron capture to proton unbound levels in 20 Ne (as 

discussed in Sec. IV B above), resulting in protons $ 1.0 MeV. 

The yield of 23 Al protons, along with 20Na alpha decay data 

taken simultaneously, 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) 23 Al 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 determined from 

the dE/dx loss in either of the two independent b.E detectors shown. 

This proton-to-alpha yield ratio can be seen to drop by a factor of -10 
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(0) 

24Mg (p, 2 n) 23A I - - -e __ 
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Fig. 4-18. a) An excitation function for 23Al 
protons acquired with the wheel apparatus. 
Where error bars are not shown, they are 
small~r than the data points. b) The yield ra
tio of l3Al 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-f.Lm 6E de-

tector. 
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as the beam. energy is lowered 8 MeV, indicating that 20Na is not the 

source of these protons. 

It is of interest to note that at 40 MeV bom.barding energy, the 

20 
ratio of the sum. of all observed Na alpha groups to the 818 keV - proton 

intensity is -103 . The ordinate in Fig. 4-18b is approxim.ately the ab-

23 20 
solute cross-section ratio for Al protons (818 keV group) to Na al-

phas (4.42 MeV group) as detected in the 8-f.1m. counter. Hence this 

yield ratio as a function of bom.barding energy is im.portant in elim.ina

ting the possibility of a very weak 20Na K-capture branch as a potential 

source for the observed proton peak. There are no other sources of 

such decay protons- -either as target contam.inants, or as com.peting 

reactions - -with the exception of 23 AI. 

2. Analysis and conclusions. 

Th d d h f 23AI · h "F" 4 19 e propose ecay sc em.e or IS sown In Ig. - . 

The excitation energies and J 7T assignm.ents for levels up to 3 MeV in 

23 Mg are from. (Ha 70), (En 71), and (Ne 72). The location and J7T as

signm.ent for the lowest T = 3/2 state was determ.ined in 25Mg (p, t) ex

perim.ents reported by Hardy et al., (Ha 69). Sim.ilarly, (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 23 Al is assum.ed to be 5/2+, 

based on these results for the T = 3/2 analogue levels, and the J 7T = 5/2+ 

ground state in the 23Ne m.irror. Assum.ing the proton decay peak a-

22 
rises from. decay to the Na ground state, the observed peak energy 

corresponds to a previously unreported state at 8.434 MeV, which is 

restricted to J7T = (3/2, 5/2, or 7/2)+ if populated by allowed 13+ decay. 

.... . .,., 
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. 5/2+ 12.24 

470 msec 

+ 
{3 23AI 

(inferred) 

% Log ft 

0; I 5.0 S.43~ 1+ S.16~ 

3+ 7 57 5/2+ 7.7Sar- 15 
-=----........ ~~- . T= 3/2 

3.3 

22 . No + p 

3/2+ 2.907r 6.1 

7/2+ 2.051r 5 5.8 

5/2+ 0.451r 25 

3/2+ O.Ooor 38 

5.4 

5.3 

XBL 7310-1336 

Fig. 4-19. Proposed decay scheIlle for 23 AI. The excitation ener
gies for states in 23Mg are discussed in the text. The inferred beta
decay branching ratios and log.£!: values are discussed there also. 
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The inferred branching ratios and log .f!: values for pos itron 

decay to the bound levels are taken froIn the Ineasured branching ratios 

for the Inirror 23 Ne 13 decay (Ch 72). Using these values and the 2~e 
- 23 

half-life as reported in (En 67), the.f!: values for Ne were calculated 

following the description in Sec. IIA. The Inirror 23 levels in Mg have 

been identified (Ne 72) and the corresponding log .f!: values and pos itron

decay branching ratios are shown in Fig. 4-19 (no allowance for (.!..t) + / 

(it) has been Inade) . 

The log ft value for the superallowed 13 + decay to the T = 3/2 

state can be estiInated to be - 3.3 froIn Eq. (2-14), siInilar to its coun-

terparts in the A = 4 n+1 series. The inferred branching ratio follows 

directly froIn this assuInption. Likewise, the approxiInate beta-decay 

branching leading to the 8.43-MeV state follows froIn the as sUInption 

that the log.!!: - 5.0 for this allowed decay (Go 66). 

As the decay scheIne 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 pos sible decay is approxiInately the 

saIne order of Inagnitude as that for a typical 7.8 -MeV MI 'I ray in this 

Inass region (Sk 66). The experimental search for this low energy pro-

ton, the details of which are described earlier and in Sec. III C, pro-

duced no positive result. These data, in conjunction with the beta-decay 

branching ratios shown in Fig. 4-19, perInit a crude estiInate of 

r /r ~ 50 for the isospin-forbidden proton decay Of the T = 3/2 state. 
'I p 

23 As a note of Ininor historical interest, Al was thought to have 

been identified as one of the products frOIn proton bOInbardInents of a 

natural Mg target (Ty 54). These bOInbardInents in the circulating 
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beam of a 200 MeV synchrocyclotron were done at proton energies of 

23, 50, and SO MeV. Gros s beta activity was detected in a scintillator. 

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

23 Al or 22Mg . As can be noted from the present excitation function 

data, this bombarding energy i.s below the 23 Al threshold. The 0.13-

sec activity is probably due to 24Alm, 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. 

In retrospect, both 23 Al and 20Na (having nearly identical half-lives) 

could contribute to this - 0.4-sec 13+ activity. Using the present 23 Al 

results as shown in Fig. 4-19 and the maximum proton production cros s

section noted earlier, the total 24Mg (p, 2n) 23 Alcros s - section at 40 MeV 

is - 220 flb. The 24Mg (p, an)
2

0Na cross-section can be estimated from 

the observed alpha to proton ratio of - 6.5X10-
3 

(from Fig. 4-1Sb), and 

the positron branching. to the 10.26 MeV state; in 20 Ne of - 2.90/0 (To 73a); 

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

O.4-sec activity originally observed at 50 MeV is therefore probably due 

mostly to ZONa 13 + decay, with an - 15% contribution from the positron 

23 
decay of AI. 
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V. SUMMARY AND CONCLUSIONS 

Results of high-resolution particle -decay experiments have 

been presented for several of the light-mass delayed-proton precursors. 

These observed p'article energies. have led to assignment of the decays 

to existing or, in some cases, new energy levels. For those assigned 

to previously known excited states, the agreement between the results 

of the present observations and the published values is excellent. 

As detailed in the text, the proton intensities have been used to 

derive transition strengths for the preceding beta decay. 
41 

For Sc, the 

absolute it values yield information on the degree of isospin admixing in 

the lowest T = 3/2 state. This value of - 8% is of the same order as 

those determined in previous measurements for 17F and 33 Cl (Ha 71). 

The ratios of mirror transition rates determined for masses 

21 and 25 are consis,tent with those for other odd mass :mirrors, ~., 

masses 9 (Wi 71),13 (Wi 71a), 17 (Ha71), and 29 (Es 71a). The re-

suits for these six mirror pairs have been plotted as a function of 

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

tematic change in (g) + /(g) - as a function of decay energy. As discussed 

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

of these asymmetries in the odd-A systems as due to lack of perfect 

analogue symmetry in the final states should be studied. In the cases 

f 21M d 25S · f h o g, an 1, a measure 0 t e proton to gamma yi:..eld 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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1.4 

1- 1.3 29 

~ 
~ 1.2 25! 91£13 ~ 

17 t -..,.... 

21 1.1 

10 2030 

w; + w~ (MeV) 
XBL 7312-h849 

. Fig. 5-1. . The ratio of mirror beta decay rates as a function of the 
sum of the decay energies. The points are labelled with the ITlass of 
the ITlirror pair. 
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(as was done for 33 Ar (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 present work). In any 

event, if the T = 3/2 state in either mass 21 or 25 contained -10% ad-

mixture (as has been observed in some of the members of this A = 4 n+1 

series), the resulting effect on (£!)+/(!E)- would be a reduction of -0.05, 

which is not large enough to fully account for the observed discrepan-

cies in mirror decay rates. 

23 
The results presented here for Al employ a technique which 

could. be applicable for the characterization of decay properties of 

other nuclei that might be particle stable in this aeries. Although 23 Al 

27 31 35 
is the lightest, nucleon stable member, P, CI and K are all pre-

dicted to ex~st (Ke 66). Like 23 AI, the other potential beta -delayed 

T = -3/2, A = 4 n+3 proton emitters would have very small decay 
z 

branches to particle-unbound levels in the daughter nuclei, since their 

proton separation energy is quite high- -greater than 5.9 MeV (Wa 71). 

Experiments searching for these nuclei and higher-mass members ofthe 

series would be valuable since they are expected to lie near the edge of 

stability, and could lead to the observation of new examples of proton 

radioactivity . 
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APPENDIX A 

Helium J ettery 

This section describes empirical observations regarding some 

of the experimental parameters involved with the transport of recoil 

nuclei with a helium-jet system. Details of its construction and use 

have been given in Sec. III B. Although this method of transport of 

radioactive species has been in use for s orne time (see Ma 69 and r ef-

erences therein), only recently have there been attempts to explore 

the chemistry involved in the transport process. 

Table A-1 lists the various reactions considered, along with 

a brief description of the experimental conditions. The quantity in the 

last column is the product of reaction cross-section and transport ef-

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

(A-i) 

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 n, the fraction of a unit 

sphere subtended by the detector telescope. The second factor is the in-

verse of the number of target nuclei available for the reaction of interest, 

where M is the target molecular weight, F and F. are the fractional a . 1 

atomic and isotopic abundances, respectively, N is Avogadro's number, 
o 

and T is the effective target thickness. For experiments where the re
e 

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 description of 
(T E C) 

number Enerl[la) (MeV) exeerimental earametersb) (nanobarns) 

4°Ca(3He,2n)41Ti 29.5 300 

2 36.5 340 

3 60 320 

4 40Ca(3He,2np)40Sc 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)41Ti 29.5 pured) He 65 

to .60 84-cm-Iong capillary e) 100 

11 24Mg(3He.2n)25Si 29.5 5200 

12 29.5 pured ) He 3100 

13 40 1800 

t4 40 -5,.alr + 1, 2-ethanediol bubbler£) 7300 

15 60 1800 

16 36Ar(3He,2n)37Ca 40 150 

17 28 Si(3He , 2n) 29S 29.5 20g ) 

18 20Ne(3He,2n)21Mg 29.5 Ne + He mixture 1100 

19 32S(3He,2n)33Ar 29.5 <SOh) 

20 4O Ca(p, n) 4OSc 20 -4,. N2 + 1, 2-ethanediol bubble/) 37000 

21 24Mg{p, 2n) 23 Al 40 20000 

22 24Mg(p, a.n)20 Na 40 91000 i) 

23 40Ca(flC,3n)49Fe (78)72 ·-10% air + 1,2-ethanediol bubbler f) 60H 

24 ZONe(12C.3n)29S (78) 71.S -10%air + H20 bubbler!) sog) 

25 40Ca(160.2np)53Com (106) 79.2 7.6-.. m Ni degrader foil 30 

a) For heavy-ion beams. the initial beam energy is in ( 
also given. 

); the beam energy at the target surface is 

b) For those blank entries, no chemical additives were used. 

c) With the exception of S3Com, these entries are for the total cross-section for production of the 
nuclide. --

d) The helium was passed through a liquid-nitrogen trap. 

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

f) The helium impurity-gas Inixture was bubbled through the liquid at the entrance to the target box. 

g) Beta~ecay branching ratios estimated from Ve 68. 

h) Beta-decay branching ratios froIn Ha 71. 

i) Beta-decay branching ratios froIn To 73a. 

j) Beta-decay branching ratio [roIn Ce 70. 
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T is usually taken to be the recoil range in the target as computed 
e 

from range-energy tables (No 70), while for those experiments where 

t 
the recoils stop in the target, T = - R, where t is the target 

e cos 8
t 

thickness, 8
t 

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 Z is the projectile charge, e the electronic charge, and p . 

Q the total integrated charge collected. Finally, the last factor accounts 

for equilibrium of activity on the collector foils (or in the target), and 

T is the time for one complete revolution of the helium-jet collector 
c 

wheel (= 6 X cycle time), or the cycle time for the pulsed - beam exper -

iments; the remaining exponential terms account for decay during bom.-

bardment (t
b 

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

lay times (t
c 

= counting time, td = delay time). 

The product 0" E is 

in mg/cm
2

, and Q and e 

in units of nanobarns for M in g/mole, T 
e 

in flCoulomb. For those pulsed- beam exper-

iments where the target was observed directly, . E == 1. The uncertain-

ties as sociated with this product (and in deriving E) are large, since 

many factors influence the results. One of the more significant, es-

pecially in the case of heavy ion beams, is the determination of the 

total beam current. There is multiple scattering in both the helium 

gas and in the exit foil which could affect the amount of beam refocused 

into the Far ada y cup. 

Relative cross - section information for various 'competing reac-

. 3 
tions is listed in Table A=1also. As can be seen, both the ( He, 2np) 

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

energies. Also shown are the 0" E products for (3He , 2n) reactions on 
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severallight-m.ass T = a targets; there appears to be considerable 
z 

variation, influenced by both transport efficiencies and reaction cros s-

sections. The effects of various chem.ical additives are shown by com.

paring entries 1 and 9 (41Ti), 11 and 12 (25Si) and 13 and 14 (25Si). In 

addition, studies done using the 24Mg (p, an) 20Na reaction have shown 

effects due to beam. intensity below 1 fJ.A. The counts per unit of in

tegrated charge drop linearly as the beam. iil.tensity is decreased down 

to -100 jJ.A. Above 1 fJ.A, on the other hand, there appears to be no 

noticeable increase in this ratio. The effects of several chem.ical ad-

ditives were also tested at these various beam. intensities; no repro-

ducible effects were observed. 

In contrast to the 20Na results, definite im.provem.ents in the 

transport efficiencies can be seen for 25Si and 41 Ti; for the 20 Ne (12C, 

3n) reaction, the transport efficiency increased by a factor of 10 with 

the addition of air and an H
2

0 bubbler (see entry 24). 

Table A-2 lists helium.-jet efficiencies for som.e of the nuclides 

studied, based on m.easured cross-sections at sim.ilar beam. energies. 

The pulsed- beam. (wheel) data were obtained as part of this work. The 

32S (3He , 2n) cross section has apparently not been m.easured. If it 1S 

sim.i1ar to those for (3He , 2n) reactions on other T = a targets, the 
z 

33 Ar transport efficiency can be estim.ated. 

As noted above, due to uncertainties in the beam. intensities, the 

efficiencies listed in Table A- 2 are probably accurate within a factor of 

3. It should also be noted that the efficiency includes' sticking' prob-

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

parently confirm. the general view that chem.ical'im.purities' playa role 



40 Ca(12C , 3n) 49Fe 

40Ca(160,2np)53Corn. 

24Mg (3He , 2n) 25Si 

20Ne (3He , 2n) 21Mg 

32S(3He , 2n) 33 Ar 

65 

80 

38 

31 

30 
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500 

1.6X10
3 

150 X10
3 

230 X10 3 

-50X10 3 

Ce 70 12. 

Ce 73 2. 

Es 71a 5. 

Es 71a 0.5 

estirn.ate <0.1 
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in this process (Ma 74) and that there appears to be some chemical 

specificity involved, either with regard to the type of 'impurity' used, 

or the chemical nature of the recoil product, or both (Ko 71, Ko 72). 

Clearly additional studies on increasing the transport efficiency, eS-

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

( 
"1'. 
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FOOTNOTES 

Havar is an alloy consisting primarily of Co( 42.5%), Ni( 13 .00/0), 

Cr (20.0%), and Fe (17.9% ), with a density of 8.3 gm/ cm 3 . 

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

Chromium Corporation of America, 8701 Union Avenue, Cleveland, 

Ohio 44105 

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

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

Servometer Corporation, 82 Industrial East, Clifton, N. J. 07012. 

Transducer Technology, Inc., Route 83, Ellington, Conn. 06029. 

Ortec, Inc., 100 Midland Road, Oak Ridge, Tenn. 37830. 

Materials Electronics Products Corp., 990 Spruce St. , 

Trenton, N. J. 08638. 
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