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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 

the p r e c u r s o r nuclei Mg, Si, Ca, Sc, Ti, and Al. These 

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

and included a l l significant par t ic le decays of these nuclei . A helium-

jet t ranspor t sys t em was developed and used with var ious AE-E coun­

ter telescopes to obtain high-resolut ion, low-background spec t ra . 

These data permi t ted accurate location of proton unbound levels in the 

beta-decay daughters , and absolute branching ra t ios and ft values for 

these allowed decays have been de te rmined . 

The half- l ives of these nuclei have been measured , and all ex-
41 41 

cept that for Ti a r e consistent with the previous va lues . For Ti, 

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

msec . This la t te r value is thought to have been affected by the p r e s -
37 ence of Ca activity produced in a competing react ion. 

21 25 

The ft values for Mg and Si a r e compared to the negatron 

decay ra tes in their respective m i r r o r s . For mass 21, (ft) /(ft) 

= 1.10± 0.08, while for mass 25 this ra t io is 1.17± 0.04. A compar­

ison of predicted and observed beta-decay ra tes for the superallowed 



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

epin impurity of ~ 8%. 
21 37 

The observed beta-decay r a t e s in Mg and Ca a r e also con­

trasted with theoret ical predictions for decay r a t e s to their respect ive 

daughters. The calculated values a g r e e v/ell for Mg, while for ' c a 

the calculations appear to be l imited by the basis space used . 
23 

Delayed protons from Al, the f i rs t member of the A = 4 n+3 aer ies of T = 3/2 nuclei, have been observed, and the half-life of z 
23 

Al has been measured to be 470 ± 30 m s e c . In addition, delayed pro-40 tons from Sc were studied in order to ascer ta in their contribution 
3 40 

to the proton spec t ra obtained from He bombardment of Ca. 
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X. INTRODUCTION 

There are currently 24 known beta-delayed charged-particle 

precursors with A s 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+l 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 leve l s . 

Spectroscopic details can then be compared with theoretical 

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

both excitation energies and log ft values for some nuclei in the sd 

shell. Experimental measurements of ft values for these transitions 

through observation of delayed protons permit a new and sensitive 

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

sonably successful in describing energy spectra, spectroscopic fac­

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

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

additional information on the question of mirror symmetry for beta 

decay. In a comparison of mirror beta-decay transitions in light nu­

clei for both even and odd A, Wilkinson (Wi 70a) pointed out an appar­

ent proportionality between the ratio of mirror decay rates, and the 

P -decay energy, given by 

(ft) +/(ft)" <= W* + WQ . (1-1) 

The superscripts - and - refer to positron and ncgatron decay, re­

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

Wilkinson and others (Wi 72) on mirror decay rates for T - ± 1 . even 
z 

A isobars indicates that the earlier systematic evidence for a "funda­

mental" asymmetry in these systems has in fact largely disappeared 

in the light of new experimental evidence. The odd-mass systems, 

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

neceasarily of non-trivial origin). 

The nuclides Z l M g (Ha 65a, Ve 68), 2 5 S i (Ha 65a, Re 66), 
37 41 

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

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

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

present experiments a helium-jet transport system (Ma 69) was de­

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

relatively background-free environment. The background was further 

reduced by use of a detector telescope and standard particle identifica­

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

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

from Mg, Si, Ca, Sc, Ti, and the first member of the 
23 A = 4n+3 aeries of T = -3/2 nuclei, Al, and include detection of all 

significant particle decay branches from these nuclei. Beta decay 

branching ratios ranging over two to three orders of magnitude have 

been determined. 
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II. THEORY AND CALCULATIONS 

The intensity of a particle decay peak is controlled by two fac­

tors, the partial width for this decay exhibited by the parent state in 

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

beta-decay transition connecting this state and the precursor ground 

state. These decays are shown schematically in Fig. 2-1 . The beta-

decay transition strength is defined in terms of an ft value, where _f 

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

the decay. This product is usually between - 1 X10 and - 3 X 1 0 set 

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 rat ios . 

A. Statistical rate function 

The statistical rate function is dependent upon the decay energy 

and the nuclear charge, and for allowed beta decay is given by (Ko65, 

Bl 69, Go 71a): 

f_ =± (±Z,W?) = f Wp(W*-W)ZF(±Z,W)dW (2-1) 
0.511 

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

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

and is related to the end-point beta-decay energy E n , or the atomic 

mass difference, Q , and excitation energy, E , by 
r x 



/ ? : 

T=3/2 

T=3/2 

v4 \A 
Tz=-3/2 
Precursor 

'/3 

A-l 
[Z-2] 

VO 
Proton 

daughter 

T=l/2 

H[z-i] 
T z =-l /2 
Emitter 

c-separation 

Fig. 2 - 1 . An i l lus t ra t ion of a typical beta-delayed proton decay scheme, 
showing the atomic m a s s difference, 
energy. 

Q , and the proton separat ion 
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W = E ^ 0.511 = Q - E x ± 0.511 ( a l l i n M e V ) ; (2-2) 

i Z is the charge of the daughter nucleus, and the posi t ive and 

negative signs correspond to negatron and positron emiss ion respec­

tively. The solution for Eq. (2-1) depends on F(±Z,W), the F e r m i 

function, which cannot be evaluated in closed form. The accurate 

solution depends on knowing the lepton radial wavefunctions; usually 

it is writ ten a s : 

F(±Z,W) = F 0 ( ± Z , W ) L 0 (2-3) 

where F . = (—>~—) e , (2-4) 
° ^ [ ( 2 Y o + l ) ] Z 

0 = ~TJ~^ r = R (2-5) 

and the nomenclature used is: 

o s e 2 / f i c = 1/137.036 

v = (±Z) aW/cp 

Y o = [ l - ( a Z ) 2 ] 1 / 2 

* . r 0 A « / 3 
2 2 r is the usual gamma function, and g , f a r e the 

radial components of the lepton wavefunction evaluated 

at the nuclear radius R, for even and odd pari ty (as­

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

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

1 + V 0 L Q = - j - f i (2-6) 



which is the source of the usual approximation for finite s ize effects. 

The correct ion for screening by atomic electrons is made by subst i ­

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

V - i .45 a 2 | Z | 4 / 3 . (2-7) 

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

pure Fe rmi t rans i t ion strengths (AT = 0) with theoret ical predict ions 

and the prec ise evaluation of beta-decay coupling constants , the above 

approximations do not give the requi red accuracy . To a l e s s e r extent 

the intercomparison of m i r r o r Gamow-Tel ler decay r a t e s in light nu­

clei is likewise affected. Two major cor rec t ions a r e requi red : 1) 

the inclusion of h'.gher order t e rms in the equation for L- and 2) cor ­

rections for e lectromagnet ic radiat ive effects . 

The former has been est imated by Wilkinson (Wi 70b), among 

t.rr.ars, and for light nuclei (Z< 30) and high beta decay energy, this 

can amount to ~ 3 % . Hence, following h i s analysis , higher o r d e r 

t e rms have been included in the equation for L : 

L Q = l - - | ( o Z ) 2 - - f a Z W R - i ( 5 | R + (pR) 2 ) . ( 2 - 8 ) 

This equation is used in the evaluation of l ^ i Z . W ) for calculating the 

stat ist ical ra te function, _f_, as done in the computer p rogram FERMI 

(Ba 66a). 

The radiat ive correct ions a r e considered in two p a r t s , the 

' inner 1 correct ion which does not depend on Z or W_ (i. e. it is nu­

clide independent), and che 'outer ' co r rec t ions which a r e Z and W_ 
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dependent. The former do depend on deta i ls of the decay p r o c e s s , but 

can effectively be considered as a renormal iza t ion of the beta-decay 

coupling constants (Bl 70). The outer co r rec t ions , on the other hand, 

a r e evaluated for each case , and can be wri t ten as 

j = /_' (1 + 2 6^ (2-9) 

where f_ is evaluated from Eq. (2-1) and 6. is the correct ion for i— 

orde r in a. 

Wilkinson and Macefield (Wi 70) have est imated 6 to o rder Za, 

and their parameter iza t ion for the Z=0 case has been used h e r e for 

both negatron and pos i t ron decay. (This es t imate compared to their 

tabulated values for Z « 30 is accurate to < 0.2% in its effect on f). 

The second order cor rec t ion (6->) is given by Jaus and Rasche (Ja 70) 

0 [ Z a 2 ] ~ 4 X 1 0 " 4 Z (2 10) 

and, although small , h a s been included in the present £_ calcula t ions , 
6 2 The estimate to third order (Ja 72) ia 6 , ~ 3.6X10 Z , and is c lear ly 

smal l enough (<3X10 for Z S 30) to be neglected. 

Statistical r a t e functions calculated using the approximation 

for L_ shown in Eq. (2-6), and ignoring outer radiative cor rec t ions 

w e r e compared with those including a m o r e co r r ec t evaluation of finite 

s ize effects (Eq. 2-8) and the outer radiat ive correct ions jus t discussed; 

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

on the accuracy of the prescr ip t ion of f_ calculations described above, 

f_ values were calculated for several 0+-» 0+ superallowed decays and 
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w e r e c o m p a r e d to t h o s e c a l c u l a t e d by T o w n e r and H a r d y (To 73) . T h e 

l a r g e s t dev ia t ion w a s 0.22% for the p o s i t r o n d e c a y of Mn. 

The m e t h o d for c a l c u l a t i n g t he s t a t i s t i c a l r a t e funct ion d e ­

s c r i b e d in th i s s e c t i o n a p p e a r s to be a c c u r a t e enough to g ive e s s e n ­

t i a l l y no s y s t e m a t i c c o n t r i b u t i o n to e r r o r s for e i t h e r f_ v a l u e s o r for 

r a t i o s of p o s i t r o n to n e g a t r o n d e c a y r a t e s d u e to a p p r o x i m a t i o n s m a d e 

in the c a l c u l a t i o n . T h e p r e s e n t c a l c u l a t i o n s i n c l u d e an e s t i m a t e for 

t h e e r r o r in e a c h f_ v a l u e c a u s e d by u n c e r t a i n t i e s in W_. 

B . A l lowed be ta d e c a y a n d n u c l e a r m a t r i x e l e m e n t s 

T h e c o m p a r a t i v e h a l f - l i f e (ft) for a l l o w e d be ta d e c a y i s r e l a t e d 

to t he n u c l e a r m a t r i x e l e m e n t s , v i z . : 

- 9 4 
e. 1 . 2 3 1 X 1 0 7 ^ c . g . s . u n i t s , 0 . . . ft = —r= = p ^ 3 = (2 -11 ) 

« V < * > + 8 A < f f > 

i 

where g v is the renormai ized vector coupling constant, / 1) the 
i 

F e r m i mat r ix element, g , the renormai ized axial-vector coupling 

constant, and / cr) the Gamow-Teller ma t r ix e lement . As noted 

above the renormal iza t ion is due to the inclusion of inner radiat ive 

correc t ions (Bl 70). F r o m the evaluation of severa l well-known 

0+-»0+ pure F e r m i t rans i t ions in the light nuclei, Towner and Hardy 
i 

(To 73) have deduced the value for g v as 

g ' y = 1 .413X10" 4 9 e r g X c m 3 . (2-12) 

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

has recently re-evaluated this ratio to be 
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g A / g v =1-251. (2-13) 

So equation (2-11) becomes 

ft = = ~ sec . (2-14) 
(1) + 1.565 ( a ) 

Wavefunctions for the precursor and for states in the daughter 

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

+ t = U(Ji. T

r T z(i))> (2-15! 

and, allowing for isospin mixing in the daughter, 

4>f = aj ^<J f. T f ) T z (f))) + fa| «MJf,T^, Tz(f))> (2-16) 

2 2 properly normalized so a + b = 1. 

The Fermi matrix element is 

<*> = < + f 1 ^ T ± ( n ) I ^i> < 2 " 1 7 ) 

where 

T±(n) = T ± (2-18) I 
and T (n) is the isospin raising (+) or lowering operator (-) and can 

operate on all n nticleons. T converts a proton to a neutron, and r 

a neutron to a proton. Accordingly, T operating on ip. gives 

Tj iMJ.T, T z)) = t ( T T T z ) ( T d : T z + l ) ] 1 / ' 2 | l j J ( J , T , T z ± l ) > . (2-19) 

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

jection T , L_e. JT (f) - T (i)| = 1, so that from Eqs. (2-16) and 
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(2-17) 

( I ) 2 =[T(T+1) - T z ( i ) T z ( f ) ] a 2 . (2-20) 

Clearly, for the T = 3/2 superallowed posi t ron decays considered here , 
2 2 

(i) = 3a , and the evaluation of this m a t r i x element does not depend 

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

Of ( | l f . 

The Gamow-Tel ler ma t r ix element, on the other hand, does 

not reduce so s imply. Its form is given by 

(o-) = (i|i f | \ cr(n)- T ± (n) j i|,.> (2-21) 

n 

where u(n) is the Pau l i spin operator and T.(n) is as defined above. The 

selection ru les can be deduced from the proper t i es of 2 tf(n)- T (n), which 

is a rank 1 tensor , and hence can give AJ = 0, ±1 and AT = 0, ± 1 . 

The ac tua l evaluation of /a) depends upon the nuclear wavefunc­

t ions . For the ca se of superallowed beta decay to the analogue T = 3/2 

state, / c ) has been estimated from the Nilsson formal ism for beta de­

cay in the A = 4n+l, 17 5 A ^ 37 m a s s region (Ha 65). More recently, 

Lanford and Wildenthal (La 73) have predicted / a) for beta decay for 

some nuclei in the s_d_ shell, including m a s s 21 and mass 37. The ear­

l ier est imates ag ree with shell-model calculations for these two m a s s e s . 

For these superallowed decays 1.565 ( a ) /{ 1) ^15% for the A = 4n+l 

(As=37) nuclides; hence the transit ion r a t e for these decays can be cal­

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

Because the nuclear Hamiltonian is not charge independent, 

isospin mixing of T state6 into T s ta tes and vice-versa can occur. 

P r imar i ly this charge-dependence is due to the Coulomb potential, a l ­

though other charge dependent forces , such as the short range nuclear 

force, can contr ibute . In general the longer range Coulomb force dom­

inates (Bl 69). The charge-dependent potential can be a sum of iso-

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

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

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

part icle decays of T = 3 / 2 levels in m a s s e s 13 and 17.) 

If the mixing is assumed smal l , perturbation theory can be used 

to show that 

< E T - E T ) a = ( i M T > ) | H c | l j , < T < ) ) (2-22) 

where E_ is the excitation energy of the state with isospin T, and H 

is the charge-dependent part of the nuclear Hamiltonian. F r o m this 

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

be estimated from knowledge of the s ize of the matr ix e lements , which 

have been tabulated by Bloom (Bl 66), Blin-Stoyle (Bl 69), and Bertsch 

and Mekjian (Be 72). 

It is important to note that par t ic le 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 a r e isospin 

forbidden. Calculations by Arima and Yoshida (Ar 71) for m a s s 13 
2 

have shown that a € 1% admixture in the T =3/2 state is necessary to 
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reDroduce the partial widths. Other calculations by Auerbach and Lev 

(Au 71) give a - 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 point will be discussed in greater detail in Sec. 

IV, the antianalogue configuration is simply that of the analogue state 

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

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

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

resulting beta decay matrix elements are related simply by the ratio 

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

viz: 

< + (T < . T ^ l j z o - . T | . M V T Z ) > = c ^ < + ( V T a ) | S a . T | + ( ^ . Tg)> . 

(2-23) 

The relationship between the Gamow-Teller matrix element for beta 

decay to the T =3/2 state, / <r) „ . to that for decay to the antianalogue 

state (T = 1/2), (a) A A _ , i s : 

C ( T < > 1 
< a > S . A . = - c T T p < C T > A . A . = ^ < f f > A . A . - ( 2 " 2 4 ) 

The usefulness of this relationship will become evident in the discus­

sion of results for mass 41 in Sec. IVD. 

I 
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D. Partial widths and penetrabilities 

The decay modes exhibited by an unbound level depend mainly 

on the degre^ of overlap between the initial wavefunction and that de­

scribing a particular final state or exit channel, and external kinematic 

effects of penetration through Coulomb and angular momentum barriers. 

These factors can be written quantitatively (following Ma 68 and Mc 68) 

as a relationship between the partial width r for a given exit chan­

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

r a i = 2 P a i Y a i ( b l M e V ) ^ 2 5 ) 

where 1 is the relative angular momentum involved in the decay 

(usually chosen to be the lowest possible value consistent with ATT = (-1) ) 

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

penetrability is given by 

where 

P a i = - £ — (2-26) 

a i 

p = kR = kr Q (A 1

1 ' / 3 + P^p) (2-27) 

k is the wave number, and is calculated from 

Vl/2 

•(¥/ fm"1 = 0.2187 (,iE) 1 / / 2 . (2-28) 

The energy E is in MeV in the center-of-mass (cm.) system and ^ is 

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

is given by 

A 2 = F 2 G 2 , (2-29) 
ai al al 

which are the regular and i r regular solutions to the Coulomb function, 

respectively, for angular momentum i . These solutions, and the r e ­

sulting penetrabil i t ies a r e obtained through the program COCAG. 

Penetrabi l i t ies for two different nuclei a r e plotted in F i g s . 2-2 

and 2-3 to i l lustrate the effects of energy and angular momentum. 
41 F igure 2-2 Bhows the penetrabil i t ies for excited states in Sc decaying 

4.0 to the ground state and f i rs t three excited s ta tes in " Ca. It is evident 
41 f rom this figure that, for states below 6 MeV in excitation in Sc, the 

40 r a t io of penetrabil i t ies for decay to the excited states in Ca to that 

for decay to the ground state is extremely s m a l l . It is therefore likely 
40 that for excited s t a tes up to 6 MeV, proton decays to the Ca g. s . will 

predominate . 

On the other hand the proton decay penetrabi l i t ies for excited 

s ta tes in Al, shown in F ig . 2-3, p resen t a different p ic ture . The 

Coulomb ba r r i e r in m a s s 25 is smal ler than in m a s s 41, while the 
24 f i rs t few excited s ta tes in Mg a re lower in energy than their counter-

40 pa r t s in Ca. In addition the angular momentum ba r r i e r is lower in 

the m a s s 25 case for decays to the first-excited state in the proton 
24 T 

daughter since the f i rs t-exci ted state in Mg is J ' = 2+, while its 
counterpart in Ca has J = 0+. In fact, for s tates in Al above 5 

24 MeV in excitation, decay to the Mg ground s ta te is less favored than 
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Proton penetrability for 4 lSc* (J,- J—^Ca ( J * ) +p 

1.0 3.0 5.0 7.0 1.0 
Excitation energy in 

i | r | r 
3-0 5.0 

4 l Sc ( MeV ) 

XBL73B-4006 

41 „ F ig . 2-2. Penetrabi l i ty calculations for proton decay of ~* 3c(#). 
The ordinate is the penetrability P = p / A ? calculated with r Q = 1.3 
fm (see text for detai ls) . The curves a r e Labelled with the spin, 
parity and level order (ground state, 1st excited, 2nd excited, etc.) 
for each final s t a t e . 
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Proton penetrability for 2 5 AI * ( j f ) - ~ 2 4 M g ( J p • p 

3 0 5.0 7.0 
25, Excitation energy in Al (MeV) 

XBL 7311-1467 

25 F i g . 2 -3 . Calculated penetrabil i t ies for proton decay of AH* 
with r_ =1 .3 fm. See caption for F i g . 2-2 for other de ta i l s . 
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proton decay to the 2+, f irst-excited s ta te , as shown in F ig . 2 -3 . 

Therefore proton decays to excited s tates become kinematically more 
25 likely from levels a t lower excitation energies in Al than in the cor-

41 responding case in Sc, and the resul t ing proton spectrum could be 

more complicated due to these competing decay modes. 

No attempt has been made to calculate the reduced widths from 

model wave functions. In order to es t imate par t ia l decay widths and 

lifetimes, the Wigner sum-rule l imit has been used (Ma 68), where 

y]* ! ~T - i f f MeV- < 2 - 3 0 > 
uR uR 

Then upper l imits for par t ia l widths, and lower limits on the par t i a l 

half-lives follow: 

125.4P 
T , ~ ^ S i . M e V (2-31) 

a t u R 2 

and 

t = r l n 2 = * g | j f e s ec . (2-32) 

As discussed in Sec. IV, these l imits a r e useful in estimating decay 

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

Accurate measu remen t of par t ic le decay branches over a 

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

decay strengths, depends on high-resolution, low-background spec t ra 

extending to low par t ic le energies . Previous t ransport techniques 

developed to study the delayed-proton decay of gaseous activities e m ­

ployed a helium-sweeping system to ca r ry activity away from the t a r ­

get a rea to a shielded counting chamber (Es 71). Although such a s y s ­

tem was a clear improvement over the fo rmer method of direct ly ob­

serving c'ecay par t ic les from recoils stopped in the target, it did not 

appear to have a t r anspor t efficiency suitable for non-gaseous ac t iv ­

i t ies produced in low c ross - sec t ion r eac t ions . A helium-jet sys t em 

(Ma 69), s imilar to those used in studies of a-emitt ing isotopes 

(among others), was designed and built for t r anspor t of light m a s s , 

non-gaseous ac t iv i t ies . 

A. Cyclotron, beam t r anspo r t and pumping sys t em 

The cyclotron, beam transport sys tem, and experimental a r e a 

a r e shown in Fig. 3-1. The location of the pumping system with r e ­

spect to the counting chamber is also shown; the total pumping d i s ­

tance was - 9 na through 10 cm inside-diameter (ID) pipe. This ent i re 

sys tem was constructed to be compatible with other experiments using 

Cave 2, with all components of the exper imental equipment readily r e ­

movable for an unobstructed beam path to the facilities further down­

s t r e a m . 
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Fig . 3 - 1 . System layout for Cave 2, showing the helium jet target box, counting chamber, 
and pumps. The scat ter chamber was required for experiments using the shielded-detector 
(wheel) system. 
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A more detailed diagram of the hel ium-jet system is exhibited 

in F ig . 3-2. The cyclotron beam was focused on a re t rac table A 1 ? 0 , 

sc reen (monitored via c losed-circui t television) located 10.8 cm up­

s t r eam from the target box entrance foil. The beam spot size gener ­

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

e ter tantalum entrance coll imator, which was located 4 cm ups t r eam 

from the entrance foil. Foi l lifetime was great ly ' reduced when the 

beam was focused to a smal ler spot. 

The beam entered the target box through the 1.0-cm diam en­

t rance foil, exited through a similar 1.9-cm diam foil window and was 

refocused into a Fa raday cup located -1.8 m downstream. Ei ther 5.6-

j±m Havar foils (4.6 m g / c m ) or 5-um Ni foils (4.5 mg/cm") were 

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

durability was observed) . 

3 +2 

Typical He or p beam currents were 2 to 4 pA (at a l l bom­

barding energies), with usually < 50 nA dropped on the entrance coll i­

m a t o r . Foil l ifetimes ranged from 8 to 50 hours at these c u r r e n t s . 

A few exploratory experiments were conducted with C and O beams 

(the resul t s of which a r e briefly discussed in Appendix A); the entrance 

foil was typically 2.5-fim Ni. Even then, isolation foil lifetime de ­

creased appreciably unless the heavy ion beam intensities were limited 

to ~0.8 to 1.0 |j.A (measured fully str ipped). 



-22 -

To 
\ pump 

Timing 
signal 

Fig . 3-2. A simplified drawing of the helium-jet t r a n s ­
port system, showing in greater detai l the target box and 
counting chamber . Specifics regarding its use a re given 
in the text. 
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B. Helium-jet transport system 

1. General operation 

A photograph of the system is shown in Fig. 3-3, showing the 

target box, the target wheel assembly, and the counting chamber. 

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

wheels which could be manually positioned via geared shafts as shown 

in Figs. 3-2 and 3 - 3 . The target wheel position was 5.2 cm from the 

entrance foil; the degrader foils were 2.2 cm upstream from the target. 

The target box was pressurized through the gas handling system shown 

in the upper-right corner of Fig. 3 -3 . Commercial-grade helium gas 

was used for solid targets, at a typical pressure of 1100-1500 torr 
21 (absolute). For the Mg experiments, commercial spark chamber 

gas, consisting of 90% 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 2.5-cm-long, 1.9-cm 

ID collector cylinder, entrained in the gas flow and swept into the 0.48-
3 

mm ID stainless steel capillary tube . The recoils and gas were 

transported ~ 40 cm through the capillary tube into the counting cham­

ber, and directed against a collector foil positioned 3 mm from the 

end of the capillary. Although no attempt was made to gain a detailed 

understanding of the complicated chemistry involved in the helium-jet 

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

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

are given in Appendix A. 
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r n l m . , , P l c t u r < ; o f helium-jet apparatus, showing target box (light 
colored box in center-foreground,, with target/degrader-foil wheels re­
moved and placed m front for exhibit. The beam enters from the right 

^ f n f r n t T 1 1 K l S S i l ° W n l n ^ U p P e r r i g h t C O r n e r ' w h i 1 ^ t h e collection/ 
countmg chamber is shown m the background, with the dete 
pre-amplifiers in place. tector turret and 
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One major change in the operation of the system during the 

course of this work has been the introduction of chemical "addi t ives . " 

The resul ts of tes ts conducted with this sys t em and elsewhere have 

shown that for many react ion products of in te res t , the total sys t em ef­

ficiency is greater as a resul t of these chemicals introduced into the 

hel ium gas. More information, including r e su l t s of these t e s t s , is 

a lso given in Appendix A. 

The collection/counting chamber was continuously evacuated by 

a combination Roots-blower /mechanical pump. For the ea r l i e r exper­

iments , the pumping speed was ~ 45 i / s e c for He gas, which gave an 

operating p re s su re in the counting chamber of 0.3 to 0.4 t o r r . With 

the installation of a l a r g e r pump, the pumping speed increased to ~ 

560 i / s e c for He gas , and resulted in a counting chamber p r e s s u r e of 

— 0.1 t o r r . The flow of He gas through the sys tem was monitored con­

tinuously by a s ta in less -s tee l -ba l l - type flowmeter. Typically, the 

flow ranged from 16 to 25 t o r r - i / s e c , depending on the target box p r e s ­

su re and gas used. 

The collector wheel , shown in F i g s . 3-2 and 3-4 was a 10-cm-

diameier Al disk, with six collection foils mounted 60 degrees apa r t . 

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

foil surface. The collection efficiency ("sticking" probability) was not 

measured directly, r a the r this is included in the overall sys tem effi­

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

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

not adhere to the col lector (Ma 70a). The p resen t data cor robora te 
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TT- ? „ ,-, , X B B 737-4588 
X ig. 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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th is , since no evidence for proton peaks from the known (Ha 71) beta-
33 17 

delayed proton emi t te rs Ar or Ne was found in those exper iments 

in which their production waa possible. (See Sec. IV for further d i s ­

cuss ion. ) 

Collector foils w e r e typically 50-um-thick Al disks; for exper ­

iments using a second te lescope or anti-coincidence detector mounted 

on the opposite side of the foils, 0.6-um thick Ni foils (~ 550 | ig /cm ) 

were used. The collector foils were moved from the collection pos i ­

tion to the counting location by means of a 30 deg solenoidal stepping 
4 

motor , and a 1:2 gear r a t i o . This position change required - 2 5 m s e c . 

Although the stepping motor could be fired as many as 10 times per 

second, typical cycle t imes were from 300-500 m s e c . No pulsing of 

the beam was necessa ry with this ar rangement ; while one foil was 

positioned in front of the capil lary tube, the adjacent foil was being 

counted. The geometry of the system precluded the observation of 

events from foils on ei ther side of the counting position. 

2. Gas target 
3fi 3 37 

For the Ar ( He, 2n) Ca exper iments , a gas target and g a s -

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

of the gas target sys tem is shown in F ig . 3-5 . F o r this reaction the 
3 

reco i l energy is quite s m a l l (~2.9 MeV using a 40 MeV He beam); 

this places a severe l imitat ion on the gas target exit window th ickness . 

F u r t h e r m o r e , such a thin window cannot withstand a differential p r e s ­

su re of much more than 15 t o r r . It was necessa ry , under these l imi ta ­

t ions, to construct a gas t a rge t system with a min imum ' exposed' 
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Helium-jet 

pump XBI. 718-10M 

Fig . 3-5. Sketch of the gas target se t -up for use with the hel ium-
jet t ranspor t . F o r simplicity, only the target and gas handling 
apparatus a re shown, with the t ranspor t system and counting cham­
ber omitted. Detai ls of its use a r e given in the text. 
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volume, and with the capability of simultaneously pressu- iz ing both 

the target box and the gas target cell while maintaining a differential 

p r e s s u r e of less than 10 to 1 5 t o r r . 

The gas target entrance and exit foils were 1.91-|jirn and 0.23-

iun thick Ni foils respectively ( -200 n g / c m for the exit foil). The 

inside dimensions of the stainless s teel gas cell were 0.1 cm in length 
3 

and 1.9 cm in d iamete r , with a total volume of ~2.9 cm . At a p r e s -

2 

su re of 1200 to r r , this is equivalent to a t a rge t 2.83 m g / c m thick; how­

ever , the severe reco i l energy res t r i c t ions l imit the useful ta rge t thick­

nes s to ~ 20% of this value which, depending on beam energy, is an ef-

fective target thickness of ~ 500 p.g/cm . The gas p r e s s u r e s were 

equalized through use of a mercury-f i l led Toepler pump driven by com­

p re s sed a i r . The a rgon target gas, enriched to 99% Ar, was t r a n s ­

fe r red from the top half of the Toepler pump which had been charged 

f rom the sou rce / r ecove ry flask. Simultaneously the target box was 

slowly filled with he l ium to its operating p r e s s u r e . The differential 

p r e s s u r e during the filling operation and during the course of the ex­

per iment was monitored with a specially designed differential p r e s s u r e 

t ransducer , with a proport ional dc output feeding a remote digital volt­

m e t e r . The t ransducer is shown in F ig . 3-6; it consists of a low-

volume bellows sealed at one end and a l inear displacement t r a n s -

ducer which m e a s u r e s the bellows displacement due to p r e s s u r e 

changes. The target box p re s su re served as a reference p r e s s u r e ; 

this system could m e a s u r e differential p r e s s u r e s of the order of 0.05 

t o r r . The. helium input p r e s su re was wel l -regulated to avoid p r e s s u r e 

instabili t ies or drift. 
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Fig . 3-6. Cut-away drawing of the differential p r e s s u r e 
t ransducer , showing the low-volume, highly-sensit ive 
bellows and l inear displacement t ransducer . 
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The cell was filled through a 1.5 m m ID flexible polyethylene 

capil lary which allowed the target wheel to be rotated, permitt ing bom­

bardment of other t a rge ts while not disturbing the gas target p r e s s u r e . 

The total volume "exposed" to the helium-jet , including the volume of 

the ~1 m m ID connecting l ines to the p r e s s u r e t ransducer and the gas 
3 

cell , is ~10 cm , thereby minimizing the amount of target gas los t in 

the event of a foil rup tu re . 

C. Detectors and e lec t ronics 

1. Par t ic le detection and identification 

Data obtained in the course of these exper iments were acquired 

with si l icon semiconductor te lescopes . The thin dE/dx detectors 

(AE) ranged in thickness f rom 4 (im to 50 |im; the thinner detectors 

(notably 4, 6 ,8 , and 11 |>m) w e r e commercial ly p repared surface b a r ­

r i e r de tec to rs , while the o thers were fully-depleted P-diffused Si 

p repa red at LBL. The stopping detectors (E) w e r e either ~50-um, 164-

fim, o r ~ 260-um thick P-diffiised Si or 500-um thick Si (Li). The t e l ­

escopes assembled from these detectors spanned a la rge part ic le energy 

r ange - - f rom - 600 keV to ~ 8.5 MeV for p ro tons- -and a lower l imit on 

a -par t ic le energies of - 1 . 4 MeV. 

Each AE-E te lescope was followed by a 100-(im thick par t ia l ly-

depleted Si detector 1.5 c m in diameter to re jec t long range par t i c les 

t ravers ing the te lescope. The detectors were mounted as shown in 

Fig. 3-7 . This detector t u r r e t was designed for nuclear reaction ex­

per iments with the 20-in. scat ter ing chamber a s well as for compat­

ibility with these par t ic le -decay exper iments . The copper base plate 
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XBB 737-4584 
F ig . 3-7. Photograph of detector tu r re t and a counter te lescope. 
The copper base is cooled with a thermoelec t r ic cooler mounted 
underneath; the water cooling lines and external connections a r e 
shown. 
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and detectors (except the very thin de tec tors , which were insulated by 

fiberglass mounts) were cooled to - -25 C by a thermo-e lec t r ic cooler 

and heat sink assembly attached to the unders ide . Bias voltage and 

par t ic le detection signals were carr ied through coaxial cables con­

nected to each detector by Subminax or Microdot connectors . 

In position, the detector turret accura te ly located the AE de tec­

tor ~ 6 to 7 mm from the activity, depending on the exact detector con­

figuration (see Fig . 3-4). The geometry ofthe telescopes was l imited 

in every case by the d iameter of the E counter; typically the solid angle 

was 0.24 s r . 

Since the capaci tance of a detector is proport ional to the ra t io 

of area to thickness, the thin detectors presented the problem of high 

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

pre-ampl i f ie rs were used •which utilized two matched, /ield-effect 

t r ans i s to r s on the input s tage, giving the p r e - a m p output a high s ignal-

to-noise ra t io . This output signal wes amplified by another factor of 

5 in a low-noise amplif ier before being sent to the standard "198" l inear 

ampl i f ie r s . A block d i ag ram of the e lect ronics set-up is shown in F i g . 

3 -8 . Instead of the usua l delay-Une shaping at the linear amplifier 

s tage , RC shaping was used U •..-;? 4, •', and 8-urn thick de tec tors , 

with the integration t ime - 0 ;. ;o 2.0 i^sec. 

After having met a coincidence requ i rement of 2 T - 40 nsec, the 

AE and E signals were fed into a Goulding-Landis part icle identifier 

( P . I . ) whose output is proport ional to par t ic le type (Go 64). Events 

corresponding to protons could be selected by setting SCA gates 

around the proton peak in the identifier spec t rum. For some exper -



F i g . 3-fc. E l e c t r o n i c s d i a g r a m Tor u s e wit!' t h r h e l i u m - j e t s y s t e m . Botn 
ounting e l o c l r o n i c s and t imin; ; and gatinj", } n -\L a r p shown . 
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iments , both protons and alphas were r ecorded . These P . I . gates 

helped to further el iminate events due to mul t ip ly-sca t tered beta p a r ­

t ic les . The total par t i c le energy, E _ , signal was obtained 1'rom the 

sum of the AE and E s igna ls . 

The total par t ic le resolution was dependent upon the exact com­

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

p ro tons . This resolut ion was influenced, in par t , by the large capac­

itance of the AE de tec to r s . The observed proton widths were a l so in­

fluenced by the momentum-broader ing due to the preceding (3 decay, 

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

The maximum beta-broadening contribution for each p recur so r is given 

in Table 3-1. 

2. Timing and half-life measu remen t s 

The collector wheel provided a t iming signal used to init iate 

each counting cycle. The associated e lec t ronics a r e shown schemat ­

ically as par t of F ig . 3 -8 . Six holes, each 1.6 m m in d iameter , w e r e 

located along the same r a d i a l axes as the col lector foils, a smal l , col-

l imated light beam passed through the hole onto a photodiode. This 

beam was interrupted -when the wheel was stepped by the solenoidal 

mo to r , causing the photodiode to "gate-off" the voltage signal. The 

"on" signal was re -es tab l i shed by the light beam and photodiode when 

the wheel completed its 60 deg motion: this s ignal provided the s ta r t 

signal for the timing. Since the wheel mechanical ly or capacitively 

induced a noise signal in the detectors , the t iming signal was delayed 

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

began for a p rese t t ime , divided into four or eight sequential t ime 
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Table 3 - 1 . Maximum Effect of Beta-Broadening on 
Observed Proton Peak Widths 

Nuclide 
Energy at Maximum (MeV) 

V E (lab) 
P 

FWHM (keV) a ^ 

'6.0 - 3 . 5 14 

'6 .0 ~2.9 11 

5 . 8 ~2.9 7 

7 . 0 ~3.7 9 

4.88 1.085 4 b ) 

3.80 0.818 4 C ) 

2 1 M g 
2 5 S i 
3 7 C a 
4 i T i 

4 0 S c 
2 3 A 1 

a) This es t imate a s s u m e s that the proton and positron momenta a re 
para l le l or ant i -paral le l , and that the result ing contribution to the 
line width can be calculated as a t r iangular distribution (see Ref. 
Es 7ia). 

b) This is calculated for the most in tense proton peak. 

c) This calculation i s for the single observed proton decay peak. 
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groups of equal length (typically 30-50 m s e c each). Energy signals 

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

During the counting period, E_ signals w e r e stored both in a 400 chan­

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

la t ter being routed by the timing signals into 8 groups of 512 channels 

each. Data thus s tored could be t rans fe r red off-line via a P D P - 5 

computer onto magnetic tape. 

Logic signals corresponding to one peak or group of peaks of 

in te res t in the E_ spec t rum were recorded in a 400-channel analyzer 

operating in the mul t i sca le mode. The channel address was advanced 

at a p rese t ra te by a qua r t z - c rys t a l osci l la tor , and the system was 

Initialized each t ime 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 r e su l t in half-lives whose 

difference was g rea t e r than the sum of the s ta t i s t ica l e r r o r s . 

3 . Anticoincidence experiments 
23 In searching for poss ible protons f rom Al whose energies 

w e r e too low to pene t ra te the thin AE detector , it was necessa ry to 

look a t AE-counter spec t ra in anticoincidence with the E detector fol­

lowing it, and in anticoincidence with a l a rge a r e a detector mounted on 

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

collection foils were 550 u g / c m Ni foils. The 1.8 cm diameter , 60-

fim thick, part ial ly-depleted detector was mounted 4.8 m m from the 

col lector foil, giving a solid angle of 3.3 s r . The electronic se t -up 

was near ly identical to that shown in F ig . 3-8, except that both this 
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detector , and the E detector were used in anticoincidence to the AE. 

The AE signals were then fed directly into the Nuclear Data operating 

in a 8 X512-channel, t ime-routed mode. The experiment is d iscussed 

in Sec. IV E. 

D. Pulsed beam exper iments 
23 

Pa r t of the Al data was acquired using a pulBed-beam, 

shielded-detector sys t em mounted in the sca t te r ing chamber (see F ig . 

3-1) . Although it has been described previously (Ce 72, Es 71a), it is 

shown here in F ig . 3-9 for the sake of comple teness . A brief d e s c r i p ­

tion follows. 

A motor -dr iven 3.2-mm-thick Ta wheel rotated at a constant 

velocity in front of the detector te lescopes, shielding them during beam-

on per iods . During the beam-off t ime, l a rge slots rotated in front of 

the de tec tors , allowing the viewing of the t a rge t , and the proton decays 

of those recoi l nuclei stopped in the t a rge t . The thick ta rge ts r e ­

quired for efficient r e c o i l stopping affected the proton energy resolut ion 

achieved with this s y s t e m . Some background, due to target activation, 

was a l so present in the proton spect ra . 

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

voltage) was achieved through use of l ight-source/photo-diode logic 
23 s ignals keyed to na r row sl i ts in the wheel (see F i g . 3-9). Fo r the Al 

exper iments the total cycle t ime, as determined by the prese t wheel 

rota t ion period, was ~3 .6sec : -1 .4 sec bombardment, ~ 1.4 sec 

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

he l ium-je t system e lec t ronics (Sec. Ill C). Half-life data were a l so 



Target 
a 37* to 
boam axis 

Beam gater 
control 
unit 

Beam 
on-

Beam 

Cyclotron 
voltage 

modulator 

Time router 
and 

amplifier gate 

KQL roii'*ios« 

Fig. 3-9. Diagram of pulsed-beam, shielded-detector apparatus used for 
some of the JM measu remen t s . 
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acquired in a method similar to that a l ready described. 

This sys tem a l so allowed the scat ter ing of low energy protons--

accelerated as low energy H ? beams- - in to the detector te lescopes as 

an energy cal ibrat ion. The c ross - sec t ions or helium-jet efficiency cal-
25 41 

culated in Appendix A a r e based, in par t , on low-quality. Si and Ti 
data taken with the wheel system (Es 71a). 

E . Data reduction and analysis 

The E__ data, either summed or in separa te time groups were 

analyzed peak-by-peak vising an in teract ive , Gaussian peak-fitting pro­

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

widths, and in tegrals 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 separa te ly , and the resul t ing peak energies and intensi­

t ies were then averaged together for the final r e s u l t s . Data from sev­

e r a l different exper iments on the same nuclide were usually combined 

by means of weighted averages for both peak energies and in tens i t i es . 

Eight point half-life datafor each stat is t ical ly-signif icant peak 

were obtained from the peak-by-peak analys is described above. The 

400-channel mul t iscale data were usually summed into a smal le r num­

ber of time groups of equal length ( e . g . , usual ly 3 or 10 groups) . Half-

l ives for individual peaks or groups of peaks were then deduced from 

both these sets of data using a least squares fit to an exponential curve 

via program CLSQ (Cu 63). This p rog ram had the capability of includ­

ing a long-lived background; however, s ince the particle-identification 

reduced the background to negligible levels in most cases , there was no 

necess i ty for using this option. 
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Although these two sources of half-life information were not 

completely 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- l ives were the resu l t of a 

weighted average of these average values f rom severa l different exper­

imen t s . 

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

r a r e cases extrapolated) from a cal ibrat ion l ine fit to severa l ca l ibrant 

peaks (discussed in Sec. IV A). Typically a s t ra ight- l ine l e a s t - s q u a r e s 

fit was used; in only two cases was it n e c e s s a r y , because of slight non-

l inear i t ies at the e x t r e m e low-energy end of the decay spect rum, to 

u s e 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 
3 

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

cyclotron. Since the T = -3 /2 , A = 4 n+1 se r i e s of nuclides, and 

some of those in the neighboring T = - 1 , A = 4n se r ies , exhibit beta -

delayed part ic le decay, the resulting par t ic le spectra can potentially 

be complicated by competing reaction channels . These reac t ions , 

their products and thresholds a r e tabulated in Table 4 -1 , including 

both those nuclides of in teres t , and those produced in competing r e ­

act ions . Half-lives shown include the p resen t measurements ; the 

m a s s - e x c e s s e s used throughout this d i s se r ta t ion are from the 1971 

Atomic Mass Table (Wa 71) unless otherwise noted. 

A synopsis of the relevant Q„ values (differences in ground-

s ta te atomic m a s s e s ) and proton or alpha separat ion energies a r e shown 

in Table 4-2. These numbers a r e used throughout this section in com­

puting beta-decay t rans i t ion strengths and excitation energies in the 

emit ter nuclei . 

A. Energy calibration 

In addition to the requirements of high-resolution par t ic le mea­

surements , accurate calibration energy s tandards a re necessary for 

p r e c i s e level energy determinations in the beta daughter. Such p r e c i ­

sion is a necessa ry 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 - sou rce standards such as Bi -



T a b l e 4 - 1 . R e a c t i o n s , T h r e s h o l d s , and H a l f - L i v e s for B e t a - D e l a y e d 
P r o t o n P r e c u r s o r s P r o d u c e d f r o m 2 0 M 2 4 , , 3 6 . and 4 0 „ T a r g e t s 

IN G t JVLg* AT, C-3, 

( R e a c t i o n ) , T h r e s h o l d (Lab) in MeV 
- T a r ge t -.•••--••.•.•...•.•.•.•.•.......•.•...... .• 

P r o d u c t . 
N u c l i d e a ' 

2°N, B 2 4 » , „ Mg 3 6 A A r 4 0 C a H a l f - L i f e b ) 

( m s e c ) 

1 7 N e ( 3 H e , , 2na) , 31 .2 ( 3 H e , 2 n 2 a ) , 4 1 . 0 - - - - 108.5 * 0.9 

2 0 N a c , d ) ( 3 H e , 2np), , 2 5 . 8 ( 3 H e , 2 n a p ) , 3 5 . 7 - - - - 446 ± 3 

2 1 Mg ( 3 H e , 2n) , 22 .0 ( 3 H e , 2na) , 32.0 - - - - 122.5 ± 2.1 e ) 

2 4 A l f ) - - ( 3 H e , 2 n p ) , 25 .9 - - - - 2066 ± 7 

2 4 A 1 ^ > . . ( 3 H e , 2np) , 2 6 . 4 - - - - 130 ± 4 

Z 5 S i - - ( 3 H e , 2 n ) , 21 .3 - - - - 220 .7 ± 2.9 6 ) 

2 9 S - - - - ( 3 H e , , 2n2o) , 35.9 — 189 ± 6 

3 2 c l d ) - - — ( 3 H e , , 2nap) , 30 .2 ( 3 H e , 2n2op) , 3 7 . 5 298 ± 6 

3 3 . A r - - — ( 3 H e , 2na ) , 26 .5 ( 3 H e , 2 n 2 t t ) , 33.9 173.8 ± 1.8 

3 6 K C ' d > - - - - ( 3 He, 2np), 23.1 
3 

( H e , 2n«p) , 31 .3 340 .0 ± 3.3 g ) 

" C a h > - - - - ( 3 H e , 2n) , 19 .8 ( 3 He,2no- ) , 27.2 175 ± 3 

4 0 S c - - - - - - ( 3 H e , 2 n p ) , 24 .5 182 .4 ± 0.7 

« T i i ) - - - - - - ( 3 H e , 2 n ) , 21 .8 80 ± 2 ^ ' 

2 0 N a - - ( p . a n ) , 25 .0 - - - - 446 ± 3 

2 3 A 1 - - ( p , 2 n ) , 30 .8 - - - - 470 ± 3 0 k ) 

con t i nued 



Table 4-1 (contirued) 
(Reaction), Threshold (Lab) in MeV 

~ .... - - - - •• Target - - •• - - •• - - . - - . . - - . . _ 
Product. 20.T 24 36. 40 _ Half - Life b ) 

IVT I .J a) Ne Mg Ar Ca , . 
Nuclide*' ° (msec) 

2 4 A 1 - - (p, n),15.4 - - - - 2066 ± 7 

24 A 1 m - - (p, n),15.8 - - - - 130*4 

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

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

c) This nuclide is energetically capable of beta-delayed proton emission, but decays to proton-
unbound levels have not been observed. 

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

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

24 
f) Although this does beta-decay to excited states in. Mg 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). 

37 h) The Ca mass-excess is -1 3.1 61 ± 0.034 MeV, which is a weighted average of values in 

Refs. (Bu 68) and (Be 73). 
41 i) The Ti mass-excess, -15.78± 0.030 MeV, is calculated from the present results. 
41 j) The Ti half-life is from this work only (see discussion in Sec. IV D). 

23 
10 The Al half-life is from the present work. 



P r e c u r s o r 

Mg 

H3„ 

25= 

T a b l e 4 - 2 . R e l e v a n t P a r t i c l e S e p a r a t i o n E n e r g i e s and Q (g. a. ) Va lues ( E n e r g i e s in MeV ± keV( . 

13 .095 ± 19 

12.138 ± 80 

12.736 ± 10 

11.640 ± 34 

14.324 ± 7 

12.862 ± 30 

C e 6 9 

Be 72a 

B u 6 8 , Bo 73 

W a 7 1 

b), A173 

F i n a l 
S y s t e m 

Ne + p 

' F + a 

Na + p 

M B + p 

Ar + p 

39 K + p 

40 

S e p a r a t i o n 
E n e r g y 

C a + p 

2.432 ± 2* 

6.560 ± 9 

7.579 ± 3 

2.271 ± 0.6 

1.857 ± 1 

8.330 * 1 

1.086 ± 1 

W a 7 1 , B l 6 9 3 . 
Ha 72a 

Wa71 

Wo 71 

E v 7 1 , P i 72, 
Ro 70 

Wa 71 

Wa 71 

A173, Wa 71 

a) With the excep t ion of Sc , t he m a s s - e x c e s s e s for t he T = - i / 2 nuc le i a r e f r o m (Wa 71). 

b) The m a s s - e x c e s s for Ti i s c o m p u t e d f rom the p r e s e n t r e s u l t s ( see Sec. IVD). 

•I* A recen t Ne(p. y) m e a s u r e m e n t r e p o r t e d by J . Dubois , et_jU. , P h y s i c a S c r i p t a 5, 1 6 3 ( 1 9 7 2 ) . g ives E^ r J 5*13. 7 ± 0.*I ke' . 

for the 1.54-MeV s t a t e . Combin ing th i s with the r e s o n a n c e e n e r g y r e p o r t e d in (B169a) , a m o r e a c c u r a t e E ' 2.-M09 i 0.000-1 

r e s u l t s . C l e a r l y thin has no effect on the beta decay r e s u l t s r e p o r t e d h e r e using I he t abu la ted value of 2.-11? * 0.00? MeV. This 

n e w e r valiw* was r e p o r t e d too la te to have been inc luded hcr»;. 
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P o and a t t e m p t to c o r r e c t for d e t e c t o r d e a d - l a y e r e f fec t s , s o u r c e 

t h i c k n e s s e s and c h a r g e c o l l e c t i o n , c l e a r l y the m o s t a c c u r a t e s t a n d a r d s 

a r e p r o t o n s f r o m p r e c i s e l y - k n o w n s t a t e s in the be ta d a u g h t e r s . 

1 . D e c a y e n e r g i e s of t he l o w e s t T = 3 /2 s t a t e s 

T h e e x c i t a t i o n e n e r g i e s of T = 3 /2 s t a t e s in t h e A = 4 n + i , T = -

l / 2 n u c l e i h a v e been a c c u r a t e l y m e a s u r e d by a v a r i e t y of t echn iques 

( s ee r e f e r e n c e s in r j . ab le4-3 b e l o w ) : r a d i a t i v e c a p t u r e , r e s o n a n c e s c a t ­

t e r i n g , and p a r t i c l e t r a n s f e r r e a c t i o n s . T h e s e s a m e s t a t e s can be p r o ­

duced a n d d e t e c t e d t h r o u g h b e t a - d e l a y e d p r o t o n d e c a y , and as a s i m p l e 

c r o s s - c h e c k of t he i r r e p o r t e d e n e r g i e s , p r o t o n s f r o m the decay of t h e s e 

s t a t e s h a v e b e e n m e a s u r e d u s i n g the h e l i u m - j e t s y s t e m . T h e s e r e s u l t s 

h a v e b e e n r e p o r t e d in Ref . (Go 73) . 
, 21 25 37 41 29 

T h e T = 3 / 2 s t a t e s in N a , D A 1 , J , K , Sc and yV w e r e 

s t u d i e d i n t h i s w a y . T h e i r r e s p e c t i v e p r e c u r s o r s , M g , Si, Ca, 

41 29 3 20 24 

T i a n d S, w e r e p r o d u c e d i n t he ( He, 2nJ r e a c t i o n on Ne, Mg, 

A r , C a and Si t a r g e t s , r e s p e c t i v e l y . T h e f i r s t four of t h e s e 

n u c l i d e s a r e d i s c u s s e d in g r e a t e r d e t a i l in the e n s u i n g p a r t s of Sec . IV. 

T h e m a s s - 2 9 s y s t e m w a s no t i n v e s t i g a t e d beyond th i s c r o s s - c a l i b r a t i o n 

e x p e r i m e n t . A Si t a r g e t ~1 .0 m g / c m th ick w a s u s e d for the p r o d u c -
29 t ion of S. 
B o m b a r d m e n t of e a c h t a r g e t a l t e r n a t e d wi th s h o r t b o m b a r d m e n t s 

24 25 

of a Mg t a r g e t in o r d e r to u s e the r e l a t i v e l y h igh y i e l d Si p r o d u c t a s 

a s o u r c e of p r o t o n s to m o n i t o r a n y e l e c t r o n i c ga in s h i f t s . A p r e c i s i o n 

p u l s e r w a s a l s o e m p l o y e d to fo l low any e l e c t r o n i c i n s t a b i l i t i e s . T h e 
36 n 37 

A r ( J H e , 2n) Ca e x p e r i m e n t w a s done a t a 40 MeV b o m b a r d i n g 
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energy, while the four remaining reac t ions were done at the lower 

beam energy of 29.5 l.leV. 

Delayed protons were detected in a 48-|im AE 500-|jxn Z tele­

scope. For these c ross-ca l ibra t ion measurements a total experimental 

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

rected for any smal l shifts in gain, and for detector dead l a y e r s . 

Since the log ft values a re typically ~ 3.3 (Ha 65) for superallowed beta 

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

beta-decay branching rat ios to these s ta tes a re significant (for A> 17). 

The narrow peaks ar is ing from the isospin-forbidden proton decay of 

these T = 3/2 s ta tes a r e therefore prominent in each spec t rum and 

can be readily identified. 
25 41 

Delayed-proton spectra f rom Si and Ti a r e shown in Fig. 
25 4 - 1 . As d iscussed in detail l a te r , the T =3/2 state in Al shows pro-

24 ton decay branches to excited s ta tes in Mg. P a r t (a) shows the spec-
25 t rum from Si; peaks 1 and 2 a r e proton decay peaks from the T = 3/2 

25 24 
level in Al to the ground state and f i rs t -exci ted state in Mg. P a r t 

41 (b) shows protons from excited s ta tes in Sc, fed by posi t ron decay 
41 from Ti; peak 3 is the proton decay of the lowest T = 3/2 state in 

41 40 
Sc to the Ca ground state. 

The r e su l t s of these m e a f - r e m e n t s a re shown in Table 4-3, 

where the cen te r -o f -mass ( c m . ) proton energies a re compared to 

those deduced from the previous exper imental de terminat ions . Decay 

protons from the lowest T = 3/2 s ta tes in Si and Ca have been used 

as calibration points , in part since these energies a re the mos t p re ­

cisely known (see Table 4-3 for r e fe rences ) . In addition, the f i r s t -
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Precu r so r 

T i 

25, 

M 8 

SI 
2 9 c 

21 

Tabic 4 -3 . Proton Decay Energies (centor-of-masB) of Iho Lowest T=3/E States 

Final State 
in Proton 
Daughter 

3 6 A r | g . s . ) 
2 4 M 8 ( l x ) a l 

4 0 C a ( g . s . ) 

2 0 N o ( l * ) ' 1 

28 

M g ( g . s . ) 

'Si (g.s) 

M R 
20, No(g.s . ) 

Deduced from 
Previous Work 

3.1898 ± 2.4 

•1.2623 ± 2.8 

4.779 * 4 

4.908 4 5 

5.6309 ± 2.8 

5.633 ± 4 

6.542 ± 5 

ton decay (c. m. ) anergics (MeV ± keV) • 

Present Weighted 
R- '« . Results Average 

Go67, Be73 calibrant 

Mo 68, To 69a calibrant 
Be 73a 

En 67. To 69 4.8S1 ± 6 4.851 ± 6 b ) 

Gr6B 

Mc69 4.898 ± 6 4.904 ± 4 

cal ibrant 

-49 

Yo66. Mo 68, 5.633 ± 6 5.633 ± 3 d | 1 

To 69a, Ba 72 

6.533 ± 6 6.538 ± 4 

24 

a) Excitation energy of the f trst-cxclted state in Mg is from (En 67). 

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

c) Excitation energy of the f i rs t-exci ted state In ** Ne is from (Aj 72). 

d| By combining this average with the resonance energy mcasurnmenla of (Vo66|. (Te(.9a(, and (Ba 72) with the direct 
29 cx( it at ion energy measurements of (Mo 68) and (Ba72). an improved value of the P ground-state masn-execus of 

-11..9*19 * 0.004 MeV reoults . 
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2a. excited state in "Mg is well-known (En 67), so the two proton peaks 
25 from Si shown in Fig. 4- i differ in energy by a p rec i se ly known 

amount. 

With the exception of the 72 keV discrepancy for the Sc r e -
21 29 

suit, the other nuclides, Na and P , give values in excellent agree­

ment With the previous measurements and a re a unique check on the 
/ 41 

self-consistency of the T = 3/2 s tate excitation energ ies . F o r Sc, 

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

stantia" d isagreement with the p resen t resu l t . This reass ignment has 
40 — been confirmed by recently repor ted resu l t s (Tr 73) from Ca(p, p) 

studies from which J can be uniquely determined. The resu l t of this 

resonance exper iment has been combined with the p resen t measurement 

to give the proton decay energy l is ted in Table 4-4 below. 

2. Additional energy ca l ibran ts 

In addition to the proton decay energies from T = 3/2 states 
21 25 

just descr ibed, other well-known s ta tes in Na and Al exhibit 

strong proton decay peaks that can s e rve as energy ca l ib ran t s . These 

states a r e lower in excitation, and their resulting low-energy protons 

(E (lab) < 2 MeV) a re important in establishing a low-energy cal ibra­

tion. These s ta tes , their respect ive proton decay energies and the 

energy regionE of interest a re tabulated in Table 4-4 Also listed is 

s imilar information on the T = 3/2 s ta tes discussed above. 



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

Mg 

Excitation 
in Emitter 

3.545 ± 2 

4.294 ± 3 

4.468 ± 5 

8.970 ± 4 

8.970 i 4 

4.197 ± 1 

4.582 ± 1 

4.582 i i 

7.902 i 3 

7.902± 3 

5.047 * 3 

5.939 i 4 b | 

Rof. 

Va64, B169a 
Ha 72a 

Va64, B169a 
Ha 72a 

Va64 

Tabic 4-3 

Table 4-3 

Ro70, Br 73 

Ro70, Br 73 

Ro70, Br 73 

Table 4-3 

Table 4-3 

Table 4-3 

Table 4-3, Tr 73 

Final Slate 
in Daughter 

Ne g. s. 

Mg g.o. 

1.369 

g . s . 

1.369 
6„ Ar g. s. 

Ca g . s . 

Proton 
Energy (Lab) 

1.060 t 0.4 

1.773 ± 2 

1.939 ± 5 

6.225 i 4 

4.669 ± 4 

1.849 * 1 

2.218 * 1 

1.905 * 2 

4.091 ± 3 

5.404 ± 3 

3.'.03 ± 3 

4.734 ± 4 

Reaction and 
Proton Energy . 

Range 

,b> 

A(2,3) 

A(2 ,3 ) 

A(2 ,3 ) 

A ( l | , D(1) ^ 

A(1,2) , D(1) i 

B(2), D ( 2 , 3 ) , E |3 ) 

B(2), D(2 ,3 ) , E(3) 

B(2), 13(3), E(3) 

A d ) , B ( l , ?), C ( l | , U | 1 , 2) 

A(1) , 13(1,21, C ( l ) , D ( l , 2 ) 

C ( l ) 

D(1,2I 

con t inued . . . 



Table 4-4 (continued) 

Reaction Pro ton Energy Range (Lab) 

A. 2 0 N e + 3 H e 1. E p > 2.3 MeV only 

B. 2 4 M g + 3 H e 2. 0.7 MeV < E p < 5.5 MeV 

Z. 3 6 A r + 3 H e 3. Ep < 3 MeV only JJ 

D. 4 0 C a + 3 H e 

E. "°Ca + p 

b) Weighted average of p resen t resu l t and that from (Tr 73). 
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23 The Al experiments used two methods of energy cal ibrat ion. 

Fo r those resul ts obtained using the pu lsed-beam method, low-energy 

protons, accelerated ai H , beams, were elast ical ly s ra t te red direct ly 

into the detector te lescopes by a thin Au foil. The beam energ ies , as 

measured in an analyzing magnet (Hi 69), we re 0.63 and 1.15 MeV/ 
23 nucleon. Secondly, for those Al exper iments using the hel ium-je t 

40 system, delayed-protons from Sc were uaed as energy ca l ib ran t s . 

(These resul ts a r e discussed in more deta i l in the Al and Sc s e c ­

tions, respect ively . ) 

B. Results for 2 1 M g 

The ea r l i e r prediction (Wi 70a) of a m i r r o r be ta -decay- ra te 

asymmetry proport ional to decay energy, as shown by Eq. 1-1, yields 

(ft) /(ft) - 1.07 for m a s s 21 . However, the previous *Mg data (Ha 
21 65a, Ve 68), when compared to F negatron decay r a t e s , show strong 

disagreement with this prediction. These ea r l i e r delayed-proton exper­

iments were hampered by a large, low-energy background, relat ively 

poor energy resolut ion, and a limited observable energy r ange . 

The resu l t s discussed here have been reported in Ref. (Se 73). 

1. Discussion of data 
21 The Mg experiments were done at 29.5 MeV, on a Ne-He gas 

mixture . As can be seen from Table 4 - i , this bombarding energy is 

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

a. Proton spec t r a . An identified proton spectrum obtained with 

an 11-um AE 265-uro E detector telescope is shown in F ig . 4 -2 . The 

energy region between 2.3 and 7.5MeV, acquired with 50-p.m AE and 



8 0 0 

6 0 0 

4 0 0 

2 0 0 

T 1—• r -i 1 — i r T - r 

2 0 Ne( 3 He,2n ) 2 l Mg 

2 9 . 5 MeV 

ll/Lim A E 
265^(71 E 

-~50 keV FWHM 

j A * ^ . 

4.0 5.5 

Observed proton energy (MeV) 
XBL 7210-5770 

F i g , 4 - 2 . An ident i f ied p r o t o n B p e c t r u m a c q u i r e d wi th the c o u n t e r t e l e s c o p e noted in 
the f i g u r e . Al l p e a k s a r e a s s o c i a t e d w i t h the d e c a y of Z 1 M g and a r e n u m b e r e d to c o r ­
r e s p o n d wi th the da t a l i s t e d in T a b l e s 4 - 5 and 4 b. The v e r t i c a l a r r o w s d e n o t e d e c a y s 
f rom the T = 3 / 2 s t a t e in 2 1 N a . 
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500-fam E counters , is shown in Fig. 4 -3 , with butter s ta t i s t ics than 

in Fig. 4-2. The numbers above the peaks correspond to the peak num­

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

data taken with a 6-um AE 50-|im E te lescope a re shown in F ig . 4-4, 

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

No known p -delayed proton p r e c u r s o r s could be produced from 
2") likely contaminants in the target gas . Although Na can, in principle, 

20 
decay via electron capture to proton unbound levels in Ne, the resu l t ­
ing maximum proton energy (lab) would be *£ 1.0 MeV (Go 71, Wa 71). 

The half-lives exhibited by all s tat is t ical ly significant peaks in the se -
21 quential t ime-routed data were found to be consistent with the Mg 

half-l ife. Hence the proton spectra obtained consist solely of decay 
21 peaks from break-up of proton unbound levels in Na. 

Between proton lab energies of 2.4 to 4.3 MeV, the spec t ra a r e 

composed pr imar i ly of three sets of mult iple peaks, making the ex t rac ­

tion of accurate intensi t ies difficult. F i g u r e 4-5 shows a typical decom­

position of one set of multiple peaks using the Gaussian peak-fitting pro­

g r a m described in Sec. Ill E. The ene rg ie s , intensities and widths of 

peaks 9 through 19 remained consistent for data from three sepa ra t e 

experiments when analyzed in this m a n n e r . 

The energy cal ibrants used to obtain the proton peak energ ies a r e 

l isted in Table 4-4 . The resulting lab energ ies for the 25 proton peaks 

a r e shown in Table 4 - 5 : along with the re la t ive intensities for each peak; 

these numbers a r e averages over severa l different exper iments . The 

energy resolution achieved in these exper iments is shown in each spec­

t rum; typically momentum broadening f rom the preceding p decay 



1000 

500 

50/im AE 

500/xm E 

12 17 

2 0 N e ( 3 H e , 2 n ) 2 l M g 

2 9 . 5 MeV 

-40 keV FWHM 
25 

Observed proton energy (MeV! 

Fig 4 -3 . Delayed protons rrom Mg with energies greater than 2.3 MeV 
numbers correspond to proton decay data shown in Tables 4-5 and 4-6; the vert ical 
a r rows point to peaks arising r rom the T = 3/2 state decay. 

Again the 
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500 

400 

300 

c 
ZJ 
o 
O 200 

100 

2 0 N e ( 3 H e , 2 n ) 2 l M g 

29.5 MeV 

6 fim A E 
5 0 f i m E 

6 5 keV FWHM-

\WJ.. jy H ^ " ^ , ^ 

0.6 1.0 1.5 2.0 

Observed proton energy (MeV) 
XBL 7311-6805 

F ig . 4-4 . Low-energy proton spectrum following the decay of 
" M g . The peak numbers and a r rows have the same connotation 
as in F i g s . 4-2 and 4-3 . 
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150 -

c 
3 
o 
O 

80 9 0 100 

Channel number 

X 0 L 7 2 J I - 4 9 0 5 

Fig . 4 - 5 . A sample mult iple-peak group with proton energies be­
tween 3.0 and 3.5 MeV analyzed using a Gaussian peak-fitting pro­
g ram (see discussion in text) . The numbering sys t em and data a re 
identical to that in Fig. 4 - 3 . 
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T a b l e 4 - 5 . O b s e r v e d p r o t o n e n e r g i e s and r e l a t i v e i n t e n s i t i e s for 
21 

the d e l a y e d - p r o t o n decay of M g . T h e p e a k n u m b e r s c o r r e s p o n d 

to t he i d e n t i f i c a t i o n n u m b e r s s h o w n in F i g s . 4 - 2 , 4 - 3 , and 4 - 4 . 

P e a k E p ( L a b ) R e l a t i v e a ) 

N u m b e r MeV ± k e V In tens i ty(%) 

i 0 . 9 0 2 ± 20 1 6 . 6 ± 0 . 5 

Z 1 .060 ± 0 . 4 b ' 4 . 3 ± 0 . 6 

3_ 1 .257 ± 1 0 2 3 . 3 ± 1 . 7 

4 1 .498 ±10 6 . 3 ± 0 . 6 

5 1 .773 ± 2 b ) 5 1 . 4 ± 2 . 0 

6 1 .939 ± 5 b ) 1 0 0 . 

7 2 . 0 4 2 ± 1 5 8 . 3 ± 1.0 

& 2 . 157 ± 2 5 4 . 6 ± 0 . 4 

9. 2 . 4 7 4 ± 2 0 7 . 6 ± 2 . 0 

^ 0 2 . 5 8 8 ± 3 0 2 . 9 ± 1.0 

11_ 3 . 1 6 7 ± 3 5 3 . 3 ± 0 . 2 

_12 3 . 2 7 1 ± 2 5 5 . 9 ± 0 . 3 

12 3 . 3 7 7 ± 1 5 4 . 5 ± 0 . 5 

1_4 3 . 4 8 7 ± 3 5 1 .35± 0. 10 

15_ 3 . 6 0 0 ± 5 0 1 .3 ± 0 . 2 

J_6 3 . 742 ± 3 5 3 . 6 ± 0 . 5 

±2 3 . 8 7 3 ± 2 0 1 0 . 3 ± 0 . 4 

18_ 4 . 0 4 3 ± 2 5 2 . 4 6 ± 0 . 2 0 

19 4 . 1 4 2 ± 2 0 1.0 ± 0 . 2 

20 4 . 5 1 4 ± 1 5 2 . 5 ± 0 . 5 

21 4 . 669 ± 4 b ) 14 . 4 ± 0. 7 

£ 2 5 . 5 8 4 ± 1 5 0 . 4 8 ± 0 . 0 5 

23 5.699 ±15 0. 73± 0.06 
24 6 . 0 8 1 ± 2 5 0 . 5 7 ± 0 . 1 0 

25 6 . 2 2 5 ± 4 b ) 5 . 5 ± 0. i 

a) T h e s e a r e r e l a t i v e to t he mo=*. i n t e n s e p r o t o n g r o u p - p e a k 6. 
b) E n e r g y c a l i b r a n t , s e e d i s c u s s i o n i n S e c . IV A . 
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contributed 5 to l4keV to this width (see Table 3-1). These measurements 

covering a broad energy range, include al l the significant proton d c a y s 
21 "* l 

of those unbound levels in Na fed by the positron decay of *~ Mg. 
b. q-particle spectrum and r e su l t s . States in Na above t>.5t> 

j 7 
MeV a re unbound to a decay to F , as noted in Table 4-2. In par t ic ­
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 = - l / 2 , A = 4n + 1 s e r i e s whose 
z 

lowest T = 3/2 state is a-unbound (both alpha- and proton- decay 

branches a re exhibited by the T - 3/2 level in N (Ad 73) while an up­

per limit for a decay has been obtained for decay of the T 3/2 state 
17 

in F (Ha 71, Ad 73)). Simple bar r ie r -penet rab i l i ty predict ions (fol­
lowing the prescr ip t ion in Sec. II D) for I - 0 a emission from the 

Na T = 3/2 level to the F ground state suggest that, as an upper 

l imit , this (isospin-forbidden) decay is relat ively unhindered by the 

Coulomb b a r r i e r . In fact, the penetrabil i ty for this decay is compara­

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

excited state in Ne, a s shown in Table 4-7 below. 

An experimental search for this poss ib le decay mode employed a 

4-um AE 48-|im E detector telescope; a-par t ic les with energ ies as 

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

shown in Fig. 4-6; as can be seen, the (3 -delayed a decay of Na 

dominates the spec t rum. Since proton data from delayed-proton decay 
21 

of Mg were collected simultaneously, direct comparison of the inten­
sit ies establishes a limit for this possible decay branch of < l.iV.. i l l ­
ative to the total proton decay. 



- 6 1 -

10-

10' 

10 

2.5 3.5 4.5 
Observed alpha energy ( MeV ) 

5.5 

Fig. 4-6. Identified a-particle spectrum following He bombardment 
of ^ ° N e . The predicted location for a particles from decay of the 
"Na 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 p + decay of 2 0 N a . 
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The energy calibration scale for the a-part icle spect rum was taken 

from the known decays of the 7.42-and 10.26-MeV levels (Aj 72) in r<e, 

which resul t in a energies (lab) of 2.16 and 4.42 MeV respect ively . 

Using these as ca l ibrants , the deduced energies of the other major 

peaks arising from Na decay a r e shown in Fig. 4-6, along with the 
21 location of the potential 1.95-MeV a par t ic le from Na (T - 3/2) . The 

intensities of these peaks relative to the 2.16 MeV peak (100%) a r e : 

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

energies and intensi t ies agree with the recently published resu l t s for 

P -delayed alpha decay of Na (To 73a). 

c. Half-life measu remen t s . Since Mg is the only known de-

layed-proton p r e c u r so r present in the spec t ra , no systematic e r r o r s 

from contaminant activi t ies should be presen t to distort the measured 

lifetime. Combining data acquired using the two methods described in 

Sec. Ill C, the p resen t determination of the Mg half-life (resulting 

from four independent experiments) is 123.1 ± 3.3 m s e c . This com-
21 pares well with the previously reported Mg half-life of 1 21 ± 5 msec 

(Ha 65a), and gives a weighted average of 122.5± 2.6 m s e c . This 

average value has been used for all subsequent calculations and resul t s . 

2. Analysis 

a. Assignment of energy levels . The cen ter -of -mass proton energy 

and the parent s ta te in 7>Ja for each of the peaks in Table 4-5 a rc given 

in Table 4-6. Unfortunately some ambiguit ies remain regarding a few of 

these assignments for the observed proton peaks. Suchunccrtaint ies ar ise 

due to the two or m o r e decay modes available to states above *• MeV in ex­

ci tat ion. The energy levels of " N a up to - 5 MeV have been extensively 



Table 4-6. Proton energies from the decay of unbound levels in Na fed by |1 -decay of Mg, and a comparison of Na energy lc\ols 
inferred from this work with previous results. Underlined numbers preceding each entry correspond to peak-identification numbers sho\ 
in Figs. 4-2, 4-5, and 4-4. (All entries given as MeV ± keV). 

Proton Energies (c. m, >) Corresponding Co Decay to tho Following 1-tvcla In 20, No: 
Deduced a ' 

Energies in Previous Work 

« • • • 1.634 MeV 4.247 MeV 4.968 MoV J 1 N 0 En 67 Bu68 Otlio r 

2 1 .113* 0 . 4 b l I 3.545 1 2 3 .544* 8 3.54 * 20 
5 1.862 * 2 b | ,.c) 4.294 4 3 4.294 4 9 4.28 * 30 
6 2.036 4 5b> -- 4.468 4 5 4.468 4 9 4.41 * 30 

9 2.59B 4 20 
X 2 

0 .947* 20 
1.3201 10 

5.022 ± 15 
5.386 £ 10 

4.99 4 50 4.99 4 30 
5.34 ± 30 

5.03 d 1 

i i 3.326 1 35 X c ) 5.758 4 35 5.69 5.78 4 30 

11 3.435 4 25 X 5.867 4 25 5.82 
i3 3.547 i 15 x e ) 5.979 4 15 

i l 3.662 * 35 X°» 6.094 ± 3 5 6.08 
i5 3. 78 4 SO X°> 6.21 4 50 6.24 6.16 4 30 
U 3 .930± 35 B 2.265 4 25 6.341 4 20 

\J 4.06B 4 20 X 6.500 4 20 6.51 6.54 4 30 6.52" 
22 !k. B65 4 15 1A 4.246 1 25 X X 8.301 4 15 (8.30) 8.11 i 30 
23 5.9B6 4 15 H 4.350 4 20 X X 8.417 1 15 
24 6. 3B7 * 2S 20 4.741 4 15 7 2.1454 15 X B> H.BIIi l 10 
25 6. 538 4 4 b ) i i 4.904 * 4b> X 4 1.573 4 10 (0 I-.9 70 4 - l h | 8.90 * 40 8.97 i 30 1 ' 
Unaaoignod proton peak: H> 2.718 4 30^ 

continued. 



Table 4-6 (continued) ] „ 

a) The energies are calculated using a proton separa t ion energy of 2. 432 ± 0. 002 MeV (see Table 4-2) . 

b) These proton energ ies were used, in pa r t , to de te rmine the energy cal ibra t ion (see discussion in Sec. IV A). 

c) Unobserved, but energet ical ly-a l lowed, proton decays within the exper imenta l range a re marked by X, \>.hilti those uutwido 
t h i ' range (^ 600 kcV) a r e shown by - - . 

d) Ref. (Am 69) 

e) These possible decays wore obscured by p^aks a r i s ing from the decay of other s t a t e s . 

f) Rcf. (Be 67a) 

g) Poss ib le proton decaya from these levels leading to higher excited s ta tes in No a : e also within the present energy range, 
but no such decays were observed. 

h) This number is based on the average of tho delaycd-proton resul t s and r o s e ance measu remen t s d iscussed in Sec. IV A-

i) This number is co r rec t ed based on the rorncasurcd mass of C (Br 68). 

j) The possible origin of this peak la d i scussed in the text . 
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studied (Bl 69a, En 67), m o s t recently by Haas , et a l . (Ha 72a) using 

Ne (p, \) and Ne (d, ri) reac t ions . In addition the energy levels in 
21 the m i r r o r Ne nucleus have also been recent ly investigated (Ro 72), 

and assignments of m i r r o r levels up to 4.8 MeV have been made for 

these nuclei (Ha 72a, Ro 72). 
21 21 

States in Na populated by allowed beta decay from Mg will 

have J = 3/2+, 5/2+, or 7/2+, since the ground state spin and par i ty 

of Mg is presumed to be 5/2+, in analogy with its m i r r o r F . F u r ­

ther verification comes from the determinat ion that J for the lowest 

T = 3/2 state in each of the T = ±1/2 i sobars is 5/2+ ( Ne: Ref. Bu 
21 

68: Na: Ref. Be 70). It therefore s e e m s ressonably 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 Ne 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 

Na, although it certainly arises from the (3 decay of Mg. How­

eve r , it is not cer ta in whether this relat ively weak peak is due to decay 

to the ground state, or the first-excited s ta te in Ne. Although it has 
21 not been associated with a parent state in Na, the proton intensity is 

included in subsequent branching rat io de te rmina t ions . 

Three peaks a r i s e f rom the decay of the T = 3/2 state (denoted by 

the ver t ical a r rows in F i g s . 4-2, 4-3 , a.id 4-4); the proton decay to 

the second-excited s tate was not observed, although the result ing peak 
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would appear in the region of peak 8. This peak, however, consistently 

exhibits a width three t imes 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 Na energy levels 

deduced from the present data with those found in the l i tera ture (Bu 68, 

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

6 w e r e used as part of the energy calibration; the corresponding exci ta­

tion energies resul t d i rec t ly from the data of Refs . (Va 64, Bl 69a, and 

Ha 72a). No comparison with these values is therefcre shown under the 

heading "previous w o r k . " Only those energies that reasonably co r ­

respond to the excitation energies deduced from the present data a r e 

l i s ted in the last three columns of Table 4-6 . Although some T = i / 2 

21 

s ta tes above 5 MeV in Na have been establ ished, spin and pari ty a s ­

signments for these s ta tes a r e generally unavai lable. As it is difficult 

to co r re l a t e the p resen t r e su l t s with previous measurement s , the en­

e rg ie s of excited s ta tes above 5 MeV a r e taken from the present study 

only and a r e used for a l l subsequent calculat ions. 

b . Decay of the T = 3/2 s ta te . The par t ic le decays of the lowest 

T = 3 /2 state in Na a r e shown in Table 4 -7 . Of the potential decay 

modes not seen in the p resen t work, penetrabili ty calculations indicate 

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, but neither is included in the branching rat io and log ft 

calculations shown below. 



Table 4-7 . Energies , Branching Ratios and Penetrabi l i t ies for Par t ic le Decay: 
of the Lowest T = 3/2 State in Z f N a 

Final' 
State 

(MeV 

a) Particle 
Decay Energy 

(c.m.MMeV) 

Observed 
Intensity 

Relative 
Branching 
Ratio [%) 

•• c) Penetrabili ' .y 
P I / 1 J 

p ! Z °Ne 0.000 0+ 6.538 

1.634 2+ 4.904 

4.247 4+ 2.291 

4.968 2- 1.573 

S.622 3 - 0.916 

5.785 1- 0.753 

« + 1 7 F 0.000 5/2+ 2.410 

0.495 1/2+ 1.915 

1.76 ± 0.12 

4.78 ± 0.23 

< 0.35 

2.02 ± 0.19 

X 

X 

<1.60 

X 

20 ± 2 

56 ± 3 

24 ± 2 

0.99 1.8 

1.57 3.0 

0.061 < 5.7 

0.096 21.0 

0.010 

0.004 

0.070 < 23 

0.002 

a ' Excited s tates in Ne a re from (Aj 72) while for F they a re from (Aj 71). 
' These a re stated in t e r m s of the percent of the total proton decay of '" Na. Possible groups marked X were unobserved, though 

within range of observation. These resul ts agree qualitatively with the observations in (Mc n9) where resonances were found in 
the p n , p . , and p., channels. 
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An estimate of the smal l par t ia l width contribution due to gamma 

decay of this state can be obtained from the present measurement of 

r /r (see Table 4-7) and the resul ts from (Be 70), which gives 
P 0 

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

r / r - 0.75%. 
Y 

c. Branching ra t ios and ft values. As noted in Sec. II B, severa l 

calculations for the t ransi t ion strength of the superallowed beta decay 

have been made. The recent shell model calculations of Lanford and 
2 21 

Wildenthal (La 73) give (a) q . ~ 0.27 for Mg. The ea r l i e r Nilsson 
2 

formal ism est imates give / ff) „ . - 0.24 (Ha 65), in agreement with 

the shell-model calculat ions. F r o m the assumption of isospin purity 

for the T = 3/2 state in 2 1 N a {u_e., a 2 = 1 in Eq. 2-20), Eq. ?.-14 then 

gives log ft = 3.26 which in turn yields a calculated branching ra t io for 

this decay. It should be noted from Eq. 2-14 that the ft values a r e 

relat ively insensitive to / a ) . For an uncertainty of up to ± 50% in 

the es t imate of the Gamow-Tel ler ma t r ix element , the t ransi t ion 

s trength is affected by ~ 5%, and the subsequent log ft by ~ ±0 .02 . 
21 The Mg proton intensit ies, re lat ive to the total proton decay 

from the T =3/2 s ta te , a r e thus a m e a s u r e of the beta decay strength; 

the beta branching ra t io for each unbound level , and hence the par t i a l 

half-life, can be obtained from these re la t ive proton intensi t ies . These 

branching rat ios a r e shown in column 4 of Table 4-8 for each unbound 
21 21 

level in Na. Lack of p-decay data to bound states in Na precludes 

a worthwhile discussion of isospin mixing in its T = J /2 analogue s ta te . 

For beta decay to the bound s ta tes , the intensity rat ios for these 

three levels a re taken from the m i r r o r 2 1 F ~ ' Nc P~ decay (Ha 70a). 



Table 4 - 8 . Branching Rat ios and ft ValueB for the Poai t ron Decay of Mg. 

Ene rgy L e v e l 1 ' ProDortlon of Branching Ratio J Theo re t i ca l P red ic t ions ' 
In 2 1 N a b) Pro ton Decays 0 * F r o m 2 1 M g (td'°^ Log ft Log ft E x in 2 i N a 

(MeV) J* (%} {%) ( 1 0 3 see) (aocT (secT (MeV) J 7 1 

0.000 3 /2+ 15.8 ± 4 . 0 8 ' 1B2 ± 46 5.26 ± 0.10 5.55 0.000 3 / 2 , 

0.332 5 /2+ 40 .7 ± 5 . 0 s ) 62 ± 8 4.79 ± 0.05 4.70 0.314 5 / 2 . 

1.723 7 /2+ 10.9 ± 2 . 0 8 ' 126 ± 23 5.10 ± 0 .07 4 .80 1.800 7/2+ 

3.545 5 /2+ 1.38 ± 0.19 0.45 ± 0 . 0 7 h ) 1200 ± 180 6.09 ± 0 .06 8.34 3.592 5 /2+ 

4 .294 5/2+ 16.48 ± 0.65 5 . 3 6 1 0.31 65.9 ± 3.6 4.82 ± 0 .02 5.21 4 .445 5 /2+ 

4 .468 3 /2+ 32.09 ± 0.34 10 .45 ± 0.46 30.4 i 1.2 4.48 ± 0.02 4.44 4.353 3 /2+ 

5.022 ( 5 / 2 + , 3/2+1 7.76 ± 0.68 2 .53 ± 0.25 88 ± 8 4 .95 ± 0.04 4 .67 5.600 3 / 2 + 

5.386 7.47 ± 0 .55 2 .43 ± 0 .21 71 ± 6 4 .85 * 0.03 5.33 5.345 7/24 

5.758 1.06 ± 0 .06 0.34 ± 0.03 384 ± 27 5.59 ± 0.03 4.99 6.147 7 / 2 . 

5.867 1 . 8 9 1 0 .10 0.62 * 0 .04 198 ± 13 5.30 ± 0.03 4 .84 6.230 3 / 2 , 

5.979 1.44 ± 0 .16 0.47 ± 0 .06 239 ± 28 5.3B ± 0.05 4 .82 6.602 7 /2 + 

6 .094 0.43 ± 0.03 0.14 ± 0.01 730 ± 60 5.86 ± 0 . 0 3 4.6E 6.932 5 / 2 + 

6.21 0.42 ± 0 .06 0.14 ± 0.02 690 ± 110 5.84 1 0 .06 5.68 7.322 7 / 2 , 

6.341 2.63 ± 0.19 0.86 ± 0.07 98 ± 8 4.99 ± 0.03 4.59 7.588 3 / 2 + 

6.500 3.29 ± 0.13 1.07 ± 0.06 69.1 * 3.8 4 .84 ± 0.02 4.73 

4.24 

7.689 

8.261 

5/2-+ 

5 /2 • 
8.301 0.94 ± 0 .07 0.31 ± 0.03 40.2 i 3.3 4.60 ± 0.03 3.81 8.672 5 / 2 , 

8.417 0.55 ± 0.07 0.18 i 0 .02 59 i 8 4 .77 ± 0.05 4 .67 8.685 J / 2 t 

8.B16 3.65 ± 0 .36 1 . 1 9 * 0.13 5.-I i O.b 3.73 i 0.04 5.93 8.8o1 7 , 2 -

8.970 5 / 2 i , T^3>2 8.56 ± 0.33 2.79 ± 0 .16 1.80 3.26 3.26 8.99 J 5, 2+, I' i 

E p , 2 . 7 1 8 " 0.93 ± 0.32 0 . 3 0 ± 0.11 

continued . 



Table 4-8 (continued) 

a) E n e r g i e s of bound s t a t e s (below 2.43 MeV) a r e taken f rom (Ha 72a) while the remain ing th ree levels below 5 MeV a r e 
d i s cus sed in the text . The e n e r g i e s above 5 MeV a r e f rom the p r e s e n t work only. 

b) Spins and p a r i t i e s a r e f rom (Ha 72a). 

c) The sum of the proton decays equa ls 91.0% s ince t h e r e i s a 9.0% proton "background" made up of decays apparen t ly due 
to weakly populated, broad leve ls too weak to ana lyze . 

d) The branching ra t ios and ft va lues a r e ca lcula ted as suming comple te i sosp in pur i ty of the T=3/2 s ta te , and al lowance 
has been made for the 0.75% g a m m a - d e c a y branch from thiB level ( see text) . j j 

O 
e) The ft values a re ca lcula ted using the Q l i s t ed in Table 4 - 2 , and a half-l ife of 122.5± 2.8 m s e c . ' 

0 These calculat ions a r e f rom (La 73). F o r the p red ic ted T = 1/2 s ta tea between 6 to 9 MeV, no genera l a t tempt was made 
to c o r r e l a t e these individual levels with the expe r imen ta l r e s u l t s . 

21 
g) These branching ra t ios were ca lcula ted from compar i son to the m i r r o r F decay (Ha 70a). 
h) This value has been c o r r e c t e d for the T / r - 2 . 5 % (Bl 69a). 

i) This iinnssigned peak is d i s cus sed in the text . Only the decay energy is l i s ted , s ince the level from which it o r ig ina tes 
IB uncer ta in . 
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The resulting branching ratios are a lso given in Table 4-8. In addition 

to these three allowed f3-decay transitions, Harris and Alburger (Ha 70a) 

also reported an upper limit for the negatron branch leading to the 
21 

2.790-MeV state in Ne. Rolfs, et a l . . (Ro 72) have subsequently re­
ported J^ = l / 2 - f o r this state, consistent with its assigned mirror in 

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

first-forbidden unique beta decay. However, since only an upper limit 

for this decay has been established (i. e . . a lower limit on the ft value), 

the present calculations for the branching ratios for Mg (3 decay ig­

nore this possibility. 

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

positron decay shown in Table 4-8 following the method discussed in 

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

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

p-decay 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 O c e. 

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

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

sion below). 
21 The deduced energy levels in Na, and the beta decay branching 

ratios and log ft values resulting from the data presented here are sum-
21 marized in the 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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21 No 

r 
/3H -I223rr>«' 

'Mq 

T»3/g .ft- 8.9*0/ 

/r— 

5 / 2 . &560 

17, F+a 

2.75 
i . '9 

3.26 
! .73 

'.07 

ass 
O.n 
0.14 ao 
0.62 
0 J 0 

5.6-a 

US 
5.39 

2/13 •5J55 

? 3 i •SJ34 

0.4* £.311 
4.36 4.02 

20, Ne+p 

5 / 2 . Q.J52. aa.7 •1.79 

J / 2 . OjOOO/ rt.6 1.26 

21, 
.•pt 

values a r e a l so l is ted. 



Table 4-9 . Relative Branching Ratios and Reduced Widths (or 
the Decay of T » 1/2 States in 2 1 N a 

E x In 2 , N a 
Intonslty* ol 

Proton Decay 
Intensity 

Ratios 
r Ratio 

I s / g s 

o( R< 

(MeV) To g. o. To ix To 2x t x /gs 2x/e« J/2«.5/2* 7 /2 . 

5.022 2.44 4 0.64 5 . 3 2 * 0.17 2 .2 

2x/e« 

4.3 --
6.341 1.15 ± 0.16 1.4? it 0.13 1.3 0.73 O. l i 

8.301 0 . 1 5 * 0.02 Q.79 * 0.06 5.1 3.2 0.4R 

B.417 0.23 * 0.02 0.32 * 0.06 1.4 0.85 0.13 

8.816 0.18 * 0.03 0 . 8 0 * 0.16 2.66 ± 0.32 14.8 2.8 0.46 

2x/e» 
3/2..5/2- 7/2. 

a) This is quo'.cd as tho percentage o( the total proton decays from Na. 

b) Tho reduced widths a ro calculated by dividing tho observed Intensity by tho penetrability (or the decay (usiuu the l imcm 
possible I) assuming the stato has j " - 3/2+, S/2+, o r 7/2*. Tho penetrabil i t ies wore evaluated using r ( 1 ; I.J (in. 
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3. Discussion and conclusions 

a. Comparison of experimental and theoretical results. I he 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 p-decay transition rates to levels up 

through 5.6 MeV in excitation. Such a comparison shows cxccllcm 

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

strongly hindered transition is predicted. Although the present results 

indicate that this decay has a considerably greater strength than pre­

dicted, it is the weakest of all the (allowed) p-decay rates measured. 

Qualitatively the difference between experiment and theory lor this 

case probably represents only a small change in the matrix element 

cancellations arising from details of the wavefunctions. 

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

the predicted levels at 4.35 (J 1 7 = 3/2+) and 4.45 MeV (J 1 7 = 5/2+) have 

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

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

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

show a state at 5.60 MeV with J 1 7 = 3/2+, while the next available 5/2-

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

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

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

in Fig . 4-8 by dashed l ines . ) 

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 
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Log H 
9f-5/J+.'=« 126 126 5/2«,T=3/2 

173 5.93 7/2 • 
4 . 6 7 — = = ~ 3 / 2 » 
3.81-^ ^S/2. 

8j-

7h 

6f- 5.38 
5JO 

539 
,4.67 3/2* 

4.85 - - - , - ' 1 . 5 . 3 3 7/2* 

^ 5f-(5/2ti«M 4 3 5 ' ' 

o 

l 4 H 

I 
Id 

. 4.77 
- 4.60 4,24 y > . 

4.73 5/2* 
4.59 3/2. 
5:68 7/2. 

4.65 5/2* 

U.84 " • S 2 7 / Z* 
4.S9 
S£a 4.84 3/2. 

5B6 4.99 7/2* 

3^2+ 4.48--__--S.2l 5/2* 
5/2+ 4.82 - " —4.44 3/2+ 

5/2+ 6:09 S-34 5/2. 

7/2* 5.10 4.80 7/2+ 

5/2+ 4.79 4.70 5/2* 

3/2+ 5.26 555 3/2+ 

Experiment Theory 
(Lonford and Wildenthal) 

XBL733-E473 

Fig. 4-8. Experimental and theoretical excita 
tion energies and log ft values for states in Z 1 f 
populated by allowed p + decay of ^Me. 

Wa 
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agreement, and a state at 5.34 MeV has been identified by Butler, et al. , 

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

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

experiment would require I =4. This might explain why no level at this 

excitation has been reported from such resonance experiments. 

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

proton separation energy, 15 levels with log ft values consistent with 

allowed Gamow-Teller decay have been experimentally located, plus 

one additional unassigned proton decay peak that almost certainly be­

longs to a separate, though unidentifiable level . The sum of the pre-
21 dieted strengths to the first eight states in Na (up through 5.6 MeV) 

21 is 90% of the total calculated decay strength from Mg, while these 

experimental results indicate 89% of the total p decay populates these 

states . Individual comparisons of the predicted and experimental transi­

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

l e s s than 10% between log ft values (with the exception of the 3.5-MeV 

state noted previously). This reinforces the 5% (rms) and i2"'u (max­

imum) deviation in the logarithms found by Lanford and Wildenthal 

(La 73) in a more general study of theoretical vs experimental log ft 

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

The level at 8.816 MeV exhibits a relatively fast p-decay transition 

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

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

which is a reasonable assumption based on observed decay energies 

and widths. If one assumes that mixing between this level and the 
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8.970-MeV, T = 3/2 state (assuming identical J ) might simply account 

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

be est imated from Eq. (2-22). However, the resul t ing admixture of 

~30% would imply both an unusually strong charge-dependent mat r ix 

element, and an isospin impurity of the T = 3/2 s ta te considerably 

grea te r than that experimentally determined for T = 3/2 states in ' F . 
3 3 C 1 (Ha 71) or 4 1 T i (see l a te r discussion in Sec. IVD). Fur ther , if 

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

expect the part icle decay modes of these states to be s imi la r . Tables 

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

Wildenthal (La 73) in fact pred ic t a log ft = 3.81 for a 5/2+ state at 8.67 

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

with the experimental v i lue for the 8.816 MeV state (log ft = 3.73). It 

therefore seems quite plausible that these levels in fact correspond, 

b . M i r r o r decay r a t e s . F r o m the assumption of isospin purity 

for the lowest T = 3/2 s tate in Na, and the resul t ing p -decay t r a n s i -
21 tion r a t e s to other levels in Na, the expected half-life for the m i r r o r 

P decay of F can be es t imated . As noted previously, the m i r r o r 
21 21 

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

par t ia l half-l ives for allowed p decay to the f irs t six levels with 

J = (3 /2 , 5/2, or 7/2)+ in Ne can be calculated from the present 
+ 21 

exper imental values of (ft) for positron decay to the analogs in Na. 

Comparison of this predicted half-life thus obtained with the measured 
2 1 F half-life of 4.35± 0.04 sec (Fo 65) gives (ft) +/(ft) = 1.10± 0.08. 
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25 C. Resul ts for Si 
25 

Although the more complete delayed-proton resul t s for Si r e ­

ported by Reeder, et al . , (Re 66) a re a considerable improvement over 

the ear ly experiments (Ba 63, Mc 65, Ha 65a), it is sti l l 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 a l l the significant par t ic le decay branches 

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

calculated), such high resolut ion experiments n i g h t serve to reduce the 

e r r o r s on the ft values, and in turn, yield a m o r e accurate ratio of 

(ft) 7 (ft)"-

1. Discussion of data 
24 3 25 

The Mg( He, 2n) Si experiments were done pr imari ly at 29.5-
MeV and 40-MeV bombarding energies on a na tu ra l Mg target . Although 

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

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

its decay were seen. A experiment performed with a 60-MeV He beam 
21 did, in fact, produce peaks identifiable with Mg, notably those p r o m -

21 inent peaks at 1.773 and 1.939 MeV (peaks 5 and 6 in the Mg spect ra 

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

at 1.849 and 2.218 MeV, served to c ross-check the accuracy of these 

energies as calibration points (as listed in Table 4-4). 
25 a. Proton spect ra . The Si delayed-proton spectrum displayed 

in F ig . 4-9 was obtained using a 10-(xmAE 250-(xm E detector te lescope. 
3 

These data were taken at a He beam energy of 40 MeV. The peak 
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Fig . 4-9. Delayed protons from Si. The numbers serve to iaentify peaks in Tables 
4-10 and 4-11 . The vert ical a r rows denote peaks ar is ing from decay of the T -- 3/Z s ta te . 
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numbers a re used to identify the peaks for use below in Tallies -1 1 (J 

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

thinner (6-|imAE 50-um E) and thicker (50-p.m i E 500-umEl detector 

te lescopes . In the lat ter case, no additional higher energy proton 

groups (E > 5.5 MeV) were identified. 

No known p -delayed protons could originate from any likely 
24 target contaminants. However, competing react ions from the Mg + 

He reaction can o i c u r , in principle. The production of Mg as one 

of these has already been discussed. The nuclide "Al, and its i somer 

~" Al" can both be produced from this react ion, though the 29.5-MeV 

bombarding energy is only a few MeV above their respective th resho lds . 

Both have been identified as delayed alpha p r e c u r s o r s (Ha 72!, although 
24 ei ther can positron decay to proton unbound levels in Mg (To 71). 

However, all s ta t is t ical ly significant peaks in the t ime-routed data were 

found to exhibit half-l ives consistent with that of Si, thereby e l imina-
24 24 m 

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

The energy cal ibrat ion points used h e r e a r e designated in Table 

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

l isted in Table 4-10, including the relat ive intensity for each of these 

peaks . The energy resolution is - 4 0 keV FWHM, which is just suffi­

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

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

intensity for peaks with energies greater than - 4 MeV, due to a par t ic le -

identification-gate misadjustment . The intensit ies for these higher en­

ergy peaks are taken from data acquired with a 50-umAE 500-p.m E 

te lescope. The e r r o r s on the relative intensi t ies listed in Table 4-10 
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Table 4-10. Observed proton energ ies and intensit ies for the 
delayed-proton decay of "Si. The peak numbers cor respond to 
the identification numbers shown in F ig . 4-9 . 

Peak 
umber 

E (Lab) 
P 

MeV ± keV 
R e l a t i v e a ) 

Intensity (%) 

1_ 0.905 ± 2 b ) 22.2 ± 1 . 4 
2 0.992 ± 25 3.1 ± 0.6 
3 1.213 ± 15 3.8 ± 0.6 
4 1.335 ± 15 4.7 ± 0.6 
£ 1.405 ± 20 2.7 ± 0.4 
6 1.445 ± 20 2.7 ± 0.4 
2 1.522 ± 15 3.8 ± 0.6 
8 1.616 ± 15 2.9 ± 0.4 
9 1.728 ± 10 9.4 ± 0.8 

11 1.849 ± l b ) 33.3 ± 2.5 

11 2.075 ± 10 20.3 ± 0.6 

11 2.218 ± l b ) 16.8 ± 1.0 

11 2.895 ± 15 5.9 ± 0.5 

11 3.108 ± 20 4.7 ± 0.6 

11 3.198 ± 20 6.4 ± 0.6 
16 3.333 ± 15 32.2 ± 1 . 6 

11 3.461 ± 15 9.2 ± 0.6 

11 4.091 ± 3 b ) 100 

11 4.172 ± 40 5.6 ± 0.8 
20 4.372 ± 20 2.3 ± 0.4 
21 4.651 ± 1 5 9.1 ± 1.0 
22 4.768 ± 20 2.3 ± 0.6 
23_ 

24 
5.151 ± 15 
5.404 ± 3 b ) 

2.7 ± 0.6 
21.7 ± 1.6 

a) These a re relat ive to the most in tense group-peak 18. 
b) Energy calibrat ion point, see discussion in Sec. IV A. 
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include any uncertaint ies arising from this procedure, as well as any 

statist ical effects. 

b. Half-life measu remen t s . All of the peaks have been identified 
25 with the decay of Si (except at a 60-MeV bombarding energy, as noted 

above). Following the description in Sec. Ill C, the resul t ing half-life, 

averaged over five independent determinat ions , is 222.6± 5.9 msec . 

This agrees with the previous values obtained by McPherson, et a l . 

(Mc65)--225± 6 m s e c , and by Reeder , et a l . , (Re 66) - -2 l8 - 4 msec . 

The resulting weighted average of these three values is 220.7 ± 2.9 msec 

and has been used for all subsequent calculations and r e su l t s quoted 

he r e . 

2. Analysis 

a. Assignment of energy leve ls . The penetrability calculations 

displayed in F i g . 2-3 indicate that proton decay of excited s ta tes in 
25 24 

Al can proceed to Several final s ta tes in Mg with near ly equal 
probability, which can complicate identification of the origin of apeak. 

21 However, unlike Na, many excited s ta tes above 5 MeV a r e known in 
25 

Al, making proton decay assignment somewhat eas i e r . The accuracy 
of the energy cal ibrat ion also aided in these ass ignments . 

The ground state J for Si is assumed to be 5/2+, analogous 
25 ?c 

to that for the Na ground s ta te . The lowest T =3/2 s tates in Al and 
Mg have also been assigned J l r = 5/2+, on the basis of their charac te r ­

istic L t ransfers in two-nucleon t ransfer reactions (Ha 66). The mea-
7 5 

sured y-decay t ransi t ions from this analogue level in Al substan­
tiate the J ass ignment (Mo 68). Hence allowed j} + decay from the 
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analogue. Si, will populate J F = (3/2, 5/2 , or 7/2)+ states in Al. 

The peak ass ignments a re exhibited in Table 4-11, and the de -
25 duced energy levels in Al a re compared to previous de terminat ions . 

States up to - 5 MeV have been the subject of intensive investigation; 

these a r e summarized in Refs. (Li 68, Ro 70, Br 73). It is unlikely 

that any new levels fed by allowed p" decay exist in this energy region. 

24 

Above 5 MeV, recen t studies employing the Mg(p, p) and (p, p' -y) r e ­

actions (Du 72), and the Mg( He, d) and Si(p, a) react ions (Br 73), 

have accurately located many new leve ls . No new levels have been 

postulated based on the present delayed proton r e su l t s . In fact, the 

agreement between those excitation energies inferred from the present 

data, and the values obtained via react ions descr ibed above is excellent. 

The two s ta tes populated by beta decay (as inferred f rom the de­

cay protons), at E ~ 5.28 and 7.12 MeV, have previously been tenta­

tively assigned J w = l / 2 + in Ref. (Du 72). The lower of these is a 

broad state with V ~ 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 F i g . 4-9) - 125 keV FWHM, which 

is consistent with the assignment to this level . The J = l / 2+ ass ign­

ment to the higher 7 MeV state is less cer ta in , and the p resen t data 

indicate this ass ignment is incorrect (if these levels a r e , in fact, the 

same) . 
Although seven proton peaks occur with energies less than 1.6 

24 MeV, only one of these a r i s e s from a t rans i t ion to the Mg ground 

state (peak 7). The o the r s , as shown in Table 4-11 , apparently a r e 
24 . 25 

due to decays to excited states in Mg from high-lying levels in Al. 



25 Table 4 - l i . Assignment of observed proton dec ay B to states in AJ, and a comparison of the inferred cxcli.ulon uneiyien io pr. 
results. Underlined numbers preceding each entry correspond to peak identification numbers shown in Fig. 4-9. tAU entries givutt Mv 

Following kcvolfl in z*Mgl I-ovela in 

4.231 MoV 

Contur-of-Mass Proton Energies Corresponding to Ducay to the Deduced"' Previous Excitation Entr 
I Levels in " M g , 

Other 
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5.631 ± 

15 

3 d ! i f i 
x" 

4.263 ± 3 d » 

3 

6 

1.264 i 

1 . 5 0 6 * 

15 

20 4 

X 

1.391 l 15 

7.648 i 

7.902 i 

I I 

3 " 

7 . 6 4 : 

•J] 
* l ; 1. . „ • . . "> 
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Table 4 - H (continued) . . . | » w _ ^ _ _ _ _ _ _ _ 

a) These energies a re 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 cor rec ted for the change in separation onurgy. 

c) Energetically allowed proton decays that a r e below the experimental energy range (£600keV) a r e denoted by - - , while 
those within the detectable energy range but unobserved in thes<* experiments are denoted by X. 

d) P a r t of the energy calibration, see Sec. IV A. 

e) The excitation energies of these s ta tes , which are averages of previous resu l t s , a re from Table 4-4. 
CD 

f) Possible evidence for thiB decay branch exists in some spec t ra . un 

g) Potential decay peak obscured by more intense peaks in the energy region of in te res t . 

h) F rom the delayed-proton resul t s in {Re 66). 

i) Weak evidence for this possible decay exis ts in some spect ra (as a high-energy shoulder on peak 24). 
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Of these, only peak 2 has been assigned a level with no other observed 

decay branch. As mentioned above, it is unlikely that this peak is due 
25 to decay of a heretofore unobserved state below 5 MeV in Al; thus it 

has been assigned to the 7.428-MeV state, previously identified in Refs . 

(Br 73, Du 72). 

Peak 19 has been associated with the decay of an excited s ta te 

at 7.987 MeV. Since this peak is seen as a low-intensity shoulder on 

peak 18 (possibly the ground-sta te decay of this state is a s imi lar 

shoulder on peak 24), the energy is uncer ta in to 40 keV. However, it 

a g r e e s well with the s ta te at - 7.97 MeV, which has been identified as 

the T = 3/2 analogue to the first-excited s ta tes in Si and Na (Mo 68, 

Te 69a, Be 73a). Since p decay to this level is not superallowed, the 

resul t ing proton intensity would be reduced considerably compared to 
+ 25 

the superallowed fi decay to the nearby (AE ~ 70 keV) Si ground-state 

analogue. The proton spec t rum shown in F ig . 4-9 is consistent with 

th i s . States above 7.5 MeV a r e unbound to p ro ton decay to the 5.228-
24 MeV state in Mg. 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 

J = 7/2+ in Ref. (Li 68), all energetically observable decays from 

those known levels with J = (3/2, 5/2, or 7/2)+ have been seen for 

s ta tes up to 5 MeV. No s t rong proton peak due to the decay of a - 4 .9-

MeV level is apparent in the present proton spec t r a . 

b . Decay of the (lowest) T =3/2 s ta te . The four observed decay 

protons of the lowest T =3 /2 state a re designated by vert ical a r rows in 
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Fig . 4-9 and a re 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 

e a r l i e r work (Re 66), the lower intensity decays to the second and 

third-excited states were f i rs t observed in the p resen t work. Table 

4-12 gives the relat ive branching rat ios for each of these decays, a s 

well a s the resul ts of penetrabil i ty calculations for oach decay. Al ­

though the proton decays a r e isospin forbidden, the competition from 

isospin allowed y decay is never theless s m a l l - - ! ' / r ~ 2%. This r a t io 

is calculated using r - 2 eV (Mo 68) and T (total) ~ 100 eV (Te 69). 

c . Comparison with previous delayed-proton r e s u l t s . The p re sen t 

r e s u l t s confirm many of the ear l ie r measuremen t s by Reeder et a l . 

(Re 66), and differ in some assignments to proton unbound levels in the 

emi t t e r , Al. The higher resolution data d iscussed here resolve some 

of the broad proton peaks in the ear l ie r data into two or more dist inct 

peaks , and identify additional peaks in the decay spect rum. 

The assignments l i s ted in Table 4-11 indicate that no s tates b e ­

tween 5.9 and 7.0 MeV give r i s e to observable proton decay peaks . 

However, the previous Brookhaven work (Re 66) shows three levels in 

this range of excitation. The lowest of these, at 6.15 MeV, should emi t 

protons with an energy of ~ 3.72 MeV. No evidence for a peak in this 

energy region appears in F i g . 4-9. The second level , at 6.70 MeV, is 

based on the observed peak ~ 2.9 MeV (lab) ass igned as originating 
24 from decay to the first excited state in Mg. 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 resu l t s prefer this assignment 

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



Table 4-12. Energetical ly Allowed Proton Decay of the LoweBt T = 3/2 State in Al 

final State 
In Z 4 M g 

(MeV) 

Center-of-Mass 
Decay Energy 

(MoV) 

Observed. 
Intensity 

I TO 

b) Relative 
Branching Ratio 

TO 
Penetrabil i ty 

P 

c) 

1/P 

0.000 

1.369 

4.123 

4.233 

5.228 

0+ 

2+ 

4+ 

Zi 

3+ 

5.631 

4.262 

1.508 

1.398 

0.403 

6.62 ± 0.49 

30.51 ± 0.69 

0.82 ± 0.12 

1.43 ± 0.18 

1 6 . 8 * 1.3 

7 7 . 5 * 2.2 

2.1 * 0.3 

3 . 6 * 0.5 

0.76 

1.30 

0.007 

0.11 

- 4 x 1 0 " 

8.7 

23 .5 

117 

13.0 
00 
co 

it 24 
a) Excitation energies and J for Mg a re taken from ref. (En 67) 
b) These are fractional amounts of the total observed proton decay. The decay marked with is below the experimental ener._ 
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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 bas is of an observed peak - 3.2 MeV. The 

present r e su l t s resolve this group into two peaks, both of which have 
24 been assigned to known states decaying to the Mg ground state (see 

Table 4-11). 

Final ly , the peak at - 5.1 MeV was assigned to a state at 8.97 

MeV, agreeing with the ea r l i e r proposal in (Ha 65a), and was thought 
o r 

to be the T = 3/2 analogue to the second-excited s ta te in Na. This 

state in Na is now known to have J ' = 1/2+ (Be 69); beta decay to its 
25 m i r r o r in Al would not be an allowed transit ion and hence protons 

from this s ta te would not be expected. The presen t assignment of this 

peak to a s ta te at 7.65 MeV is shown in Table 4 - 1 1 . It should be noted 

that this s ta te appears ':o decay a l so to the second-excited state in n£g. 
2 

d. Branching rat ios and ft va lues . The es t imate of / a\ „ . =0.24 

from (Ha 65), used with Eq . 2-14, gives log ft = 3.26 for the super-

allowed beta decay leading to the lowest T = 3/2 s t a t e . The a s sump­

tion of isospin purity for this s ta te is supported, in pa r t , by the anal ­

ys is of the proton capture resonance for the lowest T =3 /2 level. 

Based on. the proton par t ia l widths , the isospin impuri ty amplitude was 

est imated to be < 1% (Mo 68). 

The beta-decay branching ra t ios derived from the rat io of p r o ­

ton decay intensities relat ive to the T = 3/2 state decay a r e shown in 

Table 4 -13 . The branching to levels below 3 MeV is calculated from 
25 the m i r r o r Na negatron decay (Al 71). The s ta t i s t ica l ra te function 

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

values and their corresponding logari thms a r e shown i n the last two 
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T a b l e 4 - 1 3 ( c o n t i n u e d ) 

E n e r g y L e v e l a > P r o p o r t i o n of B r a n c h i n g R a t i o c » 

„b) 
P r o t o n D e c a y s F r o m Si _ft_ ' Log ft 

. 3 (MeV * IceV) J ^ £%) {%} (10 s e c ) ( s e c ) 

7 . 9 7 2 * 3 ( 3 / 2 + , T=3/?. ) 1 . 7 1 * 0 . 2 4 0 . 5 3 * 0 . 0 8 3 9 . 5 * 5 . 8 - ! , b 0 ± 0 . 0 6 

8 . 1 9 4 * 5 4 . 4 5 ± 0 . 3 1 1 . 3 9 * 0 . 1 0 1 1 . 5 * 0 . 9 - 1 . 0 6 * 0 . 0 3 

a) F o r s t a t e s a b o v e 3 M e V , t h e v a l u e s l i s t e d h e r e a r e w e i g h t e d a v e r a g e s of t h o s e e n e r g i e s wi th e r r o r s in T a b l e 4 - 1 1 . 

F o r l e v e l s b e l o w 3 M e V , t h e e x c i t a t i o n e n e r g i e s a r e f r o m ( P i 7 2 ) . 

b) T h e s p i n s a n d p a r i t i e s for t h e T = l / 2 s t a t e s a r e f r o m r e f s . ( L i 68 , E n 67) . w h i l e J n for t he T = 3 / 2 s t a t e s a r e 

t a k e n f r o m (Ha 66, Mo 6 8 ) . 

c) T h e b r a n c h i n g r a t i o s a n d ft v a l u e s a r e c a l c u l a t e d b a s e d on t h e a s s u m p t i o n of i s o s p i n p u r i t y for t he lou-nst T - 3 / 2 
s t a t e , i n c l u d i n g t h e c o r r e c t i o n fo r t h e y - d e c a y b r a n c h , a s n o t e d i n t h e t e x t . 

d) T h e fL va lu i 3 a r e c a l c u l a t e d u s i n g t h e Q Q s h o w n in T a b l e 4 - 2 a n d T ,„ = 2 2 0 . 7 ± 2.9 m s e c . 

e) T h e b r a n c h i n g r a t i o s and ft v a l u e s for s t a t e s b e l o w 3 MeV a r e c a l c u 

f) T h i s b r a n c h i n g r a t i o h a s b e e n c o r r e c t e d for T p 0 / r - 0 .979 ( D u 7 2 ) . 

e) T h e b r a n c h i n g r a t i o s and ft v a l u e s for s t a t e s b e l o w 3 MeV a r e c a l c u l a t e d f r o m c o m p a r i s o n to t h e m i r r o r " Na d e c a y (Al 71) . 
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columns of Table 4-13. The decay scheme for Si, shown in F ig . 4-10, 

also l i s t s branching ra t ios and log ft values derived from the present 

work. The proton decays for the T= i / 2 s ta tes (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 ass ignments . 

3 . Discussion and conclusions 

The branching ra t ios and ft values deduced from the present 

work differ in some r e spec t s from the ear l ie r work (Re 66). The p r e s ­

ent r e su l t s indicate that ~ 31% of the beta-decay strength goes to proton-

unbound levels above 3 MeV, which then gives the par t ia l half-life for 

beta decay to the six s ta tes below 3 MeV. This improved value for the 

the branching leads to a new evaluation of the ra t io of (ft) /(ft) . 
25 25 

The m i r r o r s in Mg- Al have been assigned up to 5 MeV (Li 
25 68) and the negatron decay r a t e s in Na have been measured for these 

six m i r r o r levels (Al 71). The resulting ft values can then be used to 

calculate the expected p a r t i a l half-life for pos i t ron decay to these m i r ­

r o r l eve l s . Thus a compar ison of the par t ia l half- l ives gives 

(ft) /(ft) = 1.17± 0.04, consistent with the ra t io determined by Alburger 

and Wilkinson (Al 71), but with somewhat reduced e r r o r s . 

37 41 4.0 

D. Resul ts for Ca, " Ti , and ' Sc. 

The previous studies of Ca and Ti (Ha 64, Re 64, Po 66) 

were complicated by background and insufficient par t ic le resolution. 
37 In Ca, the T =3/2 state decay peak was not completely resolved from 

the proton decay of nearby T =1/2 s ta tes . In addition, there could be 

significant p-decay branches resulting in low energy protons that were 
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5/2 + 12.736 

"L 2 2 0.7 

/3+ 

25, Si 

% 
8 194 y 1-39 

T*3/g33ffi/G^+ 3 / 2 * 7,972 ji^zsZ iz l l 3 

Mg + p 

3/2+ 

LS13V- 16.9 

0.945^-22' 

Log / / 
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 

0.000^— 20.7 5.33 

25, AI 
XBL 7iu-682-l 

2 5 0 . F ig . 4-10. Proposed decay scheme for " J S i . The 
excitation energies for the unbound states a re weighted 
averages of present and previous r e s u l t s . The branch­
ing rat ios and ft values a re from Table 4-13. 



Table 4-14. Relative Branching Ratios and Reduced Widths for the Decay of T = l / 2 States in " A l . 

Observed Ratio of 
Proton Intensities a) 

Ratio of Reduced Widths ' 
j l x / g . s . 2 x / g . s . 

25 Ev in " A l 
x (MeV) 

l x / g . s . 2x /g . s . (3/2, 5/2)+ 7/2+ 

4.582 1.32 3 . 5 

7. 115 3.i.4 1.9 0.26 

7.241 4.00 2.2 0.32 

7.647 1.41 

2x / l x 3 x / l x 2 x / l x 

8.194 4.09 1.26 360 7.6 

(3/2, 5/2)+ 7/2+ 

480 0.56 

3 x / l : 

8.6 33 

a) The individual peak intensities a re from Table 4-10. 

b) The reduced widths a re calculated by dividing the observed intensity by the penetrabil i ty 
for decay, assuming J 1 1 = (3/2, 5/2, or 7/2)+, and r = 1.3 fm. 
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unobserved in these experiments. Since the ground state J is 7 /2 -
41 for Sc and all excited states are unbound to protons (see Table 4-2), 

accurate intensity measurements of all significant proton decay peaks 

can result in direct determination of beta-decay branching ratios and 

absolute ft values. The degree of isospin purity of the lowest T = 3 /2 
41 state in Sc can then be determined. 

40 Higher accuracy data for the delayed proton decay of Sc were 

also necessary, since proton peaks from this nuclide were present in 
40 3 37 41 

all Ca+ He spectra discussed below. The bulk of the Ca, Ti 
40 

and Sc data were acquired simultaneously, and are therefore pre­
sented ^n_mas_se in this section. The analysis and conclusions are 
described separately for each nuclide. 

1. Discussion of data 

The nnclides Ca and Ti were produced utilizing He beams 

for bombardment of Ar and Ca targets. The Ar + He exper-
40 3 

iments were done at 40 MeV, while the Ca + He 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-
40 40 

dividual peaks. Data were also acquired from the Ca(p, n) Sc re ­

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

but ion of delayed-protons from Sc in the proton spectra obtained 
3 • 40 from He bombardment of Ca. 
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40 3 

In the Ca + He experiments , natural isotopic composition Ca 

t a rge t s of 1.0 to 1.5 mg/cm thickness were used . For the Ar( He, 2n) 

reac t ion , the gas target and gas handling sys tem described in Sec. IIIB 
w e r e used. 

a . Peak identification, energies, and in tens i t ies . The known, 
40 weak, beta-delayed proton emit ter Sc (Ve 69) was present in all the 

41 
Ti spectra (see Table 4-1) . Figure 4-11 shows low-energy proton 

3 40 
spec t ra following He and proton bombardment of Ca; parts a) and b) 

3 
were obtained at He bombarding energies of 29.5 and 60 MeV r e s p e c ­
tively. The 6-|j.m AE 50-um E telescope cutoff was ~ 2.2 MeV. The 
40 

Sc spectrum produced at a proton bombarding energy of 20 MeV is 

shown in F ig . 4-11 c) and was taken with a thicker E counter in o rde r 

to investigate proton decay groups with higher energ ies . Those peaks 

a r i s ing from more than one source but not separa ted into clearly iden­

tifiable components (due to proton energy differences being less than 

or near ly equal to the ~ 40 keV energy resolution) a r e numbered as one 

peak. 
3 

A more complete spec t rum from the 60-MeV He bombardment 40 of a Ca target is shown in F ig . 4-12. The peak labeled (1) shows the 

location of peak 1 which has been partially reduced in intensity due to 

an electronic threshold effect. Finally, a delayed-proton spect rum 

from Ca produced via Ar ( He, 2n) is shown in F ig . 4-13 for the 

energy region between 2 and +4 MeV. Beyond 4.2 MeV the spec t rum 

is fea ture less , and no specific peaks could be identified. The fits to 

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

using the Gaussian peak fitting program descr ibed ear l ie r in Sec. Ill E. 
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Observed proton energy (MeV) 

• . 11 .111 • . 1 . . • 

3.0 

X B L 7 3 B - « 0 0 < 

Fig . 4 -11 . Identified protons following He or proton 
bombardment of ^ C a . The peak identification num­
bers a re discussed in the text. 
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O 2 
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4 0 Co + 60 MeV He 
11yu.m AE 
265 ^ m E 

-40 keV FWHM 

0.7 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5-0 5-5 
Observed proton energy (MeV) 

00 

* B l T 3 H - 4 0 0 V 

40 3 
Fig. 4-12. Delayed protons following Can He bombardment at E 3 , . = 60 MeV. 
The numbering sys tem is identical to that in F ig . 4-11 and is descr ibed in the text. 
The intensity of peak (1) is reduced due to an electronic cut-off effect. 
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150 

100 
c 
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50 
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i 1 r 

3 6 Ar ( 3 He.2n) 3 7 Ca 
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48^mAE 
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23 
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•iV^^^iyvw/ltV^UAK^t^ aiy J 

2.5 
Observed 

3.0 
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F i g . 4 -13 . Delayed protons from Ca. The peak numbering c o r ­
responds to that in F i g s . 4-11 and 4-12 (see text) . Numbers in 
parentheses show locations of proton peaks whose energies were 
determined from other data . The inset shows in more detail the 
three main proton groups 'with energies g rea te r than 3 MeV. The 
smooth curve and the dashed lines a re Gaussian fits to t he sepeaks . 



-100-

Three types of data were used in identifying the origin of indi­

vidual proton peaks: half- l ives, energies and intensit ies from single-

component spectra , and re la t ive excitation functions. As noted in Sec. 

Ill C, half-life information was available for each s tat is t ical ly signif­

icant peak from the sequentially-routed 8 X512-channel data; the r e l -
41 atively shor t Ti half-life aids in distinguishing m o s t of the peaks 

originating from this p r e c u r s o r . 

40 40 
(i) Ca+ p. The p + Ca reaction at 20 MeV produces only 

40 *0 

Sc. These data were used to identify major * Sc peaks with higher 

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

result ing energies and intensit ies could then be applied to the in te rpre-
40 3 

tation of the Ca + He r e s u l t s . 

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

react ion at 40 MeV has severa l competing exit channels capable of p r o ­

ducing delayed protons. The nuclide K can, in pr incip le , (3 decay 
36 to proton unbound levels in A r . However, from beta-decay sys t jm-36 at ics such decays should be ext remely weak; K has been discounted 

as a source of delayed protons produced in react ions on this ta rget . 
32 29 

T h r e e other possibil i t ies exis t . Two of t h e s e - - CI and S--

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

in F ig . 4-13 since the energies of the main decay groups a r e known 
32 (Ha 72) and do not correspond to these peaks. (In CI, only electron 

--.apture could lead to protons with energies greater than 2.8 MeV.) The 
33 third possibi l i ty, Ar, does have a main decay peak essential ly of 

<.»qual 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,S) were bombarded with 29.5-MeV He beams and no proton 

33 activity that could be associated with Ar was observed. This lat ter 

is consistent with other evidence (Ma 70a) that inert gas nuclides have 

extremely low collection efficiencies in He-jet sys tems without cooled 
33 

collector foils. Thesereesults e l iminate Ar as a source of back­
ground in this spectrum. 

40 3 40 3 

(iii) Ca + He. Data from Ca + He w e r e acquired at 

three bombarding energies and with severa l different A E - E detector 

te lescopes. These data establ ish re la t ive excitation functions for most 

of the peaks "shown in F ig . 4-12; this spectrum contains contributions 
„ 40„ 37_ , 41„.. „ 36., , , . . . . , 
from Sc, Ca, and Ti . However, K can be eliminated as a 
source of protons as in the previous discussion; in fact, no prominent 36 peak exhibiting a lifetime as long a s that of K was observed (see 

Table 4-1) . The preceding d iscuss ion on Ar el iminates it from con­

sideration a s a background s o u r c e . Likewise the re la t ive excitation 
32 

functions coupled with the known CI proton energies se rve to el im­
inate it as a possible proton s o u r c e . 

Final ly, in addition to products from competing react ion chan­

nels, target contaminants compr i se another potential source of delayed 

protons. The two most likely contaminants a r e oxygen (from CaO) and 

Mg, which was present at -0.2% by weight of the na tura l Ca target 

mate r ia l . These lead to 1 7 N e and 2 5 S i , via the 1 6 0 ( 3 H e , 2n) and 

"Mg ( He, 2n) reactions respect ive ly . No identifiable Ne peaks or 
33 components were found; as d iscussed in the case of Ar , inert gases 

do not adhere to the (uncooled) col lec tor . On the other hand proton 
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25 peaks from Si were found; their intensities a re consis tent with the 

approximate level of Mg contamination in the Ca t a r g e t s . 

The resul t s of these ana lyses a re shown in Table 4-15, where 

laboratory proton energies and re la t ive intensities for one or more 

components a r e 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 r e ­

actions and the relevant proton energy ranges a r e tabulated in Table 
4.1 4-4. In addition, part of the " Ti data acquired with the 6-|±m 

AE 50-(im E telescope required the use of secondary calibration points 
40 i l 

at 1.085 MeV ( Sc) and 1.542 MeV ( TTi), their energ ies having first 

been determined (in part) from the pr imary cal ibrants in Table 4-4. 

The re la t ive Intensities for each nuclide were computed separately, 

correct ing where necessa ry for "contaminant" contr ibut ions . It 
25 should be noted that peaks 43 and 33 have been assigned to Si and 

a r i se f rom the decay of the lowest T = 3/2 state to the Mg ground-

and f i rs t -exci ted states respect ively (see Sec. IV C). 
36 3 The presen t Ar( He, 2n) data reliably give re la t ive intensities 

down to ~ 4Sfo while Ca peaks in the Ca + He data a r e s imilar ly iden­

tifiable to ~ 2.5% for E < 3 MeV, and to - 1% for E > 3 MeV. The r e -
41 suits for Ti cover all significant proton decays in the energy range 

from 0.6 to 8.5 MeV, and with re la t ive intensities down to ~ 3% for 

E < 3 MeV and down to 1.5% for E > 3 MeV. 
P P 

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

Ca a r e shown in Table 4 - 1 . The present measuremen t s of the " Sc 
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T a b l e 4 - 1 5 . O b s e r v e d p r o t o n e n e r g i e s and r e l a t i v e i n t e n s i t i e s for 
41 4.0 3 7 

the d e l a y e d - p r o t o n p r e c u r s o r s T i , " S c , and C a . T h e p e a k 

n u m b e r s c o r r e s p o n d to p e a k i d e n t i f i c a t i o n n u m b e r s s h o w n in F i g s . 

4 - l i , 4 - 1 2 , a n d 4 - 1 3 . 

P e a k E ( L a b ) a ' R e l a t i v e I n t e n s i t i e s b) 

N u m b e r M e

P

y ± k e V « T i 4 0 S c 3 7 C a 

1 0 .870 ± 15 

2 1.000 ± 15 c > 38.6 ± 2 . 4 d ) 

3 1.085 ± 10 
4 1.248 ± 1 5 c » 3.9 ± 0 . 9 d ) 

5 1.339 ± 25 

6 1.454 ± 15 

7 1.546 ± 15 21.6 ± 0.7 

8 1.612 ± 25 

9 1.709 ± 1 0 c ) 

10 1.846 ± 20 

11 1.925 ± 10 

12 1.983 ± 25 3.1 ± 0 .6 

13 2 .063 ± 30 4 .1 ± 0 .5 

14 2 .113 ± 25 

15 2 .271 ± 10 26.1 ± 0.9 
16 2 .409 ± 20 14.7 ± 0 . 3 d ) 

2.443 ± 2 5 e ) 

17 2 .498 ± 20 

18 2 .580 ± 2 0 ^ 

19 2 .662 ± 20 8.1 ± 0.8 
20 2 . 7 4 5 ± 20 
21 2 . 8 1 4 ± 15 4 . 9 ± ' •'• 

22 3.063 ± 1 5 h ) 

23 3.103 ± , i ) 

3 ,077 ± 15J> 60.3 ± 3 . 8 1 ' 
24 3 .173 ± 1 0 g > 

3 . 1 4 8 ± 2 0 ^ 4.0 ± l . l 1 ' 

27 .3 ± 3 . 0 e * 

100 . 

14.5 ± 1 . 8 e ) 

4.4 ± i . 0 f * 

8.9 ± 1.5 

4.7 ± 0.6 

5.4 ± 0 . 9 e ) 

13.8 ± 1.5 

2 . 6 ± 0 . 7 e ) 8 . 7 * 0 . S d ) 

9.4 ± 1.0 

9.7 ± 0.6 

9.0 ± 1.0 

2. .5 ± 0.3 

4. .5 ± 0 . 4 g ) 

2 . .5 ± 1.0 

4. .0 ± 1 . 2 h ) 

00 

12 . 8 ± i.08> 

con t inued . . . 
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Table 4-15 (continued) 

Peak E (Lab) a ' Relative Intensit ies 
Number M e

P

y ± k e V 41 T i 4 0 S c 3 7 C a 

25 3.339 ± 30 2.3 ± 0 . 4 k ) 1 . 7 ± 0 . 4 h ) 

26 3.487 ± 2 0 2.8 ± 0 . 4 k ) l . l ± 0 . 4 h ) 

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 ± 2 5 25g. 
34 4.187 ± 15 15.4 ± 0.5 
35 4.379 ± 15 7.2 ± 0.4 
36 4.564 ± 20 2.2 ± 0.3 
37 4.638 ± 10 22.1 ± 0.7 
38 4.734 ± 41* 100. 
39 4.832 ± 25 3.0 ± 0.3 

40 4.876 ± 20 3.4 ± 0.4 
41 4.925 ± 20 2.9 ± 0.3 
42 5.177 ± 30 1.5 ± 0.3 
43 5.387 ± 30 -— 2 5 g i 

a) Unless otherwise noted, the observed energ ies a re average values 
40 3 

f rom the Ca + He data. 
b) These values are computed separately for each nuclide with 100 

assigned the strongest branch. Unless otherwise indicated, they are 
40 3 

f rom the Ca + He data. 
40 3 40 

c) Average of values determined from Ca + He and " Ca + p data. 
40 

d) Computed after removal of the Sc component. 
40 

e) F r o m Ca + p data only. 
continued . . . 
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Table 4-15 (continued) 
40 

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

excitation data. 

g) Average of values from Ca + He and Ar + He data, 

h) From 3 6 A r + 3 He data. 

i) Energy calibration point, see Sec. IV A. 

j) From * Ca + J He at 29.5 MeV only. 
37 k) Computed after removal of Ca component. 
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37 and Ca half-lives a re consistent with these previous measurement s , 

however neither, when weighted with the accepted values, makes a 

s ta t is t ical ly significant change. These ea r l i e r values have therefore 

been adopted and have been used for all subsequent calculations p r e -
41 

sented he r e . The present r e su l t s for the T i half-life a re not, how­
ever , consistent with the former value. The p re sen t number of 80 ± 2 

m s e c resul t s from separa te measurements from selected peaks at sev-
41 e ra l bombarding energ ies . These peaks a r e a l l associated with Ti 

decay only; at 29.5 MeV peaks 7, 23, and 38 were used, while at the 

higher bombarding energies of 36.5 and 60 MeV, peaks 7, 15, 29, and 

38 were used. 
41 The ear l ie r Brookhaven data on 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 spec t rum. 

Although the present data acquired at 29.5-MeV bombarding energy a r e 
37 

above the Ca threshold, no evidence for this nuclide exists in the p r o ­
ton spec t rum (and none was expected, since a =S 2-MeV a part icle has an 
ex t remely small probability of emission from the compound nucleus). 

On the other hand, peak 23 in the E3 . - = 36.5-MeV resul ts is ~ 33^, 
37 37 

due to Ca; so at 32 MeV a Ca contamination of 10-15% is poss ib le . 

Since this group amounts to ~ 30% of the proton peak intensities p r e ­

viously used ' to evaluate the half-life, this level of impurity could be 

enough to lengthen the apparent half-life to - 88 m s e c . One should a l ­

so note that the present data have a peak-to-valley rat io approximately 

three t imes better than that of the ear l ie r r e su l t s ; this should se rve 
40 also to reduce the smal l background contributions from " Sc (Ve 69) 
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41 
at the higher proton energies . The present result for the Ti half-
life has been used for all subsequent calculations in this work. 

2. Analysis 
41 37 

The spin-parity assignments for the precursors Ti and Ca 

follow from their T = + 3 /2 mirrors and from the j " of the lowest 

T = 3 /2 states in the T = ± 1/2 nuclei. For m a s s 41, J* for 1 K ( g . s . ) 
41 

is 3/2+ (En 67), while the lowest T = 3/2 state in Ca has been identi­
fied as 3/2+ by Belote, et al . (Be 67) and Lynen, et al . (Ly 67). 
Trainor et al. (Tr 73) have assigned J u = 3/2+ for the lowest T =3 /2 

41 u 37 

level in Sc. In the case of mass 37, the ground state J for CI is 

known to be 3/2+ (En 67), while Butler et al. (Bu 68) have assigned 

J 1 7 = 3/2+ to the lowest T = 3 /2 states in 3 7 K and 3 7 A r . 

Unlike some of the other T = - i / 2 nuclei in the A = 4n+1 ser ies 

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

spectroscopic assignments ( 7 F , CI (Ha 71) and Na (Sec. IV B)), 
41 37 

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

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

assigned for many levels . Hence, in the present case only one new 
41 40 

level (in Sc) has been identified, while in Ca, several new levels 40 are postulated as a result of the present Sc data. 
40 40 T 

a. Sc. The nuclide Sc(J ' = 4 ) is a very weak delayed pro-40 + ton emitter, with less than 1% of the total Sc p decay proceeding to 40 particle-unbound levels in 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 ~ 2.5% would not have been 
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reliably measured for proton energies less than 3 MeV, nor relative 

intensit ies of less than ~ 1.5% for protons greater than 3 MeV. Peak 
40 5 has been tentatively assigned to Sc decay. The re la t ive excitation 

40 3 
data from Ca + He a r e consis tent with this ass ignment , even though 

40 it appears only very weakly in the Ca + p data in F ig . 4 -11 . 
40 The Sc peak energies , corrected to the cen te r -o f -mass , a r e 

shown in Table 4-16 with a comparison to the previous measurements 

of Ver ra l l and Bell (Ve 69). Their data extend to higher proton energies 

than the p r e s e n t resul t s , and they identify peaks whose relat ive intensi­

ties extend a s low as ~ 0.1% . The higher resolution r e su l t s presented 

here show only one major change; the strongest proton peak, previ­

ously ~ 1.05 MeV and thought to be composed of decays from two or 

more closely grouped levels , has been resolved into two components 

(peaks labeled 2 and 3). It is possible that peak 3 s t i l l contains 

more than one component. 
40 Also shown in Table 4-16 a r e the excitation energ ies in Ca 

deduced on the assumption that the protons a r i se solely from decay to 
39 the K ground s ta te . These energ ies can be compared to known states 

40 39 

in Ca m e a s u r e d in K(p, •y) exper iments (En 67, De 70). These r e ­

sults do not correspond ent i rely with the previous measu remen t s , pos-
40 sibly because allowed beta decay from Sc proceeds to states with 

J = 3 , 4 , or 5 , while proton capture reactions r equ i r e 1=3 protons 

to populate J = 4" or 5 levels in Ca. No 1 =3 proton resul ts for 
39 

K(p, y) have been repor ted. 

F inal ly log ft values have been calculated for these decays a s ­

suming log ft = 5.0 for beta decay to the 9.45-MeV l eve l - - s een in the 



Table 4-16 Energy L e v e l s , Branching Ra t ios , and Log ft Values for , u S c De layed-Pro lon Decay. 
(Energ ies in MeV ± keV). 

Peak 
Number 

ir 1 U I U I I l i . i l 

(Vc69) 
' " ' K i r ( • - • • " • 1 

P r e s e n t 

2 } 
31 

1.08 * 30 
. 1 . 0 3 2 4 15 
<1. 112 ± 10 

4 1.27 4 30 1.279 ± 15 
5 1.373 4 25 

6 1.48 4 30 1.491 4 15 

8 1. 58 ± 40 1.653 ± 25 

9 1.72 ± 30 1.752 4 10 
10 1.88 ± 30 1.893 4 20 
14 2. 15 4 30 2 .166 4 25 
16 2 .44 4 30 2.505 4 25 

a) 
Deduced 

E „ in Ca 

Known 
Levels 
in Ca 

9, , 364 4 1 

<>. .454 ± 1 
9. .603 4 1 
9, .669 4 1 

9. .812 4 1 

9. .830 4 1 

P r e s e n t 
Resu l t s j 

Note Log ftb' 

9.362 4 15 
9.442 4 10 
9. 609 4 15 
9.703 4 25 

9.B21 4 15 

9 .983 4 25 
10.082 4 10 
10 .223 4 20 
10.496 4 25 
10 .835 4 25 

10 .236 4 2 
10.531 4 2 

(Z .3)" c ,d) 
3" c .d) 

1 ,1 ,2 ,3)" c ,d) 

c) 

c) 
c) 

5. 61 
5.00 
5.76 
6.22 

5.85 

6.04 
6.23 
5.59 
5.43 
5.40 

o 

a) These a r e computed us ing the m e a s u r e d pro ton e n e r g i e s and E = 8.330 4 0.001 MeV (Table 4 -2 ) . 

b) The ft values a r e computed using the known excitat ion e n e r g i e s for the f i r s t t h ree l eve l s l i s t ed , and the deduced values 
for excited s t a t e s > 9.65 MeV. The Q_ value i s from (Table 4-2) , and the branching ra t ios a re ca lcu la ted a s s u m i n g 
log ft = 5.0 (Go 66) for the s t ronges t t rans i t ion . (peak 3). 

c) These a r e from ref. (En 67), c o r r e c t e d for the newer value of the s epa ra t ion ene rgy . 

d) These a r e f rom ref. (De 70), weighted with those from (En67) . 

http://li.il
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present data as the largest intensity proton group. This assumption is 

based on the average allowed t ransi t ion in the A =20 to 69 mass region, 

as shown in (Go 66). The sum of the p -decay branches leading to the 

ten proton groups observed in this work is ~ 0.2%, following the above 

assumption. Even in the case of a faster transit ion for this decay e. g., 

log ft - 4.5, the total observed branching ratio leading to proton unstable 
40 states in Ca is « 1%. 
37 b . Ca. There a re two major differences in the otherwise gen-

37 era l agreement with the previous resu l t s for Ca (Po 66): proton decay 

has been seen from the lowest unbound level capable if being fed by 

allowed beta decay (peak 1 in F i g . 4-11 b) and the decay peak at ~3.1 

MeV ar i s ing in par t from the T = 3 / 2 state has been resolved into three 
37 + 

components. Energy levels in K fed by allowed p decay are shown 

in Table 4-17, along with a compar i son to known levels (Go 67, Th 70). 

Although other levels with J 1 7 = (1 /2 , 3/2, or 5/2)+ a r e known in this 

energy region, possible proton peaks arising from their decay were too 

weak to have been reliably identified in the present s p e c t r a . These a s -

signments a l so assume that the p r i m a r y decay mode is to the Ar 

ground s t a t e . This assumption essent ial ly agrees 'with the previous r e ­

sul ts , although two levels , one a t 5.05 MeV (the T = 3/2 state) and at 

5.32 MeV a r e known to have T / r < 1 (Go 67, Th 70). In the case of the 
T = 3/2 s ta te , T/T ~ 1.4X10" 3, and T /T~ 1.1 X10~"; qualitative evidence 

Y Pi 

can be seen in some spectra for this very weak proton decay to the first 

excited s tate in Ar (as a low energy shoulder on peak 4, F igs . 4-11 b 

and 4-12), but it is not of sufficient intensity to be re l iab le identified. 
36 For decay of the 5.32-MeV state to the fir3t-excited s ta te in Ar, the 



37 57 
Table 4-1 7 Energies of Unbound Levels in K Fed by Allowed Beta Decay from Ca, and a Comparison with Previous Resul ts , 

(Energies a re in MeV ± keV). 

Deduced E a ' 
• 37„ * in K 

Peak 
Number 

Deduced E a ' 
• 37„ * in K Ro£. Go 67 Ref. Th 70 r

p 0 / r b ) 

1 2.751 ± 15 2 .750± 1 5/2+ 
9 3 . 6 1 4 * 10 3.623 * 15 (1/2,3/2,5/2)+ 

11 3. 836 ± 10 3.844 1 10 (1/2,3/2,5/2)+ 

17 4.425 * 20 
| 4 . 4 1 7 ± 5 

(4.435 ± 5 

(1/2,3/2,5/2)+ 
or 

(1/2,3/2,5/2)+ 
18 4. 509 * 20 4. 523 * 20 1/2+ 4 . 4 9 6 * 10 1/2+ 
20 4. 679 * 20 4.659 * 10 (1/2.3/2,5/2)+ 4. 671 ± 15 (1/2,3/2,5/2)+ 
22 5. 006 ± 15 5 .018± 3 (3/2, 5/2)+ 5.018 * 10 
23 5. 047 ± 3 c ) 5. 048 ± 3 (3/2,5/2)+, T=3/2 5.048 ± 15 0.988 * 0.007 
24 5 . 1 1 9 * 10 5 .116± 5 1/2+ 5. 1 1 6 * 10 
25 5.289 * 30 5 .318± 6 3/2 5.321 ± 10 3/2+ 0. 75 ± 0.08 
26 5.44Z ± 20 5. 449 * 6 5.452 ± 10 1/2+ 
32 6.016 * 20 6.012 ± 20 (1/2,3/2,5/2)+ 6.017 ± 10 (3/2,5/2)1 

a) All peaks were presumed to a r i se from decay to the Ar g . s . The excitation energies ware con.puLed using a proton 
separation energy of 1.857 ± 0.001 MeV (see Table 4-2). 

b) This ratio is based on par t ia l widths given in re fs . 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 

F / r ~ 0.25). This is too weak to have been observed h e r e . The last 
Pi 

column in Table 4-17 gives T /T for ' these two s t a t e s . 
P ° 2 

Several calculations for / u) have been made for the super-
allowed beta decay to the T = 3/2 analogue level (Ha 65, Ba 64, La 72, 

2 
En 66). All give consistent values for / <r) which, when used in Eq. 
(2-14), r e su l t in log ft =3.27 to 3.30 for the superallowed decay to the 

2 

T = 3/2 analogue state (assuming a = 1 in Eq. (2-20)). 

If one assumes a log ft value of 3.30 for this nea r ly model-

independent prediction for the superallowed beta-decay transi t ion 

strength, the re la t ive proton intensi t ies can then be used to determine 
37 absolute ft values for positron decay to unbound levels in K. These 

resul ts and the absolute posi t ron decay branching ra t ios that follow a r e 

shown in Table 4-18. The branching rat ios and ft values for beta decay 

to the 5.05- and 5.32-MeV sta tes have been corrected for the T /T ra t io 
P 

shown in Table 4-17. 
Table 4-18 also shows the branching rat io and ft value for decay 

37 to the K ground state, for which the log ft has been obtained from the 
37 m i r r o r Ar e lec t ron capture decay. By combining this branching 

rat io with the p resen t r esu l t s , the branching to the 1.368-MeV, J 1 7 = 1/2 + 

state can be es t imated. The decay scheme for beta-delayed protons 
37 from Ca is shown in F ig . 4-14; the branching rat ios and ft values to 

proton unbound levels a re from the present work. 

c _ T i . The ground state of Sc has J - 7 /2- ; hence beta 

decay to this s tate from Ti ( J w = 3/2+) is first-forbidden unique and 

will be strongly hindered. (The analogous m i r r o r Ca —• K electron 



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

Energy In . , . r, ^ r Branching ft ' ' T . 
- , 7

b y a) b) Proport ion of , - B , — Log ft 
K j * Proton Decays (%) F r o m 'Ca ' ( 1 0 j sec) (sec) 

(MeV ± keV) (%) 

0.000 3 / 2 + e ) 15.62 ± 0 . 5 2 " 125 ± 3<> 5. 10 ± 0.01 
1 .368 6 ' l/2+°> 8 . 4 ± 2 . 5 ^ 121 ± 36 5. 08 i 0. 13 
2.750 ± 1 5/2+ 8.48 ± 0.94 6.37 ± 0.73 74.0 ± 8 . 3 4. 87 ± 0.05 
3. 617 ± 8 5.35 ± 0.50 4.02 X 0.39 67.7 ± 6 . 5 4.83 ± 0.04 
3.840 ± 7 5.96 ± 0.40 4.48 ± 0.32 52.1 ± 3 . 6 4. 72 ± 0.03 
4.417 ± 5 h ) 1.54 ± 0.19 1.15 ± 0. 14 133 ± 16- 5. 12 ± 0.05 
4. 503 ± 6 1/2+ 2.77 ± 0.25 2.08 ± 0.20 69.3 ± 6 . 5 4.84 ± 0.04 
4.665 ± 8 1.54 ± 0.62 1. 15 ± 0.46 H O ± 44 5.04 ± 0.18 
5.018 ± 3 (3/2, 5/2)+ 2.46 ± 0.74 1.85 ± 0.56 52 ± 16 4. 71 ± 0. 14 
5.047 ± 3 3/2+,T=3/2 61.46 ± 2.27 46.74 2 . 0 3. 30 
5. 117 ± 4 1/2+ 7.87 ± 0.64 5.91 ± 0.50 14.9 ± 1.2 4. 17 ± 0.04 
5.318 ± 5 3/2+ 1.04 ± 0.25 1.05 ± 0 .27 1 ' 71 ± 18 4. 85 ± 0. 12 
5.449 ± 5 1/2+ 0.68 ± 0.25 0. 51 ± 0. 19 130 ± 47 5. 11 ± 0. 17 
6.016 ± 8 (3/2, 5/2)+ 0.86 ± 0.12 0.65 ± 0.09 59.5 ± 8 . 7 4. 77 ± 0.06 

a) This is a weighted average of present and previous resul t s shown in Table 4-17, 
b) Spins and par i t ies are from those shown in Table 4-17 and the present r e su l t s . 
c) The branching ratios and ft values a re calculated based on the assumption of isoapin purity for the lowest T=3/2 state, 

correct ing for T /T. 
p 0 

continued . 



Tabic 4-18 (continued) 

d) The ft values a r c ca lcula ted using the Q shown in Tabic -1-2 :ind ;i half - l i te of 17=i± i msui ' , 
e) Rof. (Go 67). 
0 This is taken from the m i r r o r decay, using Q „ ^ and T •- from (En (-7) and f from lGu71;i). 
g) The b rand l ing rat io is calculated from the sum of all m e a s u r e d branching rat ios and thai i n t e r r ed for the ground 

state branch . 
h) The lower of the two ene rg i e s l is ted in Table 4-17 has been tentat ively used, since no evidence for the upper 

level was obse rved in ref. (Th 70). 
i) Cor rec ted for F / F given in Table 4-17 . 

p 0 
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3/2 + H-640 

I 7 5 msec 

% Log ft 
(3/2,5/2)+ 6-016^- 0-65 4.77 

5449—0.51 5.11 
T I E ^ - 1-05 4.8E 

5.91 4.17 
4S.74 3.30 

!.85 4.71 

6.37 4.87 

36 Ar + p 1/2* I368r~ 8.4 5.08 

3/2+ OOOÔ —TI5-6 5-10] 

37,, 

37 Co 

XHL73I0-4S9? 

37 
F ig . 4-14. Proposed decay scheme for Ca. The 
excitation energies a re weighted averages of p resen t 
and previous resu l t s . The branching ratios and log 
ft values for decay to the excited states a re from the 
p resen t work, while the ground-state log ft is taken 
from the m i r r o r decay. 
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capture decay has log ft = 10.5.) The f irst level to which allowed (3 

decay can proceed is at E ~ 2.0 MeV, well above the proton separat ion 

energy. It is therefore possible to direct ly determine the absolute beta-

decay branching ra t ios from the relat ive intensities of the proton decays 

of these unbound leve l s , providing all significant proton intensit ies a re 

measured . The observed proton groups range in energy from ~ 1.0 

MeV to 5.3 MeV, though a fur... r sea rch for other proton groups with 

energies up to 8.5 MeV was made. 
41 Excited s ta tes in Sc have been extensively studied, using both 

resonance (Yo 68, En 67, Ma 70) and pa.r t icle-transfer react ions (Yo ~0, 

Yo 70a, Bo 65, Ge 69). Excitation energies from the presen t delayed-

proton resul ts a re shown in Table 4-19, along with those from previous 

determinations; these resu l t s show remarkab ly good agreement with 
41 known levels in Sc. As noted in Sec. IV A, the decay of the T = 3/2 

state (peak 38) r e su l t s in a new determinat ion of the excitation energy 

of this level (combined with the recent resonance data from (Tr 73) or 

(Tr 73a)). 
40 

Marinov et a l . , (Ma 70) have repor ted Ca(p, p) and (p, p') r e ­
sults for states between 5.8 and 7.0 MeV in excitation; for s ta tes below 
6.1 MeV, no strong inelast ic decay modes were seen. Some levels 

above this energy do exhibit significant pa r t i a l widths for decays to ex-
. 40 cited states in * Ca. Three of the proton peaks discussed he re have 

been assigned to t ransi t ions to excited s ta tes on the basis of r e su l t s in 

Ref. (Ma 70). The s tate at ~6.09 MeV has a decay branch to the 3" , 

3.737-MeV state in " Ca, as well as a ground-state decay branch. The 

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



-19. Energloa of Unbound Lavali in 6c Fftd by Allowed Bat* Decay froa "TC, and a Compariaon with Praviouu Results 
(Enargloa are in MaV + JceV). 

Final0 

Poajc a t a t o 

number 40 

Reduced 
energies Ra£. Yo 68 

-Pr«viou» Work-

7 q.a. 2.671 ± 15 2.667 ± 3 

IS q.a. 3.414 t 10 
16 q.a. 3.556 i 20 
19 q.a. 3.015 t 20 3.7B2 ± 3 
21 ct.s. 3.971 ± 15 
23 q.a. 4.241 i 15 4.246 t 4 
24 q.a. 4.313 i 20 4.329 t 4 

25 q.a. 4.509 1 30 

26 q.s. 4.661 i 20 

27 g.o. 4.782 i 15 

20 .0. 4.069 1 15 4.872 t 6 
21 q.a. 4.929 t 10 
30 q.a. 5.019 i 25 
31 a.a. 5.000 1 25 

34 q.D. 5.37B 1 15 5.360 1 9 

15 q.O. 5.575 1 15 5.575 i 10 

36 q.o. 5.761 t 20 5.760 t 8 

5/2* 

5/2+ 

5/2+ 

5/2+ 

3.415 t 1 

4.643 i 3 

4.778 i 2 

4.S68 i 2 

1/2+ 

3.783 t 2 5/2+ 
3.970 1 2 1/2+ 
4.248 i 2 5/2+ 

4.505 t 2 (3/2,5/2)+ 

1/2-^ 
(3/2,5/2)+ 
(3/2,5/2)+ 

4.948 t 4 (3/2,5/2)+ 

5.023 t 2 1/2+ 

5.082 i 2 (3/2.5/2)+ 

5.375 t 2 

5.575 1 2 (3/2,5/21+ 

2.096 J 7 (3/2+,5/2+)" 

2.!0O ! 20 3/2+° 

2.077 J 20 2/2+,5/2+f 

3.776 i JO 5/2* 

c o n t i n u e d . . . 



Table 4-19. continued 

37 q.0. 

30 g.o. 

19 q.o. 

40 q.o. 

4 3, 737 KoV 

41 <J.S. 

42 g.B. 

12 3. .353 MoV 

13 3, .737 MoV 

5.041 1 10 

5.939 t 4» 

6.040 1 25 6.017 1/2+* 

6.005 ! 

6.102 i 

20 | 

15" ( 
6.087 • 11 

G.13S S 20 6.130 J/2tJ 

6.393 1 30 

6.472 S 25" 

6.930 1 10k 

5.030 1 2 (3 /2 ,5 /2 )* 5 . 8 3 7 * 1 0 5.030 (3/2+1 "' 

5.941 3/2+, T-3/2 h ) 

6.006 + 10 

6.132 i 10 

6.413 S 10 15/2+) 

6.477 1 10 

6.940 ! 10 

bj The energies are calculated using ft proton separation energy of 1.006 + 0.001 MeV, (aea Tabla 4 - 2 ) . 

c) Tho exc i tat ion enorglea given In th ie rafaranca hava been corrected for the change In proton separation energy (note b) above. 

d) Ga 69. 

a) Yo 70. 

f) Yo 70a. 

g) The aealgned parity of thlo atete precludee it being fed by allowed bate decay. Nevertheless, the deduced energy appeara to 
bo in agreement, tho width of thic level le 36 koV (En 67) i It is poeaible that this la a doublet, part of which is fed by 
allowed p* decay. 

h) Tr 73a. 

1) This energy is already averaged, and part of tho energy calibration, see Table 4-4. 

3) This energy ie froo H. A. Drown, Rice Unlveraity Ph.D. Thesis, 1963 (unpublished), quoted in ref. (Yo 60). It is not 
incluucd in the avorage computed for E , however the J* assignment is tentatively used. 

M This assignment lo based, in part, an agreement with ref. (Ma 70) with raspect to excitation energy and observed decay mode. 
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s ta tes at 6.47 and 6.94 MeV have been observed to decay pr imar i ly to 
40 the first and second-excited states in Ca respectively, the p resen t 

assignments follow this resu l t . The ground-state branches for both of 

these states a re so weak that they a re not rel iably observed in the p r e s ­

ent spec t ra- -cons is tent with the resul t s in Ref. (Ma 70). 
41 Penetrability calculations for proton decay from states in Sc 

a r e shown in Fig. 2-2, following the d iscuss ion in Sec. II D. It is ap ­

parent from this figure that for states below 6 MeV in excitation the 

ra t io of penetrabil i t ies for decay to the excited states vs that for decay 

to the ground state is ext remely smal l . 

A relat ively strong peak (number 16) is observed at E ~ 2.4 
40 MeV. Although it has a smal l Sc component, the deduced half-life 

•to 41 
(after removal of the " Sc) is consistent with that of Ti. It c o r r e -

40 sponds to a level at E - 3.56 MeV decaying to the Ca ground state; 
41 however no such level has been previously observed in Sc. A com-

41 par i son with the m i r r o r Ca nucleus, shown in Fig. 4-15, indicates 

that the known 3n = (1 /2 , 3/2, 5/2)+ levels ag ree up to 4.3 MeV. ex-
41 cept no m i r r o r for the (3 /2 , 5/2)+, 3.54-MeV state in Ca has been 

41 identified. The bracketed level at 3.556 MeV in Sc shown in this 

figure follows from the present assignment for the 2.4 MeV proton 

peak. Supporting evidence for assignment of this new level comes 

from the inelastic scat ter ing resul ts of (Ma 70';. These resul t s 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 
40 

ei ther of the first two excited states in Ca. The lower positive pa r ­
ity s ta tes in mass-41 a r i s e from part icle-hole configurations; hence 
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6 r 

> 3 

x 2 

Moss 41 mirror levels with 
J T = ( 1/2,3/2,5/2) + 5/2- -5.73 

(3/2,5/21 

M/2 

1/2. 
(5/21-

3 /2 - -2.01 

3 / 2 - -5.04 

5/2 4.248 5/2-
1/2 3.970 
5/2 3.783 

[ 3556] * 2 " 
1/2 3.415 

2.68 1/2 2.72 
-2.61 5/2 2.667 

I / 2 1 

3/2 2097 3 /2 -

-4.27 

-3.62 
3/2 3B9 

1/2-
5/2 2J\ 

.2.42 " 2 255 5/2-

3 /2 -

3/2 1.72 

- 2 3 0 
-2.10 

-2.98 

-2.53 

-2.10 

41 4 1 , Co "Sc 
Experiment 

( Q ) (b) 
Theory 

(c) 

XBL73I0-4296 

F i g . 4 - 1 5 . C o m p a r i s o n of m i r r o r l e v e l s in m a s s 41 be low 4 .3 MeV 
w i t h J 1 7 = ( 1 / 2 , 3 / 2 , o r 5 /2)+. T h e 4 I C a l e v e l s a r e t a k e n f r o m R e f s . 
(Sm 68, Se 73a) w h i l e 4 * S c e x c i t a t i o n e n e r g i e s a r e f r o m T a b l e 4 - 2 0 . 
The l e v e l a t 2 .72 MeV (shown by d a s h e d l i nes ) is not o b s e r v e d in the 
d e l a y e d p r o t o n s p e c t r a , whi le the b r a c k e t e d l e v e l a t 3.56 MeV i s f r o m 
the p r e s e n t r e s u l t s . The t h e o r e t i c a l p r e d i c t i o n s a r e f r o m a) Ch 71,b) 
Di 68, and c) A r 6 7 . 
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40 they are only weakly excited in reactions from a Ca target , and sucha 

leve la t 3.5 MeV might not have been identifiable. F u r t h e r m o r e , the near­

by 3.46-MeV state with J = l /2- , produced in par t i c le - t rans fe r reac t ions (Ge 

69, Yo 70), has a width of ~ 60 keV(En67) which could obscure a weaker 

transit ion to a state r ^ x r 3.56 MeV. 

Penetrabil i ty calculations a r e a lso of interest in determining 

the branching ra t io for decay to the T = 3/2 s tate in Sc, ai«d the ques­

tion of isospin purity discussed la ter . F r o m these experimental r esu l t s , 

only upper l imits can be established for poss ible decay branches of the 

T = 3/2 state to the f i rs t three excited s t a t e s . The proton energies for 

each of these possible decay modes unfortunately closely match energies 
40 of peaks arising from Sc decay. Limits for such decay branches a re 

shown in Table 4-20, along with penetrabi l i t ies calculated for each de­

cay mode. The e a r l i e r resu l t s reported in (Go 73) showed a decay-

branch to the 0+, first-excited state with a re la t ive intensity of 4 ± 2%. 
40 

This peak (6) now appears to a ise solely from the decay of Sc (see 

Table 4-15). 

It is apparent from the penetrabi l i t ies listed in Table 4-20 that 

decay of the T = 3/2 s ta te to any of the energetical ly allowed excited 
40 s ta tes in Ca is quite unlikely and that the upper limits extracted from 

the present data a r e probably too l a rge . These possible decays t h e r e ­

fore have not been included in the calculation of the branching ra t io and 

ft value for beta decay to this state, nor in the calculation of the isospin 

impurity for this level . 

The mass -excess of this narrow analogue level ( r - 65 eV, Tr 
41 73a) can be used, along with the known m a s s - e x c e s s e s of the K 
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. i b l e 4 - 2 0 . P o s s i b l e P r o t o n D e c a y s of t he L o w e s t 
T = 3 /2 S t a t e i n 4 1 S c . 

4 ( V n-- i t ; . . a ) 
Ca F i n a l M a t e 
E E ° ' O b s e r v e d ,. 

x -^lab I n t e n s i t y 0 ' P e n e t r a b i l i t y ' 
(MeV) J 1 1 MeV ± keV I(%) P 

0 . 0 0 0 0+ 4 . 7 3 4 2 4 . 3 0 . 3 9 
3 . 3 5 3 0+ i . 4 6 3 < 0 . 7 0 . 0 0 0 5 

J 1 1 

E l a b ° 
MeV ± k e V 

0+ 4 . 7 3 4 
0+ 1.463 

3 - 1.089 
2+ 0 . 9 2 6 
5 - 0 .352 

3 . 7 3 7 3 - 1.089 < 1 . 2 0 . 0 0 0 3 

3 . 9 0 4 2+ 0 . 9 2 6 < 0 . 4 0 . 0 0 0 2 

4 . 4 9 2 5 - 0 .352 e) - 1 X 1 0 " 

40 
a) E x c i t e d s t a t e s in Ca a r e f r o m Ref, (Ma 71) . 

b) C a l c u l a t e d a s s u m i n g a s e p a r a t i o n e n e r g y of 1. 086 MeV ( T a b l e 4 - 2 ) . 

41 
c) T h e s e a r e i n t e r m s of p e r c e n t of t h e t o t a l p r o t o n d e c a y ci Sc . 

d) T h e s e c a l c u l a t i o n s a r e d e s c r i b e d i n S e c . I I D , wi th r „ = 1.3 fm. 

e) T h i s p r o t o n e n e r g y i s be low t h e e x p e r i m e n t a l r a n g e of o b s e r ­

va t i on . 
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ground state (Wa 71), and of the lowest T = 3/2 state in 1 C a (Be 67, 
41 Ly 67), to predict the mass -exces s of T i . Using the isobar ic mult i -

plet mass equation (XMME)(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 react ion thresholds and beta-decay 

energies for Ti shown in Tables 4-1 and 4-2 use the IMME resu l t . 

F r o m the re la t ive proton in tens i t ies , and energy- level ass ign­

ments discussed above, branching ra t ios and absolute t ransi t ion 
41 strengths for posi t ron decay of Ti have been calculated and a r e shown 

in Table 4 -21 . The ground-state decay branch is taken from the m i r r o r 
41 41 41 

Ca -•• K e lec t ron capture . Its very sma l l magnitude for Ti 

(- 4 X10 %) has no effect on the absolute beta-decay intensit ies to un­

bound levels. 

Figure 4-15 shows a state in *Sc at 2.72 MeV with J T = 1/2+ 

(En 67, Ge 69). F ro t c ns from the decay of this state were not observed 

in the present exper iments , although the i r predicted position is near 
40 peak 8, which is predominately from Sc decay. Since this level is the 

only known state with J = (1/2, 3/2, or 5/2)+ below 5.3 MeV whose 

corresponding proton decay was not observed, an upper l imit on the 
41 relat ive intensity of this possible Sc decay peak has been calculated 

to be ^ 1.5% . This limit corresponds to a beta-branching ra t io of 

* 0.4% , and log ft S 6.04. The uncertainty in the observed beta-decay 

branching ra t ios generated by this upper l imit is incorporated in the 

e r r o r s for each decay shown in Table 4 - 2 1 . This level, in fact, is the 
41 IT 

only previously known state in Sc with a firmly established J not 
seen in the present delayed-proton data. 



-124-

O 
CM 
o 

CM 
O 

( M 
O 

rn 
o 

m 
o 

r o 
O 

CM 00 
o 

sO 

o 
CM 

o 
CO 
O 

r o 
O o o 

CM 

o 
ro 
o 

tM u 
a 

o o O O o o O o o o o O O o o o o o u 
a •H -H -H •H -H •H •H -H -H •H •tt •H -H -H -H -H -H •H 

3 m CT 1 CM 
m o CM 

CO 

o CM 
m 
•3-

o 
CO 

m O 
i n 

r~ 
CM 

i n 
e n vO O 

o -̂  • > ! • "3> •ta­ i n i n • * i n m i r . T ^ • * m i n • * ^ i n 

° * ^2 
C o o "+3 
O tU © Cd 

SQQoJ 
O B cC MS 

S 2S-S 
ftp, s 

h 

c— > 
W o ) <B 

J? to •« 

.5 o 
H 2 

f cr> CM *« O - o» o • *H -«-. r~ 

o o> • * CO CM co CM o- O CO 0 0 o CM CM T H c- o- T - * CM vO 
0) * H ^ 1 • * • * c o ^ - i r O T - t 

3 a 

a\ "U t - < •H •H -H •H -H -H • H •H •H •H -H •H -H -H •n •H •H •H 
"" | O X i n i n > D * D O CM CO en - f CO 

~- CO •c* CM m *̂ O •a CM c l 0 0 T l c o „ • * CM o CM o i n 
1 vX) CO • * r~ S t - ««H r~ 

CM o 
CM 

i n t o *"* CO CO 
CM 

CM ^ f "* 

0) N P -r* CM 
CT- O CM 
O CM *H 

1 - O O O 
CM •<-• T * -n m m ^r 

1 o o O o o O o - J o o o o o o o o o o 
o •H -H -H •H -H •H •H -H •H •H •H -ti -H •H -H •H -H •H 

•J? 
CO •* 

CM 

e n 
en i n 

0 > CO 
NO 

MD 
i n 

0 0 
M3 

i n CM 

m 
oo 
i n 

M3 
C I 

i n 
i n 

O^ i n vD f*> x-* ^ o o o c M c n t ^ o o f n - ^ o 

+ M 

+ 
CM 

i f i " > 5/
2)

+ 

+ + + « . + « + CM CM CM CM CM CM CM CM 
s V . ~>. • ^ v . ^ x > - - S \ 

s D t *1 CM o l M CM CM ^ f CM CO CM CM r̂  C J CM CM CM r^ 

•H -H -H -H •a -H -H •H -H •H -H -H -H •« -H -H •H •H 

00
0 

09
7 

66
7 

41
5 

78
3 O 

C7- 24
8 

32
9 

50
5 

64
3 

77
8 

86
8 

94
5 

02
3 

08
2 

37
5 

57
5 

77
8 

o CM CM CO t o CO CO ^ f • * r ! 1 
• * •* ^ * i n i n i n i n i n 



Table 4-21 (continued) 

Energy In 
4 1 S c a ' 

(MeV ± keV) S* 
Proport ion of 
Proton Decays 

(Beta Decay , 
Branching Ratio ' (%) 

ft.d) 

(10 3 sec) 
•Log ft 

(sec) 

5.838 ± 2 (3/2,5/2)+ 5.36 ± 0. 19 10.9 ± 0. 5 4.04 ± 0.02 
5.939 ± 4 3/2+, T=3/2 24.25 ± 0.50 2.22± 0.09 3.35 ± 0.02 
6.018 ± 9 1/2+ 0.73 ± 0.07 69.5 ± 7.5 4.84 ± 0.05 
6.089 ± 6 1. 77 ± 0.24 27.0 ± 3. 8 4. 43 ± 0 . 0 6 
6.133 ± 9 (3/2)+ 0. 70 ± 0.07 65.6 ± 7. 3 4.82 =t C.05 
6.411 ± 9 (5/2)+ 0.36 ± 0.07 100 ± 2 0 5.00 ± 0.09 
6.476 ± 9 0.75 ± 0. 15 46.0 ± 9. 1 4. 66 ± 0.09 
6.947 ± 9 0.99 ± 0.12 22. 7 ± 2.9 4.36 ± 0.06 

a) This is a weighted average of excitation energies lie ed in Table 4-19. 

b) This is based on those l isted in Table 4-19 and the present resu l t s assuming allowed beta 
decay. The ground state Jn is from (En 67). 

c) With the exception of decay to the ground state, the absolute beta-decay branching ratios 
follow directly from the observed proton in tens i t ies . 

d) The ft values a re calculated using Q„ from Table 4-2 and T. ,„ - 80 ± 2 msec . 
p 1/6 

e) This branching ratio is calculated from comparison with the m i r r o r decay (En 67). 



- 1 2 6 -

F o r c o m p a r i s o n , F i g . 4 - 1 5 a l s o shows r e s u l t s of s h e l l - m o d e l 

p r e d i c t i o n s for m a s s 4 1 . Two of t h e s e e a r l i e r c a l c u l a t i o n s , p a r t b) 

Ref. (Di 68) and p a r t c) Ref. (Ar 67), used a r e s t r i c t e d b a s i s s p a c e - -

a l l o w i n g for l f - , / ? p a r t i c l e s and I d , ,_ h o l e s - - w h i c h a c c o u n t s , in p a r t , 

for t h e i r l a ck of a g r e e m e n t w i t h the e x p e r i m e n t a l d a t a . A m o r e c o m ­

p l e t e c a l c u l a t i o n (Ch 71), s h o w n in p a r t a ) , u s e s s i n g l e p a r t i c l e s t a t e s 

in I f 7 / ? . 2p ,_, and 2p ,? o r b i t s , and I d - / - , and 2 s . /-, ho le s t a t e s . 

The low e n e r g y l e v e l s c o m p a r e w e l l wi th t h o s e i den t i f i ed e x p e r i m e n t a l l y , 

wh i l e t he l e v e l s above 3 MeV a r e not r e p r o d u c e d a s a d e q u a t e l y . 

T h e e x c i t a t i o n e n e r g i e s l i s t e d in T a b l e 4 - 2 1 a r e a we igh ted a v ­

e r a g e of p r e s e n t and p r e v i o u s r e s u l t s shown in T a b l e 4 - 1 9 . No a l l o w ­

a n c e h a s b e e n m a d e in the b e t a - d e c a y b r a n c h i n g r a t i o s for y - d e c a y , 

41 s i n c e t he r a d i a t i v e w id ths for l e v e l s in Sc a r e q u i t e s m a l l (Yo 68) . 

F o r t h o s e l e v e l s wi th J w = ( i / 2 , 3 / 2 , 5/2)+ and for w h i c h V and T 

a r e k n o w n , r /T is =S 0.5% (Yo 68 , E n 67) . 

41 T h e p r o p o s e d d e c a y s c h e m e for T i d e l a y e d - p r o t o n e m i s s i o n 

is s h o w n in F i g . 4 - 1 6 . B e t a - d e c a y b r a n c h i n g r a t i o s and log ft v a l u e s 

d e t e r m i n e d f r o m th i s w o r k a r e g i v e n for e a c h d e c a y . 

3 . D i s c u s s i o n and c o n c l u s i o n s 

37 + 

a . Ca (3 d e c a y and e f f ec t s on the s o l a r n e u t r i n o c r o s s - s e c t i o n . 

S e v e r a l p r e d i c t i o n s have b e e n m a d e for b e t a - d e c a y t r a n s i t i o n s t r e n g t h s 

to s t a t e s in K, p r i m a r i l y to e s t i m a t e the s o l a r n e u t r i n o c a p t u r e c r e s s -
37 - 37 

s e c t i o n for the C l ( v, e ) A r r e a c t i o n (Ba 64, E n 66, La 72). T h e s e 

e s t i m a t e s for log _ft v a l u e s and the c o r r e s p o n d i n g e x c i t a t i o n e n e r g i e s 

a p p e a r in T a b l e 4 -22 a long w i t h r e s u l t s f r o m t h e p r e s e n t e x p e r i m e n t s . 
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r 3/2 + [12.86] 

80 msec 

41 Ti 

6.917^-0.99 

Wtyt g*g 6 .4l I - ^ O T S 0 - 7 5 

Log ff 

4.36 

5.00 

4.43 
3.35 
5.06 
4.61 
4.34 
5.45 
4. I7_ 
4.73 
5.30 
5.43 
4.08 
5.24 
5.07 
4.87 
4.66 

4.92 

4.79 

4.66 
4.82 
4.84 

- 4.04 

5.26 
4.50 

5.24 

Ca + p 
7/2- 0.000/-

'Sc 
[10.5] 

XbL73'0 - 4298 

41 
F i g . 4 - 1 6 . P r o p o s e d d e c a y s c h e m e for T i . A l l e x c i t a ­
t ion e n e r g i e s a r e we igh ted a v e r a g e s f r o m T a b l e 4 - 2 1 . T h e 
b r a n c h i n g r a t i o s and ft v a l u e s for a l l unbound l e v e l s a r e 
f r o m the p r e s e n t w o r k . T h e log ft for d e c a y to t he g r o u n d 
s t a t e i s f r o m t h e m i r r o r . 



Table 4-22. Comparison of Calculated Excitation Energies and log ft Values with Experimental Results for 3 'Ca . 

E x p e r i m e n t a l R e s u l t s T h e o r e t i c a l P r e d i c t i o n s 

P r 0 > i o n t a ) P r e v i o u s I P o 66) B a 64 frfl L a 72 
E x 

(MeV) 
log ft 

( s e c ) 
E x 

(MeV) 

log ft 

( s e c ) 
E x 

(MeV) 

log ft 

( s e c ) 
E 

X 
(MeV) 

log ft 

( s e c ) 

E x 
(MeV) 

log ft 

( a e c ) 

0 . 0 0 0 5. 10 0 . 0 0 [ 5 . 0 6 ] b ) 0 . 0 0 [ 5 . 0 6 ] b » 0 . 0 0 4 . 45 0 . 0 0 5 . 1 4 

1 . 3 6 8 5 . 0 8 c ) 1 .36 [ 4 . 9 ] C ) 1 .46 4 . 48 1 .36 4 . 71 1 .47 5 . 4 4 

2 . 7 5 0 4 . 8 7 2 . 75 

3 . 0 8 

[ 4 . 9 f > 

( > 5 . 4 ) 

1 .57 4 . 34 2 . 7 4 3 . , 81 2 . 6 5 4 . 3 6 

3 . 6 1 7 4 . 8 3 3 . 6 2 4 . 8 3 . 6 2 4 . 6 8 

3 . 8 4 0 4. 72 3 . 8 4 

( 4 . 1 2 ) 

4 . 8 

5 . 0 

4 . 4 1 7 5 . 1 2 4 . 4 0 4 . 7 

4 . 5 0 3 4 . 8 4 

4 . 6 6 5 5. 04 4 . 6 6 

4 . 8 3 

4 . 5 

( > 4 . 8 ) 

4. 71 4. 12 

5 . 0 1 8 

5 . 0 4 7 

4. 71 

3 . 3 0 

5.02 J 

5 . 0 5 ) 
3 . 2 d > 

5. 12 3 . 7.8 5. 07 3 . 27 5. 05 3 . 3 0 

5 . 1 1 8 4 . 17 

1\) 
00 

continued . . . 



Table 4-22 (continued) 

Experimental Results 

(MeV) 

Presen t a) 
log ft 
(sec) 

PreyioUB 

(MeV) 

J £ » Si 
(aoc) 

~ E — 
X 

(MeV) 

Ba 64 
log tt 
(sec) 

Theoretical Predict ions 
En 66 

E x 
(MeV) 

log ft 
(sec) 

- La J 2 
T : IOJJI a 
(MeV) (sec) 

5. 317 

5.449 

6.016 

4.85 

5.11 

6.03 4 . 5 

(6.32) 4 . 7 

6.54 4 . 6 

6.96 4 . 5 

5. 53 3. 77 

5.79 4 .47 

5 .91 4 .34 

6.03 4. 77 

3 7 f l 

a) Taken from Table 4-18. 

b) This log ft is from the provioua experimental value for the m i r r o r J 'Ar electron capture decay aa computed in (Ba 64). 

c) Estimated by assigning the remaining beta-decay strength to known, but unobserved level(s) with J = (1/2,3/2, or 5/2)+. 

d) The ea r l i e r work did not resolve the T = 3/2 state decay protons from those decays from nearby levels , hence a 
slightly lower ft was adopted by these authors . 
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The earlier delayed-proton data (Po 66) are also shown for comparison. 

Both Bahcall (Ba 64) and Engelbertink (En 66) calculated ft's for decay 

to the first three levels with J ' = ( l / 2 , 3 /2 , and 5/2)+ and for the 

transition to the lowest T = 3/2 state, using a limited basis spate, while 

Lanford and Wildenthal (La 72) employed a full sd shell basis space. 

These more complete calculations still fail to predict several of the 

states between 3 and 5 MeV fed by allowed beta decay. As noted in 

(La 72), this lack of agreement probably ar i ses 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 lf-2p shell. 

Since - 62% of the total beta-decay strength populates the 

ground state plus T = 3/2 state (5.05 MeV), it is unlikely that new infor­

mation on the beta branching will cause a dramatic change in the pre­

dicted solar neutrino capture cross-sect ion. 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-sect ion contribution for capture to the T = 3/2 state. 

In his later paper, Bahcall (Ba 66) apparently used log ft - 3.2 for this 

decay, which allowed for unresolved contributions from nearby T = 1/2 

states to the total decay strength (Po 66). As noted earlier, the present 

results have resolved these components and the capture cross-sect ion 

contributions can be computed separately for each level. Using the t̂ 

values shown in Table 4-18, the change in the predicted solar neutrino 

capture cross-section (Ba 66) is 

a (present) - 0.97 a (Bahcall) - 1.31 X10"4**cm". v v 
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Clparly. the present result has no significant effect on the estimates 

for the capture cross-sect ion. 

It is also of tome 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 J n = 3/24. 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 can be estimated from the ft value for 

this decay to be - 4% (assuming / a) = 0 ) . The corresponding charge 

dependent matrix element, estimated from Eq. 2-22, is - 6 keV, within 

the range for such matrix element magnitude as discussed in (Bl 66 

and Be 72). 

The mixing gives an estimate for the probable lower limit on the 

isospin purity of the T = 3/2 state of -96% . Such an impurity level in 

this state would have a negligible effect on the estimate for the predicted 

neutrino capture cross-sect ion in Che mirror . 

b. 1 T i beta decay and the isospin purity of 4 1 S c (T = 3/2) . 

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

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

K f 7 /2> 2 J=0 , T = l • W i / 2 , l j s 3 / 2 . T = 3 / 2 . " - 1 * 

The antianalogue configuration has the same components, but recoupled 

to T = 1/2 v iz . , 

( ( f 7 / 2 , Z J = 0. T = 1 ® ^ 3 / 2 ^ J = 3 /2 , T = 1/2 " , 4 " 2 ) 
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Particle-hole states in mass 41, mainly in the T - + l /2 isobar Ca, 

have been studied and identified through direct-reactions, including 
3 9 K ( 3 H e , p ) (Be 67), 4 2 C a ( 3 H e , a) (Ly 67), and 4 2 Ca(p . d) (Sm 68, Ma7Z). 

40 They have also been observed in Ca(d, p) (Be 65, Se 73a) through 2p-

2h components in the " Ca ground state. All these reactions show that 

the main d. /_ hole strength is in the lowest 3/2+ state in Ca at 2.017 

MeV, with possibly some fractionation to levels at 3.7 and 4.8 MeV. 

However it is not clear from the data whether these latter two levels 

have J = 3/2+ or 5/2+, or the exact strength of the antianalogue com-
41 3 ponent, if any. Neither of these two levels was seen in K( He, t) 

(Sc 70), while the analogue and 2.02 MeV levels were strongly populated. 

Experimental est imates of the amount of antianalogue strength in the 
41 2.02-MeV mirror level in Ca range from 80"t (Ly 67) to 100"'„ (Ma 72). 

In the T = - 1 / 2 mirror Sc, the lowest J " = 3/2* state at 2.1 z 
40 3 MeV was seen in Ca( He,d) (Bo 65), again through 2p-2h components 

in Ca ( g . s . ) . The Ca(d, n) reaction (Ge 69) to this state exhibits the 

•ante strong 1-2. stripping pattern as does the analogous (d, p) reaction 
41 to its mirror in Ca. These arguments, along with the direct reaction 

41 evidence in Ca, serve to locate the main antianaloguc strength at 

- 2.0 MeV in 4 1 S c . 

Finally, several shell model predictions for Zp-lh states in 

mass-41 have been made (Sa 67, Di 68, Ar 6", Ch 71); they all generally 

agree that the main component of the antianalogue configuration (Eq. -4-2) 

is concentrated in the lowest J = 3/2* state (the last three calculations 

are shown as part of F ig . 4-15). The other primary configuration pre­

dicted to contribute to 3/2+ states in similar to that in Eq. (4-2), but 
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with the two f 7 / ? nucleons coupled to J = 1, T =0. This recoupled con­

figuration is predicted to have components in the three calculated 

J T = 3/2+ states below 7 MeV (Sa 67, Be 67) with the smallest contribu­

tion to the lowest J w = 3/2H state. 

On the basis of the experimental and theoretical evidence just 

discussed, the antianalogue state configuration is assumed to be con-
41 

centrated solely in the 2.1-MeV level in Sc. The G^mow-Teller ma­
trix element / a) . . , for beta decay to the antianalogue state can then 

2 

be calculated (/ 1 ) . A =0 assuming no substantial mixing with the 

T = 3/2 state) to be 0.253± 0.013. This value is related to the matrix 

element for the superallowed decay, ( a) q . , as shown in Eq. 2-24, 

and ( I T ) 2

 A = 0.032 ± 0.002. 

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

value for / <T)_ . , the amount of isospin purity (a ) fc. the T = 3/2 

state can be calculated. From the experimental determination of ft _ . , 

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

a 2 = (90,9 ± 4.1)%; ( o ) g 2

A = 0.032. 

2 
In the extreme case of ' ff )u « = 0 (where deviations from the calcu­
lated value can only be due to isospin impurities) 

a 2 = (92.6± 3.8)%. 

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

would be of interest to ascertain those states which predominate in 

the mixing with the analogue state. Recently, contributions to the par­

tial widths for the isospin-forbidden proton decay of T = 3/2 states 
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have been calculated (Au 71). These results indicate that a major 

term in these amplitudes comes from mixing between the configuration 

state (i. e . , the antianalogue state) and the analogue level; the estimated 
41 mixing is of the order of 1% lot Sc. However, this prediction uses 

a value oi 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 ? / 2 shell (Bl 66, Be 72). 

It is of course possible that mixing with other states occurs, 

which might aid in explaining the isospin impurity found in the pres­

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

~100 keV away from the T = 3/2 state, and is populated by significant 

beta-decay strength. The possible mixing due to this level can be es ­

timated from Eqs. (2-14) and (2-20), and the assumption that the de­

cay strength ar i ses 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 - 4 3 keV. The latter is well within 

the tabulated values for this matrix element (Bl 66, Be 72). Although 

this overestimates the measured amount of isospin mixing with the 

T= 3/2 state, the assumption that the entire beta-decay strength ob­

served for the 5.838-MeV state ar ises from this mixing is most likely 

an oversimplification. The Gamow-Teller matrix element undoubtedly 

contributes as well, which would serve to decrease the s ize of the 

mixing. 
41 The observed isospin purity of the T = 3/2 state in Sc of 

3* 91% is consistent with previous determinations of isospin purity for 

other T =3/2 states--notably those in i 7 F and CI (Ha 71). It appears 
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that in the present case mixing with nearby states, and possibly with 

the antianalogue state, are plausible sources of the observed impurity, 

and that the former is the more significant source for such mixing. 

E. Results for 2 3 A 1 

Although the masses and decay properties of T = - 3 / 2 nuclei 

in the A = 4n+l ser ie s have been the subject of considerable study, al­

most no Information has been available for their counterparts in the 

A = 4n43, T = -3 /2 s er i e s . Mass measurements (Ce 69) using the 
6 23 

(p, He) reaction have established the particle stability of Al (the 

lightest, nucieon-stable member of the 4n+3 series) . As such, it 

should exhibit beta-delayed proton decay, although much weaker than 

the comparable members of the 4n+l s e r i e s . The results discussed 

heTe have been reported in (Go 72). 

1. Discussion of data 
24 Proton beam energies used for the Mg(p, 2n) reaction (on 

99.96% -enriched targets) ranged from 30 to 40 MeV; as shown in Table 

4-1 , even the lowest of these energies can produce Na, Al or 
2 4 . , m . 

Al in competing reactions. 

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

beam, shielded-detector apparatus (wheel) has been given in Sec. HID. 
23 The protons following decay of Al were detected in the 8-um AE 50-(im 

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-jim AE detector, and from an additional 14-um detec­

tor mounted in an adjacent position. This system was used for the 
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excitation function measurements , at beam energies of 30.3, 31.8, 33, 

35, and 40 MeV. Half-life data were a lso taken, as described in Sec. 

inc. 
b. He-jet exper iments . Although this method had a lower overall 

efficiency (see discussion in Appendix A), it afforded both a higher par ­

ticle resolution, and a lower background. In addition, a s descr ibed in 

Sec. IIIC, it provided a means of doing an ant 'coincidence experiment 

to aid in reducing the background at low energies due to O reco i l nu­

clei from the beta-delayed alpha decay of Na. (Thus O nuclei in 

coincidence witii the alpha part ic les detected in this large a r e t detector 

were rejected from the AE-counter spec t rum. ) 

The hel ium-je t experiments were done at a 40-MeV bombarding 

energy, and used a 6-(jxnAE and 50-pm £, detector te lescope. Half-life 

data were also acquired using the methods previously descr ibed . 

c. Proton spec t ra and half-life da ta . An identified proton spec-
23 t rum following decay of Al is shown in F i g . 4-17. This spec t rum 

•was acquired using the helium-jet technique; spectra obtained using the 

•wheel system were s imi la r , though with peak widths o x - 70-80 kaV 

FWHM due to proton energy loss in the thick target . In both cases the 

protons at energies > 1.0 MeV exhibited a half-life consistent with that 

for the main peak, but were always too weak to reliably analyze. 

The original data taken using the •wheel technique were calibrated 

using very low-intensity H~ beams of 0.63 and 1.15 MeV/nucleon elast i -

cally scat tered from a Au target d i rec t ly into the 4-p.mAE 50-(j.m E 

detector telescope (the wheel having been stopped so as to expose the 

detectors to the ta rge t ) . The proton spec t rum acquired with the hel ium-
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2 3 , Fig . 4-17. Identified protons following beta decay of Al. This spec­
t rum was acquired using the hel ium-jet sys tem. Vertical a r rows des­
ignate the energy range over which protons could be observed. 
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j e t could not be s i m i l a r l y c a l i b r a t e d . H o w e v e r , w i th the h i g h e r r e s -

40 o lu t ion Si r o s u i t s r e p o r t e d in S e c . IV D th i s nuc l ide , p r o d u i e d in llio 

Ca (p , n) r e a c t i o n , could be u s e d for c a l i b r a t i o n of t he Al p r o t o n 

23 

da t a f r o m the h e l i u m - j e t e x p e r i m e n t s . The r e s u l t i n g Al p r o t o n e n ­

e r g y is 818 ± 20 keV, a s shown in F i g . 4 - 1 7 . (Th i s m o r e a c c u r a t e 

va lue a g r e e s wi th that noted in (Go 72), wh ich r e p o r t e d r e s u l t s b a s e d 

on the H , c a l i b r a t i o n o n l y . ) 

T h i s m a i n p r o t o n p e a k w a s o b s e r v e d to h a v e s i m i l a r h a l f - l i v e s 

in e a c h of t he two e x p e r i m e n t a l m e t h o d s . The r e s u l t i n g a v e r a g e half-

life is 470 ± 30 m s e c . T h i s v a l u e e l i m i n a t e s any p o s s i b i l i t y of e i t h e r 

24 24 m 

Al o r Al a s a s o u r c e for t h e s e p r o t o n s . H o w e v e r , it is d i s c o n ­

c e r t i n g l y s i m i l a r to that for Na ( see Tab le 4 - 1 ) , w h i c h can in p r i n ­

c ip l e d e c a y by e l e c t r o n c a p t u r e to p r o t o n unbound l e v e l s in Ne (as 

d i s c u s s e d in Sec . IV B a b o v e ) , r e s u l t i n g in p r o t o n s <; 1.0 MeV. 
23 20 

T h e y ie ld of A l p r o t o n s , a long wi th Na a l p h a d e c a y da t a 

t a k e n s i m u l t a n e o u s l y , w a s o b t a i n e d a s a funct ion of b o m b a r d i n g e n e r g y 

a s d e s c r i b e d a b o v e . The r e s u l t i n g e x c i t a t i o n func t ion is shown in p a r t 

a ) of F i g . 4 - 1 8 . No p r o t o n y i e l d w a s o b s e r v e d a t t he 30 .3-MeV b o m -
24 23 

b a r d i n g e n e r g y , c o n s i s t e n t w i t h the c a l c u l a t e d Mg (p, 2n) Al t h r e s ­

hold of 3 0 . 7 8 ± 0.08 MeV ( T a b l e 4 - 1 ) . The m a x i m u m p r o d u c t i o n c r o s s -

s e c t i o n for t h i s 818-keV p r o t o n p e a k is = 2?0 n b . 

T h e o b s e r v e d r a t i o of p r o t o n s to 4 .42-MeV a p a r t i c l e s (To 73a, 

a l s o F i g . 4 - 6 above) is shown in p a r t b) of F i g . 4 - 1 8 a s a function of 

b o m b a r d i n g e n e r g y . The 4 .42-MeV alpha y ie ld w a s d e t e r m i n e d f r o m 

the d E / d x l o s s in e i t h e r of t he two independen t A E d e t e c t o r s shown . 

T h i s p r o t o n - t o - a l p h a y ie ld r a t i o can be seen to d r o p by a factor of —10 



- 1 3 9 -

: 1 
: (o) 

i 1 1 : 

100 

10 

] 2 4Mg(p,2n 2 3 AI 

/ 
/ -

i -
i 

i 

i 

0 count 
observed 

s! • _ . • 0 count 
observed 1 

1 i 1 1 
: 25 

1 
30 35 40 \ 

: (b> -

10* i -

14 fj.m singles data-. 

1 * 
lO"3 in

i1
1

1 

^No 

t / ^ 8 / x m singles data _ 

O-i 

,1 
I"-
(' 
// 
H 1 1 

25 30 35 40 
Bombarding energy (MeV) 

X8L7I4-3233 

23 F ig . 4 -18 . a) An excitation function for Al 
protons acquired with the wheel apparatus . 
Where e r r o r bars a re not shown, they are 
smal le r than the data points, b) The yield r a ­
tio of Z 3 A 1 protons to 4.42-MeV a part ic les from 
i 0 N a as a function of bombarding energy. The 
ordinate gives the approximate absolute ra t io for 
protons to alphas observed in the 8-fimAE de­
tec tor . 
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as the beam energy is lowered 8 MeV, indicating that Na is not the 

source of these p ro tons . 

It is of in teres t to note that at 40 MeV bombarding energy, the 
20 ra t io of the sum of a l l observed Na alpha groups to the 818 keV-proton 

3 
intensity is - 1 0 . The ordinate in Fig. 4-18b is approximately the ab-

23 20 

solute cross-sect ion ra t io for Al protons (818 keV group) to Na a l ­

phas (4.42 MeV group) as detected in the 8-̂ j.m counter. Hence this 

yield ra t io as a function of bombarding energy is important in e l imina­

ting the possibility of a very weak Na K-capture branch as a potential 

source for the observed proton peak. There a r e no other sources of 

such decay pro tons- -e i ther as target contaminants , or as competing 
23 reac t ions- -wi th the exception of Al. 

2. Analysis and conclusions. 
23 The proposed decay scheme for Al is shown in F ig . 4-19. 

The excitation energies and J assignments for levels up to 3 MeV in 
3 M g a r e from (Ha 70), (En 71), and (Ne 72). The location and J 1 7 a s ­

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

pe r imen t s reported by Hardy et a l . , (Ha 69). Similarly, (p, He) data 
23 established the spin and par i ty of the T = 3/2 analogue level in Na 

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

based on these resu l t s for the T = 3/2 analogue levels , and the J = 5/2 + 
2^ ground state in the "Ne m i r r o r . Assuming the proton decay peak a-

22 

r i s e s from decay to the Na ground state, the observed peak energy 

corresponds to a previously unreported s tate at 8.434 MeV, which is 

r e s t r i c t ed to J = (3/2, 5/2, or 7/2)+ if populated by allowed B T decay. 
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J/2+_ 3S3Q 
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5/2+ 7 7 8 c V - "5 3.3 
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F ig . 4-19. Proposed decay scheme for Al. The excitation ene r ­
gies for states in " M g a r e discussed in the text. The inferred beta-
decay branching ra t ios and log ft values a r e discussed there a l s o . 
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The inferred branching ratios and log It values for positron 

decay to the bound levels are taken from the measured branching ratios 
23 - 21 

for the mirror Ne p decay (Ch 72). Using these values and the "pie 
23 half-life as reported in (En 67), the ft values for Ne were calculated 

following the description in Sec. 1IA. The mirror levels in Mg have 

been identified (Ne 72) and the corresponding log ft values and positron-

decay branching ratios are shown in Fig. 4-19 (no allowance for (ft) / 

(ft)" has been made). 

The log ft value for the superallowed p decay to the T = 3/2 

state can be estimated to be - 3 . 3 from Eq. (2-14), similar to its coun­

terparts in the A = 4n-fl ser ies . The inferred branching ratio fc-Uo-vs 

directly from this assumption. Likewise, the approximate beta-decay 

branching leading to the 8.43-MeV state follows from the assumption 

that the log ft- 5.0 for this allowed decay (Go 66). 

As the decay scheme in Fig. 4-19 shows, the T = 3/2 state is 

unbound to proton decay by ~ 200 keV. Penetrability calculations indi­

cate that the partial width for this possible decay is approximately the 

same order of magnitude as that for a typical 7.8-MeV Ml •y ray in this 

mass region (Sk 66). The experimental search for this low energy pro­

ton, the details of which are described earlier and in Sec. IIIC, pro­

duced no positive result . These data, in conjunction with the beta-decay 

branching ratios shown in Fig. 4-19, permit a crude estimate of 

V /V 5 50 for the isospin-forbidden proton decay of the T = 3/2 state. 
Y P 

As a note of minor historical interest, Al was thought to have 

been identified as one of the products from proton bombardments of a 

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



-143-

bcani of a 200 McV synchrocyclotron were done at proton energies of 

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

A 0.13-sec activity produced at 23 MeV was thought to be from either 
23 22 

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

scc activity is probably due to Al , as Mg 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 Al and Na (having nearly identical half-lives) 

could contribute to this -0 .4 - sec (3 activity. Using the present Al 

results as shown in Fig . 4-19 and the maximum proton production cross -
24 23 

section noted earlier, the total Mg(p, 2n) Al cross-section at 40 MeV 

is - 2 2 0 (ib. The Mg (p, an) Na cross-sect ion can be estimated from 

the observed alpha to proton ratio of - 6 . 5 X 1 0 " (from Fig. 4- l8b) , and 

the positron branching to the 10.26 Me'V state in Ne of - 2.9?o (To 73a); 

hence the cross-sect ion for this reaction at 40 MeV is -1200 fib. The 

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

mostly to Nap decay, with an -15% contribution from the positron 

decay of Al. 
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V. SUMMARY AND CONCLUSIONS 

Results of high-resolution par t ic le -decay exper iments have 

been presented for several of the l igh t -mass delayed-proton p r e c u r s o r s . 

These observed par t ic le energies have led to assignment of the decays 

to existing or , in some cases , new energy leve ls . For those assigned 

to previously known excited s tates , the agreement between the resul t s 

of the present observat ions and the published values is excellent . 

As detailed in the text, the proton intensit ies have been used to 
41 derive transition s t rengths for the preceding beta decay. For Sc, the 

absolute ft values yield information on the degree of isospin admixing in 

the lowest T = 3/2 s t a t e . This value of - 8% is of the same order as 
17 33 

those determined in previous measurements for F and CI (Ha 71). 

The ra t ios of m i r r o r transit ion r a t e s determined for m a s s e s 

21 and 25 a r e consis tent with those for other odd m a s s m i r r o r s , e . g . , 

masses 9 (Wi 71), 13 (Wi 71a), 17 (Ha71). and 29 (Es 71a). The r e ­

sults for these six m i r r o r pai rs have been plotted as a function of 

W„ + Wl in F ig . 5 - 1 . As can be seen, the re is no evidence for a sys ­

tematic change in (ft) /(ft) as a function of decay energy. As discussed 

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

of these a symmet r i e s in the odd-A sys tems as due to lack of perfect 

analogue symmetry in the final stated should be studied. In the cases 
21 25 

of Mg, and Si, a measure of the proton to gamma yield would pro­

vide information on the beta branching to bound levels; such resu l t s 

combined with the ground-state transi t ion strength from the m i r r o r 
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Fig . 5 -1 . The ra t io oe. m i r ro r beta decay ra tes as a function of the 
sum of the decay energ ies . The points a r e labelled with the mass cf 
the mi r ro r pa i r . 
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33 (as was done for 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 ra t ios for these nuclei in the present work). In any 

event, if the T = 3/2 state in either m a s s 21 or 25 contained - 10% ad­

mixture (as has been observed in some of the members of this A = 4n + i 

se r ies ) , the resul t ing effect on (ft) / ( f t )" would be a reduction of - 0 . 0 5 , 

which is not large enough to fully account for the observed d iscrepan­

cies in m i r r o r decay r a t e s . 
23 The r e su l t s presented here for Al employ a technique which 

could be applicable for the character izat ion of decay p roper t i e s of 
23 other nuclei that might be part icle stable in this s e r i e s . Although " Al 

is the lightest, nucleon stable member , P , CI and K a r e all p r e -
23 dieted to exist (Ke 66). Like Al, the other potential beta-delayed 

T = -3 /2 , A = 4n+3 proton emit ters would have very smal l decay 

branches to particle-unbound levels in the daughter nuclei, s ince their 

proton separation energy is quite h igh - -g raa t e r than 5.9 MeV (Wa 71). 

Experiments searching for these nuclei and higher-mass m e m b e r s of the 

se r i e s would be valuable since they a r e expected to lie near the edge of 

stability, and could lead to the observation of new examples of proton 

radioactivity. 
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APPENDDC A 

Helium J e t t e r y 

This section descr ibes empi r ica l observations regarding some 

of the experimental pa ramete r s involved with the t ranspor t of recoi l 

nuclei with a hel ium-je t system. Detai ls of its construction and use 

have been given in Sec. HI B. Although this method of t r anspor t of 

radioactive species has been in use for some time (see Ma 69 and ref­

erences therein), only recently have the re been attempts to explore 

the chemistry involved in the t ranspor t p r o c e s s . 

Table A - l l i s t s the various reac t ions considered, along with 

a brief description of the experimental conditions. The quantity in the 

las t column is the product of react ion c ross - sec t ion and t ranspor t ef­

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

°* = ( B ^ I ) \ N O F ^ . T J - ( ^ - J •(( 1_ e-K tb).( e- ud_ e- x< td + tc> 

The first factor is the number of counts, C, in the peak or peaks of inter­

es t , the beta decay branching rat io(s) , BR, and &, the fraction of a unit 

sphere subtended by the detector te lescope . The second factor is the in­

verse of the number of target nuclei available for the react ion of interest , 

where M is the target molecular weight, F and F . a re the fractional 

atomic and isotopic abundances, respect ively , N is Avogadro' s number, 

and T is the effective target th ickness . Fo r experiments where the r e ­

coils of interest escape from the target (as in the He-jet exper iments) . 
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Table A - l . Observed yield from var ious reactions producing be ta -de layed-par t ic le p r e c u r s o r s . 

Entry 
number 

Reaction Beam 
EnerKY i l(MeVI 

29.5 

Brief descr ip t ion of 
, bl experimental p a r a m e t e r s 

c) 
(nanobarnsl 

1 40,_ ,3„ - 41-r-Cat He, 2n' Ti 

Beam 
EnerKY i l(MeVI 

29.5 300 

2 36.5 340 

3 60 320 

4 
4 0 - , 3 U , ,40 Cat He, 2np) be 29.5 6500 

5 36.5 10600 

6 6 0 20000 

7 4 0 C a ( 3 H e . 2 n o > ' " c a 36.5 40 

S 60 190 

9 4 0 C . ( 3 H . . 2 n | 4 , T l 29.5 pure*" He 6 5 

10 6 0 84-cn*i'long capil lary 100 

11 2 4 M g ( 3 H e . 2 n ) ; 5 S i 29.5 5200 

12 29.5 pure He 3100 

13 40 1800 

14 40 -5%al r + 1,2-ethanediol b u b b l e r 0 7300 

15 60 1800 

16 3 6 A r ! 3 H e . 2 n | 3 7 C a 40 1 5 0 

17 Z 8 S i ( 3 H e . 2 n l 2 , S 29.5 20*> 

IB Z O Ne< 3 He,2> . ) Z 1 Mg 29.5 Ne t He mixture 1100 

19 3 Z S ( 3 H e . 2 n l 3 3 A r 29.5 <50h> 

20 4 0 - , . 4 0 , C»(p, n) Sc 20 -4%N, + 1,2-ethanediol bubbler ' 37000 

21 Z 4 M g ( p , 2 n | Z 3 A I 40 2000Q 

2 2 Z 4 M g t p , o n | Z 0 N » 40 91000 1 ' 

2 3 « C a ( « C . 3 n » 4 , F « (78)72 -10% air * 1, 2-ethanediol bubbler 60*' 

24 * W Z C . 3 „ . Z 9 S (7B> 71.5 -107,air t HjO bubb le r " 508' 

2 5 4 0 C a ( , t O . 2 . ! p l * J C o m (106)79.2 7.6-um Ni degrader foil 30 

a) f o r heavy- io^ beams , the initial beam energy is in ( ); the beam energy at the target surface is 
a lso given. 

b) For those blank en t r ies , no chemical addi t ives were used. 
c) With the exception of C o m , these en t r i e s a r e for the total c roaa -aec t ion for production of the 

nuclide. 
d) The hel ium was passed through a l iquid-ni t rogen t r ap . 
e) This tube Is twice as long as uaed for the other experimente. 
f) The he l ium impurity-gas mixture was bubbled through the liquid at the en t rance to the target box. 
g) Beta-decay branching ra:ios estimated from Ve 68. 
hj Beta-decay branching ratios from Ha 71 . 
i) Beta-decay branching ratios from To 73a. 
j ) Beta-decoy branching ratio from Ce 70. 
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T is usually taken to be the recoil range in the target as computed 

from range-energy tables (No 70), while for those experiments where 

the recoils stop in the target , T = g~ * R> where t is the t a rge t 

thickness, 9 the ta rge t angle, and R the reco i l range in the t a rge t . 

The third factor is the inverse of the total number of beam pa r ­

t ic les , where Z is the projectile charge, e the electronic charge , and 

Q the total integrated charge collected. Final ly, 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 t ime) , or the cycle t ime for the pulsed-beam exper -

iments; the remaining exponential t e r m s account for decay during bom­

bardment (t, = bombardment time), ar>d decay during the counting or de­

lay t imes (t = counting t ime, t , = delay t ime) . 

The product a e is in units of nanobarns for M in g /mole , T 

in m g / c m , and Q and e in jiCoulomb. F o r those pulsed-beam exper­

iments where the target-was observed d i rec t ly , e = 1. The uncer ta in­

t ies associated with this product (and in deriving e) a re l a rge , since 

many factors influence the resu l t s . One of the more significant, e s ­

pecially in the case of heavy ion beams, is the determination of the 

total beam curren t . There is multiple sca t te r ing in both the helium 

gas and in the exit foil which could affect the amount of beam refocused 

into the Faraday cup. 

Relative c ros6-sec t ion information for various competing r e a c -
3 

tions is listed in Table A=l a lso . As can be seen, both the ( He, 2np) 
3 

and ( He, 2na) react ions become more important at higher bombarding 
3 

ene rg ie s . Also shown a r e the cr e products for ( He, 2n) react ions on 
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seve ra l l ight -mass T = 0 targets ; there appears to be considerable 

variation, influenced by both t ransport efficiencies and reaction c ross -

sect ions . The effects of various chemical additives a re shown by com­

paring entries 1 and 9 ( ' Ti), 11 and 12 ( Si) and 13 and 14 ( Z 5 S i ) . In 

addition, studies done using the ~Mg (p, an) Na reaction have shown 

effects due to beam intensity below 1 |j.A. The counts per unit of in­

tegrated charge drop l inearly as the beam intensity is decreased down 

to -100 (iA. Above 1 uA, on the other hand, there appears to be no 

noticeable increase in this ra t io . The effects of severa l chemical ad­

ditives were also tested at these various beam intensities; no r e p r o ­

ducible effects were observed. 

In contrast to the Na resu l t s , definite improvements in the 

t ranspor t efficiencies can be seen for Si and Ti; for the Ne ( C, 

3n) reaction, the t r anspor t efficiency increased by a factor of 10 with 

the addition of a i r and an H ? 0 bubbler (see entry 24). 

Table A-2 l i s t s hel ium-jet efficiencies for some of the nuclides 

studied, based on measu red c ross -sec t ions a t s imilar beam ene rg i e s . 

The pulsed-beam (wheel) data were obtained as par t of this work. The 
32 3 

S( He, 2n) c ross sect ion has apparently not been measured . If it is 
3 

s imi lar to those for ( He, 2n) reactions on other T =0 ta rge t s , the 
33 

Ar t ransport efficiency can be est imated. 

As noted above, due to uncertainties in the beam intensi t ies , the 

efficiencies listed in Table A-2 are probably accura te within a factor of 

3 . It should also be noted that the efficiency includes ' sticking' p rob­

ability as well as t r anspor t efficiency. The resu l t s described he re ap­

parent ly confirm the genera l view that chemical ' impur i t ies 'p lay a role 
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Table A-2. Cross - sec t ions and Helium-jet Efficiencies. 

Beam cr e 
Reaction Energy (MeV) (nb) Reference (%) 

4 0 C a ( 3 H e . 2 n ) 4 1 T i 40 50X10 3 wheel data 0 .7 

24 23 " M g ( p , 2 n ) " A l 40 220X10 3 wheel data 9 . 
40_ . .40,, Ca(p, n) be 2 0 . 3 . 8 X 1 0 6 wheel data 1 . 

2 4 . , . ,20. , Mg(p, an) Na 40 1 . 2 X 1 0 6 wheel data 8 . 

40,, ,12_ , ,49„ Ca( C, 3n) Fe 65 500 Ce 70 1 2 . 

40„ ,16,- , . 5 3 - m Ca( O,2np) Co 80 1 .6X10 3 Ce 73 2 . 

24 3 2S 
' * M g ( 3 H e , 2n) Si 38 150 X 1 0 3 Es 71a 5. 

2 0 N e ( 3 H e , 2n) 2 1 M g 31 230X10 3 Es 71a 0 .5 

3 2 S ( 3 H e , 2n) 3 3 Ar 30 - 5 0 X 1 0 3 est imate <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, e s ­

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

Havar is an alloy consisting pr imari ly of Co(42.5To), Ni(13.0<5U, 

Cr(20.0'yj, and Fe(17 .9%), with a density of 8.3 gm/cm . 

Hamilton Watch Co. , Metals Division, Lancas te r , Penn. 

Chromium Corporation of America, 8701 Union Avenue, Cleveland, 

Ohio 4410 5 

Tube Sales, 1730 Geary Blvd., San F ranc i s co , Ca 94115. 

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

Servometer Corporation, 82 Industrial Eas t , Clifton, N. J . 07012. 

Transducer Technology, Inc . , Route 83, Ellington, Conn. 06029. 

Or tec , Inc . , 100 Midland Road, Oak Ridge, Term. 37830. 

Mater ia ls Elect ronics Products Corp . , 990 Spruce St. , 

Trenton, N. J . 08638. 
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