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ABSTRACT 

LBL-1600 

Identified protons with energies from 900 keV to 6.3 MeV have been 

2l. 
observed following the positron decay of !Mg. The half-life of 

2~g was 

measured to be 123.1 ± 3.3 msec which, combined with previous results, gives 

a best value of 122.5 ± 2.8 msec. The energies and intensities of the proton 

. . . d t . . 21N k groups have been used to determ~ne prec~se exc~te sta e energ~es ~n a auove 

5 MeV and the strength of the preceding S+ transition feeding each level. These 

data, and the assumption of isospin purity for the lowest T = 3/2 level in 2~a, 

then yield absolute ft values for the beta decay. The 2~ transition rates 

compared with the negatron decay rates in its mirror, 21F, give 

+ -(ft) /(ft) = 1.10 ± o.o8. All significant particle decays of 

the lowest T = 3/2 level have been observed, including an upper limit on 

energetically-possible, but unobserved, a decay. The measured transition 

strengths were compared to recent shell model calculations for beta decay 

in the s-d shell • 
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I. INTRODUCTION 

. 21 I 4 + The nuclide Mg is one of the series of T = -3 2, A = n + 1, S -
z 

delayed proton precursors. These nuclei have substantial positron decay branches 

to particle-unbound levels in their daughters. The energies and intensities 

of the particle groups resulting from breakup of the unbound levels can be 

+ used to determine excitation energies of states in the S -decay daughter 

nucleus and the transition strengths feeding these levels. If these relative 

transition rates can be related to absolute decay rates to the daughter, 

measurement of the particle decays will yield absolute ft values for the 

. a+ l 
preced~ng ~ decay. This method permits the accurate determination of 

S-decay rates spanning several orders of magnitude. 

Shell model predictions of excitation energies and beta-decay transition 

rates have been recently calculated by Lanford and Wildenthal
2 

for nuclei in the 

sd shell, employing for mass 21 a complete ~basis space for the five nucleons 

outside an 
16o core. Experimental measurements of ft values for transitions 

arising in the decay of 
21

Mg permit a new and sensitive test of these wave-

functions, which in general have been reasonably successful in describing energy 

spectra, spectroscopic factors for single-nucleon transfer reactions and 

electromagnetic observables.
2 

Moreover, beta decay studies in mass 21 can furnish additional information 

on the question of mirror beta-decay asymmetry. The original review of mirror 

beta-decay transition rates in light nuclei by Wilkinson3 points out an 

apparent proportionality relating the discrepancy between these rates and 

+ 
the s--decay energy given by: 

(l) 
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where the superscripts + and- refer to positron and negatron decey, respectively, 

and W is the total decay energy. From this observed proportionality to the 
0 

decay energies, a value of o ~ 0.07 can be obtained for mass 21. However an 

analysis of 21Mg vs 21F beta deceys employing the earlier deleyed-proton data 

---from--McGill4 _shows_ s_t:r:__or:!_g <:Ji.§~greement with this prediction. More recent work by 
~-- ---·------ ---- ----- ----- ~--- ---·--

Wilkinson and others5 on the beta decey of T = ± 1 isobars indicates that the 
z 

systematic evidence for ~ "fundamental" mirror asymmetry between even-A isobars 

has in fact largely disappeared in light of new experimental data, though the 

odd-mass systems continue to show significant positive values for o (though 

not necessarily of non-trivial origin5). It is of some interest to examine 

mass 21 also in this context. 

Although 2~g has been previously investigated,
4 

the earlier experiments 

were hampered by a large, low-energy background, relatively poor resolution, 

and a limited observable energy range. The present experiments utilized a 

counter-telescope and particle-identifier in conjunction with a helium-jet 

6 transport system to produce high quality, low-background particle spectra. 

These measurements cover a broad energy range, spanning all the significant 

21 particle decays of those excited levels in Na fed by the positron decey of 

21M g. 

,I 

. . 
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II. EXPERIMENTAL TECHNIQUE 

The external beam of the Berkeley 88-in. cyclotron was used to 

initiate the 20Ne( 3He,2n) 2~g reaction. A bombarding energy of 29.5 MeV, which 

is substantially above the 22.0 MeV threshold7 for producing 
21

Mg, was chosen 

to avoid the possibility of producing 17Ne via the 20Ne( 3He,a2n) reaction 

whose threshold is 31.2 MeV. This bombarding energy is also sufficient to 

20 . 20 3 20 8) produce Na [v1a Ne( He,p2n)]. However, Na (T112 = 446 msec is a 

+ + S -delayed alpha precursor and has no known S -decay branch to proton unbound 

20 . 
levels; although protons could arise from the decay of Ne levels fed by 

electron capture in 
20

Na, the maximum possible proton energy in the center-of-

mass (c.m.) would be~ 1.05 MeV. 

In order to minimize the background and obtain high resolution prot,on 

spectra, a helium-jet system was developed for the transport of activity sway from the 

target area and beam. A schematic diagram of this system is shown in Fig. 1. The 

cyclotron beam, typically 3 ]JA, enters through a 5.6 ]Jm Havar foil window located 

5.2 em from the target position. The beam exits through a similar foil window 

and is refocused into a Faraday cup located ~ 1.8 m downstream. For these 

experiments the target chamber was pressurized to ~ 1200 Torr (absolute) of 

commercial spark chamber gas consisting of 90% neon and 10% helium. (For this 

particular case the sweeping gas also served as a target gas. In other 

experiments, targets were placed on the wheel shown in Fig. 1 and helium was 

used as a sweeping gas.) A portion of the 
2~g recoils produced by the 3He beam 

was thermalized within the 2.5-cm-long collector cylinder (cross-hatched in 

Fig. 1). These recoils were entrained in the gas flow and swept into the 

0.48-mm inside-diameter capillary tube. This stainless-steel tube carried 

the recoil nuclei and gas a distance of 40 em and directed the flow against a 

collector foil positioned 3 mm from the end of the capillary. 
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This collection/ counting chamber was continuously pumped ori by a 

45 ~/sec roots blower-mechanical pump combination and was maintained at a 

pressure of"' 0.3 Torr. The flow through the capillary tube was measured 

to be "' 16 Torr~~/sec. The collector consisted of a 10-cm-diameter aluminum 

wheeLw:ith __ sj_x _c;ollection foils mounted 60 deg apart. Typically these foils 

were 50-~m-thick aluminum disks. 

A remotely-controlled solenoidal stepping motor moved the foils from 

the collection position to the counting position; this position change required 

approximately 25 msec. Although the stepping motor could be fired as often 

as 10 times per second, for these experiments a rate of two steps per second 

was used (for a cycle time of 500 msec). No pulsing of the beam was required 

with this arrangement; thus while one foil was positioned in front of the 

capillary tube, the adjacent foil was being counted. 

- Several different ~E-E detector combinations were used in the course 

of these experiments in order to span a broad energy range. The ~ detector 

ranged in thickness from 4 ~m to 50 ~' while the E detector was 

50-~m, 265-~, or 500-~m thick. Each ~E telescope was followed by a 100-~, 

1.5-cm-diameter reject detector which was operated in anti-coincidence with 

the first two detectors to eliminate signals from protons traversing them. The 

solid angle of 0.24 sr subtended by the counter telescopes was limited in every 

case by the d:lameter of the E counter. All detectors were cooled to -25° C, 

except the very thin ~ detectors. 

The signals from the ~E and E detectors and associated electronics 

were sent to a Goulding-Landis particle identifier9 after having met a coincidence 

requirement of 2T 'V 40 nsec. Normally only those events corresponding to protons 

.. 
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were recorded, thereby eliminating all alpha particles following the beta-decay 

20 
of Na. However in searching for possible low-energy alphas from the decay 

of highly-excited states in 21Na, both proton and alpha groups were identified 

and their associated energy signals were recorded separately. 

The electronic energy resolution was dependent upon the exact combination 

of detectors, but ranged from 25 keV to 45 keV FWHM. This resolution was 

influenced by the large capacitance of the very thin 6E detectors. The 

observed proton widths were also affected by momentum broadening due to the 

preceding 8+ decay and, in some cases, by the intrinsic widths of broad states 

themselves. Generally, very low backgrounds were observed, though a small 

background contribution arising from multiply-scattered B particles was recorded 

in the lower-energy port'ion of the spectrum obtained with the thickest 

telescope (50-~m ~E and 500-~ E). 
\, 

The collector wheel provided a timing signal used to initiate each 

counting cycle. Small holes in the aluminum wheel were located on the same 

" radial axes as the collector foils. A light beam passed through the hole onto 

a photodiode. This beam was interrupted when the collector wheel was stepped 

by the solenoidal motor. The "on" signal was re-established by the light beam 

and photodiode when the wheel stopped moving; this signal, suitably delayed 

~ 30 msec to allow wheel-induced pickup to die away, gated the analyzers on for 

the predetermined counting period (usually 400 msec) and initialized the time 

sequence used for storing life-time information. 

Half-life data were acquired in two ways. The total energy signals 

(ET) were stored in a Nuclear Data 4096-channel analyzer, operating in an 

8 x 512-channel mode. The eight groups corresponded to sequential time segments 
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each typically 50-msec long; thus eight-point half-life information could be 

obtained for each statistically-significant peak in the energy spectrum. For 

the second method, logic signals corresponding to a peak of interest in the ~ 

spectrum were recorded using a 400-channel analyzer operating in the multiscale 

mode. A quartz-crystal oscillator advanced the channel address at a preset rate. 

:r 

. . 
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III. EXPERIMENTAL RESULTS 

A. Energy Calibration 

The lowest T = 3/2 states in 2~a and 25Al exhibit significant proton 

decay branches to both the ground and first excited states in their respective 

20 24 decay daughters, Ne and Mg. Excitation energies of these analogue states 

. 10 11 12 have been accurately measured by r~sonance scatter1ng, ' resonance capture, 

and particle-transfer re~:~,ctions. 13 The energies of their prominent proton 

. 25 . 21 
decays--E !::! 4.09 and 5.40 MeV fo.r Al, and !::! 4.67 and 6.23 MeV for Na--can lab 

therefore be used as calibration points for the high-energy portion of the 
21

Na 

proton spectrum (Elab ~ 2 to 7 MeV). As part of this calibration, the delayed

proton precursor 25si was produced by the 24
Mg( 3He,2n) 25si reaction at 29.5 MeV 

and the recoils collected using helium as a sweeping gas. 

As a check on the accuracy of a variety of measurements of T = 3/2 

levels in T = 
z -1/2, A= 4n + 1 nuclei, the delayed-proton precursors 2~g, 

25si, 29s, and 37ca were studied in a separate experiment.14 
The observed 

proton decay energies from the lowest T = 3/2 levels were fit with a straight 

line via least-squares. All were found to be internally consistent, within 

errors, giving assurance of the accuracy of the chosen calibrants. 

The low energy proton spectra were calibrated as follows. Accurate 

resonance energies, corresponding to states at E ~ 3.55, 4.29, and 4.47 MeV 
. X 

in 2iNa have been measured, 15 ,l6 as have gamma transitions from these levels •16 , 17 

A weighted average of these values gives proton decay energies (lab) of 

1.060 ± o.ooo4, 1.773 ± 0.002, and 1.939 ± 0.005 MeV, respectively. These 

energies were then used in conjunction with the T = 3/2 decay data to establish 

a calibration for the spectrum acquired using the 11-'l.lm liE, 265-'l.lm E telescope 

(Elab ~ 700 keV to 5.5 MeV). For data taken with a 6-'l.lm liE, the three low 

energy points alone served as calibrants. 
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B. Proton Spectra 

An identified proton spectrum obtained with an 11-lJlll 6E and 265-llm E 

detector telescope is shown in Fig. 2. The energy region between 2.4 MeV and 

7.5 MeV, taken with_ 50-llm ~and 500-lJlll E counters, is shown in Fig. 3, with 

better statistics than in Fig. 2. The numbers above the peaks correspond to 
--. ~ -~ 

the peak numbers and decay assignments in Table~I~ Adql-tional-dat~a-; ~not--shown~ ---

here, were acquired with a 6-llm 6E and 50-llm E telescope, spanning the energy 

range from~ 0.7 to 2.2 MeV. It is difficult to estimate an absolute cross 

section for the production of 21Mg via this technique; however our approximate 

proton yield was 0.08 events per llCoulomb of beam. 

+ . 
No known f3 -delayed proton precursors could be produced from likely 

contaminants in the target gas. The proton spectra obtained consist solely of 

breakup of levels in 2~a. As fUrther evidence for this, the half-lives for all 

statistically significant peaks in the sequential time-routed data were found 

to be consistent with the parent 2~g half-life. 

Between 2.5 and 4.5 MeV,' the spectra are composed primarily of three 

sets of multiple peaks, making the extraction of accurate intensities difficult. 

Figure 4 shows a typical decomposition of one set of multiple peaks using a 

Gaussian peak-fitting program. The energies, intensities, and widths of peaks 9 

through 19 remained consistent over three separate experiments when analyzed in 

this manner. 

The experimental energy resolution is indicated in Figs. 2 and 3 for 

the counter telescopes used. Typically, momentum-broadening from the preceding 

+ f3 decay contributed 5-14 keV to this width. 

C. Alpha-Particle Spectrum and Results 

States in 2~a above 6.56 MeV excitation are unbound to alpha decay to 17F 

(as can be noted from the 2~ decay-scheme shown in Fig. 6 below). In particular, 

: 

.. 
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the lowest T = 3/2 state is alpha-unbound by 2.4 MeV. 7 Simple barrier 

21 
penetrability predictions for'~= 0 alpha emission from the NaT= 3/2 level to the 

17 
F ground state suggest that, as an upper limit, this (isospin-forbidden) decay is 

relatively unhindered by the Coulomb barrier. (In fact, the penetrability for this 

a decay is comparable to that calculated for the proton decay of the analogue 

state to the third-excited state in 20Ne, as shown in Table III below.) 

An experimental search for this possible decay mode used a counter 

telescope consisting of a 4-jJm b.E detector, a 48-)Jm E detector and a 100-l.lll 

reject detector. Alpha particles as low as 1.4 MeV could be reliably 

identified. The resulting spectrum is shown in Fig. 5; as can be seen, the 

S+-delayed alpha decay of 20Na dominates the spectrum. Since proton data were 

collected simultaneously, direct comparison of the intensities establishes a 

limit for this possible decay branch of < 1.6% relative to the total proton 

decay. 

The energy scale was taken from the known decays of the 7.42- and 

6 18 20 . . (1 b) f 2 16 d 10.2 -MeV levels in Ne, which result 1n alpha energ1es a o • an 

4.42 MeV, respectively. Using these as calibrants, the energies of the other 

20 
major peaks arising from Na decay are shown in Fig. 5. The intensities of 

these peaks relative to the 2.16-MeV peak (100%) are: (2.50) 4.5%; (3.81) 1.8%; 

(4.42) 17.8%; (4.66) 0.6%; (4.86) 1.3%. These values agree with the recently 

. 19 20 publ1shed data on Na • 

D. Half-Life Measurements 

The use of counter telescopes and particle-identification reduced the 

background to a negligible level. In addition, 2~g was the only known delayed-

proton precursor present in the spectra. Hence no systematic errors from 
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contaminant activity should be present to distort the measured lifetimes. 

Combining data acquired using the two methods described earlier in Sec. II, our 

determination of the 
2~g half-life, resulting from four independent experi-

ments, is 123.1 ± 3.3 msec. This compares well with the previously reported 

~ 2~Mg half-life of 121 ± 5 msec
4 

and results in a weighted average of 

122.5 ± 2.8 msec. This average value has been used for all subsequent 

calculations and results quoted in this paper. 

. . 
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rl. ANALYSIS 

A. Energies and Intensities 

LBL-1600 

21 The center-of-mass proton energy and the parent state in Na for 

each of the analyzed peaks are shown in Table I. The observed proton 

energies are averages over several different experiments and ~-E detector 
~ 

combinations. Unfortunately, some ambiguities r~ain regarding a few of the 

assignments for the observed proton deCS\YS. These arise due to the two or 

more decay modes available to states above~ 5 MeV. The ground state spin 

and parity of 
2~g is presumed to be 5/2+, analogous to the 5/2+ ground state 

. ~t . 21F. ln 1 s mrror, • Further verification for this comes from the determination 

that the spin and parity for the lowest T = 3/2 state in each of the T = ± l/2 
z 

. I ( 21 isobars is 5 2+ Ne: 2L 
Ref. 20; ~a: Ref. 21). 

The energy levels of 21Na up to~ 5 MeV have been extensively studied,16 , 22 

. 17 . 20 20 . 
most recently by Haas, et ~· us1ng Ne (p,y) and Ne (d,n) reactions. In 

addition the energy levels in the mirror 2~e nucleus·have also been recently investi

gated,23 and assignments of mirror levels up to 4.8 MeV have been made for these nuclei 

( cf. Refs. 17 ,23). It ·therefore seems reasonably unlikely that additional levels 

capable of being fed by allowed S decay, with J~ = 3/2+, 5/2+, or 7/2+, could exist in 

this energy region. Further, it is unlikely that higher-lying levels would 

decay solely to excited states in 20Ne and not to the ground state as well 

(although this clearly depends upon the exact nature of the wave-functions). 

The assignment of observed proton deCS\Y energies to levels in 
21

Na 

generally follows the assumptions noted above. One exception to this can be 

seen in Table I. The decay of the 5.39-MeV state is shown leading only to the 

first excited state of 20Ne; the ground state branch was not observed. This 
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. d t 1 1 . 21N d . t decay energy was not ass1gne o an energy eve 1n a ecay1ng o the 

20 . 
Ne g.s. since to do so would have meant postulating a new level at~ 3.75 MeV, 

where none now exists. Peak 19_, on the other hand, was not assigned to any 

level in 2~a, though it certainly arises from the f3+ decay of 2~g. However, 

it is not certain whether this relatively small peak is due to decay to the ground 
2U ----· ----:------,--___:_----e-

state, or the first excited state in Ne. Though it was not assignedaparent _____ _ 

state in 21Na, the intensity is included in subsequent branching ratio 

determinations. 

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

vertical arrows in Figs. 2 and 3); the proton decay to the second excited 

state was not observed, although it would appear in the region of peak 8. This 

peak consistently exhibits a width three times larger than is 

observed for the other (isospin forbidden) decays of the analog state. 

21 ' 
Table I also shows the comparison of our deduced Na energy levels 

with those found in the literature. 20 , 22 
As noted in Sec. III.A, proton 

groups 2, 2, and f shown in Table I .were used as part of the· energy calibration; 

the corresponding excitation ·energies in 21Na result directlY from the data of 

Refs. 15, 16, and 17. No comparison with these values is therefore shown under 

the heading "previous work". Additionally, only those energies are listed in 

the last three columns of Table I that reasonably correspond· t6 the excitation 

energies deduced from our data. 

Although some T = 1/2 states above 5 MeV in 21Na have been established, 

spin and parity assignments for these states are generally unavail'able. As it 

is difficult to correlate our results with previous measurem~nts, the energies 

of states above 5 MeV are taken from the present study, and !3-I'e used for all 

subsequent calculations. 
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21 ' Relative intensities for all measurable proton decays of Na were 

determined. The fraction of the total proton decays is listed in Table II for 

each level. While considerable effort was made to account for all possible 

proton decays, there was a small portion c~ 9%) of decays in the spectra 

apparently due to weakly populated, broad levels. This "background" was not 

attributable to multiply-scattered a-particles~ and the half-life of the 

appropriate energy region of the spectrum in each case was consistent with 

the 
2~g half-life. 

B. Branching Ratios and log !!_ Values 

The relative proton intensities are directly related to the transition 

rate of the preceding positron decay, since the typical y-decay widths are on 

the order of 10
2 

to 103 times smaller than the proton decay widths.
16 

Even for the 

isospin-forbidden proton decay of the T = 3/2 state, r is ~ 9 eV (using the results 
y 

from Ref. 21 and our ratio of r /f) while r is 1200 - 1500 eV (Refs. 11, 24). 
Po 
+ Absolute branching ratios for a -decay to these unbound levels can be obtained 

+ from the calculated S transition strength to the analogue state. Assuming complete 

isospin purity for the JTI, T = 5/2+, 3/2 level in 21Na, theft value for this 

transition can be calculated: 25 

(2) 

26 I I 
Using recent values for gV and gA' the renormalized vector and axial-

vector coupling constants, respectively, one obtains 
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ft = 6.15 X 10
3 

- (1)2 ( )2 + 1.50 a 
sec (3) 

where ( 1 ) represents the. Fermi matrix element, and (a ) the Gamow-Teller 

matrix element. + These matrix elements for a S transition between an initial 

stat;-Tw -:{J .T:-}> with spin-ana- isospin (J. T.) and a final state lwf(JfTf) ) 
1 1 1 1 1 

are given by 

{1} = (ljJf(JfTf)l [ T+(n)ll/Ji(JiTi)) 

n 

< a > = < l/J f ( J fT f) I La ( n) • -r + ( n) lw i ( J iT i) > 

n 

where T+(n) is the isospin ladder operator which changes a proton into a 

neutron, a(n) is the Pauli spin operator, and the summation is over all n 

nucleons. 

(4) 

( 5) -

Since 1"+ operates only on the isospin projection Tz' clearly the Fermi 

matrix element is zero unless Jf = Ji; Tf = Ti. Then 

( 1 ) 
2 = T(T + 1) - T . T f (6) 

Z1 Z 

for 
2~ -+ 

2~a (T = 3/2 state), ( 1 ) 
2 = 3 for perfect isob~ic analogues. 

The evaluation of ( a ) 2 , on the other hand, is model-dependent. Recent 

shell-model calculations 2 predict a value of (a ) 2 "-' 0.27 

2 
for this superallowed decay, confirming earlier estimates of (a ) based on the 

Nilsson formalism. 27 From Eq. ( 3), uncertainties in this estimation of (a ) 
2

, 

even of the order of 50%, would affect the transition strength by only "-' 5% and 

the subsequent log ft by ~ 0. 02. 
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Lanford and Wildenthal have calculated2 log ft for the 

decay of 
21

Mg to the T = 3/2 level in 21Na of 3.26. Based 

LBL-1600 

on this, absolute branching ratios and partial half-lives can be derived for 

+ S -decays to proton-emitting states. These branching ratios are shown in 

col. 4 of Table II. 21 Lack of beta-decay data to bound states in Na precludes a 

worthwhile discussion of isospin mixing in its .analogue state. 

Intensity ratios for bound levels are taken from the mirror 

21 s- 2L 28 
F --> ~e decay, and are renormalized to the total decay strength to 

these levels as deduced from the total proton intensity. The resulting 

branching ratios are also given in Table II. In addition to these three allowed 

28 S-decay transitions, Harris and Alburger reported an upper limit for the 

negatron branch leading to the 2.790 MeV state in 
21

Ne. Rolfs et al.
23 

have 

7T subsequently reported J = l/2- for this state, consistent with its assigned 

mirror in 2~a. Hence there is a level at 2.80 MeV in 21Na potentially fed by 

first-forbidden unique S-decay. However, since only an upper limit for this 

decay has been established (i.e. a lower limit on the ft value), our calcula-

tions for the branching ratios ignore this possibility. 

Statistical rate function, f, calculations were made for each positron 

lecay shown in Table II, using the method of Bahcall. 29 These calculations 

correct for finite nuclear size and screening effects. In addition, the "outer" 

radiative corrections 30 were also made, though they are, given the above 

normalization to the analogue state decay, extremely small. The decay scheme 

for 
2~g is shown in Fig. 6 and includes branching ratios and log ft values from 

this work. 

Shell model predictions for energy levels and S-decay transition 

strengths in mass 21 are taken from Lanford and Wildenthal, 2 and are shown in the 
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last three columns of Table II. These calculations used a complete Od - ls basis 

16 
space for the five nucleons outside an 0 core. Log ft values were obtained for the 

first four T = 1/2 levels of JTI = 3/2+, 5/2+, and 7/2+ (as well as for the T = 3/2 

level), while only spins and excitation energies were predicted for higher states 

+ fed by allowed S -decay (see additional discussion below). 

The particle decays of the lowest T = 3/2 state in 
2~a are shown in 

Table III. Of the decays not seen, penetrability calculations show that only 

proton decay to 
20

Ne* (4.25 MeV) and a-decay to 17F (g.s.) might be expected. 

An upper limit for each of these two decays has been obtained, but neither are 

included in the branching ratio and log ft calculations (Table II). Intensities 

and reduced-width ratios are shown in Table IV for those T = 1/2 states having 

more than one observed decay branch. 
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V. DISCUSSION AND CONCLUSIONS 

The experimental and theoretical2 beta-decay transition rates can be 

compared up through 5. 6 MeV in 21Na. From Table II, such a comparison shows 

excellent agreement except for the dec~ to the 3.5-MeV state, for which a 

strongly-hindered transition is predicted. Although our results indicate that this 

decay has a considerably greater strength than predicted, it is the weakest of all 

the (allowed) beta-decay rates measured. Qualitatively the difference between 

experiment and theory for this case probably represents only a small change 

in the matrix element cancellations arising from details of the wavefunctions. 

Based on known spins and parities for states at 4.29- and 4.47-MeV, the 

predicted levels at 4.35 (JTI = 3/2+) and 4.45 MeV (JTI = 5/2+) have been inverted 

in order that the known and predicted spins correspond. The level at 

5.022-MeV has been tentatively assigned J7T = (5/2+, 3/2+), based on earlier 

measurements.17 The shell model calculations show a state at 5.60-MeV with 

JTI = 3/2+ while the next available 5/2+ state is predicted to be at 6.9 MeV. Thus 

we have also inverted the theoretical levels at 5.35 and 5.60 MeV, shown 

in Table II, to align these possible 3/2+ states. 

A more circumstantial case may be made for correlating our experimentally-

deduced level at 5.386 MeV with that calculated at 5.35 MeV. The measured and 

predicted transition rates show moderate agreement, and a state at 5.34 MeV has 

been identified by Butler, t 1 
20 . 

e a • 1n -- 23 Na(p,t). If this state has JTI = 7/2+, 

the two neutron transfer could readily proceed via L = 2 pickup, while a 

20
Ne(p,p) resonance experiment would require i = 4. This might explain why no 

level at this excitation has been previously reported from such resonance experiments. 

Of the sixteen JTI = 3/2+, 5/2+, 7/2+, T = 1/2 levels predicted above the proton 

separation energy, fifteen levels with log ft values consistent with allowed Gamow-

Teller decay were experimentally located, plus one additional unassigned dec~ 
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that almost certainly belongs to a separate, though unidentifiable level. The 

sum of the predicted strengths to the first eight states in 21Na (up through 

5.6 MeV) is 93% of the total calculated decey strength :from 
2~g, while our 

experimental results indicate 89% of the total a+ -decey populates these states. 

Individual comparisons of the predicted and experimental transition strengths 

for decay to these low-lying levels show a difference of less than 10% between 

log f1 values (with the exception of the 3~5 MeV state noted previously). This 

reinforces the 5% (rms) and 12% (maximum) deviation found by Lanford and 

· Wildenthal2 in a more general study of theoretical vs experimental log ft 

values in the mass ranges A = .17 - 22 and 35 - 39. 

The level at 8.816 MeV lias a relatively fast transition rate. 31 It should 

be emphasized that this strength is predicated on our assignment of peaks r, 
20, and 24 to this level which is the best assumption based on observed decay - - .. 

energies and widths. Unfortunately, no shell model predictions are available 

for S-decey rates to T = 1/2 levels above 7 MeV. If one assumes that mixing 

between this level and the 8.970-MeV, T = 3/2 level (assuming identical JTI) 

might simply account for this enhanced decay strength, the necessary T = 3/2 

admixtUre can be estimated. orhe resulting admixture of "' 30% would imply both 

an unusually strong charge~dependent matrix element and an isospin impurity of 

the T = 3/2 state considerably greater than that experimentally-determined for 

T = 3/2 states in 17F and 33c1 (Ref. 1). If such substantial mixing~ to 

occur between these levels, one might expect the particle decay modes of 

these levels to be similar. Tables III and IV, and Fig. 6 show that this is 

not the case. A more likely explanation for this low log :f't value might be 

found in details of the wavefunctions involved, since McGrory32 has recently 

shown that the Gamow-Teller strength is quite sensitive to d312 admixtures in 

shell-model wavefunctions for A = 18 - 22. 

. ' 
'! 

I j 
! 

i I 
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From our basic assumption of isospin purity for the lowest T = 3/2 

level in 21Na, and the resulting S-decay transition rates to other levels in 

2L - 21 
~a, the expected half-life for the mirror B -decay of F can be estimated. 

Th . . 21N d 21N h b . d t 5 M V 23 e m1rrors 1n a an e ave een ass1gne up o . e • Hence the 

partial half-lives for allowed S- decay to the first six levels with JTI 3/2+' 

5/2+, or 7/2+ in 2~e can be calculated from our experimental values of (ft)+ 

for positron decay to analogue levels in 2~a. Comparison of this predicted 

half-life with the measured 21
F half-life of 4.35 ± 0.04 sec33 gives 

(ft)+/(ft)- = 1.10 ± 0.08. This value of (ft)+/(ft)- is consistent with the 

recent results for mass 17 where (ft)+/(ft)- = 1.151 ± 0.033 (Ref. 34). Other 

odd mass mirrors (i.e. A = 9, 13, 25) also continue to show positive and 

significant values 35 of o = [(ft)+/(ft)-]- 1. As discussed in a very recent 

analysis by Wilkinson, et al., 5 the possible origin of these asymmetries in 

the odd-A systems as due to lack of perfect analogue symmetry in the final 

states should be studied. 
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Table I. Proton energies from the decay of unbound levels in 21Na fed by S+-decay of 21Mg, and a comparison of 
21

Na 

energy levels inferred from this work with previous results. Underlined numbers preceding each entry correspond to , 

peak-identification numbers shown in Figs. 2 and 3. (All entries given as MeV± keV.) 

Proton energies (c.m.) corresponding to decay to the 

following levels in 20ne: 

g. s. 

2 l.ll3±0.4b 

i 1.862±2b 

6 2.036±5b 

.2. 2. 598±20 

X 

11 3.326±35 

12 3.435±25 

13 3.547±15 

14 3.662±35 

15 3.78±50 

16 3.930±35 

17 4.068±20 

22 5.865±15 

23 

24 

25 

5.986±15 

6.387±25 

6.538±4b 

1.634 MeV 

c 

!. 0 .947±20 

l 1.320±10 
XC 

X 

xe 
xe 
xe 

8 2.265±25 

X 

18 4.246±25 

4.350±20 

4.741±15 

21 4.904±4b 

19 

20 

4.247Mev 

X 

X 

1 2.145±15 

Unassigned proton peak: 

X 

10 2. 718±30j 

4.968 MeV 

X 

X 

X 

4 1.573±10 

g 

g 

Deduced a 
energies in 

21Na 

3.545±2 

4.294±3 

4.468±5 

5.022±15 

5.386±10 

5.758±35 

5.867±25 

5.979±15 

6.094±35 

6.21±50 

6.341±20 

6.500±20 

8.301±15 

8.417±15 

8.816±10 

8.970±4h 

Ref. 22 

3.544±8 

4.294±9 

4.468±9 

4.99±50 

5.69 

5.82 

6.08 

6.24 

6.51 

(8.35) 

8.90±40 

Previous work 

Ref. 20 

3.54±20 

4.28±30 

4.41±30 

4.99±30 

5.34±30 

5.78±30 

6.16±30 

6.54±30 

8.31±30 

8.97±30i 

Other 

5.03d 

6.52f 

I 
I\) 
w 
I 

~ 
I-' 

(continued) ~ 
0 

c. 

•" ,_ 

.. ,.._. .... 

(~ 
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<>C 

I' 
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c--
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Table I. (continued) 

~e energies are calculated using a proton separation energy of 2.432 ± 0.002 MeV, which represents an 

average of values determined in Refs. 7, 16, and 17. 

bThese proton energies were used, in part, to determine the energy calibration (see discussion in part III .A 

of the text ) • 

cUnobserved, but energetically-allowed,proton decays within our experimental range are marked by X, while 

those outside our range (~ 700 keV) are shown by --. 

~. Amiel, M. Lambert, and H. Beaumevieille, Nuovo Cim. Letters l' 689 (1969). 

eThese possible decays were obscured by peaks arising from the decay of other states. 

fP. Bem, J. Habanec, 0. Karban., and J. N~ec, Nucl. Phys. A96, 529 (1967). 

gPossible proton decays from these levels leading to higher excited states in 20Ne are also 

within our energy range, but no such decays were observed. 

hThis number is based on the average of the delayed-proton results and resonance measurements discussed in 

Ref. 14. 

iThis number is corrected based on the remeasured mass of 10c. [H. Brunnader, J. C. Hardy, and J. Cerny, 

Phys. Rev. 174, 1247 (1968).] 

jThe possible origin of this peak is discussed in the text. 
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Table II. Branching ratios and ft values for the positron decay of ~1Mg. 

Branching ratiod 
Theoretical Predictionsf 

a Proportion of ftd,e E . 21N Energy level Log ft Log ft J1T . 21N 1Tb c from 2~g - x ~n a 
~n a J proton decays Xl03 (sec) (sec) · (sec) (MeV) 

(MeV)· (%) (%) ~-· .... ~ 

o.ooo 3/2+ l5.8±4.og 182±46 5. 26±0 .10 5.55 o.ooo 3/2+ · .... ·"'' 

0.332 5/2+ 4o. 7±5 .og 62±8 4. 79±0.05 4.70 0.314 5/2+ ·-t..=·· 

l. 723 7/2+ l0.9±2.0g 126±23 5.10±0.07 4.80 1.800 7/2+ c 
3.545 5/2+ 1.38±0.19 h 1200±180 6.09±0.06 8.34 3.592 5/2+ o. 45±0 .07 {".· 

4.294 5/2+. 16.48±0.65 5. 36±0 .31 65.9±3.6 4.82±0.\)2 5.21 4.445 5/2+ .._;:. 
4.468 3/2+ 32 .09±0.34 10.45±0.46 30.4±l.2 4.48±0.02 4.44 4.353 3/2+ 

. (5/2+,3/2+) 7.76±0.68 88±8 4.95±0.04 4.67 5.600 3/2+ 
~-

5.022 2.53±0.25 

5.386 7.47±0.55 2.43±0.21 71±6 4.85±0.03 5.33 5.345 7/2+ ( 
I 
1\) 

5.758 1.06±0.06 0.34±0.03 384±27 5.59±0.03 4.99 6.147 7/2+ \Jl ' ·--I 

5.867 1.89±0.10 0.62±0.04 198±13 5.30±0.03 4.84 6.230 3/2+ ~~ ·' 
~ 

5.979 1.44±0.16 0.47±0.06 239±28 5.38±0.05 4.82 6.602 7/2+ . .:.·.- ...... 

"""' 
6.094 0.43±0.03 0.14±0.01 730±60 5.86±0.03 4.65 6.932 5/2+ 

. 6.21 0.42±0.06 0.14±0.02 690±110 5.84±0.06 7. 322 . 7/2+ 

6.341 2.63±0.19 0.86±0.07 98±8 4.99±0.03 7.588 3/2+ 

6.500 3.29±0.13 1.07±0.06 69.1±3.8 4.84±0.02 7.689 5/2+ 

8.261 5/2+ 

8.301 0.94±0.07 0.31±0.03 40.2±3.3 4.60±0.03 8.672 5/2+ 

8.417 0.55±0.07 0.18±0.02 59±8 4.77±0~05 8.685 3/2+ 

8.816 3.65±0.36 1.19±0.13 5.4±0.6 3.73±0.04 .8. 861 7/2+ L' 

5/2+,T=3/2 8.56±0.33 2.79±0.16 3.26 3.26 8.993 
tJj 

8.970 1.80 5/2+,T=3/2 ,. 
E = 2.718i 

I-' 
0.93±0.32 0.30±0.11 0\ 

0 p 0 

(continued) 



Table II. (continued) 

~nergies of bound states (below 2.43 MeV) are taken from Ref. 17, while the remaining three levels below 

5 MeV are discussed in part III .A of the text. The energies above 5 MeV are from the present work only. 

bSpins and parities are from Ref. 17. 

cThe sum of the proton decS¥S equals 91.0% since there is a 9.0% proton "background" made up of deceys too 

weak to analyze (see discussion in text). 

~e branching ratios and ft values are calculated assuming complete isospin purity of the T = 3/2 state 

(see text), and allowance has been made for the 0.25% gamma-decey branch from this state. 

eThe ft values are calculated using a 
2~g mass-excess of 10.911 ± 0.016 MeV (Ref. 7) and a half-life of 

122. 5 ± 2. 8 ms ec • 

fThese calculations are from Ref. 2. For the predicted T = 1/2 states between 6 - 9 MeV, no attempt was made 

to correlate these individual levels with our experimental results; above 7 MeV, no 

log !!, values were available. 

~ese branching ratios were calculated from comparison to the mirror 
2~ dec~ (Ref. 28). 

~his value has been corrected for the ry;r"' 2.5% (Ref. 16). 

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

it originates is uncertain. 
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Table III. Energies, branching ratios and penetrabilities for particle dec~s of the 

lowest T = 3/2 state in 21Na 

p + 20Ne 

. a. + 17F 

Final a 
state 
(MeV) 

0.000 

L634 

4.247 

4.968· 

J'IT 

0+ 

2+ 

4+ 

2-

5~622 3-

5.785 . 1-

o.ooo 

0.495 

5/2+ 

1/2+ 

Particle 
decay 
energy 

(c.m.) (MeV) 

6.538 

4.90~. 

-2.291 

1.573 

0.916 

0.753 

2.410 

1.915 

b Observed 
intensity 

.I(%) 

l. 76±0.12 

4.78±0.23 

< 0.35 

2.02±0.19 

X 

.x 

< 1.60 

X 

Relative 
branching 
ratio (%) 

20±2 

56±3 
. -• 

24±2 

Penetra-
bilityC 

p 

0.99 

l. 57 

0.061 

0.096 

0.010 

o.oo4 

0~070 

0.002. 

I/P 

1.8 

3.0 

< 5.7 

21.0 

. <. 23 

~xcited states in 20Ne are from Ref. 18 while for 17F, they are from F. Ajzenberg-Selove, Nucl. Phys. Al66, 

1 (1971) 0 

bThese are stated in terms of the percent of the total proton decay of 21Na. Possible groups marked X were 

unobserved, though within our range of observation. These results agree qualitatively with the observations 

in Ref. 11, where resona.rices . were found in the p0 , p1 , and p3 .channels-~-

cThis is calculated via 

where k depends on lEe .m. 

solutions for the Coulomb 

P = kRo(All/3 -+ A21/3) 

F 2 + G 2 ' 
i i . . .. 

; R
0 

was chosen to be 1'.3 fm and Fi2 ~d GR,2 .are the regular·-and irregular 
' ~' 

wave equations evaluated for the lowest ~angular momentum,tr'aris'fer i. 

I 
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Table IV. Branching ratios and reduced widths for T = l/2 states in 
21

Na 

E Intensitya of Intensity Ratio of reduced widthsb X 

. 21:N 1.n a proton decay ratios lx/gs 2x/gs 

(MeV) to g.s. to lx to 2x lx/gs 2x/gs 3/2+,5/2+ 7/2+ 3/2+,5/2+ 7/2+ 

5.022 2.44±o.64 5.32±0.17 2.2 4.3 

6.341 1.15±0.16 1.47±0.13 1.3 0.73 0.11 

8.301 0.15±0.02 0.79±0.06 5.3 3.2 0.48 

8.417 0.23±0.02 0.32±0.06 1.4 0.85 0.13 

8.816 0.18±0.03 0.80±0.16 2.66±0.32 4.4 14.8 2.8 0.46 310 

~is is quoted as the percentage of the total proton decey-s from 21Na. 

bThe reduced widths are ca1cul~ted by dividing the observed intensity by the penetrability for the decay 

(using the lowest possible R.) assuming the state has irr -= 3/2+, 5/2+, or 7/2+. The penetrabilities were 

evaluated using R = 1.3 fm. 
0 

~'·: 

1.6 

I 
1\) 

?> 

~ 
1-' 
0\ 
0 
0 



.. 

,) ; •· I 

/ J 

.-29- LBL-1600 

FIGURE CAPI'IONS 

Fig. 1. A simplified drawing of the helium-jet transport system. Details 

of its use are given in the text. 

Fig. 2. An identified-proton spectrum acquired with the counter telescope 

noted in the figure. All peaks are associated with the decay of 
21

Mg 

, and are numbered to correspond with the data listed in Table I. The 

vertical ~rows denote decays from the T = 3/2 state in 
2~a. 

Fig. 3. Delayed protons from 2~g with energies greater than 2.4 MeV. 
.' . . ·~ 

Again 

the numbers <?orrespond to proton decay data shown in Table I; the vertical 

arrows point to peaks arising from the T = 3/2 state decay •. 

Fig. 4. A sample multiple-peak group-between 3.0 and 3.5 MeV analyzed using 
•: 

a Gaussian peak-fitting program (see discussion in text). The numbering 

system and data are identical to that in Fig. 3. 

Fig. 5. Identified a-particle spectrum following 3He bombardment 

20 of Ne. The predicted location for the a particles from decay of the 

21Na T = 3/2 state is shown by the arrow at lowest energy. The remaining arrows 

indicate a particles and their respective energies (lab) in MeV following 

+ '. 20 
the S -decay of Na. 

Fig. 6. Proposed decay scheme for 2~g. The excitation energies above 5 MeV 

in 21Na are taken from this work (except/ the 8.970 MeV state). + S -decay 

branching ratios and log fi values are also indicated. 

l :. 
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r-----------------LEGALNOTICE------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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