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Figure 1 Importance of radioactive nuclei in astrophysics. Nuclides involved in nucleosynthesis processes (e.g., the rp-process and
r-process) are shown along with stable nuclides and the particle driplines. Representative astrophysical environments for the processes are
also indicated.
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MOTIVATION 20MG 
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Threefold motivation: 
1.  Mirror asymmetry - 20O(β)20F 
2.  Modern shell-model calculations (sd-

shell) 
3.  Astrophysics: X-ray bursts = standard 

candles 

15O(α,γ )19Ne(p,γ )20Na
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21MG BETA DECAY 
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21MG – STATUS 
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› 21Mg is a well known 
proton emitter 

› Used for proton calibration 

› Delayed alpha emission 
energetically allowed: 

›  Qa(8816 keV) = 2256 keV 
›  Qa(8970 keV) = 2410 keV 
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Sextro et al. (1973) 
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Decay modes observed: 
•  4 βα (nr. 2, 3, 4, and 5) 
•  1 βpα (nr. 1) 
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21MG – ALPHA SPECTRUM  
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βpα-decay mode: 
•  Only seen in 9C and 17Ne 

before 
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21MG – ALPHA SPECTRUM  

!"!" → ! + !"!" → ! + !"!" → ! + !!" !!
↓!!!!!!!!!!!!!!!!!!!!!!
!!" + !!!!!!!!!!!!!!!!

!

!
!
!

 (keV)Si1E
500 1000 1500 2000 2500 3000 3500

co
un

ts
 / 

1.
4k

eV

0

5

10

15

20

25

30

 (keV)dsssdE
500 1000 1500 2000 2500 3000

co
un

ts
 / 

4k
eV

0

1

2

3

4

5

6

7

1"

2"

3"

4"
5"

a"

βpα-decay mode: 
•  Only seen in 9C and 17Ne 

before 
•  Known to be energetically 

possible in 13O also – not 
observed in β-decay ? 
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21MG – ALPHA SPECTRUM  
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βpα-decay mode: 
•  Only seen in 9C and 17Ne 

before 
•  Known to be energetically 

possible in 13O also – not 
observed in β-decay 

•  Systematics: βp-decay to an 
alpha-conjugate nuclei, low-
mass 

•  Alpha-conjugates are more 
stable hence making 
Sp(i*alpha+p) and Sα low 

? 
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•  Reference distribution from protons, 
excluding lowest energy 

•  Left region (1 of 3 tests positive to 
>5%, 2 of 3 <5%) 

•  Central region, c1, (positive all, 
>25% significance) 
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Method: 
•  Use 3 different statistical tests: 

Kolmogorov-Smirnov, Cramer-von 
Mises, and Anderson-Darling 

•  All quantify the vertical difference 
between the reference distribution and 
the distribution in question 

•  MC simulation to get confidence limits 

21MG – TIME TEST 

Courtesy of J. Halkjær 
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21MG – DECAY SCHEME 
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•  Decay scheme mainly based 
on Sextro et al. from 1973 
seem unlikely: 

•  new 20Ne(p,p) scattering 
experiments 

•  Sextro et al. introduced 
new resonances not 
seen again 

•  New tentative interpretation 
based on: 

•  new knowledge of 
resonance widths 

•  new knowledge of JP 
•  energy considerations 
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21MG - DECAY SCHEME 

1

↵

p

p+↵
7.161

p+↵+16O

0+ 7.161

6.560

↵+17F

5/2+ 6.560
7.055 1/2+

2.431 0+

p+20Ne

2.431

4.065 2+

6.679 4+

7.398 2�

8.053 3�

21Na0.0 3/2+

0.332 5/2+

1.716 7/2+

4.294 5/2+

4.468 3/2+ 5.020, (32 ,
5
2 ,

7
2)

+

5.380, (32 ,
5
2 ,

7
2)

+
5.884 ( 32 ,

5
2 ,

7
2 )

+

6.468 3/2+
7.609 3/2+

8.303 ( 32 ,
5
2 ,

7
2 )

+ 8.397, 3/2+
8.464, 3/2+
8.827, 5/2+

8.976 5/2+IAS

9.725 3/2+

13.095
21Mg

5/2+

2mec2

�+

•  New beta-delayed proton-alpha 
branch (first measurement) 

•  New beta-delayed alpha 
branches (first measurement) 

•  New tentative interpretation of 
decay scheme – need 
gamma’s to pin it down 
completely (future 
experiment@IDS)  Only showing beta fed resonances. 

NEW TENTATIVE DECAY SHEME 
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SEXTRO, GOUGH, AND C ERNY

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 preced-
ing P' decay contributed 5-14 keV to this width.

C. e-Particle Spectrum and Results

States in "Na above 6.56 MeV excitation are un-
bound to n decay to "F (as can be noted from the
"Mg decay scheme shown in Fig. 6 below). In par-
ticular, the lowest T = —', state is a unbound by 2.4
MeV. Simple barrier-penetrability predictions
for /=0 e emission from the "Na 7= ~ level to the"Fground state suggest that, as an upper limit,
this (isospin-forbidden} decay is relatively un-
hindered by the Coulomb barrier. (In fact, the
penetrability for this e decay is comparable to
that calculated for the proton decay of the analog
state to the third excited state in Ne, as shown
in Table III below. }
An experimental search for this possible decay

mode used a counter telescope consisting of a
4-p,m LE detector, a 48-p, m E detector and a
100-p,m reject detector. e particles as low as
1.4 MeV could be reliably identified. The result-
ing spectrum is shown in Fig. 5; as can be seen,
the P'-delayed-e decay of ' Na dominates the
spectrum. Since proton data were collected sim-
ultaneously, 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 de-
cays of the 7.42- and 10.26-MeV levels" in ~Ne,
which result in a energies (lab) of 2.16 and 4.42
MeV, respectively. Using these as calibrants,
the energies of the other major peaks arising
from Na decay are shown in Fig. 5. The inten-
sities 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$p. These values agree with
the recent results" on ~Na.

D. Half-Life Measurements

The use of counter telescopes and particle identi-
fication reduced the background to a negligible lev-
el. In addition, "Mg was the only known delayed-
proton precursor present in the spectra. Hence
no systematic errors from contaminant activity
should be present to distort the measured life-
times. Combining data acquired using the two
methods described earlier in Sec. II, our deter-
mination of the "Mg half-life, resulting from four
independent experiments, is 123.1 + 3.3 msec.
This compares well with the previously reported
"Mg half-life of 121+5 msec ' and results in a
weighted average of 122.5+ 2.8 msec. This aver-
age value has been used for all subsequent calcu-
lations and results quoted in this paper.

IV. ANALYSIS

A. Energies and Intensities

The center-of-mass proton energy and the par-
ent state in "Na for each of the analyzed peaks
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FIG. 4. A sample multiple-peak group betaeen 3.0
and 3.5 MeV analyzed using a Gaussian peak-fitting pro-
gram (see discussion in text). The numbering system
and data are identical to that in Fig. 3.

FIG. 5. Identified a-particle spectrum following 3He
bombardment of 2ONe. The predicted location for the u
particles from decay of the ~~Na T=~3 state is shown by
the arrOW at lOWeet energy. The remairi&rip arrOWS in-
dicate e particles and their respective energies {lab) in
MeV foQowing the P+ decay of Na, .
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21MG – DECAY SCHEME 

Analysis levels: 
•  0th order: Gaussian fit 
•  1st order: detector response 

convoluted with a Breit-Wigner 
resonance lineshape  

•  2nd order: includes also 
interference  

Results: 
•  In general less proton branches are needed 
•  Levels only seen by Sextro et al. disappear 
•  The fitted B.W. widths in agreement with 

scattering results (when bigger than resolution) 

12 13 
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1.  Remove alpha particles, beta’s 
and recoils 

2.  Remove punch-through protons 

1. 

2. 
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TYPE 1 X-RAY BURST 

20 

•  Binary star-system: neutron 
star + light pop. 2 star 

•  Transfer of material to the 
neutron star = X-ray emission 
due to high T 

•  Explosive H and He burning 
(HCNO and break-out to 
A>20) 

•  Burst time: seconds to 
minutes 

•  Time between bursts: hours 
to days 
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MOTIVATION II 
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•  Break out sequence 
from the hot CNO cycle: 

•  Determination of Jπ for 
2.645(6) MeV 
resonance: 1+ or 3+? 

•  Fed in beta decay of 
20Mg: allowed or 
second-forbidden? 
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