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Abstract 

The fl-decay of 2°Mg was investigated. A secondary beam of 2°Mg ions, produced in reactions 
between a 95 A.MeV 24Mg-beam and a "atNi-target, was isotopically separated by means of the 
LISE3 spectrometer at GANIL. This secondary beam was implanted into a silicon detector array 
surrounded by germanium y-detectors. The fl-delayed proton and y-ray data, measured for this 
short-lived nucleus (Tl/2 = 95 4- 3 ms), were incorporated into an improved mMg-+2°Na decay 
scheme. The 2645 keV level in 2°Na is of importance for the breakout from the astrophysical 
hot CNO-cycle and the onset of the rapid proton capture process via the reaction 19Ne(p,y)2°Na. 
An upper limit of 0.1% for the fl-decay feeding of the 2645 keV level and a lower limit for the 
corresponding log f t  value of 6.24 were determined. The implications of this result for the spin 
and parity assignment of the 2645 keV state are discussed. By comparing the 2°Mg fl-decay into 
the proton-unbound 3001 keV state in 2°Na and the isospin-mirrored decay into the particle-bound 
3488 keV level in 2°E an asymmetry f t + / f t  - - 1 = 1 ~o+0.86 . . . .  0.65 was observed. The comparison 
of the experimentally determined B(GT) values for the Gamow-Teller fl-decay of 2°Mg with a 
calculation performed in a full sd-shell model space yields an overall quenching of the Gamow- 
Teller strength of 0.84, corresponding to an observed fraction of 71% of the calculated strength. 
The measured Gamow-Teller strength above excitation energies of 3 MeV is more fragmented 
than predicted by the shell-model calculation. 

0375-9474/95/$09.50 Q 1995 Elsevier Science B.V. All rights reserved 
SSDI 0375-9474(94)00791-8 
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1. Introduction 

The present study of the 2°Mg ti-delayed proton decay (t/p-decay) was mainly 
motivated by the astrophysical problem of the breakout from the hot CNO (HCNO)- 
cycle. In 1981 Wallace and Woosley [ 1 ] proposed a breakout reaction from the HCNO- 
cycle, which would ignite the hydrogen burning of nuclei in the Ne-Na cycle and 
would lead, following a path on the proton-rich side of the valley of stability, to the 
formation of heavy elements, possibly up to the tin region. This so-called w-process 
is expected to occur in hot (T ~> 5 × 108 K) and dense (p ~> 5 x 103 g/cm 3) stellar 
environments, the initial reaction sequence being 150(a,y)19Ne(p,y)2°Na. While the 

(a ,y)-react ion seems to be well understood [2], there are considerable uncertainties 
concerning the rate of the resonant part of the (p,y)-reaction. This rate depends on the 
nuclear structure of the 19Ne and 2°Na levels involved, particularly on the properties of 

the first unbound 2°Na level at 2645 keV. In the case of a 1 + assignment to this state, as 
reaction studies [3-7] suggest, it would give rise to an s-wave resonance in the (p,y) 
reaction and would influence strongly the astrophysical reaction rate. Furthermore, the 
quantitative understanding of the rate of the resonant 19Ne(p,y)2°Na reaction requires 
the knowledge of the quantity toy, which is defined as 

2 J +  1 
toy = (2Jl + 1)(2J2 + l)  ( F r F p ) / ( F : ,  + Fp). ( l )  

Jl and J2 denote the spins of the projectile and the target nucleus, J the spin, and F r 
and Fp the y- and proton-widths of the resonant 2645 keV level in 2°Na. It is clear from 
Eq. (1) that the astrophysical reaction rate depends on the detailed properties of this 
level. However, the j r  = 1 + assignment for the 2645 keV level has been questioned by 
several authors (see Ref. [ 8 ] and references therein). 

In principle the study of the 2°Mg fl-decay offers a way to clarify the configuration 
of the 2645 keV level in 2°Na. As the allowed Gamow-Teller (GT) ti-decay of the 
j~r = 0 + mother state proceeds to l+-states in 2°Na, the 2645 keV level would be 
strongly populated if it had indeed j~r = 1 +. Correspondingly, the properties of this 
level and its decay, in particular the ratio F r / F  p, could be studied. Taking Fp from 
calculations, F~, could be determined from the measured ratio F~,/Fp and toy could then 
be deduced from Eq. (1). 

In addition to this astrophysical motivation, it is a challenge to perform a more detailed 
decay study of the exotic nucleus 2°Mg as compared to the previous ones [9-12]. It 
would allow one to investigate the GT quenching in ti-decay, to test the isobaric mass 
multiplet equation, and to probe isospin symmetry in fl-transitions of mirror decays. 

After a description of the experimental techniques in the next section, the results of 
the measurements will be presented in Section 3. Section 4 includes the discussion of 
the astrophysical as well as the nuclear physics aspects mentioned above. Summary and 
outlook are given in Section 5. Preliminary results from this work have already been 
presented as conference contributions [ 13-15]. In addition to the topics covered in this 
article, Ref. [ 16] contains a discussion of the isobaric mass multiplet equation for the 
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A = 20 isospin multiplet. 
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2. Experimental techniques 

The LISE3 facility [ 17-19], which consists of a zero-degree achromatic recoil spec- 
trometer and a Wien-type velocity filter, was used to produce a monoisotopic radioactive 
beam of 2°Mg. A primary 24Mg beam from GANIL with an energy of 95 A.MeV im- 
pinged upon a 274 mg/cm 2 thick natNi target. Nickel was chosen as target material 

for the production of proton-rich secondary beams with reference to earlier reaction 
work performed at GANIL, e.g. Ref. [20]. Based on the semiempirical systematics 
EPAX [21 ] a production cross-section of 0.7 mb for 2°Mg was calculated [22]. The 
LISE3 spectrometer was operated in an achromatic mode with an intermediate degrader 
of 312 mg/cm 2 natAl, corresponding to a thickness-to-range ratio of 0.308 for the pro- 
duced 2°Mg atoms. The momentum acceptance of the LISE3 spectrometer was limited to 
0.88% at the intermediate focal plane in order to suppress isotonic contaminants which 
cannot be reduced by the intermediate degrader [23]. The resulting 2°Mg abundance of 
the secondary beam in front of the velocity filter amounted to approximately 80%. By 
adjusting the transmitted velocity regime of the velocity filter to the maximum of the 
2°Mg velocity distribution, the intensity of contaminating isotopes was further reduced 

to 2.4%. 
The 2°Mg activity was implanted into the detector array shown in Fig. 1. The sec- 

ondary beam of 2°Mg-ions was implanted into a position-sensitive silicon strip detector 
(implantation detector), consisting of 16 segments of 5 × 35 mm 2 area each. The im- 
plantation detector of 300 ~m thickness was inclined with respect to the beam axis by 
an angle of 45 °, resulting in an effective thickness of 424/~m in beam direction, which 
facilitated the complete implantation of the desired activity. The implantation detector 
was mounted between two segmented large area silicon detectors of 500 /.tm thick- 
ness for the detection of fl-rays. As will be shown below, the knowledge of the/3-ray 
kinematics and their energy loss in the fl-detectors allows a reduction of the /3-energy 
summing effects in the particle spectra of the implantation detector. A circular silicon 
detector of 28 mm diameter and 300 #m thickness (energy-loss detector) was used for 
the isotope identification. In front of this detector a stack of movable aluminum foils 
served to shift the implantation profile of 2°Mg ions into the appropriate position within 
the implantation detector. This set-up was surrounded by three large-volume germanium- 
detectors, whose efficiency with respect to a 3" × 3" NaI-crystal for 1.3 MeV y-radiation 
amounted to 70% for the lateral detectors and 35% for the backward detector. 

The 2°Mg activity was implanted into the central region of the implantation detector 
with a calculated total width of the implantation profile of about 200 /.tm. The on-line 
isotopic identification of the activity arriving at the final focal plane was performed by 
means of the energy-loss time-of-flight method (see Fig. 2, upper part). The energy loss 
detector, which also gave the start signal, was situated close to the final focal plane. 
The stop signal for the determination of the flight time through the spectrometer was 
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e) 

e) 

e) 

a) 

Fig. 1. Detector array for ion implantation and decay spectroscopy. (a) Stack of foil degraders; (b) energy-loss 
detector; (c) implantation detector; (d) fl-detectors; (e) germanium "y-dectectors. 

supplied by the radiofrequency of the accelerating cyclotron. As can be seen from Fig. 2, 
2°Mg with an abundance of 97.6% is clearly separated from the isotonic contaminants 
18Ne, 17F and 160, whose relative intensities amount to 1.9%, 0.19% and 0.04%. 19Na 

is proton-unbound and obviously not transmitted through the spectrometer. It should 
be noted that during part of the experiment the relative purity of the transmitted 2°Mg 
reached 99.6%. The rate of 2°Mg atoms arriving at the implantation detector varied 
between 30 and 150 atoms/s with a continuous primary beam. 

The influence of secondary reactions during the implantation process is demonstrated 
in the lower part of Fig. 2. Shown is the pulse height in the energy-loss detector versus 
the pulse height of the implantation detector for those ions that were identified as 2°Mg 
in the upper part of Fig. 2. Four classes of events can be distinguished (abundances are 
given in parentheses), namely 

(i) 2°Mg atoms, which did not undergo a secondary reaction (96.6%), 
(ii) products of secondary reactions which occurred in the implantation- or H-detectors 

or in the stack of aluminum foils (2.6%), 
(iii) products of secondary reactions which occurred in material in front of the energy 

loss detector (0.4) %, 
(iv) events of unknown origin (0.1%). 
The purity of 2°Mg atoms in the implantation detector amounts to (94.3 + 0.5)%. During 
the experiment a total number of 4.5 × 106 2°Mg atoms was implanted. 
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Fig. 2. Energy-loss vs. time-of-flight spectrum (upper part) and energy vs. energy-loss spectrum (lower 
part). The abundances of 2°Mg and the main contaminants are indicated in the upper part. The energy vs. 
energy-loss spectrum was accumulated under the condition that the registered event was identified as 2°Mg in 
the energy-loss vs. time-of-flight spectrum. In the lower part, the abundance of Z°Mg is indicated as well as 
abundances of different classes of secondary reactions (see text). 

3. Results  

3.1. f l -delayed part icle-spectra 

Fig. 3 shows the spectra of decay events in the six central segments of the implantation 

detector. High-energy implantation events ( ~  200 MeV total energy) are absent in these 

spectra since they were recorded in anticoincidence with the energy-loss detector. The 

lines marked as a l  • • • a 9  were identified as flee-activity from the decay of the daughter 

activity 2°Na [24,25]. The remaining lines, denoted as p ~ . - ' P l l ,  were ascribed to the 

tip-decay of 2°Mg. This assignment was confirmed by a half-life analysis in the case 

of the strongest lines Pl, p4, Pl0 and Pll. A compilation of the proton-lines observed in 

this experiment is given in Table 1. 

The abscissa of the spectra shown in Fig. 3 is the total energy deposited in the 
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Fig. 3. Spectra of decay events in the six central strips of the implantation detector, recorded under different 
coincidence conditions with the/3-counters (see text). Lines stemming from the/3p-decay of 2°Mg are marked 
by Pl to PN, lines from the/3a-decay of 2°Na by a-symbols. The abscissa represents the total energy deposited 
in the implantation detector, calibrated approximately by using the/3a-lines a2 and a7 from the 2°Na decay. 

implantation detector. It is roughly calibrated on the basis of the most prominent 2°Na 

/30Mines denoted as a2 and a7. Spectrum (a) was obtained without any coincidence 
requirement with respect to the/3-detectors. Spectrum (b) was recorded in coincidence 
with/3-rays in a segment of a/3-detector opposite the strip of the implantation detector 
where the decay-event occurred. This condition selects short path lengths of the emerging 
high-energetic/3-ray in the material of the implantation detector which leads to a reduced 
energy deposition in this detector and hence to a reduction of/3-energy summing. This 

Table 1 
The released energies and the origin of the proton lines observed in this experiment 

Released energy 2°Na level---~19Ne level 
IkeVl 

pt 806(2) 3001---~0 
P2 1056(30) 4800---+1536 
P3 1441(30) 3874---+238 ? 
P4 1679(15) 3874---+0 
P5 1928(16) 4123--+0 
P6 2344(25) 4800---+238, 275 
P7 2559(45) 4800--+0 ? 
P8 2884(45) ? 
P9 3837(35) 6266---*238, 275 
pio 4071(30) 6266----~0, 6521---,238,275 
Pll 4326(30) 6521--+0 
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Fig. 4. Low-energy part of the decay spectra in the implantation detector. The expected proton line from the 
decay of the 2645 keV level in 2°Na with an intensity of 0.1% is indicated. 

can be clearly seen e.g. in the improvement of the peak-to-valley ratio at the low-energy 

side of the proton line denoted as Ps. As can be seen from spectrum (c),  a further 

improvement can be obtained by imposing an additional condition on a small energy 

loss of the ti-rays in the fl-detector, which also corresponds to a small ti-energy loss in 
the implantation detector. 

Fig. 4 shows the low energy part of the pulse-height spectrum measured in the 

implantation detector. This spectrum was recorded in coincidence with a ti-ray in a 
segment opposite to the strip where the t/p-decay occurred in order to suppress the 
ti-background and in anti-coincidence with the backward germanium-detector in order 
to eliminate contributions from light beam-induced particles in the spectra. Since the 
proton separation energy of 2°Na amounts to 2195 ± 7 keV [26], the proton line from 

the t/p-decay of the 2645 keV level in 2°Na is expected to occur at a proton energy of 

450 keV. No significant structure is seen at this position. As the shape of the expected 
proton line is known from transitions with higher proton energies, an upper limit of 

0.1% was estimated for the ti-feeding of the 2645 keV level and its subsequent proton 
decay by comparing the expected peak heights for various branching ratios with the 
measured spectrum. 

Besides the measurement with continuous beam, a measurement with a pulsed beam 
was carried out. During a period of 200 ms 2°Mg ions were implanted, whose decay was 
recorded in the following 800 ms interval. From those pulsed-beam data, a spectrum 
exclusively containing the proton radioactivity from the 2°Mg decay (see Fig. 5) was 
constructed in the following way: From the data taken during the 800 ms beam-off period 
the part accumulated in the time interval 100 ~< t ~< 800 ms was subtracted. The sub- 
tracted spectrum, which mainly contains the longer lived (7"1/2 = 447.9 ± 2.3 ms [25] ) 
2°Na activity, was scaled by a factor, so that in the resulting difference spectrum the 
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Fig. 5. Energy spectrum of the t/p-activity from the decay of 2°Mg, recorded in the pulsed-beam mode. The 
arrows indicate the positions of the lines stemming from the tip-spectrum displayed in Fig. 3. 

prominent, isolated 2°Na a-line a7 at 5540 keV disappeared. The shape of the low- 

energy fl-background was determined by gating on the 984 and 1634 keV )'-rays from 
the 2°Mg and 2°Na ti)'-decay. The additional subtraction of the ti-background yielded 
the proton spectrum displayed in Fig. 5. The energies marked by arrow symbols in 
Fig. 5 correspond to proton lines attributed to the 2°Mg precursor on the basis of the 
spectra displayed in Fig. 3. Due to the limited statistics, only some t/p-lines observed 
in the continuous-beam measurement were confirmed by the pulsed-beam experiment. 
In the proton energy range between 2 and 4 MeV a continuum of unresolved transitions 
is observed, which cannot be explained by the effect of summation between ti-energy 
loss and proton energy deposition. 

3.2. ) ' - spec tra  

Fig. 6 shows a T-spectrum which stems from decay events of the implanted activity. 
The spectrum was taken in anticoincidence with the energy-loss detector in order to sup- 
press )'-rays from nuclear reactions during the implantation process. Room background 
was suppressed by requiring a coincidence with a decay-event in the implantation detec- 
tor. A detection efficiency of e~ = (58.8 4- 1.2)% for ti-rays from the implanted activity 
was determined by comparing the number of recorded 1634 keV )'-rays and 5540 keV 
u-particles, which originate both from the decay of 2°Na and have well known branch- 
ing ratios [24,25]. The detection efficiency for ti-delayed )'-radiation from implanted 
activity e~r was obtained as e ~  = e~e r, where e~, denotes the absolute )'-ray detection 
efficiency as determined by employing standard calibration sources. No further correc- 
tion was performed to obtain the detection efficiency for proton-coincident )'-rays ep~,, 
since the detection efficiency for protons from the implanted activity was assumed to 
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Fig. 6. Energy spectrum of the fly-activity from the 2°Mg decay chain. The energy of the y-lines and the 
y-ray emitting nuclei are indicated. 

be 100% on account of the high energy loss per unit length for protons as compared 
to positrons. The effects of y-ray summing due to cascading y-rays or 511 keV annihi- 

lation radiation were estimated by using the GEANT [27] computer code to be in the 

order of 10%. This summing probability was taken into account for the determination 
of branching ratios by evaluating the y-data. 

The spectrum displayed in Fig. 6 shows y-rays from the fly-decay of 2°Mg (984.25 
keV) and 2°Na (1634 keV), as well as y-rays following the tip-decay of 2°Na into 

excited states of 19Ne at 238, 275, 1508 and 1536 keV. The fly-rays of the 2°Mg decay 

were observed for the first time in this experiment. The ti-decay branching ratio b~ for 
the 984 keV level was determined to be b~ = 0.705 -4- 0.014 from the y-data, but see 
Subsection 3.4. The y-line at 1041 keV stems from the implanted contaminant ]8E All 

other lines in the spectrum were assigned to 511 keV quanta and summing or escape 
events. 

Gamma-lines from the decay of the 2645 keV level in 2°Na were searched in the 
measured y-ray spectrum under two different assumptions: 

(i) If  the level at 2645 keV was the analogue state of the 3173 keV, ( l÷)-level  
in 2°F, one would expect that the predominant radiative decay of the 2645 keV 

state proceeds to a not yet observed 1--level at approximately 980 keV excitation 
energy, corresponding to a y-line of about 1665 keV, 

(ii) If  the 2645 keV level was the analogue state of the 2966 keV, 3+-level in 2°F, one 
would expect that the de-excitation of the 2645 -4- 6 keV level would populate the 
states at 0, 596 + 8 and 802 + 7 keV excitation energy, yielding y-lines at 2645 ± 6, 
2049 ± 10 and 1843 ± 9 keV. 

For both cases no y-lines have been observed in the respective energy regions. The 
resulting upper limit for the population of the 2645 keV level by the ti-decay of 
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2°Mg and its subsequent y-de-excitation was determined to be 1.0%. From the decay 
properties of the 3488 keV level in 2°F the y-de-excitation of its analogue state in 2°Na 
at 3001 4- 2 keV is expected to proceed to the levels at 0, 984.25 4- 0.1, 1346 4- 8 and 
1837 4-7 keV, yielding transition energies of 3001, 2017 4- 2, 1655 4- 8 and 1164 4- 7 keV. 
Again, the corresponding y-lines have not been observed. This will be of importance 
for the discussion of isospin asymmetries in Subsection 4.3. 

3.3. Half-life of 2OMg 

For the determination of the half-life of 2°Mg the pulsed-beam measurement as de- 
scribed in Subsection 3.1 was used. The 2°Mg half-life was determined in two ways by 
evaluating the/3-delayed proton activity: 

(i) The decay of the proton line P4 at 1675 keV was fitted by a one-component 
exponential function resulting in a half-life of 96 + 3 ms with a reduced xZ-value 
of 0.75. This line has essentially no background from the fla-decay of the daughter 
activity 2°Na. 

(ii) For the decay of the proton line Pl at 802 keV a background due to low energy 
/3-activities (2°Na, 18'19Ne and IVF), which show a decay different from that of 

2°Mg, was subtracted. The shape of the subtracted background was determined 
from a proton energy region close to the 802 keV proton line, the amount of 
background was determined from the requirement that the remaining activity (i.e. 
2°Mg) must represent a purely exponential decay. The best exponential fit obtained 
resulted in a half-life of 94 4- 4 ms with a reduced xZ-value of 0.83. 

The weighted mean value, obtained from methods (i) and (ii) amounts to Tl/2 = 
95 + 3 ms. This value of the 2°Mg half-life agrees with previous measurements of 
9~+80 [9] and 114 + 17 ms [ 11 ] within the respective error bars but is considerably ~-50 ms 
more accurate than those results. However, it is in disagreement with the value of 
82 4-4 ms reported in Ref. [ 12]. As will be seen from the data presented in Subsection 
4.4, the latter result has to be questioned as it corresponds to an unreasonably large 
Fermi transition strength. 

3.4. 2°Na level energies and 2°Mg decay scheme 

From the measured particle-, y- and particle-y coincidence-spectra a partial 2°Mg 
=°Na decay scheme was derived (see Fig. 7). The full information obtained in this 
experiment about y-, /3-  and/3p-branching ratios as well as 2°Na excitation energies is 
compiled in Table 2. All the branching ratios given in Table 2 are normalized to the 
number of decaying 2°Mg atoms as 100%. 

The/3-branching ratio bp into proton unbound levels in 2°Na was determined by using 
the following relations: 

Np d- Na = NMgbp q- NMg(1 -- bp)ba (2) 

and 
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Fig. 7. Partial decay scheme of 2°Mg. For the levels populated in Z°Na, the level energies, fl-decay branching 
ratios bp, log ft-values and J~-assignments are given. The proton branching ratios bp to the ruNe ground 
state and to the first four excited states in 19Ne are indicated. All branching ratios are given relative to the 
number of implanted 2°Mg atoms. 

NNa = NMg( 1 - bp), (3) 

where Np, N,~ and NMg denote the number of  measured protons, a-particles and 2°Mg- 

atoms, and b,~ indicates the branching ratio for fla-emission from 2°Na. The advantage 
of  this method is that no decomposition of  the particle spectra into a proton- and a-part 

is necessary, which is difficult with fl-summing effects. Using the quantities measured 
in this experiment and b ,  = 0.1998 ± 0.0134, determined from Ref. [25] ,  a value of  
bp = 0.303 ± 0.012 is obtained. This value of  bp together with the f l y  branching-ratio br 
of  0.705 4-0.014 as determined from the y-data for the decay to the 984 keV bound level 

results in a total branching ratio for the Z°Mg decay of  1.008 + 0.018, indicating that 

the intensity balance is fulfilled within the experimental uncertainty limits. We adopted 
a value b~, = 1 - 0.303 = 0.697 instead of  0.705, since the last value is slightly biased 

by the assumption of  an energy-independent fl-detection efficiency of  the implantation 
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Table 2 

The B-decay of 2°Mg and the subsequent 7- and proton-decay into levels in 2°Na and 19Ne. The J9Ne levels 
populated are indicated by their J~r-values and excitation energies. All branching ratios refer to the number of 
implanted 2°Mg atoms as 100%, the error amounts to 12% of the given value unless otherwise indicated. Two 
groups of unresolved levels are marked by an asterisk. For those level groups the individual 2°Na excitation 
energy ranges [MeV] are given behind the branching ratios, a Sum of feeding amounts to ~ 3%,  those  3 %  

branching are not included into the summed intensities of the last line 

E~X~/a b e 1 / 2  + , 5 / 2  +,  1 / 2 - ,  5 / 2 - ,  3 / 2  + , 

[ k e V ]  [ % ]  g.s. 238 k e V  275  k e V  1508 k e V  1536 k e V  

9 8 4 . 2 5 ( 0 . 1 0 )  6 9 . 7 ( 1 . 2 )  . . . .  

2 6 4 5  < 0.1 < 0.1 - - - 

3 0 0 1 ( 2 )  11.5 11.5 - - - 

3 8 7 4 ( 1 5 )  4.8 4 .8  - - - 

4 1 2 3 ( 1 6 )  2.7 1.1 0 .4  1.2 - - 

, ~ 4 8 0 0  * )  > 1.9 a 0.314.5--5.01 0 .814.6--5 .1]  0.1 [4.9--5.81 0.714.7--5.21 

~ 5 6 0 0  * )  > 1.5 a 0.815.4--6.21 0 .7[5 .2- -6 .0]  0 .04[5 .8 - -5 .9 ]  -- 

6 2 6 6 ( 3 0 )  1.2 0.7 0.2 0.1 0 .0416.0--6 .3]  0.1 

6521 ( 3 0 )  3.3 1.8 0 .59  0 .32  0.07 0.51 

,~--,6770 > 0 .03  - 0 .03 -- -- 

~ 6 9 2 0  > 0.01 -- 0.01 -- -- 0 .02  

~ 7 4 4 0  > 0.01 . . . .  0.01 

96 .7  > 19.9 2.3 3.1 0 .25  1.3 

detector (see Subsection 3.2). 
Fig. 8 shows the proton spectra of the 2°Mg t/p-decay, in which the proton emitted 

from 2°Na populates one of the first four excited states in 19Ne at 238, 275, 1508 
and 1536 keV excitation energy. The spectra were obtained from pT-coincidence data 
by using the known decay properties of the excited 19Ne levels to correct for the 
effects of cascading "y-rays. Negative numbers of counts are caused by the subtraction 
of background events. The significance of the observed structures can be judged from 
the almost complete disappearance of the strong 2°Na a-line at 5540 keV (see Fig. 3). 
Besides several peaks broad or unresolved structures are observed around 2°Na excitation 
energies of 4800 and 5600 keV. 

For the evaluation of the tip branching ratios of the 2°Mg decay from the particle 
spectra of the implantation detector the detection efficiency of this counter for protons 
and a-particles was assumed to be 100%. However, a correction for incomplete proton- 
energy deposition had to be made. The percentage of protons which do not fully deposit 
their energy in the detector was determined as a function of the proton energy by using 
the GEANT computer code. The spatial distribution of the implanted activity along the 
beam axis, which influences the proton escape probability, was calculated by means of 
the LISE program [28].  For protons with kinetic energies of 4.3 MeV (corresponding 
to an IAS --+ 19Ne g.s. transition) the correction due to escape events amounted to 15%. 

The branching ratio of t/p-emission into excited states of 19Ne b~ xc = 0.0695 4- 0.008 
was obtained from the ratio between the number of counts in the four spectra shown 
in Fig. 8 and the number of implanted 2°Mg atoms. From this value and the value 
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Fig. 8. Energy spectra of fl-delayed protons from the 2°Mg decay that are emitted in decays to the four excited 
levels in 19Ne at excitation energies of 238, 275, 1508 and 1536 keV. The abscissa represents the total energy 
deposited by/~p-decays in the implantation detector. The excitation energies of the proton emitting levels in 
2°Na are indicated• 

bp = 0.303 + 0.012 the total t/p-decay branching ratio into the 19Ne ground state was 

determined to be ~.s. = 0.2335 + 0.015. From the spectra displayed in Fig. 8, branching 

ratios for the fl-decay of 2°Mg into individual excited states of 2°Na and the subsequent 

p-decay into individual levels in 19Ne were determined (3rd to 7th column in Table 2). 

The 2°Na level energies for proton-unbound states given in Fig. 7 and Tables l 

and 2 were determined in the following way: One calibration point was obtained from 

the energy of the 2°Na level around 3 MeV, which was determined as the weighted 
mean value of previous measurements to be 3001(2) keV (see Table 3 for references). 

The pulse-height defect of the recoiling 19Ne atoms was treated within the framework 

of the LSS-theory of nuclear stopping [29-31], since a comparison of LSS theory 
and measurements of the pulse-height defect for neon- and other light nuclei [32-38] 

showed that the LSS-theory describes the pulse-height defect in the relevant energy 

range with an accuracy of approximately l0 keV. The slope of the energy calibration 

was determined from the difference between the proton line from the IAS decay to the 
19Ne ground state and the 1536 keV level in 19Ne. Different end-point energies of the 

emitted/3-rays and consequently different energy losses of the fl-rays in the implantation 
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Table 3 
Compilation of 2°Na levels as observed in this experiment and other experiments. Given are the excitation 
energies of 2°Na levels in keV and Jr-assignments. The last column contains the weighted mean value of 
the energy and the Jr-assignment which is compatible with all experimental values. The adopted value of the 
IAS excitation energy of 6534 keV was calculated including the value of 6574 4- 50 keV from Ref. [91 

This work I11] [12] 141 [3,41 [51 [6] [71 [531 Adopted 
/3p /3p /3p p,n 3He,t 3He,t 3He,t 3He,t py value 

984.25(0.10) 
1 + 

3001(2)* 3046 3006(10) 
1 + |+  

3874(15) 3868 
1 + 1 + 

4123(16) 4090 
1 + 1 + 

~4800 
1 + 

580(15) 600(15) 595(20) 606(13) 596(8) 
3 + (345) + 3 + 3 + 3 + 

790(15) 802(15) 801(20) 808(11) 802(7) 
4 + (345) + 4 + 4 + 4 + 

993(15) 990(15) 996(20) 996(12) 984.25(10) 
1 + (123) + (1 ± )  1 + 1 + 

1353(15) 1347(15) 1350(20) 1338(14) 1346(8) 
( 2 - )  (234) -  2 -  2 -  2 -  

1843(15) 1832(15) 1819(20) 1841(11) 1837(7) 
( 2 - )  ( 234 ) -  2 -  2 ± 2 -  

2016(20) 1967(20) 1992(20) 1993(12) 1990 1992(8) 
( 3 - )  (234) -  (3±2 - ) 3 -  3 -  

2034(20) 2100(40) 2064(16) 2060 2057(12) 
(345) + (345 ± ) (23) + 3 + 

2651(20) 2637(15) 2640(20) 2649(16) 2646(9) 2645(6) 
1 + (01) + (1 ± ) 1 + 1+? 

2852(20) 2842(15) 2860(20) 2836(12) 2857(9) 2849(6) 
(23) + (345) + (3,4 ± ) 3 + 3 + 

2967(20) 3010(20) 2972(13) 2986(9) 2983(7) 
> 3 - , > 4  + > 3 - , > 4  + 

3001(2) 3001(2) 
(1 +) I + 

3053(20) 3046(20) 3056(9) 3068(2) 3067(2) 
(123) + (0 +) 

3302(30) 3290(20) 3324(11) 3315(9) 
(456) -  (234 ± ) (12) + 

3636(20) 3644(30) 3690(60) 
( ( 2 3 4 ) - )  ( 2 3 - 4  ± ) 

3869(11) 3840 
I + 

4160 4150(60) 
(4±2 - ) 

4620 4560(60) 
(2 ±)  

5170(60) 

3642(16) 
(234) -  
3871(9) 

1 + 
4123(16) 

1 + 
4150(60) 

(4±2 - ) 
4560(60) 

(2 ± ) 
~4800 

1 + 
5170(60) 

~5600 
1 + 

6266(3O) 
1 + 

6521(30) 
0 + 

6440 6533(15) 
0 + 0 + 

5430(60) ~5600 
1 + 

6266(30) 
I + 

6534(13) 
0 + 
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detector correspond to the/R-transitions into the various excited 2°Na levels. This leads 

to an energy dependence of the/R-energy summation to the lines in the proton energy 

spectra and to a shift of the observed proton lines, which depends on the excitation 
energy of the proton-emitting level. This effect, which is in the order of 80 to 100 keV, 

was also corrected by using the GEANT computer code. The good agreement between 

the energy of the IAS determined in this experiment as 6521 + 30 keV with the value 
of 6533 -t- 13 keV from Ref. [ 12] proves the validity of the described method to obtain 
the 2°Na excitation energies. 

Table 3 represents a compilation of 2°Na level energies and J~-values obtained in 

this and other experiments. Levels determined from different authors were assumed to 
be identical if their excitation energies agreed within the error bars. The last column 
of Table 3 shows the weighted mean excitation energies and the j r  assignments which 

are compatible with the experimentally determined J ' -values.  In most cases there is 

agreement between the different measurements so that at least tentative J~-assignments 
can be given. Ambiguities occur in the case of a 3035 ± 15 keV level from Ref. [6], 

which could be identified either with the level at 3001 keV or with that at 3067 keV. A 

level observed at 3100-4- 14 keV [6] was not confirmed by a later measurement [7]. 
Both states were omitted in the compilation as well as in the calculation of the average 

excitation energies. The grouping of the level at 5430(60) keV together with the broad 
level around 5600 keV is somewhat arbitrary. 

4. Discussion 

4.1. Astrophysical aspects 

The nature of the 2645 keV level in 2°Na has been in question for a long time. As can 

be seen from Table 3, reaction studies suggest this state to be 1 + [3-7] .  Accordingly, 
one would expect the level to be populated in the/R-decay of 2°Mg with a log f t  value 

of about 4, as can be estimated from the log f t  values of other levels populated in the 
present experiment (cf. the values given in Table 4). However, we measured a lower 

limit for the log f t  value of the/R-decay to this state of 6.24, which represents the most 
stringent log f t  limit determined for this level so far. This contradiction could be solved 
by the assumption that the 2645 keV level in 2°Na is a 2hxo intruder state, which has 
a configuration such as p-Z(sd)6  [6,7,11 ] or a structure ( l s -12s  1) or ( lp-12p 1) with 

almost no (sd) 4 component [ 12]. Such a state is predicted by shell model calculations 
in the A = 20 system at an excitation energy around 3 MeV [40]. Indeed for the 3173 
level in 2°E which is tentatively assigned as 1 +, indications exist that it carries little 
(sd)a-strength, e.g. that it is not populated in the thermal neutron capture of 19F [39] 
or in the/R-decay of 2o0 (log f t  >~ 5.08) [40]. Furthermore, the 3173 keV level decays 
predominantly to the 984 keV, 1--level, as it would be expected for a 2hw intruder state 
in contrast to the more complex decay of the 3488 keV level, which has a dominant 
(sd)4-structure. On the other hand, the known decay behaviour of the 3173 keV level 
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Table 4 
Properties of 2°Na levels as observed in this experiment. Given are the excitation energy, the fl-decay branch- 
ing ratio, the log f t  value, the B(GT) value and the J~r-assignment. The asterisk symbol indicates broad 
or unresolved states, for which b E could be determined only from proton emission to excited 19Ne levels. 
For those states the numbers in square brackets indicate the estimated bE, logf t  and B(GT) values under 
inclusion of the 3% branching to the 19Ne ground state which is indicated by a in Table 2 

~ ' ~ a  [keV] b E [%] logf t  B(GT) j~r 

984.25(0.10) 69.7(1.2) 3.83(2) 0.579(30) 1 + 
2645 ~ 0.1 ~ 6.24 ~ 0.002 ? 
3001(2) 11.5(1.4) 4.08(6) 0.33(5) 1 + 
3874(15) 4.8(6) 4.17(6) 0.27(4) 1 + 
4123(16) 2.7(3) 4.33(6) 0.18(3) 1 + 
4800* ~ 1.9 [3.6(0.5)] ~ 4.23 I3.95(6)1 ~ 0.23 [0.45(7)1 1 + 
5600* ~ i.5 [2.8(0.4)1 ~ 3.97 [3.70(6)1 ~ 0.42 [0.79(10)] 1 + 
6266(30) 1.2(1) 3.72(6) 0.75(11) 1 + 
6521(30) 3.3(4) 3.13(6) B(F) 4.57(68) 0 + 
6770(100) ~ 0.03 ~ 5.01 ~ 0.04 (1 +) 
6920(100) ~ 0.01 ~ 5.39 ~ 0.03 (1 +) 
7440(100) ~ 0.01 ~ 4.99 ~ 0.04 (1 +) 

could also support a j,r = 0 -  assignment for this level [41]. Clearly the 2645 keV level 
in 2°Na cannot be the analogue state of the 3488 keV level in 2°F, which is strongly fed 
in the fl-decay of 200. 

For sd-shell nuclei at least three cases of allowed fl-transitions (with bound final 
states) are known, whose l o g f t  values exceed 6, namely 17N, 17Ne and 18N [42]. 

Therefore, the experimental log ft  limit /> 6.2 does not completely exclude a J'~- 
assignment of 1 +. If one assumes the 2645 keV state in 2°Na to be the analogue of the 
3173 keV, (1 ÷) state in 2°F, a value of toy = 6 meV is deduced from the known decay 
properties of the 3173 keV level [6]. 

Recently a J~ = 3 + assignment for the 2645 keV level has been proposed by Brown et 
al. [ 8 ], mainly based on Coulomb shift systematics. In this study, the level was proposed 
to be the isospin mirror of the 2966 keV, 3+-state in 2°F and a value of 80 meV for tog' 
was deduced under this assumption. It was argued that the 2645 keV level in 2°Na cannot 
be the analogue of the 3173 keV state in 2°F, since the former is strongly populated in the 
2°Ne(3He,t)2°Na reaction, whereas the latter is only weakly fed in the 2°Ne(t,3He)2°F 

reaction. In this context it is interesting to note that an unusually strong population of 
states close to the break-up threshold has been observed in other cases (see Ref. [5] 
and references therein). Since the 2645 keV level in 2°Na is situated close to the proton 
threshold of 2°Na, the strong population of the 2645 keV level in the 2°Ne(3He,t)2°Na 
reaction might be explained by such a threshold effect. However, a comparison of the 
angular distributions for charge-exchange reactions leading to analogue states in 2°Na 
and 2°F [43] seems to favour the identification of the 2645 keV level in 2°Na as the 
analogue state to the 2966 keV, 3+-level in 2°F, although the statistics of the compared 
angular distributions are not particularly convincing. It remains to be clarified whether 
the threshold effect causing a different population of analogue states could also result 
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in different angular distributions for those analogue states. 

4.2. Isospin asymmetry in the A=20 system 

From the almost complete charge independence of nuclear forces one expects nearly 
equal strengths or log f t  values for isospin-mirrored ti-decays. A deviation from isospin 
symmetry is expected if one fl-decay proceeds to a bound state and its mirror decay 
to an unbound level. In the A = 20 system the strengths of two allowed 0 + --~ I + 
transitions can be compared, namely 

(i) 2°O---,2°F (E* = 1057 keV and 2°Mg--~2°Na (E* = 984 keV); 
(ii) 2°O--,2°F (E* = 3488 keV) and 2°Mg---~2°Na (E* = 3001 keV). 

For a comparison between two isospin-mirrored transitions the quantity 6 = f t + / f t  - - 1 

is calculated, where 8 = 0 denotes perfect isospin symmetry. The ft+-values for the 2°Mg 
decay were determined from the present experimental data, the f t - -values for the 200- 
decay were calculated from the log f t  values given in Ref. [40] as 3.7404-0.006 for case 
(i) and as 3.654-0.06 for case (ii). For the transitions (i), which proceed to bound states 
in both nuclei, an asymmetry parameter 6 = n oat~+o.076 . . . . . .  o.071 was calculated. This value of 6 
is substantially larger than the values of 8 reported for allowed transitions in Ref. [46], 
implying that B(GT)  is 1.23 times larger for the ti--decay than for the fl+-decay. In 
case (ii), where the 2°Mg decay populates a state that is proton-unbound by 806 keV, an 
isospin asymmetry parameter 8 = 1 60+0.86 is obtained. This means that B(GT) for the "~-0.65 
f l--decay is 2.69 times larger than for the ti+-decay. One might argue that the observed 
isospin asymmetry is caused by the non-observation of part of the transition strength 
in the case of the 2°Mg ti-decay, e.g. by a non-observed T-de-excitation of the proton 
unbound level at 3001 keV. Indeed, there exists a proton-unbound level in 37K, populated 
by the ti+-decay of 37Ca, whose T-width exceeds its proton-width by far [45], so that 
a too high value for f t  + is determined if one relies on proton data alone. However, in 
our case the asymmetry cannot be fully explained by a y-de-excitation of the 3001 keV 
level, since 7-rays due to the radiative decay of this level have not been observed (see 
Subsection 3.3). 

This asymmetry is the largest one observed so far for unbound states, as can be seen 
from a comparison with the compilation in Ref. [46]. It may be speculated that the 
asymmetry is related to an unusually extended proton wave function of the 3001 keV 
state in 2°Na. However, up to now no satisfying theoretical explanation for the asymmetry 
has been found. A clarification would be desirable since the assumption of isospin 
symmetry in systems involving unbound states plays a role e.g. for the calibration of 
the 37C1 solar neutrino detector [47] by the investigation of the 37Ca t/p-decay. 

4.3. Comparison with shell-model calculations 

The ti-decay of 2°Mg and the subsequent proton decay of states in 2°Na to positive 
parity states in 19Ne have been calculated within the sd-shell model space following 
the methods outlined in Refs. [48,49]. The theoretical 2°Mg half-life of 101.8 ms, 
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calculated with the effective operator of Ref. [48], agrees very well with the value of 
95 + 3 ms as obtained in this experiment. Although the effective operator of Ref. [48] 
is state dependent, to within a few-percent it is equivalent to an overall hindrance factor 
of 1/0.6 = 1.67. The absolute value and the distribution of the GT-strength of the 
2°Mg/3-decay will be discussed in Subsection 4.5. For all particle-unbound 2°Na states 

the calculated proton emission is dominated by s-wave decay to the 1/2+-ground state 
of 19Ne. The calculated branching to the lowest 5/2 +- and 3/2+-levels at 238 and 

1536 keV excitation energy relative to the ground-state branching amounts to 0.13 and 
0.01. This has to be compared to the experimentally determined values of 0.10 and 0.06. 
The agreement with the experiment is good for the 5/2+-state but only moderate for 
the 3/2+-level. The total calculated widths of the 2°Na levels range from 0.3 keV for 
the isospin-forbidden decay of the IAS to about 2 MeV for the isospin-allowed decay 
of the 6th theoretical l+-state which lies near the IAS and has the largest B(GT) value. 
There are indications for such a broad state in the data, but due to its width and the f la 
background events present in the particle spectra it is not possible to extract a branching 

ratio for this broad level. 

4.4. The quenching of the Gamow-Teller strength 

There is evidence that the measured GT strength is generally lower than that calculated 
within the framework of a nuclear shell model, cf. e.g. Ref. [48]. This situation is 
referred to as the quenching of the GT strength. In order to investigate this effect, a 

total strength 

1 Fr-'-~ q 
(4) 

is defined. The sum extends over all levels in the daughter nucleus. W is a weighting 
factor which normalizes T(GT) to 1 for a decay that fully exhausts the sum-rule limit: 

W = ga [ ( 2 J / +  1 ) 3 ( Z / -  Ni) ]1/2 (5) 
gv 

gv and gA are the vector- and axial-vector coupling constants, and Ji, Zi and Ni denote 
the spin, atomic number and neutron number of the decaying nucleus. 

2°Mg is a favourable candidate for the investigation of the quenching of the GT 
strength, since the shell model calculation introduced in Subsection 4.4 predicts as 
much as 79% of the GT-strength to reside within the QE¢ window. The experimental 
strength distribution for the decay of 2°Mg was determined by using the QEc-value 
of the 2°Mg-fl-decay (10726 -+- 28 keV) and the proton separation energy of 2°Na 
(2195 -1- 7 keV), both taken from Ref. [26], the value of 95 ± 3 ms for the 2°Mg 
half-life (see Subsection 3.3), the 2°Na level energies and the/3-decay branching ratios 
b E given in Table 3. Electron capture processes were neglected and the Fermi integral 
f~+ for nuclear/3+-decay was taken from Ref. [50]. Using the relation 

6177 Is] (6) 
B(GT) = (gA/gv)2Tv2bc~f~, 
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B(GT)  was calculated for each individual transition. The respective 2°Na level energies, 

/3-decay branching ratios, the resulting log f t  values and B(GT)-values as well as the 
deduced J~-assignments are given in Table 4. 

The T(GT)  values were determined for the experimental and calculated B(GT)-values 
according to Eq. (4). The sum in Eq. (4) was restricted to transitions which populate 

levels below the IAS. The resulting quenching factor of the GT-strength amounts to 

T(GT)exp = 0.84 i 0.18. (7) 
T ( G T )  calc 

This value was obtained by employing the B(GT)  values of 0.45 and 0.79 for the broad 

levels at 4800 and 5600 keV, respectively. If  the lower B(GT)  limits of 0.23 and 0.42 
are used for the respective states, a quenching factor of 0.77 is obtained. Globally, for 

the sd shell data about 60% (0.77 × 0.77) of the predicted strength is observed in 
/3-decay and in charge-exchange reactions. Our observation of 71% (0.84 × 0.84) of 
the predicted GT strength (below the IAS) is in fair agreement with the global value. 

Besides this global comparison it is interesting to discuss the measured and experi- 
mental strength distributions in more detail as a function of the 2°Na excitation energy. 
Fig. 9 shows the calculated Fermi- and GT-strength distribution in comparison to the 
experimental data from this work. The Fermi strength for the 2°Mg decay to the IAS at 

6533 keV in 2°Na should be exactly four, which is in agreement with the experimentally 
determined value 4.57 ± 0.68. Below a 2°Na excitation energy of 3 MeV both in the 

calculation and in the experiment one state is seen with good agreement obtained for the 
excitation energy and fair agreement obtained for the GT-strength. The theoretical level 

predicted at 3.3 MeV seems to be fragmented over at least three states with excitation 
energies between approximately 3 and 4 MeV. This might be seen as an indication of 

nuclear deformation which causes different Nilsson orbitals to split up in energy. The 

shell model calculation predicts the GT giant resonance to lie between 4.8 and 7.2 MeV. 

The comparison with the experimental data is difficult in this energy region as the states 
populated are numerous and may also be broad. Correspondingly, the identification of 

single levels is difficult. Only two groups of levels around 4.8 and 5.6 MeV were 

identified. For levels above the IAS, only lower limits for B(GT)  can be given, which 
have been deduced from the observed proton emission to excited states in ruNe. No GT 
strength was measured for excitation energies above 7.4 MeV. 

5. Summary and outlook 

The experiment described in this article has demonstrated the possibility to use sources 
of short-lived nuclei, produced by intermediate-energy fragmentation reactions, for de- 
tailed B-decay studies. It is worth noting that, according to the estimated proton sep- 
aration energy of 660 4- 500 keV of 19Mg [26], 2°Mg may well represent the lightest 
bound magnesium isotope. B-delayed particle-, y-ray- and particle-y-coincidence spectra 
have been obtained. The experimental data allowed us to determine for the first time a 
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at the levels of 4800 and 5600 keV represents the estimated distribution of 3% proton-branching to the 19Ne 
ground state (see text). The dashed line below 10 MeV excitation energy denotes the Qp+-value limit of the 
fl+-decay of 2°Mg. 

detailed partial decay scheme of 2°Mg which includes several new states in 2°Na and 
their de-excitation properties. The question of the quenching of the GT-strength and 
of the isospin symmetry have been investigated for this exotic nucleus. Although this 
experiment gives the most stringent limit obtained so far for the log f t  value of the 
astrophysically interesting 2645 keV state in 2°Na, no definite conclusion can yet be 

drawn concerning its spin and parity. 
One possibility of further investigating the properties of the 2645 keV level in 2°Na 

and the fl-decay of 2°Mg would be an experimental set-up at LISE3 optimized for the 
detection of low-energy protons. It could be realized by using a stack of very thin and 
possibly segmented silicon detectors for the implantation of 2°Mg and the spectroscopy 
of the subsequent proton decay. With such a detector stack the background due to 
the energy deposition of fl-rays in the implantation detectors could be considerably 
reduced and it should be possible to achieve a lower limit for the log f t  value of the 
2645 keV state of 2°Na between 7 and 8. This limit would almost definitely exclude a 

J~-assignment of 1 + for this state. 
If the spin and parity of the 2645 keV level is 3 + as suggested by Brown et al. [ 8], the 
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corresponding log f t  value would be approximately 12, so that a population of  the level 

with beam intensities available at the LISE3 spectrometer becomes impossible. Instead, 

an isotope separator on-l ine ( ISOL)  experiment with a chemically selective ion-source 

had to be performed and the detection of  the exceedingly small f l-branching ratio of  

10 -9,  corresponding to a l o g f t  value of  12, would be required. Indeed, branching 

ratios of  some 10 -9  have been measured in nuclear fl-decay, see e. g. Ref. [51] .  This 

was, however, achieved by detecting f la-par t ic les  of  high energy, whereas it constitutes 

a formidable experimental task to measure such small branching ratios for f l -delayed 

protons o f  low energy or, even more so, for f l -delayed y-rays.  The production of  point- 

like thin sources by means of  the ISOL method would make it possible to use a telescope 

detector for the identification of  f l -delayed protons and greatly reduce the fl-background. 

Recently, Hofstee et al., who reinvestigated the (3He,t) reaction, reported indications 

of  y-rays  from the de-excitation of  the 2645 keV state in 2°Na [52].  It seems to be 

possible  that the ratio of  the y- to-proton width for the 2645 keV level can be determined 

from those experimental data. 

Another  very promising attempt to clarify the properties of  the 19Ne(p,y)2°Na reaction 

is being made at the ARENAS3 facility at Leuven. The astrophysically interesting 

19Ne(p,y) reaction is simulated by using a radioactive 19Ne beam impinging onto a 

polyethylene target in an inverse-kinematics experiment [53,54].  
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