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The y activities from the P decay of Na isotopes up to "Na, which are formed in high-energy
fragmentation and analyzed through mass spectrometry techniques, are observed, as well as those from their
Mg or Al descendants. Their intensities are measured, in most cases, in absolute value. The radioactive half-
lives of '

Mg, '
Mg, and "Mg are determined. Delayed-neutron branching ratios P„are measured for ' Na,

'"Na, and "Na. In some cases, partial branching ratios to excited states of the daughter nucleus are also
measured. The most prominent y ray in the P decay of even Na isotopes is assigned to 2+ ~0+ transition in
the daughter Mg isotopes, The position of the first excited 2+ level is therefore deduced for ' Mg and "Mg.
For '

Mg, the excitation energy drops markedly. It is taken as an indication of a stronger deformation for
that isotope.

HADlpAC T~1Tg 27-~2Na ~3 Mg, SiAl; measured T &y» E» p ~ coin; deduced
I~, Ip, P„.

I. INTRODUCTION

There is an increasing interest in nuclei far
from the valley of 6 stability, with a Z/N ratio
very different from the value corresponding to
the well studied P stable or near to P stable iso-
topes. The study of such exotic nuclei is expected
to shed a new light onto the properties of nuclear
systems.

A few years ago, a measurement of the mass ex-
cesses of very neutron-rich Na isotopes' showed a
marked discontinuity for the two-neutron binding
energy of these isotopes at N = 19. This has been
interpreted as due to the onset of a la.rge deforma, —

tion for the Na ground states. Hartree-Fock cal-
culations support this interpretation. ' Hence N
=20, which corresponds to the closure of the
(ld, 2s) shell for less exotic nuclei, would be lo-
cated in a region of large deformation far from
the valley of stability.

It has long been recogni. zed that the magic num-
bers observed for the stable or nearly stable nu-
clei, which are well accounted for by a. spherical
harmonic oscillator, do not necessarily hold for
very different nuclei. In the particular case of Na
isotopes, the Hartree-Fock calculation mentioned
above' is a first example. Two other theoretical
results point in the same direction. First, She-
line' has shown that the N=20 magic number dis-
appears for an asymmetric rotor, and that new
magic numbers are found, such as 14 and 26 for
oblate Iluclel (6= —0.75), aIld 10 and 16 fol' plo-
late nuclei (e =+0.6). Second, even for spherical
nuclei, a large neutron excess also produces a
change in magic numbers. A self-consistent cal-
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FIG. 1. Schematic view of the experimental setup.
{a) Detail of the target ionizer. The graphite foils
covered with uranium are in a tantalum oven. The al-
kali atoms which diffuse out, are ionized in the exhaust
tubing made of rhenium. |b) Schematic view of the ex-
perimental setup in the fast extracted beam of 24 GeV
protons produced by the CKBN synchrotron.

culation by the energy-density formalism' finds
magic numbers at N=16 and 34 for Na isotopes.
All these calculations would indeed predict that
N=20, far from being a magic number, could cor-
respond to a new region of deformation.

The observation of the decay modes of the exotic
Na isotopes was undertaken to examine this prob-
lem since the location of energy levels in the
daughter Mg isotopes can provide a direct, if not
unambiguous, evidence for a deformation of these
nuclei. The large cross sections observed for high-
energy fragmentation of heavy nuclei, together
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FIG. 2. Number of Na ions collected on the Al foil in
the counting area for 10'3 protons per pulse.

with the selectivity and efficiency of the mass
spectrometry method, allow for the production of
large numbers of very neutron-rich isotopes,
hence for the use of the classical tools of nuclear
spectroscopy.

Four years ago, ' some results on the P decay of""Na isotopes produced by the same method

plastic
scintil lator

FIG. 3. Sketch of the geometrical arrangement of the
detectors of P rays (plastic scintillator) and y rays
I.two Ge(Li) detectorsj.

were already obtained. The delayed neutron branch-
ing ratios and the radioactive half-lives were re-
ported. Some y activities were observed and mea-
sured. Since then, the intensity of the CERN pro-
ton synchrotron and the efficiency of the mass
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FIG. 4. Energy spectrum
of the y rays observed in
the P decay of 2~Ma collec-
ted from the time to after
the beam burst and during
a measuring time M. The
y rays from the decay of

Na are labeled by their
energies (keV). Simple and
double escape peaks are
labeled by their energies
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FIG. 5. Energy spectrum
of the p rays observed in
the P decay of 28Na (see
Fig. 4).
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spectrometer have been increased by factors of
about 10 and 20, respectively. These improve-
ments, together with a better shielding, result in
a more sensitive and accurate experiment.

In this paper we report on the P-decay proper-
ties (y activities, half-lives, delayed neutron
emission, P branching ratios) of the exotic Na
isotopes uy to "Na and their descendants. Similar
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results for 'K, "K, and "K, obtained during the
same five-day experiment, were reported else-
where. '

II. EXPERIMENTAL METHOD

Neutron-rich isotopes of light nuclei are pro-
duced in the fragmentation of a 3 g/cm' U target
by 24 QeV protons from the CERN synchrotron.
They recoil out of the U target and are thermalized
in gr aphite. Alkali elements selectively diffuse

out of the heated material in a short time. Typical-
ly 5&0 of the Na atoms diffuse out within 100 ms.
They are ionized through surface ionization on a
rhenium foil which enhances the Z selectivity of
the process and are analyzed in a mass spectro-
meter. Hence, only isotopes of a given Z and A.

are collected on an aluminum foil (see, e.g. , Ref.
1}, at the end of the beam transport line (Fig. 1}.

However, not only Na but, because of their mod-
erate ionization potential a small fraction of Al
atoms can be ionized and analyzed. Since the dif-
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FIG. 9. Energy spectrum
of the y rays observed in
the P decay of 3'Na, with
timing conditions which
favor the observation of the
y activities from the daugh-
ter nuclei {see Fig. 4).
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fusion time of Al atoms out of the heated graphite
is long (several tens of seconds, typically), only
Al isotopes with longer half-lives can be observed,
i.e.,

' "Al. In order to eliminate this Al contri-
bution, use is made of the time structure of the
CERN proton synchrotron which accelerates 10"
protons in a 2.1 p, s burst every 2.5 s. An electro-
static deflector located on the ion beam transport
line admits ions to the counting area during adjust-
able periods of time after the beam burst, and re-
mains closed during the rest of the cycle.

The production cross section varies from more
than 200 p, b for "Na down to 500 nb for "Na. The
overall efficiency of the spectrometer is of the or-

der of 1%0. For A~28, the half-lives are shorter
than 60 ms so that a part of the produced nuclei
decay before diffusing out of the target. The re-
sulting rate of collection is presented in Fig. 2.

The Al foil on which the selected ions are col-
lected is surrounded by a thin plastic scintillator
and two Ge(Li) detectors. Maximum geometrical
efficiency is obtained in the compact arrangement
represented in Fig. 3. The U - shaped plastic
scintillator sustains a 2m solid angle. It is only
1 mm thick, having a very small efficiency for y
rays but correctly detecting P particles.

The neutron background in the counting area is
limited by use of a massive shielding of 1.2 m of
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FIG. 10. Energy spec-
trum of the y rays ob-
served in the P decay of
3~Na {see Fig. 4).
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Tables X and XI.
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iron and 3.2 m of concrete (Fig. 1). The flux of
fast neutrons is reduced by one order of magnitude
from the level observed in the previous experi-
ment, ' in spite of the higher intensity of the proton
beam. This allows for the use of Ge(Li) instead
of Nai detectors. However, the background still
remains high enough to deteriorate the energy
resolution. Therefore detectors of mediocre qual-
ity, with a typical 4 keV resolution are used, and

the practical energy resolution often grows even
worse in the conditions of the experiment.
thermore, the high-energy charged particle back-
ground at the time of each beam burst is so high
that the Ge(Li) preamplifier is saturated for 40
ms afterwards. This is particularly detrimental
to the study of short-lived isotopes.

The purpose of the experiment is to measure the
energy spectrum of the y rays associated with the

P decay of neutron-rich Na isotopes. Four succes-
sive y energy spectra from the more efficient
(15&~) of the two Ge(Li) detectors are measured
in between beam bursts. The half-lives of the P
active nuclei are deduced from the decrease of
their characteristic y activities.

For some isotopes, Pyy coincidences involving
photopeak events in the two Ge(Li) detectors are
observed. In spite of the very low statistics, use-

ful information can be derived in a few cases, as
discussed below. A detailed account of experimen-
tal method and procedures is given elsewhere. '

III. EXPERIMENTAL RESULTS AND ANALYSIS

A. y-ray energy spectra

Figures 4 to l1 show typical energy spectra of
the y activities collected after each beam burst,
for different masses of the analyzed Na isotope.
The time parameters, i.e., the delay after the
beam burst before counting is started and the dura-
tion of the measurement, are set to ensure maxi-
mal efficiency for the observation of the isotope
under consideration. In the case of mass 31 for
instance, shorter (Fig. 10) or longer (Fig. 9)
times enhance the observation of the parent "Na
or daughter "Mg y activities, respectively.

The energies of the y rays are listed in Tables
I to XI. The somewhat large uncertainties mainly
reflect the poor energy resolution of the Ge(Li)
detector, as discussed above.

B. Radioactive half-lives

The half-lives of the Na isotopes up to "Na have
already been determined. ' Figure 12 shows the

TABLE I. Energy and intensity of the p activities from the P decay of YNa.

E; E& (MeV)
Iy (%)

this work Iy (%)a Iy (%)"

955.3 ~ 0.5'
984.6 + 0.2

1169 2 ~ 0 8c
1698 3P 0 2c
1939 9 g 0.3c
2443 ~ 2d

2505.4 ~ 2.2'
3476.1+ 0 5c
4005.6 + 4.0"

1.94 0.98
0.98 0
3.11 1.94
1.70 0
1.94 0
3.43 0.98
3.49 0.98
3.48 0
4.99 0.98

1.0
86
0.65

13
0.65
0.45
0.4
0.6
0.6

+ 0.15
+2
+ 0,1
k2
+ 0.15
+ 0.1
+ 0.1
~ 0.2
+ 0.2

&2.5
86.0+ 2.9

&2.9
14.0 + 2.3

&2.7

&2.0

117+ 25

14~ 3

See H,ef. 10.
bSee H,ef. 5.

Derived from the excitation energies of the initial and final levels, as given in Ref. 11.
"From this work.



&70 C. OET'RAZ et al. 19

TABLE II. Energy and intensity of the y activities from the p decay of Na.

E (keV)b

1473.5 + 0.5
2389.2 + 0.6

1.47 0
3.86 1.47

37~ 5
21+ 3

I~ (%)
E;—Ef (MeV), this work Iy (%)~

30+ 5
16+ 3

E, OeV)'

3083.8 *0.9
3404.6 ~ 0.9

E; Ef (Mev)

4.56 1.47
4.88 1.47

I) (%)
this work

5k 1
&0.8

'See Ref. 5.
Derived from the excitation energies of the initial and final levels, as given in Ref. 11.

TABLE III. Energy and intensity of the p activities from the p decay of 29Mg.

E, (keV)

96OP + 0.4~

1307.5 ~ 0.6'

1397.7 ~ 0.4'

1429.9 + 0.6"
1753.8 + 0.4~

2223.7 ~ 0.4'
2865.7+ 0 6b

E Ef
(MeV)

3.18~ 2.22
3.06 1.75

1.40 0

,3.18~ 1.7.5
1.75 0
2.22 0
2.87 0

Iy (%)
this work

15 +2
5 ~1

15.5+ 2.0

6.5+ 1,0
8.0+ 1,5

36 +5
6.0+ 1.5

Iy (%)'

19+ 7
(5

23+ 11

12+ 6
8+2
36

4+ 1

I, (%)'
relative

52 +18

64+ 30
-20

34 +17
22 k5

100 + 6
11.3 + 2.4

'See Ref. 12.
Deduced from the excitation energies of the initial and final levels, as given in Ref. 11.

'See Ref. 12, normalized to our value, 36%, for the 2223.7 keV p ray.

TABLE IV. Energy and intensity of the p activities from the p decay of Na. These y energies cannot be correlated
with the excitation energies of 29Mg levels reported in Ref. 13.

E, (keV)

603 + 3
701 + 3

1040.7 + 1.2
1473.5 ~ 0.5"
1539,4+ 1.2
1586.4 + 1.2

Iy (%)
this work

0.3 ~0.1
0.40~ 0.15
0.9 + 0.2
4.3 + 0.8
1.5 + 0.3
2.5 + 0.5

I„(%)'

7+2

E& (keV)

1638.4 + 1.2
2049,1 + 1.3
2135 + 3
2559.8 + 1.3
3166.9 + 1.6
3225.3+ 1.6

Iy (%)
this work

2.5 + 0.5
1.5 ~0.3
0.95+ 0.35

12.5
1.0 + 0.3
1.0 + 0.3

I7 (%)

4.5 + 2.0

12.5 + 2.0
3.0 + 1.5

See Ref. 5.
Corresponds to a 1.47 0 MeV transition in Mg.

I

TABLE V. Energy and intensity of the p activities from the P decay of Mg.

E~ (keV)

242.9 + 0.7
443.2 + 0.7

E; Ef
(Mev)

0.25 0
0.69 0.25

I, (%)
this work

73.5 + 12
81 + 16

E, (keV)

684.6+ 1.3
2165.0 + 1.6

(MeV)

0.69 0

this work

3.5+ 0.6
3.0 + 0.5

TABLE VI. Energy and intensity of the p activities from the P decay of Na.

E~ (keV)

304.6 + 1.0
336.3 + 1.0
985.4 + 1.0

1041.2 ~ 1,0~

I, (%)
this work

3 ~05
2.0+ 0.3

12.0 + 1.5
22 k2

E, (keV)

1484.2+ 1.0
1510.7 + 1.5
1979,8 + 1.0

I (%)
this work

74 +4
0.4+ 0.1

15 + 1.5

'Corresponds to a 1.04 0 MeV transition in ~Mg.
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TABLE VII. Energy and intensity of the p activities from the p decay of 3 Al.

Z (keVP
@.~ g~
(Mev)

Iy (%)
this work

r„(%)~
relative Z~ (keV) ' E] Ey

(Me V)
I) (%)

this work
I) (%) '
relative

621.81+ 0,30 2.32 1.69
752.23 ~ 0.30 0.75- 0

1564.49 ~ 0.30 2.32- 0.75

3.0 + 1.0 9.94 + 0.65
7 + 2 18.5 +0.8
6.2~ 2.0 17.3 ~1.6

1694.73+ 0.30
2316.64 + 0.40

1.69 0
2.32 0

10.5+ 3.0 58.9 + 1.6
17 + 5 72.8 + 1.8

e H,ef. 14.

TABLE VIQ. Energy and intensity of the y activities from the P decay of 3~Mg.

Z„(kev)

665.3 + 1.5
945.3 + 1.5

1610.8 + 1.5

I„relative
(/o) this work

47 ~ 10
100
81.7 + 17.0

I~ absolute
(%) this work

12.2+ 3.6
26 +8
21.3 + 6.0

E„(keV)

1623.2 ~ 1.5
3622 + 3

I& relative
(%) this work

54.7 + 12.6
26.7+ 9.0

I& absolute
(%) this work

14.2+ 4.0
6.9+ 2.0

TABLE IX. Energy and intensity of the p activities from the p decay of 3~Na.

E„(keV)

303 + 1
372.3 + 1,0
473 + 1
623.7+ 1.0
673.8 6 1.5
809.8 + 1.5
985.4 + 1.0~

I„relative (%)

3.9~ 1.2
2.9~ 1.4
8.2~ 2.5

37.5 + 4.2
23.6~ 3.2
25.5*4.2
12.6+ 3.8

E& (keV)

1222 + 2
1259
1484.2 + 1.0~

1979.8 + 1.0~

2030.5 + 2.5
2192.8 + 2.5
2247.6 + 2.5

I& relative (%)

13 +4
4.5+ 2.2

100
11.2+ 5.5
12 +4
17 ~5
58 +6

Corresponds to transitions in Mg (see Table VI).

TABLE X. Energy and intensity of p activities from the P decay of descendants of 3 Na, 3 Mg and/or 32Al (see text).

Z, (keV)

422+ 2
731+ 2

I~ relative

21.6+ 6.7
36.0+ 15

E& (keV)

1939~ 4
2750* 5

I& relative
(%)

52.7+ 20
100

TABLE XI. Energy and intensity of the p activities from the P decay of 32Na.

E„(keV)

885.7+ 2.0
1233 ~ 4
1440 ~ 4
1970 + 5

I~ absolute .

(%)

80 +8
6 +3

11 +5

Z„(keV)

2153 + 5
2556 + 5
3920 + 5

I& absolute
(%)

48 + 10
12.5+ 6.0
10.5+ 5.0
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TABLE XII. Half-lives of Mg isotopes.

ih

O

Isotope This work
Previous work

Ref. 5 Ref. 12

Io

l
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I

100
I I

150 200
t (ms)

100
t

29Mg
30Mg
3~Mg

1090+ 120 1470 + 90
325+ 30 1200+ 500
250+ 30

1200 + 130

100

IQ

500 1000 1500 2000
t (ms)

V7

C'

O

10 100

50 100 150 200
t(ms)

100
IO
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T,» - 1090 120+a
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I

1500 2000
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10
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t(ms)

FIG. 12. Time dependence of: (a) the 1473.5 and
1586.3 keV y activities from 29Na; (b) the 1484.2 and
1041.2 keV y activities from 3 Na; (c) the sum of the
960.3 and 2223.8-keV y activities from ~Mg; (d) the
443.2 keV y activity from Mg; (e) the sum of the 665.3
and 945.3 keV y activities from 3'Mg. In (a) and (b),
the dashed lines correspond to the known (Ref. 5)
half-lives of 9Na and 3 Na. In (c), (d), and (e),
the full lines are fitted to the time dependence and deter-
mine the half-lives of ~ Mg, 30Mg, and 3'Mg as 1090
+120 ms, 325+30 ms, and 250+30 ms, respectively.

decrease with time of some of the y activities ob-
served in the present experiment. This decrease
is correctly fitted by the known half-lives of the
Na isotopes, which establishes that those y activi-
ties are due to the P decay of Na. isotopes.

The half-lives of the Mg and Al isotopes were
known up to "Mg and "Al (see Table XII). In the
present work, some y activities, with longer half-
lives than the Na parent and with energies which
often can be assigned to transitions between ener-
gy levels of the Al descendant, are assigned to' Mg and "Mg. Their time dependence yields the
half-life of those isotopes (Fig. 12). Table XII
summarizes the results. The values obtained in
the previous experiment' for "Mg and "Mg are
larger than those from this work. They were de-
rived from an analysis of the time dependence of
the P activity. The contribution of the Na decay
was subtracted and the remaining decrease was
supposed to be due to the Mg decay. However, the
contribution of the Al decay' was not taken into ac-
count. It is suggested that this causes the syste-
matic differences seen in Table XII and that the
present values free from such a systematic error,
are to be preferred.

For the decendants of "Na, several y activities
are observed to decay with an apparent half-life

TABLE XIII. Methods used to derive absolute values of the intensities of y activities.

28

29

30

32

Isotope

Na

Mg

Calibration method

1) Assumption: QI„(-g.s.) = 100%
2) The measured Mg activity is used to calculate the

number of parent 2~Na nuclei collected.
The measured Al activity is used to calculate the

number of 8Na nuclei collected.
The measured 29A1 activity is used to calculate the

number of parent Mg nuclei formed.
Assumption: The E~=2559.8 keV activity has I~=12.5%
(see Ref. 5).

The measured 3 Al activity is used to calculate the
number of parent 30Mg nuclei formed,

Assumption: The E~= 1484.2 keV is the 2+- 0+ transition
in Mg and has I~= (100—P„)%.

The measured 30AI activity is used to calculate the number
K of 3 Mg nuclei formed. From the P„value of Na (taken
from Ref. 5) the number of 3 Mg is deduced from ¹ hence the
number of daughter 3~A1 nuclei is obtained.

Assumption: The E~= 885.7 keV is the 2+ 0" transition in
32Mg and has I„=(100 —P„)%.
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Isotope
p„(%)

this work
p„(%)'
(Ref. 5)

TABLE XIV. Delayed-neutron branching ratios. 5/2+:
Ip log ft

NO 304+ 7mlr

0.6 5.0

E(keV} J

4990.2

27Na
28Na

»Na
3oNa
3~Na
32Na

21~ 4
26+ 4

20~ 8

0.08 + 0.03
0.58 + 0.12

15.1 + 1.8
33.1 + 3.8
30 -+8

Q
&
=8.96MeV

(0
O

:3.45 0-
0.65 5.7

IA

0 gOO

37S6.2 3/2+
3490 3/2+

i3476.I I/2+
342?6
3109.I {3/2) 7/2

ranging between 50 and 200 ms. However, because
of the poor statistics (Fig. 11) no definite assign-
ment is proposed.

C. y intensities

In the earlier experiment, the Iz intensities
were derived from the ratio of the measured y
and P activities. Here, a different method is
used. I& is deduced from the ratio of two y activi-
ties, the y ray of interest and aknowny ray from
a descendant, taken as a measure of the number of
decaying Na isotopes. The analysis takes into ac-
count the time parameters of the measurement and
the possible losses of activity in the A. chain due to
delayed neutron emission.

For shorter half-lives, i.e., heavier Na isotopes,
that method cannot be used. This is due to the
long delay between the beam burst and the begin-
ning of the measurement, of the order of 40 ms as
discussed in Sec. II. Since the time dependence of
the Na yield from the source is not accurately
known, the y activity at the time of the measure-
ment cannot be precisely related to the. number of
Na ions actually collected. Alternative ways are
used to obtain absolute values of I&. For instance,
for the P decay of "Na, the I& value (12.5%%uz) pre-
viously measured' for the 2559 keV activity is
taken as a normalization'for the other y rays.

As for the even ' Na and "Na isotopes, it is as-
sumed that all the P transitions that do not feed

I.O 5.95
I 3 49

I939.9 5/2+
I698.3 5/2+

either the ground or a neutron-unstable level in
soMg and '2Mg eventually give rise to ay transition
between the first 2' excited state and the ground
state. That dominant y activity is therefore as-
signedI&=(100 P„Pp if th-ere is no P branching to
the Mg ground state.

That feature is generally observed in the known
p-decay schemes of odd-odd nuclei. For "Na,
which has J = 1,' there is a large P branch to the
"Mg ground state, as observed previously' and
confirmed below, but the remainder of the P
strength indeed yields the 2'-0'y transition.
Since the spin of "Na is J=2, ' there is no allowed
P transition to the "Mg ground state and the most
abundanty ray, at 1484 keV, is assigned to the
2'-0' transition in 'OMg with I~ = (100-P„PO.

O
84 43 ~I ~i ~l ~l 984 6 3/2+

LO I
1~ f~ ~' I~

O

27
Mg 9.46 min

FIG. 13. Decay scheme of Na. The energies and J'
values of the Mg levels are taken from Refs. 11, 15,
16. Although a weak y line is emitted by the 3476.1
keV level, no P transition to this state is indicated since
the corresponding logft of 5.5 would be incompatible
with its forbidden 2' 2' character. It is assumed
that this level is fed by an unobserved y ray from a
higher level.

TABLE XV. Delayed neutron branching to excited states of the daughter nucleus.

Precursor

29Na
30Na
3~Na

Daughter

8Mg
'SMg
30Mg

(this work)

21+4
26~ 4

Total I'„(%)
(previous work)

(Ref. 5}

15,1+ 1,8
33.1 + 3.8
30 +8

y transition in
the daughter nucleus

E„oev)

1473.5 + 0.5
1041.2 ~ 1.0
985.4 + 1.0

1484.2 + 1.0
1979.8 ~ 1.0

Iy (%)

4.3 + 0.8
22 +2
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I+

28
NQ 50.5+0.%ms Mg 325~50rns,

'
Ip Iogft

Qp =13,88 MeV

~( I )5 45
5 48

21 435

E(keV) J

4878. I 2+
4557.3 2+
402I.O 4+(3)
3862.7 0+

Qp =6,53MeV

Ip log ft

84.5 3.6?

E(keV) J

6S4.6

II 50

63 455 0

2+

0+

242.9
LA

FO

0 i

Al les

M9 2l. lh

FIG. 14. Decay scheme of Na. The energies and J'
values of the Mg states are taken from Ref. 17.

FIG. 16. Decay scheme of 3 Mg. The 2165 keV y ac-
tivity corresponds to a transition between unknown 3 Al
levels. Its weak intensity (3.070) would hardly affect
the I& and logft values.

Although the spin of "Na is unknown, the same
situation is assumed to occur and again the dom-
inant y ray at 8S6 keV is assigned to the 2'-0'
transition withl&= (100-P„PO. One argument for
the absence of a P transition to the "Mg ground
state is the likely negative parity of "Na (Z = 11,
N= 21).

The values of P„are either taken from Ref. 5
or remeasured as described in the next section.
Table XIII summarizes the hypotheses which un-
derline the I& calculations and indicates the meth-
od used in each case. The results obtained are
listed in Tables I through XI.

3/2+

29
Mg 1090+l20ms

rr

Q) =7.46IVleV

D. Delayed neutron emission

Delayed neutron emission is a general phenomen-
on in the P decay of neutron-rich nuclei far from
stability, and it is only for practical reasons that
most known delayed neutron emitters are fission
fragments. In a previous experiment' the Na iso-
topes from "Na up to "Na were added to the list.
W'e recently observed delayed neutron emission
from 50K 6

The delayed neutron branching ratios P„are
measured from the ratio of two y activities. In the

P decay of "Ka, we compare a known y activity
from the P decay of " 'Mg or " 'Al, which is taken
as a measure of the delayed neutron branching, to
a y activity from the P decay of "Mg or "Al.

This new method is independent from the one

3/2+ 5/2+

31
Al 644~25ms

log ft

27 41
5 49
6 49~
21 4.6

—15 5.0

E(keV) J

3184.4 5r2+
3062 5r2+

~ 2865.7 3/2+
2223.8 3/2+
1754.5 7/2+
1398,2 I /2+

Qp= 7.85MeV

I& log ft

-26 44

-. 7.5 5. 1

E(keV) J

2316.6 3/2+

1.694.7 5r2+

)I f~ I&

AL 66mn

0 5r2+
~. 8? 752.2 I/2+

FIG. 15. Decay scheme of Mg. The energies and J'
values are taken from Refs. 18, 12 and ll, respectively,
except for the ~

' assignment of the 1754.5 keV level
(see Ref. 19). The observation of allowed P transition
to levels with J~ = —' restricts the (~ ', ~') J assign-
ment (Ref. 12) of ~ Mg to J' = ~".

-65 47

Sl 2,62h

3/2

FIG. 17. Decay scheme of 3~Al. The energies and J~
values of the 3~Si levels are taken from Ref. 14.
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used by Roeckl et al. ' who measured I'„as the ra-
tio between' the neutron and P activities. Table XIV
presents our and Roeckl's results, which are in
good agreement.

In the P decay of "Na, a 945 keV y activity from
"Al is observed, which indicates that "Na, as ex-
'pected, is also a delayed neutron emitter. A 20
+PpP„value is deduced from the intensity of that
y ray.

In a few cases, a y activity is observed with the
half-life of "Na and an energy which can be assign-
ed to a transition between levels of " 'Mg. It cor-
responds to a process in which the delayed neu-
tron from an unbound state of "Mg feeds an ex-
cited state in the daughter " 'Mg nucleus. This
particular process, already reported for fission
fragments (see, e.g;, Ref. 9), is observed here
for "Na, "Na, and "Na (Table XV).

E. Decay schemes and P branching ratios

When the level scheme of the daughter nucleus
is known, y energies and intensities alone can de-
termine the P decay scheme. The P branching ra-
tio to a level of the daughter nucleus is then taken
as the difference between the intensities of the y
rays from and to this level. This method is used
for the P decay of "Na and "Na, "Mg and "Mg,
and s'Al (Figs. 13 to 17).

Although the level scheme of "Mg is unknown,
a partial P -decay scheme can be derived for 'ONa.

Among the seveny activities listed in Table VI,
one, at 1041 keV, was assigned in the preceding
section to a y transition in "Mg following delayed
neutron emission. Two y rays, at 985 and 1484
keV, are found to be in coincidence. It fs assumed
that a 2.46 MeV level of '

Mg, populated in the P
decay of ' Na, decays byy emission to the 1.48
MeV first excited state which is assigned J' =2',
as discussed in Sec. DIC. The resulting tentative
P-decay scheme of 'ONa is represented in Fig. 18.

IV. CONCLUSION

30
Na SS+Sms,

Qp=17. 73IVleV
N
(U

29
IVIg l090ms

1041.2

2469,6

1484.2

0
30

Mg 325ms

FIG. 18. Partial decay scheme of 3 Na. The two y
transitions in 3 Mg which are represented are observed
in coincidence. The intense (741) 1484 keV y ray is
assumed to correspond to the 2' 0' transition in 3 Mg.
Four other y activities from Na (Table VI) cannot be
assigned since no excited state of ~ Mg is known. It is
to be noted that most of the delayed-neutron branch
(J'„=26 Wo, see Table XV) corresponds to the emission
of neutron leaving the daughter Mg nucleus in its
1041.2 keV (X„=22%) state.

I I I I I

shielding would result in better statistics and
more accurate energy values. It would allow for
an easier observation of yy coincidences. The low-
er background would also make possible the mea-
surement of y activities a few ms after the beam
burst, which is necessary to study short-lived
isotopes. The P decay of "Na is certainly access-
ible to the method, and the location of the first 2'
state of "Mg is indeed of major interest since the
theoretical calculations mentioned in Sec. I pre-
dict an increasing deformation of the Na isotopes
with increasing ¹

Furthermore, two interesting modes of decay are
energetically possible for the very neutron-rich

The most prominent y rays observed in the de-
cay of "Na and ' Na have been assigned to the 2'

0' transition in the daughter nuclei, as discuss-
ed in Sec. IIIC. Figure 19 summarizes the result-
ing location of the first 2' excited states of Mg
isotopes. The strong decrease observed for "Mg
is taken as evidence for an increased deformation
of this isotope, thus providing a reasonably model
free confirmation of the suggestion" of a new re-
gion of deformation starting near N=20 for the Na
isotopes and neighboring elements.

The method used in this work has not reached
the limits of its sensitivity yet. Higher efficien-
cies for the Ge(Li) detectors and still better

0 I I I I I I I

20 24 28 52
A

FIG. 19. Variation with A of the excitation energy of
the first 2 ' state in even-even Mg isotopes. The values
for 3 Mg and 3 Mg are determined in this work.
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isotopes under consideration and are within reach
of the experimental method: (i) delayed two-neu-
tron emission which could be characterized by,
e.g., the y activity of 2'Mg formed in the P decay
of 'ONa; (ii) delayed n emission, generally ob-
served for neutron-deficient isotopes, which could
occur in the P decay of ' Na and heavier isotopes.
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