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differential cross sections are insensitive to the detailed
shapes of the radial wave functions. Experimentally, this
was demonstrated by the fact that the angular distribu-
tions of levels of a given spin and parity are quite
similar to each other for angles less than 60'. The
angular distributions are sensitive only to the angular-
momentum transfer, so that reliable spin and parity
assignments can be made. The magnitude of the cross
section contains dynamical information about the
excited states. By the use of the vibrational model,
electromagnetic rates have been deduced and compared
with theoretical predictions.

Using the procedures mentioned above, we have made
spin and parity assignments to a number of states,
and have measured their transition rates. "Several 2+

"Note added in proof. The values of the inferred electromag»
netic transition rates in Weisskopf units were derived from a
formula based on the vibration of a sharp-edge charge distribu-
tion whose radius is taken to be 1.2 A'i'. Because the higher multi-
polarities strongly weight the surface region, the magnitudes are
underestimated. If the measured Fermi-type charge distribution
is used, then the transition rates for L~'3, L4, and E5 transitions
would be multiplied by approximately 1.4, 2.1, and 3.3, respec-
tively. These numbers are sensitive to the parameters of the charge
distribution and therefore contain an uncertainty which is diKcult
to estimate. However, there is some evidence that this increase is

states in Ca~ ~ are in reasonable agreement with the
results of Gerace and Green. " In addition, we have
observed a 4+ doublet between 6 and 8.5 MeV in
Ca~~" which appears to be a core excitation. The
number of 3 states and the variation of 3—and 5
strength with mass number are not readily explained

by our present ideas based on the particle-hole model.
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experimentally required when comparing electromagnetically
measured E3 values in light nuclei with those deduced from in-
elastic scattering experiments. It should be noted that the values
of P)i and the relative values of Gq given in the tables are not
altered by this procedure.
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The positron decay of Mg~' to excited states of Na~' was investigated using the Nel(He', n)Mg" reaction
to form Mg". The relative cross section for the Ne" (He', n) Mg" (P+)Na" reaction was measured as a function
of He' energy for He' energies between 2.0 and 5.0 MeV. A half-life of 4.03+0.05 sec was obtained for Mg".
In addition to the main positron branches to the Na" 0.657- and 0.583-MeV levels, which were measured
to be (59+6)%and (36&6)%, respectively, a branch of (5.1+0.4)% was observed leading to the 1.937-MeV
level of Na". The log ft for this branch is 3.55&0.04, which establishes the 1.937-MeV level as 1+. Upper
limits were placed on positron branches to all other excited states of Na22 below an excitation energy of 3.6
MeV. The 0.657 —+ 0.583 transition in Na" was found to have an energy of 73.9&0.1 keV. An incidental
result was a value of 472.3+0.1 keV for the energy of the y-ray transition from the isomeric first-excited
state of Na24.

I. INTRODUCTION
' ~HE isotope Mg22 has a mass excess of 4.835+0.020

MeV with respect to Na" and decays to the latter
by positron emission. '—' Since the nucleus Mg" is even-

t Work at Brookhaven National Laboratory performed under
the auspices of the U. S. Atomic Energy Commission.' R. W. Kavanagh, Bull. Am. Phys. Soc. 7, 462 (1962).' P. M. Kndt and C. Van der Leun, Nucl. Phys. 34, 1 (1962).

3 R. E. Benenson and I. J. Taylor, Bull. Am. Phys. Soc. 11,
737 (1966).

even, and therefore can be safely assumed to have a
spin of 0+, the positron transition to the 3+ ground

4 J. Cerny, S. W. Cosper, G. W. Butler, R. H. Pehl, F. S. Gould-
ing, D. A. Landis, and C. Detraz, Phys. Rev. Letters 16, 469
(1966).

'P. H. Barker, N. Drysdale, and W. R. Phillips, Proc. Phys.
Soc. (London} 91, 587 (1967).

6The mass excess of Mg~~ used throughout this work is a
weighted average of the values given in Refs. 4 and 5 and the
two values quoted in footnote 10 of Ref. 4. This average is—(347&20) keV on the C~ scale.
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state of Na" is second-forbidden and is not observed.
Allowed positron transitions can take place to the
1+ 6rst excited state of Na" at 0.583 MeV, to the
0+ second excited state at 0.657 MeV, and perhaps to
higher excited states. The transition to the 0+ level is
super-allowed and is therefore the most probable. This
latter level cascades 100% through the state at 0.583
MeV with the emission of p rays with energies of
73.9+0.1 keV (present work) and 583.04+0.10 keV. '

The p+ activity of Mg" was first observed by
Kavanagh' who produced the isotope by means of the
reaction Ne" (He', n) Mg" at En,~ =3 MeV. He observed

p rays with energies of 73.5~0.8 keV and 586~6 keV,
which he assigned to the cascade decay of the 0.657-
MeV level of Na". By measuring the decay of the 74-
keV line a half-life of 3.94~0.10 sec was obtained.
Benenson and Taylor' repeated the same experiment
and obtained a value of 3.9+0.1 sec for the Mg" half-
life from observations of the decay of the 0.583-MeV

p ray. Recently, Barker, Drysdale, and Phillips5 have
also examined the Ne" (He', ii)Mg" (P+)Na" reaction.
They obtained a half-life of 3.99+0.12 sec and found p
branches to the 0.657-MeV level (59+2)% and to the
0.583-MeV level (41+2)%.

W'e have also investigated the positron decay of Mg"
using the Ne"(He', n)Mg22 reaction. Our main efforts
were to remeasure the half-life of Mg", of check the
positron branching intensities to the 0.657- and 0.583-
MeV levels, and to search for positron transitions to
higher states of Na".

II. THE HALF-LIFE OF Mg'~

Our work on the positron decay of Mg" was com-
menced using the 5.5-MV accelerator at the Centre de
Recherches Nucleaires at Strasbourg. The isotope Mg"
was produced by the bombardment of natural neon
gas (90.9% Ne" 0 3% Ne" 8.8% Ne") with Hei+ ions.
The gas was con6ned at a pressure of 1 atm. The
beam entered the gas volume through a 0.0001-in.-
thick Ni foil, traversed 2 cm of the gas and was stopped
in a Ta disk. The energy losses of 5.5-MeV He' ions
in the Ni foil and the gas volume were 780 and 900
keV, respectively.

Several Ge(Li) detectors, all having been prepared
at Strasbourg, were used for y-ray detection. The 6nal
results for the half-life were obtained with a 10-ccplane-
drifted detector which had a resolution Dull-width-at-
half maximum (FWHM)] of 9.5 keV for the 1.17-MeV

7 rays of Co". The Ge(Li) detector was placed at 90'
to the beam with the front face 3.5 cm from the gas
volume. It was shielded on its sides by lead.

The method used to study the delayed y rays from
Mg" was to bombard the gas target for a time tj and
then to intercept the beam far from the target and

7 K. K. %arburton, J.W. Olness, and A. R. Poletti, Phys. Rev.
160, 938 (1967); A. R. Poletti, E. K. Warburton, J. W. Olness,
and S. Hechtl, ibM. 162, 1040 (1967); E. K. Karburton, A. R.
Poletti, and J. %. Olness (to be published).
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I' IG. 1. Block diagram of the electronic circuits used
in the experiments at Strasbourg.

count the y rays for a time t2. This procedure was auto-
matically recycled until sufhcient statistics were accu-
mulated. The electronics illustrated schematically in
Fig. 1 were used for this purpose. As shown in Fig. 1,
two different mechanical systems were used to inter-
cept the beam. In the first a rotating mechanical
chopper, which was placed in the path of the beam gave
a 44-msec cycle with equal beam irradiation and delayed
counting intervals of 22 msec each. The gating circuit
insured that only those pulses occurring during the
"beam oR" interval were analyzed. This system was
used in preliminary studies of the delayed p-ray spec-
trum from Ne"+He'. The y-ray spectrum of Fig. 2
was obtained in this manner as was the yield curve for
the 74-keV p ray, illustrated in Fig. 3. The latter was
obtained by recording spectra for a known integrated
charge as a function of incident He' energy and ex-
tracting from each spectrum the intensity of the 74-keV
full-energy-loss peak.

The half-life of Mg" was studied using a tantalum
beam stopper activated by a switching relay. A cycle
consisted of bombarding the target for six half-lives
(24 sec) and then intercepting the beam and counting
for a given time. A single-channel analyzer selected a
narrow band of amplitudes so that only those pulses
corresponding to a given p-ray pulse-height interval
were time analyzed. The p-ray pulses were stored in a
400-channel pulse-height analyzer which was used as a,

time-channel analyzer. p-ray spectra were accumulated
simultaneously in a 4000-channel pulse-height analyzer.

In Fig. 4 is shown a time decay curve obtained with
a gate set on the full-energy-loss peak of the 0.583-
MeV y rays (see Fig. 2) and with a counting time of 72
sec. The decay of the 4-sec Mg" activity is apparent in
the first 50 channels (400 msec/channel) of Fig. 4 and
has decreased to a negligible amount by channel 75.
Activities other than Mg2' which can contribute to this
decay curve are listed in Tables I and II. Mg" (P+)Na"
was the only activity listed in Table I which was not
observed. The "background" activity of Fig. 4 is due
to the continuum under the 0.583-MeV peak. This con-
tinuurn arises from bremsstrahlung and from the Com-
pton distributions of higher-energy y rays. It is apparent
from Tables I and II that the time-decay curve Of
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Fig. 4 is quite complex; however, the Mg" 4-sec activity
and long-lived activities (T~~2&)4 sec) contribute almost
all of the intensity; thus, analysis of Fig. 4 to obtain
the Mg" half-life was not unduly complicated. Three
decay curves similar to that of Fig. 4 were measured
using somewhat different experimental conditions. For
all a least-squares 6t was made to the data above
channel 75 under four assumptions: (1) constant count
rate, (2) a count rate decreasing linearly with time, (3)
a 17-sec activity plus a constant background, and (4)

a 22.8-sec activity plus a constant background. The
functional form so determined was then extrapolated to
lower channel numbers and subtracted from the experi-
mental time-decay curve. A least-squares fit was then
made to the resultant time spectra assuming a single
activity. It was found that the half-lives so obtained
were consistent with each other. The weighted average
of the three determinations of the Mg" half-life yieMed
T'», ——4.03+0.05 sec.

The half-life associated with the 74-keU y ray (Fig. 2)

TAmE I. Radioactive isotopes pro uce y e omd d b th bombardment of a natural neon target by He' ions (EH,~&~7 MeV), '

Isotope Reactions

Ne 0 (He3,0,)Ne'

Nem (He', d) Na"

Ne &(Hes, &)Na»

Ne'0(He', p) Na~'

Ne" (He', d)Na"
Ne" (He', t)Na"
Mg»(P+)Na»
Ne~m (Hes, p) Na24

Ne»(He3, P)Na'4"
Ne ~(Heg, n) Mg»

Neo(Hes, N) Mg»

Q
(MeV)

+3.702
-3.047

—3.548
+5.784

+1.250
—2.860

+7.558
+6.578

HaH-life

17.8 sec
22.8 sec

2.58 yr

19.6 msec
12 sec

Activity
Z~ p(max)b

(Mev)

2.23 (100j~)
2 51(98jo)
2.16(2%%)

1.82 (0.06 j~)
0.54 (89.7%)

(10 2%)

3.06(91'P )
2 62(9%)
3.16(59@)
3.23 (41%)

(Mev)

I ~ ~

1.275
1.275

2.754
1.369

0.439
0.074
0.583

uritsen and F. Ajzenberg-Selove, in NucLear Data Sheets, compiled by K. Way et aL. (National Academy
, D, C., i9g2), Sets 5 grid O' F.Ajzenberg-Selove and T. Lauritsen, Nucl. Phys. 11, j. (f959).

is given in pare@,theses. The branching ratios for Mg" are from Ref. 5.b The % branch corresponding to each decay mo e is given in paren
o Electron capture.



Isotope

K4O

Thc"
Q14

Half-life Activity (MeV)

Room background
Room background
C12 {He3 g}Q14

(Q = —1.148 MeV)
CD (Heg +}C11 20.4 m

(@=1.856 MeV)
¹i58(He',p}Cu" 24 m

(Q =5.629 MeV}

1.28&109 yr E.C.» 1.46
0 ~ ~ ~ ~ ~ 2.615

72 sec P+ 2.313

3.12
1./9
1.33
0.82

TABLE II. Background activities observed in the bombardment
of a neon-gas target (nickel window, tantalum beam stop) with
He' iona (En, s&~ / MeV).
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a Electron capture.
"Not observed but presumed present.

FrG. 4. Time decay of the 583-keV y rays due to Mg~(P+)Na~~.
The counting time per channel is 400 msec. The 4-sec Mg'~
activity is negligible for channel numbers &'?5. The origin of the
"background" apparent above channel 75 is discussed in the text.

was also measured. The result was TgI2 ——3.6~0.5 sec,
consistent with, but considerably less accurate than,
the half-life determined from the 0.583-MCV y ray.
The larger uncertainty is due to the greater relative
intensity of the background. under the 74-keV line and
to poor'cl statlstlcs.

111. Mgss(y+)~a» maNCHIZG aM'IOS

The branching-ratio measurements reported in this
section were carried out using the 3.5-MV electrostatic
accelerator at the Brookhavcn National Laboratory.

100—

A. The Na" 0.583-MeV Level

The main decay of Mg" is the super-allowed 0+—+ 0+
transition to the Na" 0.657-MeV level. It is clear from
the energy-level spectrums of Nc" that no other NR22 0+,
T= j. levels are energetically accessible to positron
decay from Mg" Lstates of Na" with E,& (3.82+0.02)
MeV so qualify). However, allowed positron decay
could take place to the 0.583-MeV level and to other
j.+ states of XR22. We consider erst the possible decay
to the 0.583-MeV level which has recently been found'
to account for (41+2)% of all decays.

The positron branch to the 0.583-MeV level was
mea, surcd by comparing the intensities of the 583-
and 74-keV 7 rays using an 8-cc Ge(I,i) detector that
had bccn fRbllcRtcd Rt Brookhavcn by H. %. K1RDcr'.
The main difliculty of this method is in obtaining the
relative CKciencies for detecting these two 7 rays. Bi20"
ls Rn Rctlvlty suited to this pulposc slDcc lt emits R

y ray of 570 keV as well as E and. Ep x rays with
mean energies of 74.2 and 85.4 keV, respectively. The
intensity ratio of the Bi"' 570-keV y rays to the E
x rays was calculated. semitheoretically. Experimental
measurements that were used consisted of the Bi"~
d.ecay scheme established by Alburger and Sunyar, '
and. the conversion cocKcicnts measured by Ricci.m

Other quantities that, enter into this calculation are the
E-shell Quorescent yield, "the relative intensities of the
It-x-ray components, " and the E/I capture ratio. "
An intensity ratio Isrs .'Ia, = 100:(67+3) was calculated.
The uncertainty includes estimated contributions from
all the quantities hsted above.

Several experimental checks mere made on this ratio

l

3
ENERGY lN HIV

I'xo. 3. Relative yield of the 74-keV y ray from the reaction
Ne~(He', e)Mg22(P+)Na~ as a function of He' energy. The solid
line is drawn smoothly through the data. points. The energies of
the data points correspond to the mean Hel energy in the neon
target.

8 D. Pelte, B.Povh, and %'. Scholz, Nucl. Phys. 52, 333 (1964);S. Buhl, D. Pelte, and B.Povh, ibQ'. A91, 319 (1967}.
9 D. E. Alburger and A. W. Sunyar, Phys. Rev. 99, 695 (1955).'0 R. A. Ricci, Physica 23, 693 (1957).» G. J. Nijgh, A. H. Wapstra, and R. Van Lieshout, ÃNclear

gpgciroscopy Tables (North-Holland Publishing Company, Amster-
dam, 1959}.

» H. Brysk and M. E. Rose, Rev. Mod, Phys. 30, 1169 (1958).
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calculation for the Bi"~ source used in this work.
Firstly, the intensity ratio of the E to Ep x rays was
measured using a lithium-drifted silicon detector which
had a resolution (FWHM) for 74-keV x rays of 0.8 keV.
The result for this ratio was 3.6+0.2, in good agree-
ment with the expected" ratio of 3.40+0.08. Secondly,
a relative efIiciency curve was constructed from various
radioactive sources for the 8-cc Ge(Li) detector used
in the Mg" work. From this efficiency curve, the Bi"
570-keV p ray to E x-ray intensity ratio was found to
be 100:(61+8) in acceptable agreement with the
calculated ratio given above.

For the measurements on Mg" the target chamber
consisted of a thin-walled glass bulb of 3-in. diameter
having a re-entrant beam pipe and Ni window for
admitting the beam to the gas volume. A 1-cm diam
beam stopper, consisting of 0.002-in. -thick stainl. ess
steel foil, was held in place by a lead-through wire at a
distance of 2 cm from the entrance window. Natural
neon gas was admitted at a pressure of slightly less
than 1 atm. The 8-cc Ge(Li) detector was placed close
to the target chamber at 0' to the beam.

A mechanical beam chopper and electronic gating
system" was used, together with a He'++ beam of 6
MeV, to produce and count the radiations from the Mg"
activity. This device allowed a 1024-channel analyzer to
store the spectrum only during a beam-off period of 12
msec, where the total irradiate-count cycle is 17 msec.

Initial runs on Mg" revealed the presence of Ep x rays
from lead which were presumably from room back-
ground. Iron shielding was therefore placed around the
detector in order to reduce the intensities of these
x rays.

The upper part of Fig. 5 shows the regions of the 74-
and 583-keU lines in the Mg" spectrum. For comparison
purposes the target chamber was opened up, a Bi"'
source was placed on the beam line midway between
the entrance window and the beam stopper, and the
glass bulb was remounted so that the absorption con-
ditions would be nearly the same as for the Mg". The
spectrum taken under these conditions is shown in the
lower part of Fig. 5. Other runs were taken with the
Bi"7 source at various locations within the glass bulb

and it was found that the spectra were all closely similar

except for an additional 4% absorption of the x-ray
lines when the source was located behind the beam
stopper.

The calculation of the ratio I74..I~sg for Mg'2 was
made by first 6nding the net areas in Fig. 5 under the
74- and 583-keU lines of Mg" and under the E and
570-keV lines of Pb"~ emitted by the Bi'0~ source.
Because of the low-energy tails on the low-energy lines

in Fig. 5, an arbitrary cutoff point was taken at channel
100 for Mg" and at channel 101 for Bi"~.In the case of
Bi"' the tail of the Ep line was assumed to be similar in

"D. E. Alburger, Phys. Rev. 131, 1624 (1963).
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shape and relative amplitude to that of the E line, and
its contribution was subtracted from the area under the
E line.

The Mg" spectrum in Fig. 5 shows slight evidence
for a line at about channel 129, with ~1—2% of the
intensity of the 74-keV line, corresponding to Pb Ep
x rays not completely removed by the iron shielding
around the Ge(Li) detector. Since the corresponding E
line coincides with the Mg" 74-keV line a correction of
(5~5)% was subtracted from the net area under the
74-keV line to allow for the suspected presence of Pb
x rays.

Among the several other small corrections was one
of 2.6% for the diiference in the efficiencies of the Ge(Li)
detector for y rays of 570 and 583 keU. The absolute
eSciencies for detecting the 74-keV Mg" line and the
Bi"' E line were assumed to be equal.

The possibility was considered that the Mg" activity,
formed in a 3-mm diam by 2-cm long cylindrical column
of the Ne gas between the entrance window and the
beam stopper could diffuse outward with the result
that some of the 74-keV p rays would not have to pass
through the 0.002-in. thick beam stopper to reach the
detector. In such a case the effective absorption of the
74-keV y rays would be different from that of the
Bi"'E line of Fig. 5. This effect was studied by using a
0.005-in. thick Pt beam stopper with which it was
found that ~-', of the activity diffuses out and is de-
tected in a position unshielded by the beam stopper.
Since the total absorption of the 74-keV p rays by the
stainless steel beam stopper is 4%, a correction of 1%
was made in the relative intensities of the 74-keV and
E lines.

By using the experimental data on Bi"~, together
with the previously quoted calculated ratio of the E
and 570-keV lines for normalization, the following
result on the y-ray intensity ratio was obtained for Mg"

174/I688= 0.64&0.06.

This is to be compared with the corresponding ratio
of 0.59+0.02 obtained by Barker et al. ' Since all of the

0 —' I I I tl I
—— -I-- I 0

80 100 120 140 880 900 920 940
CHANNEL

Fn. 5. Pulse-height spectra in an 8-cc Ge{Li) detector from
Mg~ {upper curve) and Bi' ' {lower curve) that were used for
finding the intensity ratio of the 74- and 583-keV p rays from Mg".



y rays from Mg" are in cascade (see next section) and
since there is no known positron branch to the ground
state of Na'2, the above result corresponds to a value of
(36+6) /o for the positron branch to the 0.583-MeV
level of NR22.
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3. Higher Leve1s of Ha'~

Preliminary work at Strasbourg showed that the
search for positron branches from Mg" to states of Na'~

above the 0.657-MCV level was obscured by the Na24

activitv from the Ne" (He', p)Na" reaction and so wouM
beneit greatly from the use of an enriched Ne" target
rather than a natura. l neon target. Since neon gas en-
riched to 99.99% in Ne~ was available at Brookhaven
Nationa, l Laboratory, '4 the search for decay to higher
states was continued using the 3.5-MV electrostatic
accelerator at that laboratory. The gas-target chamber
used in this work was identical to that employed at
Strasbourg except that the Ni foil entrance window was
0.00005 in. thick. The change to a thinner Ni window
was made to increase the ratio of activities induced in
the gas to those induced in the Ni foil since the latter
activity was relatively strong (see Table II). A Ne gas
pressure of 1 a,tm was used. In addition, a liquid-air
cold trap was placed near the gas target in order to
minimize carbon build-up and the 8-cc Ge(Li) detector
which was used was placed as close to the target as
possible ( 1 cm) and heavily shielded with lead. These
steps resulted in a noticeable reduction in the back-
ground activities listed in Table II.

This investigation of Mg2'(P+)Na" was carried out
concurrently with an investigation of y-ray transitions
ln Na" induced by the F"(cps)Na" and Ne" (He', p)Na"
reactions' and thus the y-ray decay modes of the Na"
states of interest and the corresponding transition
energies were known. This was a great aid to the present
work.

A total of eight Ge(Li) pulse heig-ht spectra from
Mg"(p+)Na" were recorded under different conditions.
These were supplemented by spectra of the prompt
radiations from Ne"+He' and by background (both
empty gas cell and beam off) spectra. From all these
spectra one further y-ray transition from Mg" (P+)Na"
wRS ldcntlflcd Rs Rl lslng fl om fccdlng of thc NR

1.937-McV level. Upper limits were set on positron
branches to all other Na" levels with E,&3.6 MCV.

A portion of one of the Ge(Li) spectra from Mg"-
(P+)Na" is shown in Fig. 6. This spectrum was recorded
with radioactive Bi20' and Co60 sources placed near the
detector in order to provide an energy calibration. The
full-energy-loss peaks of the two Co" y rays with
energies" of 1173.23~0.04 Rnd 1332.48~0.05 keg are

"The enriched Ne'6 gas eras provided through the courtesy of
Dr. A. J.Howard. See A. J.Howard and %.W. Natson, J.Chem.
Phys. 40, 1409 (1964).' G. Murray, R. L. Graham, and J. S. Geiger, Nucl. Phys. 63,
853 (1965).
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identified in Fig. 6 as is the (12N.52+0.0/)-keV y ray"
from Na"(P+)Ne". The latter arises from the Ne"-
(Hea,p)Na" reaction as well as from the daughter
activity in the decay Mg"-+Na". Also apparent in
Fig. 6 is the two-escape peak of the (2312.68&0.10)-keV
y ray" from 0'4(P+)N'4 which is produced via the
C"(He', m)O" reaction due to carbon contamination of
the Ni foil and beam collimating system {seeTable II).
There is also evidence of a weak NR~4 y ray from Na'4-

(p )Mg". This y ray was identified by its energy
(1368.53+0.04 keV)" and by the presence of the
associated (2753.92~0.12)-keV 7 ray. '5 The presence
of these two Na'4 7 rays was due to the small amount of
Ne" ln the gas target (see Table I).

The y ray with an energy of 1279.8+0.2 keV is
assigned to Mg"(P+)Na" for three reasons. First, its
energy is in good agreement with the energy of 1280.5
&1.0 keV measured' for the Na" 1.937 ~ 0.657 transi-
tion; second, its yield relative to that of the 0.583-MCV
7 ray was found to be the same (within experimental
errors of ~10'Po) at two He' energies for which the
Ne'"{He',n)Mg22(P+)Na22 yield (Fig. 3) differed by a
factor of 5; and third, it was not observed in background
runs taken with the hearn off or with the gas cell empty.

The data shown in Fig. 6 were taken to obtain an
a,ccurate energy for the Na" 1280-keV y ray. This was
done by erst determining the channel positions of the
prominent y rays by least-squares 6ts assuming Gaussian
peaks superimposed on an exponential background (the
solid and dashed curves of Fig. 6) and then determining
the energies of the unknown y-ray peaks relative to
those from the Bi"' source (not shown) and the Co'0
source. The energy of 1279.8~0.2 kcV for the NR22

1.937~ 0.657 y ray results from the average of three
such measurements taken under somewhat different
conditions of Rmpli6er bias and dispersion. Ke adopt

16'Q1'. %. Black and R, L. Heath, Nucl. Phys. A90, 650 (1967).» C. Chasman, K. O'. Jones, R. A. Ristinen, and D. E.Alburger,
Phys. Rev. 159, 830 (19N).
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300 340 MQ 420 460 500 540 580 620 660
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Fro. 6. Partial spectrum of y rays from Mg'~{P+)Na22 obtained
with an 8-cc Ge(Li) detector. The dispersion is 0.707 keV/channel
and the energy reso/ution is 3.4-keV full-width-at-half-maximum.
Co~ peaks arise from a radioactive source, the origin of the other
peaks is discussed in the text. The curves are the results of least-
squares Gts to the data as described in the text.
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TABLE III.y-ray branching ratios for the 1.937-MeV level of Na".

P f
(MeV}

0
0.583
0.657
0.891
1.528

Ev
(keV)

1936.9
1353.8
1279.9
1046.0
408.8

Branching ratio
(%)
(3
(3
100
&4
&2

an energy of 1279.9+0.2 keV for this y ray based on an
average of the present measurement with that of Ref. 7.
It is clear from Fig. 6 that the good resolution (3.4-keV
FWHM) of the 8-cc Ge(Li) detector used in this work
was necessary in order to observe the Na" 1280-keV

y ray in the presence of the Ne" j.274.5-keV y ray and
the two-escape peak of the N'4 2312.7-keV y ray.

The cascade to the 0.657-MeV level was the only
7-ray transition observed from the Na" 1.937-MeV
level. Intensity limits on y-ray branches to other Na"
levels are given in Table HI. This information came
from spectra like those of Fig. 6 but with the Co" and
Bi"7 sources removed. The expected position of the
j..354-MCV y ray corresponding to the 1.937 —+ 0.583
transition is indicated in Fig. 6. Also indicated in Fig. 6
is the expected position of the 1400-keV y ray corre-

sponding to the Na2 1.984 —+0.583 transition. ~ The
expected position of this y ray is indicated to illustrate
the type of information used to set upper limits on
positron branches to other N3,"states. The upper limits
obtained from these studies are listed in Table IV which

summarizes our hndings for the positron branching
ratios in Mg" (P+)Na".

A value of (5.1+0.4)%%u~ for the positron branching

ratio to the 1.937-MCV level was obtained from the
relative intensities of the 583- and 1280-keV y rays
which were extracted from the spectra using a relative

CSciency curve for full-energy-loss peaks observed by
the 8-cc Ge(Li) detector. Various radioactive sources
were used to obtain this CSciency curve. The 511- and
j.274-keV lines from radioactive Na" were the most
important for present purposes since these y rays are
close in energy to the 583- and 1280-keV lines from Mg".
The same CSciency curve was used in setting the upper
limits for positron branches to other states of Na"
(Table IV). The limits were set from the absence of the
most intcnsc p ray emitted from a given lcvcl; however,
due account was taken of other observed or possible
y-ray branches~ in converting limits on y-ray relative
intensities to lim. its on positron branching ratios.

The log ft values listed in Table IV were calculated
(computer) using the method of Feenberg and Trigg. "

C. The 0.657'-MeV Level

From the above result on the decay of Mg22 to the
j..937-MCV level, together with the measured intensity
ratio of the 74- and 583-keV y rays derived previously,
the branch to the 0.657-MeV level is calculated to be
(59~6)%.Although this branch has the same value as
that obtained by Barker et al. ' it should be pointed out
that the correction for the branch to the 1.937-MCV level
would reduce the result of Barker et a/. , who did not
observe this branch, to (53.9&2.1)%%uo.

IV. PRECISION ENERGY MEASUREMENTS

A. The N-keV y Ray in Mg22X)eely

The energy of the '/4-keV y ray in the decay of Mg"
was measured by recording the Mg~~ spectrum when a
source of Ti" was superposed. The latter activity emits
7 rays having energies" of 67.85+0.04 keV and 78.38
~0.04 keV. After suitably adjusting the position of
this source with respect to the detector, pulse-heigh.

7~LE IV. Branching ratios in Mg'2(P+)Na'2.

(keV)

583.05+0.1
657.0~0.14
890.9m 0.2

1528.1~03
1936.9a0.23
1.951.8~0.3
1983.5~0.5
2211.4~0.32
2571.5~0.3
2968.6~0.6
3059.4~0.6
3527 ~7.0

1+.0
0+. 1
4++ 0
5+ 0
1+; 0
2'1
2+ 3+ ~ (0)
1 ; (0)
1,2; (0)
3;0
2;0

Prominent
p lay
(l eV)

583
583,74
891

1528
1280
1369
1400
1554
2572
1017
1108
1575

P+ end-point
energyb
(Mey)

3.230
3,156
2.922
2.285
1.876
1.861
1.829
1.602
1.241
0.844
0.754
0.286

p+ intensify (%)
36~6e
59~60

&0.29
&0.12

5.1+0,4
(0.25
& 0.16
&0.3
&03
(0.25
&0.2
&0.35

log Jt

3.74+0.08
3.49~0.05

&5.6
&5.5

3.55~0.04
&4.8
&5.0
&4.4
&4.0
&3.3
&3.2
&1.2

The data listed in the erst three columns are from Ref. 7 with the exception of present results for the 1.937-MeV 1
All p end-point energies have uncertainties of 20 geV because of the uncertaint& 1n the mass of Mg» ~

in the log ft values.
e The 'Po branches to the 0.583- and 0.657-Mev levels sum to E,94.9+0.4) po assuming no other branches except that to the 1,937 Mev level

~8 E.I eenberg. and G. Trigg, Rev. Mod. Phys. 22, 399 (1950).
+ R. A. R.istinen and A. W. Sunyar, Phys, Rev, 153, 1209 (1967).
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spectra were obtained consisting of a well-resolved
triplet, where the 74-keV Mg" line was approximately
midway between the two Ti44 lines. Over-all linearity
was checked with a precision pulser. Computer fits were
made to the data. The average from two runs is 73.9~0.1
keV for the energy of the Mg" p ray.

B. The 472-keV y Ray in the Decay of Na'4~

A measurement incidental to the study of Mg" decay
was a determination of the energy of the 472-k.eV y ray
emitted from the 19.6-msec isomeric state' of Na'4. As
mentioned in connection with Fig. 2 this state is excited
in the Ne"(He', p)Na'4 reaction. For this purpose a
source of Ir'" was superposed. This activity emits a
number of y rays whose energies are known with very
high accuracy; one of these has an energy of 468.050
~0.016 keV."In the spectrum of the combined sources
the Ir line forms a resolved doublet with the 472-keV
Na'4 line. The 511-keV annihila, tion line was used to
6nd the dispersion of the spectrum. Based on a com-
puter fit to the data, the energy of the Na'4 p ray is
472.3+0.1 keV.

V. DrSCUSSrON

We have found a half-life of 4.03~0.05 sec for the
ground state of Mg". This is in agreement with previous
results. '" The weighted average of these previous
results with the present one is 4.00~0.04 sec. We use this
weighted average in the calculations described in this
section.

The positron branching ratios listed in Table IV are
also consistent with previous results. ' "A mass excess
of —(347&20) keV' (C" scale) for Mg" was used to
calculate the log ft values listed in Table IV. For the
positron transition to the 0+, T=i 0.657-MeV level
(Table IV) the log ft value of 3.49+0.05 is consistent
with the value of 3.49 expected for a 0+~0+ super-
allowed transition. However, the branching ratio of
this transition must be determined with considerably
greater accuracy before such a comparison becomes
informative.

The log ft value for the positron decay to the 1.937-

» J. Q. Marion, Technical Report 656 (unpublished}.

MeV level is seen to be allowed. Thus, this level has
J = 1+, J=O being forbidden by its p-ray decay to the
0+ 0.657-MeV level. The Gamow-Teller matrix element
of the positron transition between the J =0+, T=i
Mg" ground state and the J~=i+, T=O Na" 1 937-
MeV level is related to the Mi transition between the
1.937-MeV level and the J =0+, T= 1 0.657-MeV level
of Na", since the 0+ states diBer only in T,. The
Gamow-Teller matrix element has a spin part only. The
3fi matrix element contains a spin part, which is
proportional to the Gamow-Teller matrix element, and
a space part. For log ft &3.5 the spin part of the M1
matrix element is expected to be considerably larger
than the space part. "Neglecting the space part, and
using the relation between the Gamow-Teller and M1
matrix elements given by Kurath, 2' we Qnd that the
mean lifetime of the Na" 1.937~0.657 transition
corresponding to the log ft value of Table IV is
r=(2.4+0.3)X10—'4 sec. This is consistent with the
limit v&6&(10 " sec obtained via the Doppler shift
attenuation method. ~

Using the same method of comparison for the 0.657 —+

0.583 y-ray transition, we And that the upper limit
reported for the mean lifetime of the Na, 0.657-MeV
level, r&5X 10-"sec, is consistent with the log ft value
of the positron decay to the 0.583-MeV level (Table IV)
which corresponds to r= (6.6+1.2)X10 " sec if the
space part of the 3fi matrix element is neglected. It
may be possible to infer something about the magni-
tudes and relative phases of the space and spin parts of
these two M1 matrix elements when the log ft values
are more accurately known and the speeds of the y-ray
transitions are measured,
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