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Radioactivity of neutron-rich oxygen, fluorine, and neon isotopes
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The vy radiation and neutrons emitted following th@ decays of?%0, 2°-2F, and 2 %Ne have been
measured. The nuclides were produced in the quasifragmentation of a 2.8%6d&éam, separated in-flight
and identified through time-of-flight and energy-loss measurements. The ions were stopped in a silicon detector
telescope, which was used to detect thearticles emitted in their subsequent radioactive decay. The coinci-
denty rays were measured using four large volume germanium detectors mounted close to the implantation
point and the neutrons were detected using’2 proportional counters. The measureday energy spectra
are compared with shell model calculations and, where available, the level energies deduced from multinucleon
transfer reactiond.S0556-28189)04108-4

PACS numbsg(s): 21.60.Cs, 23.20.Lv, 23.48s, 27.30+t

[. INTRODUCTION states and, provided the decay schemes can be interpreted,
can measure level energies with a greater precision. In prin-

Nuclei possessing neutron/proton ratios radically differentiple 8-decay measurements can be applied to nuclei right
from those of stable isotopes exhibit unexpected phenomeri# to the neutron drip line, as long as the nuclei of interest
which have revolutionized our understanding of nuclearcan be cleanly and efficiently separated and their radioactiv-
physics. Properties such as neutron halos and the modificly measured with high sensitivity.
tion of shell closures are predicted for a wide range of ex- In the present works-delayedy-ray and neutron emis-
tremely neutron-rich nuclei, but it is only for the lightest sion has been studied for the first time in a range of neutron
elements that nuclei at the neutron drip line can presently beich nuclei extending out to th&/Z=3 nuclides3’0, 3'F,
accessed experimentally. Although the neutron drip line haand nge.
probably been delimited for elements below n¢ar?] and
the atomic masses of many of these nuclei measi8ed,
comparatively little is known about their decay characteris-
tics or spectroscopf5]. Such measurements can probe im- The neutron rich nuclei of interest were produced by the
portant details of the underlying microscopic structuresquasifragmentation of a 0&uA 2.8 GeV beam of the rare
which give rise to the novel phenomena. isotope 3¢S on tantalum targets of thicknesses 288,

The energy spectra of excited levels for certain nuclei377 um, 539 um, and 854um, mounted on~100 um
reasonably close to stability have been measured using trangick carbon backings. The two thinner targets were mounted
fer reactiong 6—10], but rapidly diminishing cross sections on a rotating wheel. Five different settings of the LISE3
limit the range of nuclei which are amenable to study usingspectrometef11] were used to optimize the collection of
this approach. A complementary tool 3-delayed y-ray  different nuclei in turn, by adjusting the magnetic rigidity of
spectroscopy, which can probe a different subset of excitethe first section of LISE3 to transmit ions that would have

the correct magnetic rigidity after passing through the 553
pm thick achromatic beryllium degrader. The achromatic
*Present address: Laboratoire de Physique Corpusculaire, CNR8legrader and all subsequent elements of the spectrometer
IN2P3, ISMRA et Universitede Caen, F-14050 Caen Cedex, were left unchanged throughout the rest of the experiment,
France. thereby minimizing the time taken for each adjustment but
"Present address: SUBATECH, IN2P3-CNRS et Ecole des Minestill producing satisfactory collection rates for the nuclei of
de Nantes, F-44070 Nantes Cedex 03, France. interest.
*Present address: Department of Physics, University of Notre The selected nuclei were implanted into a stack of six
Dame, Notre Dame, Indiana 46556. silicon detectors located at the focal plane of LISE3. The first

Il. EXPERIMENTAL TECHNIQUE
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The low energy thresholds of these detectors were set to
~100 keV.

The typical ion implantation rates o£5 s ! and the
short half-lives of the nuclides of interest meant that the ex-
periment was run in a continuous mode of implantation. A
clock running at 10 kHz was used to time stamp all ion
implantation and3-decay events in order to allow the mea-
surement of half-lives. In cases where strofgegdelayed
v-ray lines were identified, decay curves were generated
from the time differences between the arrival of the ions and
the detection of theiB-delayedy rays. By measuring half-
lives using this technique, both the ion and the correlated
B-decay event can be cleanly and unambiguously selected,
thereby greatly reducing the problems of random correlations

Time of flight which can be encountered when only particles are de-
tected. These random correlations of ions with unrelg@ed

FIG. 1. Two-dimensional ion identification spectrum showing decays are particularly evident for longer-lived nuclides and
time of flight plotted against energy loss for ions observed with thein several cases a fraction of the tofgddelayedy-ray en-
LISE3 spectrometer optimized for the transmission®®. Each  ergy spectrum for the relevant spectrometer setting has been
cluster of counts corresponds uniquely to a specific nuclide and thgybtracted to demonstrate whigtrays are really associated
most strongly transmitted nuclides are labeled. with the decay. This fraction was determined from the rela-

tive yields of the randomy rays in the spectra, but in all
detector was 50Qum thick and provided energy-loss and cases the absolutg ray intensities were measured from the
timing signals, which were used to identify the ions on anunsubtracted spectra.
event-by-event basis. The ions subsequently passed through
silicon detectors of thickness 5@0m, 300um, and 50Qum,
which provided redundant identification. The ion identifica-
tion spectrum obtained with LISE3 optimized for the trans-  In the following sections the firsB-delayedy-ray mea-
mission of 2F is shown in Fig. 1. surements for*0, 25 2F, and?® *Ne are presented. Pos-

The final two detectors were 5 mm thick lithium drifted sible level schemes deduced from theay spectra are com-
silicon detectors. The ions were stopped in the fifth elemenpared with the results of transfer reaction studies and shell
of the silicon detector telescope, while the sixth detector wasnodel calculations. The half-lives and neutron emission
used to veto light ions which were transmitted to the focalprobabilities measured for these nuclides are summarized in
plane of LISE3 and passed through the fifth detector. Therable 1. In addition, a first half-life measurement was also
last three detectors were also used to defeparticles emit-  obtained for!°B in the present experiment and this value is
ted in the radioactive decay of the implanted nuclei using ancluded in Table I.
second set of shaping amplifiers with a high gain. The effi-
ciency for B-particle detection was determined to be 63
+4% from the known decays ot®3*Na, which were im-
planted during the experiment. No excited states were previously known #F, the

The silicon detector telescope was surrounded on threg-decay daughter of the heaviest bound oxygen isotdfe
sides by 42 cylindricaPHe proportional counteril2], each  [1,2]. In the B-delayedy-ray energy spectra fof*O ions
encased in a polyethylene moderator, which were used tehown in Fig. 2, the peak at 1982 keV is assigned as the
measureg-delayed neutron emission probabilities. The totalknown 2* —07 transition energy irf*Ne populated in thes
efficiency of these detectors was determined to be 14% frordecay of 24F [18]. There is no correspondence between the
the decays of the knowg-delayed neutron emitter®3Na  remainingy-ray energies identified in these spectra and the
which were produced during the experiment. energies of known levels iR%F [10], suggesting that the

The energies ofy rays emitted followingB decay were rays are emitted from levels iffF, rather thar?*F following
measured using four tapered germanium detectors, each peutron emission. This conclusion is supported by the value
70% relative efficiency13], mounted in close proximity to of 12+8% measured for thgg-delayed neutron emission
the implantation point around 0° to the secondary beam diprobability of 2%O using the®He proportional counters. An-
rection. The germanium detectors were not housed in Compather independent estimate of the neutron emission probabil-
ton suppression shields, in order to achieve a close-packety was determined from the yield of the 1982 ke¥ray,
geometry, but were wrapped in lead foil to reduce cross scawhich indicates that 768% of the 2“0 8 decays eventually
tering of y rays between the detectors. The thickness of théeed the 2F ground state, rather than leading to neutron
wall of the aluminum vacuum vessel containing the siliconemission. The previous measurement of gieelayed neu-
detectors was only 0.5 mm, thus minimizing the attenuatioriron emission probability of?*O yielded a value of 58
of the y rays. The combined efficiency of the four germa- +12% [14], which is much higher than both of the values
nium detectors was measured to be2011% at 1.33 MeV. deduced in the present work.

Energy Loss

IIl. RESULTS AND DISCUSSION

A. The decay of >0
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TABLE |. Summary of half-life andB-delayed neutron emission probability measurements from the
present work compared with previous measurements where available. The half-lives were determined in the
present work by gating op-delayedy rays as described in the text, except for the caseS®fand 2>%F,
for which the time differences between the arrival of the ions and the Bi@dcay were used.

Nuclide Number Half-life(ms) Neutron emission
of ions probability (%)
This work Literature This work Literature
o] 340 45-1.5
20 9000 65-5 61 732[14] 18+6 58+12[14]
®F 40000 56 59+ 40[15] 14+5 15+10[15]
%k 50000 10.2:1.4 11+4
2T 10000 6.31.1 5.30.9[1] 90+3
4.9+0.2[16]
2% 650 2.9-0.8 2.4-0.8[1]
2.6+0.4[16]
%Ne 105000 183 16+9 [15]
17+4 [17]
21+5 [1]
2Ne 8600 199 15+3 [1] 27+9
15.6+0.5[16]
30Ne 3000 "2 7+2[1]
5.8+0.2[16]

The half-lives determined for each of theray lines as- T 20 (a)
signed to the decay of‘O to 2*F are mutually consistent. § 45
Fitting the combined data yields a half-life of 6% ms, §
which compares with the previously reported value ofgl §1OH
ms[14]. € 5
The energies and intensities of the threeays attributed 8
to transitions in2*F populated in the8 decay of 2O are _ 0 A
listed in Table Il. The sum of the energies of the two lower 215 @ (b)
energy lines equals that of the highest energy line within the g 10 o o
uncertainties, suggesting that these transitions represent two 5 = 22
separate decay paths between a common initial and final ; 5
state. It is not possible to determine the relative ordering of 3
the 522 keV and 1310 keV rays on the basis of the inten- ©0
sities, which suggests that there is little or no feeding of the < 10 g‘\"( (©)
intermediate level connecting these transitions. § -
The energy spectrum of excited states?fr has been S 5
calculated using the Michigan State University version of the g
shell model codexBAsH [19] using three different interac- 2 9
tions proposed fosd shell nuclei[20—22. The calculated § HI'
level structures are shown in Fig. 3, from which it is evident —o LINEN
that all three interactions predict the same sequence of 500 1000 1500 2000
lowest-lying levels although the precise energies of the lev- y-ray energy (keV)

els differ. A possible partial level scheme consistent with the .
. e . . FIG. 2. Energy spectra ofa) all 8-delayedy rays occurring
v rays identified in Fig. 2 is compared with these shell model .., . ) : YA
lculati in Fig. 3. The tentati deri fthe 1310 k VWlthln 200 ms of the implantation of &0 ion; (b) the same
caiculations in F1g. 5. The tentative ordering ot tne ) Ke spectrum following the subtraction of a fraction of the total
and 522 keV transitions provides better agreement with th

. . . -delayed y-ray spectrum observed at this setting of the LISE3
shell model calculations, which also predict that the lowes pectrometer; angt) the background subtracted energy spectrum of

1" level is strongly populated in the decay. _ f—delayedy rays occurring between 200 mschh s after the arrival
Within this level scheme, the absolute feeding intensity ofqf 5 240 ion. y-ray peaks associated with tfedecay of2%0 and its
the 1832 keV level is 40:84.0%. Taking theg-decayQ  daughter?¥F are labeled according to their energy in keV. The
value between the ground states to be 1144305 keV[23],  energy spectrum shown i) clearly shows a vestige of the 1982
this corresponds to a légvalue of 4.30+0.13, which is  keV line from the decay of%F (t;,=340+80 ms[18]), whereas

consistent with an allowed transition. Combining the averagehe other three lines present () have decayed away.
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TABLE Il. Energies and intensities of rays observed in thg 1500
decay of %O to %%F, corrected for the3-delayedy-ray detection g (a)
efficiency. g 1000
2
EV |7 |7 £ 500
(keV) (relative (per 100 decays 3
(&}
521.5-0.3 50.3-8.7 14.3-2.0 5 100
1309.5£0.5 43.2-10.6 12.6:2.6 % 80 (b)
1831.6£0.5 100.6:10.7 28.3:3.0 -E: 60
3
o 40
of the B-delayed neutron emission probabilities measured in 3 20
the present work and the observgeecay strength feeding © 0
the proposed level at 1832 keV, approximately 40% of the g 40 - 8 (c)
total decay strength remains unaccounted for. However, the g 30 N T
shell model level calculations predict another boudddvel S
at around 3 MeV. If this level were mainly to decay directly §
to the ground state, the efficiency for detecting the emijted 5
rays in coincidence with @ particle would be rather low 8
(=~0.2-0.4%) and hence may not have been observed. 500 1000 1500 2000
y-ray energy (keV)

B. The decay of 2°F
FIG. 4. Energy spectra qB) all 8-delayedy rays observed at

s Although the-delayed neutron emission and half-life of e | |SE3 spectrometer setting used to study the decay properties of
F have been measur¢t5], the y rays emitted following 2524 (b) all g-delayedy rays occurring within 200 ms of the

arrival of a F ion at the focal plane of LISE3; an@) the same

* ot 4176

4099 spectrum after the subtraction of a normalized fraction of the total
o — 3909 I"———3959 S = 13856 keV spectrum(a). y rays associated with the decay of>F are labeled
ot 3705 2t 3749 with their energy in keV. The 1982 keV-ray line is significantly
ot 3586 | broader than others of similar energy£9 keV FWHM compared
o 3049 4 3434 with 4+1 keV FWHM), which is compatible with the Doppler
ot 3074 ot 3080 broadening expected following the emission of-d.4 MeV neu-
T 2007 4 3020 1 3050 tron.
2+ 288 o 8%
+ 3+ 2693 g+ 2631 . . . .
i,r %Zgg & 3570 the 8 decay Of'thIS nuchdq havg not been prewously. studied.
. . N 2255 Severaly-ray lines are evident in the spectrum of Figcy
4 o4 2231 4 in addition to the 1982 keV 2—0" transition in %*Ne [18]
. . populated in this case following the emission of a neutron.
1 1828 ()T 1832 None of thesey-ray energies correspond to transitions in the
r 1597 grand-daughter nuclid&®Na, [24] so they are attributed tp
o 1396 o rays emitted from levels if°Ne which are populated in the
2 B decay of 2°F. The absolute intensities of the rays are
* 861 8 presented in Table I
I The half-lives extracted for the three most intenseay
5 sz (25 522 lines are mutually consistent and combining the lifetime data
z+ 347 Q yields a value of 586 ms for the half-life of?>F, which is
o+ 97 consistent with the previous value of 540 ms[15]. The
I+ 0 3+ 0 3t 0 3h 0
USD SDPOTA CW Present TABLE Ill. Energies and intensities of rays observed in thg
decay of F, corrected for theB-delayed y-ray detection effi-
a b C d ciency.
FIG. 3. Energy levels ofF up to~4 MeV calculated using the E, I, I,
shell model codeoxBasH [19] with (a) the USD interactiorf21]; (keV) (relative) (per 100 decays
(b) the SDPOTA interactiof22]; and(c) the interaction of Chung
and Wildenthal[20], compared with the tentative partial level 574.7£0.5 24.3:2.8 9.5£0.9
scheme deduced in the present work. The energies of the levels ad$13.4-1.2 29.8£5.0 11.6-1.8
v rays are given in keV and the tentative spin and parity assign1702.7£0.7 100+6.7 39.%-2.6
ments for the deduced levels are in parentheses. The one neutrgngg.6+ 1.3 18.5-4.3 7.2+1.6

separation energy23] is indicated by the dashed line.
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log ft TABLE IV. Energies and feeding intensities of energy levels in
417 572 4648 4700 2Ne tentatively deduced from the decay of?°F, corrected for the
490 372 4595 B-delayed y-ray detection efficiency. TheQ, value between
6.66 /2 4249 ground states has been taken as 133828 keV[23].
430 572 22 .

r--- (4092) 4070 4050

ST 3891 Eevel Feeding log
423 72 3638 Sin i it (0
13503 |15 (keV) intensity (%)

Y 3316 3330 3950 3890.8:1.5 16.9-1.8 4.54-0.11
463 572 2971 3316.x-1.4 2.2+2.0 5.55-1.15
611 372 2967 % 1702.7:0.7 20.0:3.5 4.92-0.13

1613

1.7 MeV (see Fig. 5 both of which could be populated
70 directly by alloweds decays from thd™=5/2* ground state
1687 1703 1740 1650 of 2°F. On the basis of reaction mechanism considerations
and calculated spectroscopic factors, Woedsl. argued
that the peak they observed at 1.74 MeV was probably
mostly due to the 3/2 level predicted at 1687 keV. The shell
model calculations predict that this level should be more
strongly populated in thgg decay than the predicted 1779
keV 5/2" level, suggesting that the 1703 keMay, which is
the most intense line observed in the present work, could
1314 7.8 represent the decay of this 3/2evel to the ground state. The
USD Present ("C,0) (Li,’B energy of this level would be consistent with those observed
a b C d in both transfer reaction studies.
The energies of the 575 keV, 1613 keV, and 2189 keV
FIG. 5. Comparison ofa) energy levels of°Ne predicted using transitions suggests that thegerays form different decay
the shell model with the USD interacti¢@1], including calculated paths between common states. Although the 1613 ke¥sy
logft values; (b) the partial level scheme deduced in the presentcould represent the decay of the second level predicted near
work; (c) the energy levels identified by Wooes al. [9]; and(d) 1.7 MeV, no shell model states are expected near 2.2 MeV.
the energy levels measured by Wilcekal. [6]. The dashed lines  Alternatively, the 1613 keV transition could represent the
and values in parentheses indicate tentative levels and transitiongecay of a level at 3316 keV, the energy of which would be
The excitation energies of the levels apetay transition energies consistent with those observed in the transfer measurements
are given to the nearest keV. The uncertainties on the level energiqgee Fig. 5 One difference is that Woodst al. argue that
shown ?n(c) are qll +30 keV,_ while _those of the excited levels he proad peak they observed probably arises mainly from
shown in(d) are, in order of increasing energy.50 keV, £50 o 35+ |evel predicted at 2967 keV, whereas the calculated
keV, =80 keV, =80 keV, and= 100 keV. The level observed at |4 | 4,65 suggest that the 5/2evel at 2971 keV would
6.28+0.05 MeV in Ref[9] is not shown. See text for details of the be much more strongly populated in tedecay of 2F.

widths of the levels measured i8] The 575 keV and 2189 keV rays could deexcite a level
B-delayed neutron emission probability 6fF was deter- at 3891 keV. Although this energy is inconsistent with that
mined as 14 5% from the signals observed in the neutron©f the 4.07-0.03 MeV level[9], the shell model predicts
detectors, which is also consistent with the previously mealevels at 3638 keV and 4226 keV that should be strongly
sured value of 1510% [15]. This compares with the abso- Populated bys decay. The level energies and feeding inten-
lute intensity of 11 3% measured for the 1982 keV transi- sities are summarized in Table IV, together with theftog
tion, which can be regarded as a lower limit for the values deduced assuming the level scheme shown in Fig. 5.
B-delayed neutron emission probability &iF. Each lodt value is consistent with an allowe@l decay and
The energy level spectrum dPNe has previously been all of the proposed levels lie below the neutron emission
studied by Wilcox etal. using the reaction threshold of 418346 keV[23].
2Mg(’Li, ®B)?°Ne [6] and later by Woodt al. using the A fifth y-ray line that could only be tentatively assigned
reaction 2°Mg(3C,0)?Ne [9] (see Fig. 5. The latter ex- to a transition in?®Ne was identified at an energy of 776.3
periment found no evidence for peaks at 2.03 MeV or 4.7+ 0.3 keV, with an intensity of 1.#0.6 y rays per 100°°F
MeV seen in the earlier study, and the two lowest energy3 decays. If thisy ray were to feed the 3316 keV level it
peaks at 1.74 MeV and 3.33 MeV each possibly comprisedvould imply a state at 4092 keV, consistent with both trans-
two unresolved components, separated-b$10 keV and fer measurements. The apparent absence of dedtcay
~200 keV, respectively. The differences between the twdeeding of the 3316 keV level could be explained by the low
studies are discussed [ifi]. vy-ray detection efficiency~0.3%) if this level decays di-
Shell model calculations fof°Ne using the USD interac- rectly to the ground state, or a decay branch via the expected
tion [21] predict two levels close to an excitation energy of 5/2° level near 1.7 MeV.

2030

451 32

1703

112 0 0 0 0
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60+ (a) 104.. t1/2 =102+ 14 ms

2 5o}
< Sum (x 10°)
S 407 10°
& 301
]
c 4
3 20 2 2018 keV (x 10)

2
O 10; 3 10°¢

&}
0
607 z(b) 1
qE) 501 Q 10' T 1673keV
£ 401
qg)_ 30t 1 00 1
g 207 ' '
3 10l 0 20 40 60
0 Time (ms)
1000 2000 FIG. 7. Decay curves for the twg-ray transitions assigned to
y-ray energy (keV) the 8 decay of%F to levels in?®Ne and the sum of these data. The

half-life of 10.2-1.4 ms was determined from a maximum likeli-
FIG. 6. Energy spectra ofa) all 8-delayedy rays occurring hood fit to the combined data from the two transitions.
within 50 ms of the arrival of &°F ion at the focal plane of LISE3
and (b) the same spectrum after the subtraction of a normalizedy-ray lines clearly indicate that both levels are populated
fraction of the totalg-delayedy-ray spectrum for this LISE3 set- directly in the 8 decay. The experimental level scheme is
ting shown in Fig. 4a). y-ray lines associated with the decay’  compared with spherical shell model calculations in Fig. 8.
are labeled according to their energy in keV in the lower spectrumThe shell model calculations predict that the ground state of
_ , . %F hasJ™=1", which would suggest that the 3691 keV
The observedy rays in the tentative level scheme of Fig. |ayel hasi™=0" or 2%, assuming allowegB-decay transi-
5 and the measured-delayed neutron emission probablity iqng predominate.
together account for only 538% of the total decay
strength. In addition to the unobserved transitions discuss ing the double charge exchange reaction
above, the _deteqtion efficiency for the possible level at 40926Mg(777,77+)2eNe [7]. In addition to observing the ground
keV decaying directly to the ground state would be onlygiaie " evidence was obtained for a peak comprising eight
~0.2%, while feeding of a second level near 3.3 MeV couldgyents at an excitation energy 6f3.75 MeV. From the ki-
be expected from the transfer measureme@isand shell o aiic constraints of the experimental technique, it was

model calculations. Clearly a further experiment with agqn ey ded that this was probably & Cevel. Since we would
greater efficiency for high-energyrays is required to estab- oy nect to observe this level in our measurement, assuming a
lish whgther Fhese are sufficient to account for the remainingg=_ q + ground state for’F, but noy rays attributable to
decay intensity. other levels in this energy region are evident in our spectrum,
we tentatively assign the 3691 keV level as the previously
C. The decay of *°F observed O level. This interpretation is reinforced by a
The mass of°F has been measuréa,4]’ but itsﬁ_decay comparison with the level scheme 6?Mg [25], deduced
properties have not previously been investigated. Thdrom the 8 decay of the)™=1" ground state of*Na[26],
B-delayedy-ray energy spectra of Fig. 6 contain two promi- in which the two most strongly populated excited levels are
nent y-ray lines at energies that do not correspond to thoséhe first and second excited states with=2" and 0, re-
previous|y measured for thﬁ decays of the daughter nu- SpeCtiVEly. If the relative feeding Strength of the second ex-
clides 25vZQ\|e [18,24], or those reported above for the decay cited 2" level in the decay O'FGF were similar to that in the
of 2°F. Thesey-ray lines are therefore attributed to transi-

The daughter nuclidé®Ne has previously been studied

tions from excited states iffNe populated in thgg decay of TABLE V. Energies and intensities of rays observed in th
26F decay of <°F, corrected for theB-delayed y-ray detection effi-
ciency.

The decay curves obtained for thegeays are shown in
Fig. 7. The half-lives obtained from these data are mutuall

consistent and combining the data results in a first half-life, ” v L
measurement of 10:21.4 ms for 2F. keV) (relative (per 100 decays
The absolute intensities of the 1673 keV and 2018 keV1673.0-0.3 27.7:4.1 18.7:2.2

y-ray transitions are presented in Table V. The relative in2018.2-0.1 100.6:9.2 67.3:5.8

tensities of the two lines and the absence of any other strong
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FIG. 9. Excitation energies of the lowest-lying” Xtates in
even-even isotopes of nedaircles, magnesiunm(squarey silicon
(triangles, and sulphur(stars. The energy of the 2 state in?®Ne
measured for the first time in the present work is indicated by the
filled circle. The lines are drawn to guide the eye along isotopic
chains.

2018

0 ¢d——o ot 0

USD Present (n~,nH)

0+

The structure oﬁgNele is of particular interest since the
nucleon numbers 10 and 16 are both predicted correspond to
a b c deformed shell gaps with a major to minor axis ratio of 2:1,

or a 3, deformation parameter of 0[&@7,2§. In the case of

FIG. 8. Comparison ofa) energy levels of*Ne predicted using  ~-Mg, which has a deformed ground state with~0.5, the
the shell model with the USD interactig@l]; (b) the partial level ~ €Xcitation energy of the lowest-lying'2level is significantly
scheme deduced in the present work; dofthe energy levels lower than in neighboring even-even magnesium isotopes.
identified by Nanret al. [7]. The excitation energies of the levels The excitation energy measured for the Rvel in “Ne is
and y-ray transition energies are given to the nearest keV. The spigomparable with the known value féfNe (see Fig. 9, sug-
and parity values in parentheses indicate tentative assignments. gesting that the ground state #Ne does not correspond to

the expected deformed configuration. Mass measurements
o ) ) . also reveal no binding energy anomaly in the caséig, in
decay of its |SOt0né8Na, they-ray Intensity from this level contrast to the deformed nuc”d?éMg [4,7]' a|though are-
to the ground state of®Ne would be below the sensitivity cent shell model calculation predicts a valuegy0.4 for
limits of the present experiment. the lowest 2 state in?®Ne, indicating that this state at least

The B-delayed neutron emission probability 8fF was is highly deformed29].

measured for the first time in the present work as:4%b.
Combining this value with the absolute feeding intensities of D. The decays of*’F and %°F

the levels deduced in the above interpretation, 21.0.4% The energy spectrum ¢8-delayedy rays for 2F shown
of the B-decay strength remains unaccounted for, the majorin Fig. 10 reveals a singlg-ray line at an energy of 2018
ity of which presumably feeds the ground state®#fle di-  keV, the energy of the 2—0* transition in 2°Ne identified
rectly, as suggested by shell model calculations. The feedingbove. This is compatible with thg-delayed neutron emis-
intensities and lofy values deduced for each level are pre-sion probability for 2/F of 907 1% measured for the first
sented in Table VI, from which it can be seen that all of thetime in the present work. The absolute intensity measured for
decay strengths are consistent with allowgdecay transi- this y-ray line of 18.0- 3.2% gives an indication of the rela-
tions. tive population of the ground state and excited states in the
neutron emission process. These observations are consistent
TABLE VI. Energies and feeding intensities of levels #Ne ~ With the low neutron separation energy of 140806 keV
deduced from the decay of?F, corrected for theg-delayedy-ray ~ for “'Ne [23] and shell model calculations, which predict
detection efficiency. Th@, value between ground states has beenthat no excited levels below this threshold are strongly popu-
taken as 17 858135 keV[23] in the calculation of the lofj val-  lated in theg decay.

ues. The half-lives measured fof”?¥ in the present work
were 6.5-1.1 ms and 2.2 0.8 ms, respectively, which com-

Elevel Feeding logit pare well with the previously reported valugs,16] (see

(keV) intensity (%) Table ).

3691.2£0.3 18.742.2 4.69-0.11

2018.2:0.1 48.6-6.6 4.53-0.13 E. The decay of *Ne

0 21.7-10.4 5.15-0.35 Of the v rays associated with®Ne ions in the spectra of

Fig. 11, those at 1473 keV and 2389 keV are the most in-

024311-7



A. T. REEDet al. PHYSICAL REVIEW C60 024311

TABLE VII. Energies and intensities of rays observed in the

127 B decay of?®Ne, corrected for the8-delayedy-ray detection effi-
ol ciency.
2
c
8 E, ly ly
o (keV) (relative (per 100 decays
7]
y 864.5-0.4 17.5:2.3 3.3:0.4
3 2062.9+0.3 100.0-6.0 19.0-1.2
o

possible that they rays are emitted from levels id’Na

1000 2000 rather than?®Na, the widths of the 865 keV and 2063 keV
y-ray energy (keV) v-ray lines show no sign of Doppler broadening. Further-
more, the absence in Fig. 11 of anyray that could corre-
spond to the decay of the first excited state’{Na at 1.72
+0.04 MeV identified using thé®Mg(*%0,’F)?'Na reaction
[8] leads us to assign tentatively thegaays as emanating
from ?®Na.

Since ?’Na is the heaviest sodium isotope studied using

- 8 28
tense y rays known in the decay of*Na tq Mg (tlfz_ transfer reactions, the rays assigned to heavier isotopes can
=34.1+0.6 mg [25]. The decay curves obtained by gating onjy he compared with shell model calculations. The level

on the remaining lines at 865 keV and 2063 keV are mutluscheme calculated using the USD interaction is shown in
ally consistent and fitting these combined data yields a haIfFig_ 12. The ground state spin and parity BNa has been
life of 183 ms. This value is consistent with the previously yetermined to be "L [25,26), rather than 2.
megsured values fof®Ne (see Table)l,. o) the;ey rays are Below the one neutron separation energy of 3585
assigned to the decay _6?Ne and their energies and inten- yey/ [23], the shell model calculations predict the existence
sities are summarized in Table VII. - of three more excited "1 levels, of which the two higher-
The S-delayed neutron emission probability &iNe was lying states are predicted to have lower fiogalues. No
determined as 143% (see Table ), which is comparable  gong evidence could be found foraray line at around 1.6
with the y-ray line intensities. Although it is in principle \jev/ that could represent the decay of the predicted level at
1658 keV to the ground state, or for transitions to the pre-

FIG. 10. Energy spectrum of ajB-delayedy rays occurring
within 30 ms of the arrival of &°F ion at the focal plane of LISE3.
The y-ray line at 2018 keV corresponds to the-20" transition in
2Ne emitted followingB-delayed neutron emission.
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o
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2+ 0 1t——o0
ray energy (keV
tray energy (keV) USD Present
FIG. 11. Energy spectra df) all B-delayedy rays occurring a b

within 50 ms of the arrival of a®Ne ion at the focal plane of

LISE3; (b) the same spectrum after the subtraction of a normalized FIG. 12. Comparison ofa) energy levels of?®Na predicted
fraction of the total3-delayedy-ray spectrum obtained at the same using the shell model with the USD interactifil], including cal-
LISE3 settings as these data-ray peaks associated with th@  culated lodt values, with(b) the tentative partial level scheme de-
decay of?®Ne and its daughte?®Na are labeled according to their duced in the present work. The excitation energies of the levels and
energy in keV. v-ray transition energies are given to the nearest keV.
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TABLE VIIl. Energies and feeding intensities of levels tenta-
tively deduced from the rays observed in thg decay of?®Ne to
28Na, corrected for th@-delayedy-ray detection efficiency and the
average B-delayed neutron emission probability of 16.2.1%

PHYSICAL REVIEW C 60 024311

TABLE IX. Energies and intensities of rays observed in thg
decay of ?Ne, corrected for the3-delayed y-ray detection effi-
ciency.

taken from previous measurements and the present workQkhe E, I, l,
value between ground states has been taken as 123@ keV  (keV) (relative (per 100 decays
[23] in the calculation of the lofg values.
223.8:0.7 18.7#5.5 10.2-1.8
Eevel Feeding logit 1176.5£1.0 32.8:9.4 17.9:2.9
(keV) intensity (%) 2918.2:1.5 100.0-23.5 54.7:12.9
2927.4£0.5 3.3:0.4 4.81-0.19
2062.9-0.3 15.7:1.2 4.32£0.11 the knowny rays from the decay of the daughter nuclide
0 64.5-2.5 4.110.10 2%Na [25] or to those tentatively assigned to transitions in

28Na in the previous section. Theserays are therefore ten-
tatively assigned to transitions #Na and their energies and

dicted low-lying 2 level. We therefore propose the tentative absolute intensities are presented in Table IX.

partial level scheme shown in Fig. 12, which agrees well

with the shell model calculations.

The 2918 keVy ray accounts for 55% of the total decay
strength and is significantly more intense than the other two

Adopting this tentative level scheme, the feeding intensi-y-ray lines. The ground state spin éiNa has been deter-

ties and lodt values deduced are presented in Table VIII.

mined as 3/2 from laser measureme[8] and has been

The direct 8-decay feeding of the ground state has beergssigned as having even parftg5], whereas shell model
assumed to account for all of the unobserved decay strenggglculations using the USD interaction place the lowest 3/2

in this table and results in a reasonableftogalue, although

level 137 keV above a predicted 5/2jyround state. Conse-

the unobserved feeding of the predicted 1658 keV level an@uently there is a possibility that this low-lying 5/2state

any fragmentation of they decays of the higher-lying "1

could be fed by they-ray transitions and ity decays to the

states will serve to reduce the feeding of the ground state arigiue ground state are too low in energy to be observed. A

hence increase the lfigvalue.

F. The decay of?°Ne

The energy spectra oB-delayed y rays for 2Ne are
shown in Fig. 13. None of the-ray lines corresponds with

(@

n
o

Counts per channel

Counts per channel

1000
y-ray energy (keV)

2000 3000

FIG. 13. Energy spectra df) all B-delayedy rays occurring
within 50 ms of the arrival of a@®°Ne ion at the focal plane of

weak candidatey-ray line at an energy of 28222.7 keV
was identified with an intensity of 13#09.5y rays per 108
decays. If thisy ray were to represent the decay of a 2918
keV level to the 5/2 state and the 2918 key ray fed the
ground state directly, one would expect to see a 96 keV
v-ray line, but no evidence for this could be fouri@he 96
keV y-ray transition in'°0 observed in thegg decay of 2N
with an intensity of 3&5 vy rays per 1008 decays was
clearly evident in the present experiment at a different LISE3
setting) This potential ambiguity cannot be resolved with the
low level of statistics in this case and therefore prevents the
construction of a level scheme fé/Na.

The half-life of °Ne was determined as ¥® ms, which
is consistent with the recently remeasured valise® Table
). The B-delayed neutron emission probability 6INe was
determined for the first time in the present work as 27
+9%.

G. The decay of3™Ne

Direct mass measuremerni# indicate that the inversion
in shell model level sequences observed for ke 20 iso-
tones3Na and Mg may persist for’®Ne. This conclusion
is supported by several large scale shell model calculations
[30-33 and has important implications for the decay prop-
erties of *®Ne. The ground state oPNe is expected to have
a majority intruder (Z ) character, whereas the ground
state of *Na is mostly ansd shell (0hw) configuration
[33,34). Consequently one would expect that fielecays of

LISE3; (b) the same spectrum after the subtraction of a normalizedhe ground state of%Ne should mainly populate thefi2

fraction of the total3-delayedy-ray spectrum obtained at the same
LISE3 settings as these data. Therays associated with thg
decay of*Ne are labeled with their energy in keV.

states in3Na.
A single y-ray line at an energy of 150460.2 keV is
clearly evident in the3-delayedy-ray energy spectrum for
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FIG. 15. Comparison ofa) the tentative experimental level
04 scheme for®Na with (b) shell model estimates of the lowest energy
500 1000 1500 2000 0% w and 2hw levels calculated using the WBMB interactigd2].

The solid lines represent the energies dfe0 levels, while 2w

levels are indicated by the dashed lines. The relative energies of the
FIG. 14. Energy spectrum of af8-delayedy rays occurring lowest-lying (iw and Ziw levels, denoted here by is unknown

within 30 ms of the arrival of a3®°Ne ion at the focal plane of in 30Na. See text for details of theoretical estimates of this quantity.

LISE3. They-ray line assigned to the decay ¥Ne is labeled with

its energy in keV. The inset shows a portion of the energy spectrumiext excited Zw 1" state is calculated to lie around 2 MeV

in the region around thig-ray line. above the Zw “ground state,” the conclusion that the ob-

served transition represents essentially all of the strength not

*Ne. This transition accounts for 85.0% of the decay involving neutron emission is entirely consistent with the
intensity but is not known from the decay 8iNa[25]. The  shell model calculations.

B-delayed neutron emission probability éfNe was mea-

y-ray energy (keV)

sured for the first time in the present work a5;%%6, indi- V. CONCLUSION

cating that thisy-ray line must represent a transitionfNa.

The half-life measured for thig-ray line was 72 ms, We have presented the firgt-delayed y-ray measure-
which agrees with the previous measurements3fole (see ~ ments for 7 nuclides®(0, #*~%F, **~3MNe) residing close
Table ). to the neutron drip line and measured their half-lives and

The lowest energy ®w and 2w levels in ®Na calcu-  nheutron emission probabilities. Theray spectra have been
lated using the WBMB interactiof82] are shown in Fig. 14. interpreted through comparisons with shell model calcula-
The 1' level predicted to lie 201 keV above thé Zowest tions and level schemes obtained from transfer reaction mea-
2hw state is expected from the calculations to have thesurements, where available. Some of the nuclides investi-
strongest direct feeding by an allowegl decay from the gated here are alsq the subject of Coulomb expitation and
ground state off%Ne, so we tentatively attribute the ray ~ in-beam fragmentatiory-ray measuremen{s5] which po-
identified in the present work to the decay of this evel to  tentially provide complementary information, as well as the
the 2" state. prospect of measuring excited levels in nuclei such%&e

The excitation energy of the lowest-lying#i@ state where the,B—de(_:ay precursors are uanund. Increases in the
above the @ » ground state in%Na is calculated to be 1423 Primary beam intensity ang-ray detection efficiency soon
keV in the present work, which compares with the previoust® be avallab]e will offer new opportunities fo_r (_extendlng the
estimates of 1.9 MeV in Ref31], 0.8 MeV in Ref.[32], and  Present studies. In the more distant future it is concelvablg
1.04 MeV in Ref[33]. The spin of the ground state has beenthat accelerated radloaptlve bgams could herald the renais-
determined to be 2 [26] and in principle one would expect Sance of transfer reactions being us_ed to prc_Jbe the energy
the lowest Zw state eventually to decay by some path tolevel structure of extremely neutron rich nucl8g].
this Oh w ground state. However, no evidence could be found
in the spectrum of_ Fig. 15 for any connecting transition, ACKNOWLEDGMENTS
although this may simply reflect the comparatively low num-
ber of nuclei collected, the lower detection efficiency for We are grateful for the excellent beams and technical sup-
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