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Anomaly of NÄ8 shell closure in neutron-rich Be and B isotopes studied via delayed neutro
emitting 14Be b decay
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We investigated theb decay of the neutron drip line nucleus14Be by means of double and triple coincidence
measurements ofb rays, delayed neutrons, andg rays. The decay sequences were established and new values
of the half-life and branching ratios were obtained. The decay scheme obtained is characterized by a single
dominant branch leading to a 11 state in14B with a branching ratio of (9169)%, which subsequently emits
a delayed neutron with an energy of 28868 keV. The excitation energy and width of the 11 state were
determined to be 1.2860.02 MeV and 4962 keV, respectively. The excitation energy and width of this level
as well as the logft value were treated in terms of a simple shell model and found to be strongly related to the
N58 shell gap quenching in13,14B and 12Be.
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I. INTRODUCTION

Neutron-rich nuclei far from the stability line have a
tracted much attention because of the expectation that
large excess of neutrons and loose binding of the vale
neutrons may cause an interesting modification of their st
ture @1,2#. The 14Be nucleus is such a neutron rich nucleu
located at the edge of the neutron drip line with a small t
neutron separation energy of 1.3460.11 MeV@3#. Indeed, a
neutron halo structure was indicated for this isotope by
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enhanced interaction cross section@4,5#, a narrow momen-
tum distribution@6# observed in projectile breakup reaction
and the excitation energy and width of the IAS observed
the (p,n) reaction of 14Be @7#. The halo structure is attrib
uted to a large admixture of the (2s1/2)n

2 configuration in the
ground state wave function of the two valence neutro
@5,7–9#.

For extremely neutron-rich nuclei around the neutr
magic numberN58, a particular interest is directed to th
phenomenon of shell gap quenching or the disappearanc
magicity. This phenomenon was first discussed system
cally for N57 isotones by Talmi and Unna@10# in the study
of the neutron single particle energies for the (1p1/2)n and
(2s1/2)n orbitals, where the energy difference,De
5e(2s1/2)n2e(1p1/2)n , between the two states may repr
sent the shell gap between thep andsd shells. With increas-
ing proton deficiency,De decreases significantly, and th
level order of the two states is even inverted in11Be @11#.
Recent work on10Li @12–18# has revealed that this trend o
the level inversion persists even in theN57 Li isotope,10Li.
The near degeneracy of the two single particle orbitals m
strongly affect the wave functions of low lying states of t
Be and Li isotopes aroundN58 through an enhanced mix
ture of the configurations based on the (2s1/2)n and (1p1/2)n
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orbitals. For example, various observations indicate con
erable mixing of (2s1/2)n

2 and (1p1/2)n
2 configurations for the

ground states of11Li and 12Be @19–23#. Shell gap quenching
also causes lowering of the excitation energy of theL51
mode, which has been observed in11Li @24,25# and 12Be
@26#.

It is interesting to extend a systematic investigation
further clarify in what range of nuclei and to what extent t
phenomenon of shell gap quenching is manifested.
present work has revealed several new features of this
nomenon through theb and neutron decay properties of n
clei aroundN58.

b spectroscopy has long been utilized to investigate
structure of a variety of nuclei. In particular, for extreme
neutron-rich nuclei, the scope ofb spectroscopy has widene
dramatically because of their uniqueb-decay properties
Since these nuclei have largeQb’s, excited states of the
daughter nuclei over a wide range of excitation energy co
be populated byb decays. Together with the small separati
energies of the daughter nuclei, theseb decays often lead to
unbound states in the daughter nuclei, and therefore wil
accompanied by particle emissions. In such a case par
emission follows theb decay. Indeed, delayed emissions
n,2n,3n,4n,d,t,a, and 6He have been observed in suchb
decays@27–31#. Among them, a one-neutron emission cha
nel usually has the largest branching ratio. Thus the dela
neutron spectroscopy provides a useful means to investi
the structure of neutron-rich nuclei.

The case of the14Be b decay affords a typical example
Qb of 14Be is as large as 16.2260.11 MeV @32#, and con-
sequently the half-life is as short ast1/254.3560.17 ms
@31#. The delayed neutron emission probabilities have b
investigated by two groups. Dufouret al. @31# reportedP0n
5(1463)%, P1n5(8164)%, and P2n5(562)% and
Bergmannet al. @33# reported P0n,4%, P1n.96%, and
P2n13P3n,1.6% (1s), wherePin denotes the probability
of emitting i neutron~s!. Though the results do not agree wi
each other, both experiments exhibit fairly large probabilit
of neutron emissions.

In a recent work@34#, an attempt was made to measu
the energy spectrum of the delayed neutrons, and two w
neutron peaks were observed at 3.5260.07 MeV and 3.02
60.03 MeV with the branching ratios of (0.1160.02
60.04)% and (0.3060.0360.05)%, respectively. In a mor
recent work at RIKEN@35#, where the measurement of th
neutron spectrum was extended to lower energies, a si
dominant peak was found at a very low energy of 2
63 keV with a branching ratio of 432100 %. Such a large
branching ratio can only be caused by a Gamow-Teller~GT!
transition. This leads to 11 assignment to the daughter sta
in 14B, since the parent state of14Be ground state has spin
parity 01. If the 11 state is located at a low excitation e
ergy, it represents an intruder state of non-normal pa
which would occur due to possible shell gap quenching
N59 isotone,14B. Thus, much refined data on this bran
would be important for exploring the phenomenon of
duced magicity. Experimentally, a large uncertainty still
mained in the magnitude of the branching ratio due to
01430
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difficulty in detecting the low energy neutron peak me
tioned above. There also remained an ambiguity of the lo
tion of the 14B (11) state, since the decay sequence co
not be uniquely identified for the lack of coincidence me
surements of delayed neutrons withb rays andg rays. These
properties are essential for a close investigation of
nuclear structure of14Be and its daughter nuclei.

In the present work, as briefly reported in Refs.@36,37#,
we aimed at an unambiguous determination of the de
scheme of14Be in order to obtain a better picture of th
nuclear structures of neutron-rich boron and beryllium is
topes. For this purpose we incorporated upgraded detec
for neutrons andg rays as well as forb rays. In particular,
much care was taken to increase the detection efficiencie
that even ab-n-g triple coincidence analysis would be po
sible. This capability proved to be powerful in uniquely d
termining the decay sequences. An effort was also mad
improve the low energy performance of the neutron det
tors, which was essential for obtaining accurate data on
neutron peak near 287 keV.

In the following, we first describe the experimental set
and procedure in Sec. II. In Sec. III, the experimental res
are described, where the observed half-life of14Be b decay,
the width, and energy of the strong neutron peak and
branching ratio of this neutron emission are presented. Ba
on the new results, we determine the decay sequence
the triple coincidence analysis and establish the de
scheme of14Be in Sec. IV. Using these results we discuss
Sec. V three different subjects related to the phenomeno
shell gap quenching. First, the systematic behavior ofDe is
discussed forN59 isotones by incorporating the result o
the 14B (11) excited state, whose location was establish
in the present work. It is found that the behavior ofDe for
N59 as a function ofZ is almost the same as that forN
57 isotones. Second, the wave function of the13B ground
state in terms of shell model configurations is discus
based on the width of the strong neutron peak, which rep
sents the transition probability between the14B (11) state
and 13B ground state. Considerable mixing of the (2s1/2)n

2

and (1p1/2)n
2 configurations is indicated. Finally, the logft

value obtained is compared to that of the analogousb branch
of anotherN58 nucleus,12Be. A clear effect of shell gap
quenching is again observed in the ground state of12Be.

II. EXPERIMENTAL SETUP AND PROCEDURE

The measurement of the14Be b decay was performed a
the RIKEN Accelerator Research Facility. Theb decays of
17N and 13B were also observed to calibrate the detecto
The radioactive beams of14Be,17N, and13B, were produced
using the projectile-fragment separator, RIPS@38#, by 18O
induced projectile fragmentation reactions on a 1.48 g/c2

thick Be target at 100A MeV. The secondary14Be beam had
an intensity of about 300 particles per second and an iso
purity of 86%. The impurity is mostly due to tritons tha
hardly disturbed theb-decay measurements because of th
long half-life.

The radioactive ions were transported to the final fo
point of RIPS and were implanted in a stopper of a 1-m
1-2
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thick Si detector. A rotatable aluminum plate was placed
stream of the stopper to reduce the energy of the ions.
angle of the plate was adjusted so as to stop the ions in
middle of the stopper in the beam direction. For the ded
tion of the implantation depth of the ions in the stopper,
energy signals of the stopper and plastic scintillators~1 mm
thick! located at the front and the back of the stopper w
used.

The beam was pulsed to facilitate the measuremen
half-life spectra and to obtain better signal-to-noise rati
The durations of beam-on and -off periods were chosen to
15 ms and 40 ms, respectively, to match the half-lives of14Be
~4.35 ms @39#! and its daughters,14B ~13.8 ms @39#!,13

B

~17.36 ms@39#!, and 12B ~20.20 ms@40#!.
The delayedg rays and neutrons as well as theb rays

were measured using the array of detectors located aro
the stopper as schematically shown in Fig. 1. In the follo
ing, the experimental setup and performance of the detec
are described in more detail. The scheme of the data ac
sition procedure is also described.

A. b-ray detectors

b rays from the stopped nuclei were detected by two s
of DE-DE-E plastic scintillator telescopes placed above a
below the stopper. EachDE counter had a size of 20
320032 mm3. The DE detectors located closest to th
stopper were placed 8.3 cm above and below the stop
covering 42% of the solid angle. The intrinsic detection
ficiency was found from the Monte Carlo simulation to
nearly 100% forb rays with energies above 2.5 MeV. Eac
DE detector had a photomultiplier tube at each end and
logical AND of two signals defined the detection of ab ray.
The average of the timing signals from the two photomu
plier tubes provided the detection time. The twoDE counters
in eachb-ray telescope enabled aDE-DE coincidence to
suppress the counting rate due to a possible high rateg-ray
background. It turns out, however, that the counting rate

FIG. 1. Experimental setup for theb-decay measurement o
14Be.
01430
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to this background was sufficiently low~of the order of 10
cps!. Therefore, only the signals from the first layerDE
counters closest to the stopper were used as the trigger.
E counter had a cylindrical shape with a diameter of 240 m
and a height of 130 mm. The large thickness of the dete
allowed the measurement of ab-ray energy up to about 30
MeV.

B. Neutron detectors

For the detection of the delayed neutrons, plastic scin
lators were utilized. The neutron energy was determin
from its time of flight ~TOF!, which was derived from the
time difference between theb ray and neutron signals. In
order to cover a wide energy range of neutrons, two differ
sets of plastic scintillators were used: one for low energ
below about 1 MeV and the other for high energies abov
MeV.

The low energy setup consisted of nine short plastic sc
tillators with a size of 300345325 mm3. They were lo-
cated about 50 cm away from the stopper and covered a s
angle of 3.5% of 4p sr. Two photomultiplier tubes attache
at both ends of each scintillator read out light outputs and
average timing of these two signals was used to define
neutron detection timing. Special care was taken to facilit
the detection of low energy neutrons around 287 keV. T
main difficulty in detecting such low energy neutrons com
from their weak scintillation. The short length of the plas
scintillators improved the light collection efficiency, and a
energy threshold as low as 5 keV electron equivalent~keVee!
was achieved. This enabled the low energy neutron meas
ment with a high and reliable efficiency.

The parameters for the neutron detectors, the flight len
TOF resolution, and detection efficiency were calibrated
ing the delayed neutron spectrum observed in the17N b
decay, which is known to be accompanied by delayed n
tron emissions with the energies of 382.860.9 keV,
1170.960.8 keV, and 1700.361.7 keV with the respective
branching ratios of (38.061.3)%, (50.161.3)%, and (6.9
60.5)% @41#. The TOF resolution (s t) was evaluated as
suming a functional form ofs t as a function of TOF~t! to be

s t
25s0

21S sL

L
t D 2

,

where s0 is due to the intrinsic timing resolutions of th
b-ray and neutron detectors, andsL represents the finite
spread of the flight length~L! due to the beam spot sprea
and the thicknesses of the neutron detectors. The value
s0 and sL were then found to be 3.9460.04 ns and 3.1
60.1 cm, respectively, leading to the energy resolution
20 keV for the 287-keV neutrons of interest.

The detection efficiency for the 383-keV neutron pe
from 17N was deduced to be (7067)%. In order to extrapo-
late the detection efficiency from 383 keV down to 287 ke
the relative efficiencies for different energies were measu
in a separate experiment using neutron beams produce
the7Li( p,n)7Be reaction. The Pelletron accelerator at the R
search Laboratory for Nuclear Reactors~RLNR! at the To-
1-3
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kyo Institute of Technology was used for this purpose. It w
found that the efficiency in the energy range between
keV and 400 keV was constant within the experimental
certainty. This was consistent with the expectation from
low energy threshold used~5 keVee!, which is far below the
neutron energies of interest. On this basis, the efficiency
the 287-keV neutrons was taken to be the same as that fo
383-keV neutron.

The other neutron detector, the high energy neutron de
tor array@42#, was placed about 1.5 m away from the sto
per. It consisted of six identical plastic scintillators, each
which had a volume of 16034032 cm3 and was bent to
have a 1.5-m radius of curvature so that neutrons emitte
the stopper had a uniform flight length. The overall so
angle was 10% of 4p sr. This detector had a long fligh
length, which provided a good energy resolution for hi
energy neutrons. The calibration with the17N beam yielded
the flight length of 150.860.4 cm, the energy resolution o
50 keV at 2 MeV, and the detection efficiency of 20% a
MeV.

C. g-ray detectors

g rays were detected by a Clover Ge detector@43# placed
at 14.9 cm from the stopper. The detection efficiency w
calibrated using a152Eu standard source in the energy ran
from 211 keV to 2125 keV. The known delayedg rays
from13B ~3685 keV! and 17N ~871 keV! were also used for
the energy and efficiency calibration.

D. Data acquisition system and triggers

The data acquisition system was triggered by a sig
given as a logicalOR of the first layerDE counters of the
b-ray telescopes, one above and the other below the sto
The signals from all the other counters, i.e., theb-ray tele-
scopes and neutron andg-ray detectors, were recorded s
multaneously. The events with significant signals from
neutron and/org-ray detectors were selected off-line for th
analysis of b-n and b-g double coincidence andb-n-g
triple coincidence data.

To obtain the decay curves for the above three coin
dence data, the time of each event measured from the sta
the beam-on period was also recorded. Since the shape o
decay curves could be distorted by the rate dependence o
dead time in the data acquisition system, random pulses w
mixed with theb triggers, so that the dead time spectru
was deduced and was used to correct for the distortion of
decay curves.

III. DATA ANALYSIS AND RESULTS

In this section we describe the procedures and result
the data analysis with emphasis on the decay curves
energy spectra of neutrons andg rays. The decay spectrum
obtained without coincidence was used to determine
number of observedb decay of14Be. For the determination
of the half-life of 14Be, the decay curve fromb-n data was
used.

The neutron andg-ray energy spectra to be analyzed we
01430
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both taken in coincidence with theb-trigger signals. The
spectra are fairly simple, being dominated by few peaks. T
neutron TOF spectrum~Fig. 2! shows a single large pea
around 288 keV, for which the energy, width, and branch
ratio were obtained. There were no other clear peaks
served in the neutron spectrum except for a very weak p
near 3.52 MeV. Similarly, theg-ray spectrum~Fig. 3! in-
volves only two significant peaks relevant to theb decay of
14Be and its daughter nucleus: one at 368561 keV and the
other at 353662 keV. Theseg rays are ascribed to the tran
sitions in13C and 13B, respectively. The former is due to th
b decay of the daughter nucleus13B, while the latter is theg
decay from the state in13B reached by the delayed neutro

FIG. 2. TOF spectrum of neutrons emitted in the decay of14Be
obtained with the low energy detectors. A significant neutron p
is seen at 71 ns, which corresponds to 288 keV in neutron ene
The solid line is a fit to the observed spectrum, which contain
hyper-Gaussian peak~dashed line! and a parabolic-shaped back
ground~dotted line!.

FIG. 3. Energy spectrum ofg rays obtained with the Ge detec
tors. The significant peak at 3.685 MeV is assigned to the delayeg
ray of the daughter nucleus13B. The inset shows the spectrum
around the 3500-keV region. The weak line at 3536 keV cor
sponds to the decay from the first excited state to the gro
state of13B.
1-4
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emission of14Be. In the following, the details of the analys
are presented for these spectra. Coincidence relations wi
mainly discussed in the following section in connection w
the proposed decay scheme.

A. Decay curves

The decay curve obtained in coincidence with the 2
keV neutrons was used for the determination of the half-
of 14Be taking advantage of being almost free from the c
tamination from the decay of the daughter nuclei,14B,13B,
and 12B. In fact, the coincident decay spectrum was w
fitted to a single decay component plus a constant ba
ground as shown in Fig. 4~solid line!. From the fit, a half-
life of 4.8460.10 ms was obtained with a reducedx2 of
1.18. The newly determined half-life is slightly longer tha
those of the previous works, i.e., 4.3560.17 ms@31# and
4.2960.16 ms@35#. The reason of these discrepancies is
yet clear.

The countNb defines the number of observedb decays of
14Be and provides the normalization factor to determine
ratios of theb-decay branches. It was obtained from t
decay curve without coincidence withg rays or neutrons.
This decay curve involved contributions from14Be and its
three daughters,14B, 13B, and 12B. The decomposition of the
different components required a careful analysis of the sp
trum, since the three daughters have similar half-lives. T
raw decay curve was fitted to a function consisting of fi
components: theb rays from14Be and its three daughter
~14B,13B, and 12B) and constant backgrounds~Fig. 5!. In the
fit, the half-life of14Be was fixed at the new value obtaine
from the present data~4.84 ms! while those of the daughte
nuclei,14B,13B, and 12B were fixed at the known values o
13.8 ms, 17.36 ms@39#, and 20.20 ms@40#, respectively. The
relative b-ray intensities of the decays from the differe
daughters,142 iB ( i 50,1,2), were fixed at the multineutro

FIG. 4. Decay curve obtained in coincidence with the 288-k
neutron peak. The14Be beam was on during the first 15 ms, a
was off during the subsequent 40 ms. The solid line shows a fit
single decay plus a constant background.
01430
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emission probabilitiesPin obtained in Ref.@31#. The back-
ground levels for the beam-on and -off periods were se
rately given, since the background level might increase d
ing the beam-on period. The free parameters of the fit w
thus,Nb and the magnitudes of the two backgrounds.

The value ofNb was then obtained to be (3.2860.02)
3106 counts, where the quoted error is the statistical er
An additional error due to the uncertainties of the valu
used for the14Be half-life andPin was estimated by chang
ing these parameters within the ranges of their possible
certainties. For instance, fits with the14Be half-lives ob-
tained in Refs.@31,35# were performed, but the resultin
values ofNb all agreed with one another within the fittin
error. Fits with several sets ofPin values including the newly
obtained ones to be described later in this paper were
performed. The changes inPin values hardly affected the
decay spectrum so long as their sum was fixed at 10
since the half-lives of three daughters are fairly close to o
another. Therefore, the systematic error of 1% was assig
to Nb . This error is negligible in the deduction of th
branching ratio because it is much less than the experime
uncertainty in the number of neutronsNn from the neutron
emissions.

B. Neutron TOF spectra

The shape of the strong peak at around 70 ns in the T
spectrum was fitted to determine its central energy, wid
and yield (Nn) as shown in Fig. 2~solid line!. The peak
shape is not symmetric like those found in the neutron sp
tra observed in theb decays of several other nuclei@35,44#.
Although the origin of this asymmetry was not fully unde
stood, the neutron peak was fitted to a hyper-Gaussian fu
tion as used in Ref.@35#. This function consisted of four
components: two exponentials for the tails on both sides
the peak and two Gaussians for the left and right sides of

a

FIG. 5. Raw decay curve of14Be. The solid line indicates a fit to
a function that includes the decay of14Be ~dashed line!, those of its
daughter nuclei,14,13,12B ~dot-dashed lines!, and a background~dot-
ted line!.
1-5
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peak. Even though the slopes and widths of the four cur
were separately given, they were constrained to conn
smoothly. The background is assumed to have a parab
shape. The result of thex2 fit is shown in Fig. 2, where
dashed and dotted lines represent the peak and backgr
shape, respectively, and solid line shows their sum. The c
tral peak position obtained was 71.060.1 ns, which corre-
sponds to 28861 keV in neutron energy. The quoted err
includes the uncertainty in the flight length as well as
statistical error. The full width at half maximum was o
tained to be 8.360.1 ns, which corresponds to 4962 keV,
after correcting for the detector timing resolution of 5
60.2 ns. These results are fairly consistent with those fr
the previous measurement@35#. The total yieldNn of the
neutron peak was obtained from the same fit to be (8
60.04)3104 counts. In order to estimate the uncertainty d
to the choice of the background shape, a fit with a cons
level background was also performed. It was found that
variation in theNn value was much less than the uncertain
due to the neutron detection efficiency.

Using the obtainedNn value together withNb and the
neutron detection efficiency of (7067)%, thebranching ra-
tio for the 288-keV neutron peak was deduced to be
69 %. This value agrees with that obtained in the previo
experiment (382100 %) @35# while the accuracy has in
creased significantly.

We also studied the weak neutron peaks at 3.52 MeV
3.02 MeV as reported in Ref.@34#. The high energy detecto
was used for this purpose. In the neutron TOF spectrum
neutron peak was observed at 3.5160.06 MeV with a
branching ratio of (0.2360.13)%, in agreement with the va
ues of 3.5260.07 MeV and (0.1160.0260.04)% obtained
in Ref. @34#. However, we studied the possibility that th
neutron peak is due to the delayed neutron emission in thb
decay of 13B, for which the energy and branching rat
(I n

(3.55)) are known to be 3.5560.10 MeV and (0.16
60.03)% @45#, respectively. Since13B is produced as the
daughter of14Be in the one-neutron emission process,
branching ratio of this neutron peak with respect to the14Be
decay should be the product,P1n3I n

(3.55). Using the P1n

value of (9465)% to be obtained in the following section
P1n3I n

(3.55) is calculated to be (0.2060.04)%, which is in-
deed consistent with the observed neutron intensity.
analysis of the decay curve org spectrum in coincidence
with this peak, which might be helpful to confirm the abo
possibility, was not performed because of the low statisti

As for the other possible neutron peak at 3.02 MeV@34#,
no significant peak was observed there. However, the e
tence of this peak cannot be totally ruled out because of
presence of a continuous background with a magnitude c
parable to the strength of 3.02-MeV peak reported in R
@34#.

C. g-ray energy spectra

In the g-ray spectrum~Fig. 3!, two lines with significant
intensities appeared at 353662 keV and 368561 keV. The
3536-keV line is ascribed to theg transition from the first
excited state to the ground state of13B. The branching ratio
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of the g transition was found to be (0.960.3)%, which is
consistent with the previous result of about 0.6%@34#. Its
intensity is likely to account for almost the whole populatio
fed by the delayed neutrons feeding the excited states of13B.
The small branching ratio of this line indicates that the 28
keV neutron peak dominating the 1n emission channe
should directly feed the ground state of13B.

The 3685-keV line is ascribed to the transition from t
second excited state of13C, which is reached by theb decay
of 13B. The intensity of this line provides a measure of t
yield of 13B in the decay of14Be, i.e.,P1n , which is further
discussed in the following section.

IV. DECAY SCHEME OF 14Be

In this section the decay scheme of14Be is discussed
using the results obtained in Sec. III together with the res
of the triple coincidence data~see Fig. 6!. The spin/parity
assignment to the14B state involved in the observed neutro
transition is made on the basis of the logft value. Further-
more, new values of the half-life andPin are presented.

The decay scheme involves a fairly small number
branches. The major branch is associated with the str
neutron peak at 288 keV shown in Fig. 2. The 288-keV n
tron transition is ascribed to the 1n channel, because n
other neutron peak with comparable strength was obse
in the TOF spectrum. To confirm this, an analysis of t
b-n-n coincidence data was made, and no significant neu
peak was seen in coincidence with the 288-keV neut
peak. Therefore, it was concluded that the neutron is emi
in the transition from the unbound state in14B to the bound
state in 13B. To identify the final state of the neutron trans
tion, theg-ray spectrum was analyzed by requiring an ad
tional coincidence with the 288-keV neutron peak~Fig. 7!. If
the neutron transition goes to an excited state, a deexcita
g ray from the excited state should appear in th
b-n-coincidentg-ray spectrum. For example, if the neutro
transition is to the first excited state of13B (Ex
53.535 MeV), a photoelectricg-ray peak with more than
75 events should be seen in the spectrum~dotted line!. In the
obtained spectrum, however, no significant peak is obser
with very low background level (,0.1 counts per keV!. This
fact strongly indicates that the neutron transition goes
rectly to the ground state of13B. The energy difference be
tween the initial and final states of the neutron transition
obtained to be 310 keV from the central energy of the 2
keV neutron peak after correcting for the recoil of13B. Thus
the neutron emitting state was determined to be locate
1.2860.02 MeV in 14B as shown in Fig. 6, where the exc
tation energy is given by the sum of the known neutron se
ration energy of14B (Sn5970620 keV@3#! and the neutron
transition energy. The error is mainly associated with
uncertainty inSn .

Using the result of the partial half-life and the decay e
ergy, we obtained a logft value of 3.6860.05 for theb
branch to the 1.28-MeV level, which is very small compar
to those for most of theb decays of the neighboring nucle
This value turns out to be one of the smallest values am
the knownb2 decays. The small logft value indicates that
1-6
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FIG. 6. Decay scheme of14Be
deduced from neutron andg-ray
spectra. The excitation energie
are indicated in MeV. The excited
state at 1.28 MeV in14B is iden-
tified for the first time in this
work.
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the decay is due to a GT transition. The possibility of a Fe
transition may be excluded, since the Fermi transit
strength is usually concentrated on the isobaric analog s
of 14Be. The selection rule for the GT transition from the 01

parent state uniquely determines the spin and parity of
final state to be 11.

The i-neutron emission probabilities,Pin ( i 50,1,2), were

FIG. 7. Theg-ray spectrum in coincidence with the 288-ke
neutron peak. The dotted line indicates the photopeak, whic
expected in the case that the neutron emission leads to the
excited state of13B. The absence of anyg-ray peak with a compa-
rable intensity proves that the neutron emission leads to the gro
state of13B.
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determined from the delayedg-ray intensities of the daugh
ter nuclei. After thei-neutron emission, the whole populatio
eventually feeds the ground state of142 iB, by ignoring weak
branches accompanying emissions of both neutrons
charged particles such asd, t, and a. The daughter nuclei
14B,13B, and 12B, areb unstable, and their decay schem
are well known. Thus thePin values can be determined b
measuring delayedg rays in theb decays of these nuclei.

For the determination ofP1n we used the 3685-keVg-ray
transition in 13C, which is emitted following theb decay of
13B with the known branching ratio of 7.660.8 % @39#. The
population of 13B, i.e., P1n , is then obtained from theg-ray
counts by incorporating the product of theg-ray detection
efficiency and this branching ratio. Instead of determini
the two values separately, their product was directly obtai
in a separate run, where a13B beam was produced by RIPS
and the numbers of13B ions and the 3685-keVg rays were
counted from the decay curve and theb-g coincidence spec-
trum as done for14Be in Sec. III. By this method with little
background, the uncertainty was considerably reduced.
P1n value was then determined to be (9465)%. This value
is compatible with the branching ratio of the 288-keV ne
tron peak@(9169)%# within the experimental uncertainty
This closeness indicates that the 1n-emission channel is al
most exhausted by the 288-keV neutron transition.

The probability of the decay without neutron emissio
i.e., P0n , represents the sum of the intensities of t
branches to the bound states in14B. Two bound states are
known for14B @39#; the ground state and the first excited sta
(Ex5740 keV). To determineP0n , delayedg rays of 14B
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were examined. Theb-decay scheme of14B involves the
emission of the delayedg ray of the energy of 6.09 MeV
with the large branching ratio of (8169)% @39#. In the ob-
served spectrum, however, this line was not clearly ide
fied, and only an upper bound ofP0n was determined to be
0.6% at a 90% confidence level. Theg ray emitted in the
transition from the first excited state to the ground state w
not seen either. This fact is consistent with the obtained
per bound of theP0n . A lower limit of the logft value was
then deduced to be 5.8 or 5.7 when the final state was
sumed to be either the ground or first excited states.

As for the 2n emission channel leading to12B, a signifi-
cant probability is expected from the earlier result (P2n
55% @31#!. In contrast to the cases ofP0n and P1n , the
determination ofP2n was difficult, because theb decay of
12B does not involve any delayedg rays with significant
branching ratios. Thus, theP2n value was indirectly deduce
to be (665)% assuming the relation,P0n1P1n1P2n51.

The obtained neutron emission probabilities@P0n
,0.6%, P1n5(9465)%, andP2n5(665)%# agree well
with the result of Bergmannet al. (P0n,4%, P1n.96%,
and P2n13P3n,1.6% (1s) @33#! but not quite well with
the result of Dufour et al. @P0n5(1463)%, P1n5(81
64)%, and P2n5(562)% @31##. In particular, theP0n
value is related to the spin/parity assignments for the gro
and first excited states of14Be. The smallP0n value ob-
served in this work indicates that the transitions to th
states are due to first forbidden transitions, in agreement
the presently adopted assignments of 22 and (12). On the
other hand, the larger value obtained in Ref.@31# rather in-
dicates positive parity assignments to these states.

V. DISCUSSION

In this section we discuss three different subjects rela
to the phenomenon of shell gap quenching based on the
sults obtained in the present experiment. First, in Sec.
the systematic behavior ofDe5e(2s1/2)n2e(1p1/2)n is dis-
cussed forN59 isotones by incorporating the result of th
14B (11) excited state. It is found that the behavior ofDe
for N59 isotones as a function ofZ is very similar to that for
N57. In Secs. V B and V C, the ground state wave functio
of the twoN58 nuclei, 13B and 12Be are discussed in term
of shell model configurations. For the case of13B, the result
of the neutron decay width of the14B(11) state is used and
a strong indication that the configurations involving t
(2s1/2)n and (1p1/2)n orbitals are considerably mixed is pro
vided. For 12Be, the logft values of the correspondingb
transitions from12Be and 14Be are compared. Again a clea
effect of shell gap quenching is indicated. In the followin
discussions, we take a simple shell model description, wh
we assume as a core a hypothetical12Be nucleus with the
configuration of u0&5u(1s1/2)p

2 (1p3/2)p
2 (1s1/2)n

2(1p3/2)n
4

3(1p1/2)n
2& and configurations of neighboring nuclei a

given with respect to this configuration.

A. Reduction of the shell gap energy in14B deduced from the
excitation energy of 14B „1¿

… state

A notable feature of the newly identified 11 state at 1.28
MeV in 14B is that it is located at a very low excitatio
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energy although it has a positive~non-normal! parity. In nor-
mal nuclei aroundN58, a non-normal parity state rarel
appears at such a low excitation energy, since the 1p and
2s-1d shells are well separated. One of the exceptional ca
is found in 11Be, where spin/parity of 1/21 is manifested in
the ground state. In this regard Talmi and Unna system
cally studied the energy differenceDe between the 1p1/2 and
2s1/2 single-particle levels@10#. For neutron-richN57 iso-
tones, they found thatDe decreases rapidly with decreasin
atomic numberZ ~dashed lines in Fig. 8!: De is 3.09 MeV in
13C, while 12B has a smallerDe value, 1.44 MeV. Finally, in
11Be, De has a negative value of20.32 keV, indicating
that the 1p1/2 and 2s1/2 single-particle states are inverted. A
intriguing question of whether such a behavior persists in
isotones of differentN will be discussed below.

In the following, we studyDe for N59 isotones by in-
corporating the present result of the14B (11) state. To ex-
tract the single-particle energies for14B, the procedure of
Ref. @10# was followed. Since14B is an odd-odd nucleus, th
single-particle energies for (2s1/2)n and (1p1/2)n are to be
determined from the centers of mass of the lowest (22, 12)
and (11, 21) doublets, respectively. The (22, 12) doublet
is supposed to be due to theu(1p3/2)p(2s1/2)n& configuration,
while the (11, 21) doublet is due to the
u(1p3/2)p(2s1/2)n

2(1p1/2)n
21& configuration. We assume tha

the ground state and the first excited state (Ex5740 keV)
form the (22, 12) doublet. Then the center of mass is foun
to be 0.3 MeV. We then assume that the observed 1.28-M
11 state is a member of the (11, 21) doublet. Since no 21

state has been found in14B so far, its excitation energy wa
estimated assuming the energy split between the 11 and 21

states to be the same as that for12B. The center of mass o
the (11, 21) doublet in 14B therefore was estimated to b
1.9 MeV.

Using these centers of mass and assuming the same
ing energy for the (1p1/2)n and (2s1/2)n orbitals, theDe
value of 1.6 MeV in14B was obtained. This value ofDe is
plotted in Fig. 8~solid line! together with that for the adja
centN59 nucleus,15C, which was obtained to be 3.1 MeV
from the energies of the lowest 1/22 and 1/21 states. It is

FIG. 8. Energy differenceDe between 2s1/2 and 1p1/2 orbitals
for the nuclei with neutron number 7~dashed lines! and 9 ~solid
lines! as a function of atomic number.
1-8
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interesting to note that the behavior ofDe with Z is very
similar to that for theN57 isotones, and that the value o
De is considerably reduced atZ55 as compared with that a
Z56. This finding is consistent with the enhanced magne
moment of14B @46#, which can be explained by lowering th
2s1/2 orbital with respect to the 1d5/2 orbital in 14B.

B. Reduction of the shell gap energy in13B deduced from the
width of 14B „1¿

… state

In general, the width of a neutron emitting state is co
trolled by the overlap of the initial and final state wave fun
tions and the penetrability of the emitting neutron. In t
present case, the emission of the 288-keV neutron is ascr
to the transition from the14B state (11) to the ground state
of 13B (3/22). Thus the observed width can be used to p
down the structure of the ground state of13B. Considering
the spin/parity of the initial and final states, the decay sho
occur primarily byp-wave neutron emission.

To allow a p-wave emission, the wave function of th
final state should involve a configuration with one neutr
hole at thep orbital with respect to that of the14B initial
state. Considering that the major configuration of this14B
(11) state is expressed asu(1p3/2)p

1 (1p1/2)n
21(2s1/2)n

2&, the
3p-2h configuration of u(1p3/2)p

1 (1p1/2)n
22(2s1/2)n

2& is re-
quired for the final state wave function to allow thep-wave
neutron emission. On the other hand, the wave function
the 13B ground state is supposed to be mainly composed
the u(1p3/2)p

1 & configuration when the shell gap is conside
able atN58. This configuration is, however, forbidden for
p-wave neutron emission from the14Be (11) state. To re-
solve this inconsistency, the following configuration mixin
is considered for the13B ground state:

u 13B~gs!&5au~p3/2!p
1 &1bu~p3/2!p

1 ~p1/2!n
22~s1/2!n

2&.

Given this wave function, the width of the neutron peak
proportional to the spectroscopic factorubu2, and the value of
ubu2 can be evaluated by comparing the observed widthG,
with the single-particle widthGsp @47#, where the latter is
calculated to be 0.16 MeV using the channel radius of
3131/3 fm. The ratioG/Gsp , which is equivalent toubu2, is
then determined to be approximately 33%. This value is
different from the zero value expected from the naive pict
of N58 magicity, thereby indicating the influence of she
gap quenching.

In the above analysis the wave function of the initial st
was simply taken asu(1p3/2)p

1 (1p1/2)n
21(2s1/2)n

2&. However,
the wave function may contain other configurations such
that with (1d5/2)n

2 instead of (2s1/2)n
2 . Also components as

sociated with proton excitations may be mixed. Similarly t
wave function of the final state is subject to further mixing
different components. In any of such cases, the theore
estimate of the width should be effectively reduced. Hen
the amplitude of the 2p-2h configurations should be eve
larger than the one obtained above.

The component relevant toubu2 represents a neutron con
figuration of two particles and two holes, where two valen
neutrons in (1p1/2)n

2 are excited to (2s1/2)n
2 . The large am-
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plitude of this configuration in13B is not surprising but
rather in good agreement with the conclusion of Sec. V
The reduced energy gap between the (1p1/2)n and (2s1/2)n

orbitals observed in the boron isotopes withN57 and 9
should help to enhance the mixing of such a 2p-2h configu-
ration for this boron isotope withN58.

C. Reduction of the shell gap energy in12Be deduced from the
log ft value of 14Be b decay

The logft value of theb transition from14Be to the 11

state in 14B has a very small logft value of 3.68. This is a
clear evidence for an allowed transition, and can be use
elucidate the wave functions of the initial and final states

The allowedb decay of 14Be should be attributed to th
transformation of a neutron in thep shell orsd shell into a
proton with the same orbital angular momentum. In the c
of 14B, configurations with protons in thesd shell rarely
exist at lower excited levels so that theb decay to the 1.28-
MeV 14B (11) state may be considered primarily due to t
transformation of ap-shell neutron to ap-shell proton. On
the other hand, the ground state of14Be may be assumed t
have the major configuration ofu(sd)n

2& outside of the hypo-
thetical 12Be. In this case, the two outermost valence ne
trons of 14Be in the sd shell cannot participate in theb
decay to the 11 state in14B. Hence, the transition of ap-shell
neutron may only occur through the decay of the12Be core.
This argument suggests a similarity between the12Be
and14Be b decays as discussed by Timofeyuk and Desc
vemont @48#. We thus compare the twob transitions, i.e.,
12Be (01)→ 12B (11) and 14Be (01)→ 14B (11) since the
initial and final states of these transitions are, respectiv
nearly identical to each other after removing the twosd-shell
neutrons from14Be and 14B. We found that their logft val-
ues are indeed very close to each other: The logft value for
the 12Be branch is 3.83@40#, while it is 3.6860.05 for the
14Be branch.

Nevertheless there remains a small difference between
two log ft values. This difference,20.18 (D f t/ f t534%),
may be again associated with the reduced shell gap betw
the p andsd shells in 12Be. As a matter of fact, Suzuki an
Otsuka pointed out that theb decay of 12Be to the ground
state of12B is affected by such shell quenching@20#. In their
analysis, the wave function of the12Be ground state required
a mixture of u0& and u(1p1/2)n

22(2s1/2)n
2& configurations.

Since the latter configuration cannot participate in theb de-
cay, the strength of the decay is accordingly reduced.
comparing the calculatedft value with the experimenta
value, the amplitude of theu(1p1/2)n

22(2s1/2)n
2& configuration

was found to be 66%. On the other hand the wave funct
of 14Be involves two additional neutrons that are supposed
fill the valence orbitals of (2s1/2)n and/or (1d5/2)n @7,8#.
Such occupancy of the outer neutrons should suppress
2p-2h excitations. Hence the configuration o
u(1p1/2)n

22(2s1/2)n
2(1d5/2)n

2&, which is analogous to the
u(1p1/2)n

22(2s1/2)n
2& configuration for 12Be, can hardly be

mixed to the wave function of the ground state of14Be.
Under these assumptions, the logft value of the14Be decay
1-9
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is identical to that of the hypothetical12Be decay that would
occur, if the wave function of12Be only had theu0& configu-
ration. In other words, the reduction of theft value of 12Be
with respect to that of14Be can be ascribed to the mixin
probability of the u(p1/2)n

22(sd)n
2& configuration for 12Be.

The mixing probability thus obtained is 34%, which is com
patible with the calculated value of 65% by Suzuki and O
suka@20#.

VI. SUMMARY

We studied theb decay of a neutron-rich isotope,14Be,
by analyzing theb-g, b-n, b-g-n, andb-n-n coincidence
data, and a revised decay scheme was established. The
life and delayed neutron emission probabilities,Pin ( i
50,1,2) were determined to be 4.8460.10 ms, P0n
,0.6%, P1n59465%, andP2n5665%, respectively. The
b decay is dominated by a single branch followed by
emission of a 288-keV neutron. This branch has a very sm
log ft value of 3.6860.05 and leads to a hitherto unknow
intruder 11 state of 14B at the excitation energy of 1.2
60.02 MeV with the width of 4962 keV.

The present results were analyzed in terms of a sim
shell model. They all indicate a strong influence of t
quenched shell gap between thep andsdorbitals as summa
rized below, revealing that significant phenomena due to
quenching occur not only for theN57 isotones but also fo
the N58 andN59 isotones.

~1! The single-particle energy differenceDe between the
1p1/2 and 2s1/2 orbitals was studied forN59 isotones by
u

K
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h-

B
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incorporating the result of the excitation energy of the
truder 11 state of 14B (N59). The behavior ofDe with
atomic numberZ for N59 isotones is found to be very sim
lar to that ofN57 isotones, showing a significant reductio
of De for small Z isotopes.

~2! The observed decay width for the strong neutron pe
allowed us to investigate the wave functions of the initial a
final states. It was found that a large mixture (;33%) of the
2p-2h neutron excitation component, (1p1/2)n

22(2s1/2)n
2 , is

necessary in the ground state wave function of13B (N58)
to account for thep-wave neutron emission.

~3! The reason for a difference in logft between14Be and
12Be was investigated by comparing the wave functions
the 12Be ground state and the12Be-like core for14Be, and it
was found that the difference was attributed to a large m
ture (;34%) of the (1p1/2)n

22(2s1/2)n
2 component in the

12Be (N58) ground state wave function and the suppress
of such component due to Pauli blocking in the wave fun
tion of the core of14Be.
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