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The B-delayed neutron decay of *N has been studied using a time-of-flight array with high
efficiency. The '®N ions were produced by fragmentation of a E/A = 75 MeV ??Ne beam. Transitions
to nine neutron unbound states have been observed with a total branching ratio of 2.2 +0.4%. The
results are compared with measurements of the decay to - and a-emitting states and the differences
between the present results and a recent measurement of the P,, value are discussed.

PACS number(s): 23.90.+w, 23.60.+e, 21.10.Pc, 27.20.4+n

I. INTRODUCTION

The (-decay of 18N was first observed by Chase et al.
[1) who measured the S-transition to the 4.46 MeV level
(J™ = 17) in ¥0 and found a half-life of 630+30 ms.
The resulting logft value of 4.8 restricted the ground-
state spin of 8N to (0-2)~. More recently, Olness et
al. [2] measured the y-decay following the (3-decay of
18N using a Ge(Li) detector with high energy resolution
and found six additional transitions to the 80 levels at
1.98 (2+), 5.53 (27), 6.20 (17), 6.35 (27), 6.88 (0~), and
7.77 (27) MeV. The observed half-life of 624+12 ms is in
good agreement with the earlier value. The resulting rel-
ative branching ratios were converted to absolute 3-decay
branching ratios assuming a total branching ratio to non-
~v-emitting states of 15+6% (3% to the ground state and
12% to a- and neutron-emitting states) as suggested by
shell model calculations [2]. The resulting logft value
for the transition to the 0~ state at 6.88 MeV requires a
ground-state spin of 1~ for 8N.

The B-delayed a-decay of ® N has been studied by
Zhao et al. [3]. They observed two narrow o groups
which correspond to the 3-decays to the known 1~ states
at 7.62 and 8.04 MeV. In addition, a broad a group was
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seen at an excitation energy of 9.00 MeV with a width of
about 500 keV. The total branching ratio to a-emitting
states is 12.24+0.6%. The nature of the broad a group is
not clear. The experimental data can neither rule out a
single broad group nor several unresolved groups. This
broad peak can most likely contain only J™ = 17 states,
because the B-decay of 18N (J™ = 17) populates in first-
order only states with spin 07, 17, and 2~ and the a-
decay allows only states with natural parity. A single,
broad peak is favored, however, over several unresolved
groups for the following two reasons: (1) Six states are
known [4] in the relevant energy region, but fitting the
structure with these states [3] led to widths much larger
than previously observed [4]; (2) While shell-model calcu-
lations [3] predict six 1~ states above the neutron thresh-
old at S,, = 8.044 MeV, it seems unlikely that all should
fall within 0.8 MeV when the calculations spread them
over an energy range of 3 MeV. If this group indeed rep-
resents a single, broad state, then this state could be the
14C 4 analog of the 2C+a, 17, state in 160 at 9.6 MeV,
as suggested by Millener and Warburton [5] on the ba-
sis of systematics and semi-empirical arguments based on
SUS. This identification would require that the a-width
represents most of the total width of the state, and thus
this state should be only weakly populated in the neutron
channel.

A P, value of 14.3+2.0% for the (3-delayed neutron
decay of ¥ N has been measured by Reeder et al. [6].
Thus the combined branching ratio to particle emitting
states is 26.5%, about twice the value assumed by Olness
et al. [1]. Their branching ratios for the decay to -
emitting states should therefore be normalized by a factor
of 0.83.
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We have measured the $-delayed neutron decay of ¥N
using a time-of-flight neutron detector array to complete
the spectroscopy of the 3-decay of 18N and to search for a
possible broad state in 180 as indicated by the 3-delayed
a-decay [3]. Our experimental setup will be described
in Sec. II and the results will be presented in Sec. III
followed by a discussion of these results in Sec. IV.

II. EXPERIMENTAL SETUP

A 8N beam was produced at the National Supercon-
ducting Cyclotron Laboratory at Michigan State by frag-
mentation of a 75 MeV/A ?2Ne beam impinging on a
Beryllium target. The reaction fragments were separated
by the A1200 separator using its momentum-loss achro-
mat mode. A detailed description of the A1200 is given in
Ref. [7]. The medium acceptance mode of the A1200 [7]
was used for this experiment with a 300 mg/cm? thick
Al degrader. The average purity of the 8N beam was
85.9% with an intensity of 1400/s. The main impurity
during the experiment was 2°0 (13.7%). However, (-
delayed neutron decay of 2°0 is energetically not possi-
ble [4]. The only observed (3-delayed neutron emitter was
16C with an intensity of 0.4% of the beam.

The '8N ions passed through a thin kapton window
(0.25 mm thick) into air and were stopped in a thin plas-
tic detector (BC412, 2 cm by 2.5 cm by 1 cm thick) which
was positioned in the center of a neutron detector array
(see Fig. 1 of Ref. [9]). Aluminum degraders and a Si de-
tector were placed in front of this implantation detector.
The thickness of the degraders was adjusted to stop the
ions in the center of the implantation detector. The en-
ergy loss in the Si detector in combination with the time-
of-flight, derived from the rf frequency of the cyclotron
allowed an on-line particle identification. The implanta-
tion detector was surrounded by 15 large area neutron
detectors (BC412, 157 cm by 7.6 cm by 2.54 cm thick)
with a curvature radius of 1 m. The neutron detector ar-
ray covered a solid angle of 14.3% of 47. The detector has
been used previously to measure the 3-delayed n-decay of
15B [9] and a detailed description of the detector system
can be found in Ref. [9].

The time signal of the implantation detector served
as the start of a time-of-flight measurement to any of the
neutron detectors. Time zero was deduced from the posi-
tion of a prompt peak which was produced by relativistic
electrons and the time spectra were calibrated using an
electronic time calibrator. All individual time spectra
were gain matched and added. The effective flight path
(100.940.2 cm) was determined form the time-of-flight
of neutrons from the 3-delayed neutron decay of **C and
17N which were measured using the same setup (Fig. 1).
These decays produce neutrons with well-known energies
[8] of E,,(lab)=0.808 and 1.715 MeV (*€C), and of 1.161
and 1.689 MeV (1"N). The time resolution is determined
by the electronic resolution (=1 ns) and the uncertainty
of the flight path (Al = 4.3 cm) due to the dimensions
of start and stop detectors. The absolute detection effi-
ciency as a function of the neutron energy was calculated
from the observed intensities of the calibration lines and
the well-known branching ratios of **C and "N [8]. The
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FIG. 1. Time-of-flight neutron spectra following the
B-decay of °C (top) and "N (bottom). The neutron en-
ergies (in MeV) are given in the laboratory system. A small
17N contamination can be seen in the '*C spectrum.

efficiency curve (Fig. 2) was extended to 4.5 MeV us-
ing Monte Carlo calculations matched to the experimen-
tal values at 1.7 MeV. It has been shown [9] that these
calculations agree with the measured relative efficiency
within 10%. The efficiency increases sharply with energy
at low energies and varies slowly with energy above 1.6
MeV resulting in an effective lower threshold of about 1
MeV. The total efficiency (including the solid angle) is
2.0 £ 0.2% at a neutron energy of 1.7 MeV.

The '8N data (t,/, = 624 £+ 12 ms) were measured

in a beam on/beam off cycle, where the N ions were
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FIG. 2. Neutron efficiency as a function of the neutron en-
ergy; for details see text. The left-hand scale gives the intrin-
sic neutron efficiency of the detectors. The right-hand scale
is the total neutron efficiency, where the solid angle has been
included.
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FIG. 3. Half-life spectra measured during one of the ®N
runs. Shown are (a) the ungated half-life spectrum and (b) a
half-life spectrum gated on the neutron group at 2.47 MeV.

implanted for 2.14 s and the decay was measured for 2.01
s. The cycle was controlled by an electronic clock and the
primary beam was interrupted during the beam off period
by applying a logical gate signal to a fast shifter in the rf
transmitter of one of the dees of the cyclotron [10]. At the
beginning of each beam off period a real time clock was
started and the time of each event was recorded. A fit to
the resulting half-life spectrum allowed the extraction of
the total number of observed decays (Fig. 3).

III. EXPERIMENTAL RESULTS

The 8N data were taken in three separate runs and
a total of 2.32x107 decays were observed. Figure 3(a)
shows one of the measured half-life spectra, which could
be fitted with two exponential components. During the
fit the well-known [4] half-lives of ®N (624+12 ms) and
200 (13.57+0.1 s) were held constant. The observed
neutron spectrum is shown in Fig. 4. Eight neutron
lines with energies of E,(lab) = 1.16 £ 0.02, 1.35+0.02,
1.5540.02, 1.77+0.02, 2.07+0.03, 2.46+0.03, 2.78+0.03,
and 3.26+0.03 MeV were seen. An additional neutron
line at 0.99 +0.03 MeV cannot be excluded. The peaks
were fitted assuming a Gaussian peak shape and the ob-
served widths of all lines are within the errors in agree-
ment with the expected experimental resolution increas-
ing with neutron energy from 100 to 400 keV. To ac-
count for the C background, a neutron line at 1.715
MeV has been included in the fit. Position and shape
of this line was determined from the C spectrum (Fig.
1). The main uncertainty of the fit is the exact shape of
the background. In principle, one expects a background
consisting of a constant contribution caused by random
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FIG. 4. Time-of-flight neutron spectrum of *N. The data
were fitted with a Gaussian line shape and a slightly curved
background. A '®C line at 1.715 MeV has been included in
the fit (see text for details).

coincidence events and a smoothly increasing background
toward lower energies due to multiple scattering [9]. This
last component depends on the composition of the neu-
tron spectrum to be fitted. In the present case the high
peak density did not allow a unique determination of the
shape of the background. The fit shown represents a
compromise between a flat background and a background
with the maximum curvature allowed by a fit to the data.
This uncertainty does not change the energies within the
quoted errors. The influence of the background on the
neutron intensity has been estimated to be 15%. The
total branching ratio of ®N to neutron unbound levels
is 2.240.4%. These results are summarized in Table I.
Half-life spectra gated on the individual neutron lines
were also created. The observed half-life for each line
is within the errors in good agreement with the known
half-life of ®N. Figure 3(b) shows the half-life spectrum
gated on the neutron line at E,(lab) = 2.46 MeV. The
spectrum can be fitted with a single exponential and the
resulting half-life of 630120 ms is in excellent agreement
with the literature value [4].

The logft values for the observed transitions were cal-
culated from the known half-life of 1N and the observed
branching ratios and are listed in Table I. The values are
typical for allowed transitions and limit the spins of the
observed levels to J™ =(0-2)".

IV. DISCUSSION

The 80 excitation energies from the present experi-
ment are compared in Table II with the compilation of
180 levels by Ref. [4]. Six of the observed states corre-
spond to known states in 10 while the remaining three
states at 9.27, 10.24, and 11.49 MeV correspond to previ-
ously unobserved states. None of the known states with
spin assignments other than (0-2)~ have been observed
in the present experiment in agreement with the spin se-
lection rules.

No evidence was found (see Fig. 4) for the strong pop-
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TABLE I. Summary of the experimental results for the 3-delayed neutron decay of '8N (all

energies are in MeV).

E.(lab) E.(*®0) BR (%) logft J
(0.99£0.03) (9.09£0.03) 0.16+0.03 6.2710.09 (0-2)-
1.16 +0.02 9.27 +0.02 0.39+0.09 5.81+0.12 (0-2)~
1.35 +0.02 9.47 £0.02 0.47+0.09 5.64+0.09 (0-2)~
1.55 $0.02 9.69 +0.02 0.14+0.03 6.07+0.10 (0-2)~
1.77 +0.02 9.91 +0.02 0.17+0.03 5.88+0.08 (0-2)~
2.07 +0.02 10.24+0.03 0.16+0.03 5.75+0.09 (0-2)~
2.46 +0.03 10.65+0.03 0.43+0.09 5.08+0.10 (0-2)~
2.78 +0.03 10.99+0.03 0.13+0.03 5.39+0.10 (0-2)~
3.26 +0.03 11.49+0.03 0.1940.04 4.85+0.10 (0-2)~
Total® 2.240.4

*The common errors of the total efficiency (10%) and the uncertainty of the shape of the background

(15%) have been added after the summing.

ulation of a broad state at E, ~ 9 MeV. No fit was at-
tempted to obtain an upper limit for a transition to such
a state because of the unknown shape of the background
in the region of interest. However, an upper limit for
the branching ratio of < 1% was deduced from the total
number of counts in the relevant energy range. These
data were corrected for the lower energy threshold of the
detector at an excitation energy of ~ 9 MeV. Comparing
this number with the branching of 3.6% observed in the
a channel [3], it can be concluded that most of the ob-
served width corresponds to the a width of this state, if
the broad structure is in fact a broad state. This result
would make it likely that this state is a *C+a cluster

TABLE II. Comparison of the present 20 excitation en-
ergies with the literature [3,4] (all energies in MeV =+ keV).

Present Ref. [4] J" Ref. [3]*
9.03 nat. m
(9.09+£30) (9.10) nat. w 9.07+20
9.214+20
9.27+£20
9.361+6 37) 9.36+20
9.418+18
9.47+20 9.48+24
9.69+20 9.672+7
9.713+7
9.91+20 9.890+11
10.118+£10 3”
10.24430
10.295+20 4*
10.396+9 3-
10.65+30 10.595+15
10.82+20
10.91+20
10.99+30 10.994+20
11.13+20
11.39420 (2*)
11.41420 (4™)
11.49+30
11.62+20 57
2See text.

state analog of the 12C+a 1~ state in %0 at 9.6 MeV [5].
Alternatively, Zhao et al. [3] also investigated the pos-
sibility of six broad, unresolved states and presented the
results of a corresponding fit to the broad structure ob-
served in the 3-delayed a-decay of ®N. Three of the six
states are above the energy threshold of this experiment
(see Table II), but only one state lines up with a state
observed in the neutron channel. The branching ratio to
this state at 9.09 MeV of 0.16% is small compared to the
value of the o channel of 0.97%. Therefore at least three
of the six states contain appreciable a strength, 'y, > T,
in this alternative scenario. Additional experiments, e.g.,
a high-resolution study of the 8-delayed a-decay, are nec-
essary to resolve the uncertainty of the exact nature of
this structure.

A total branching ratio of 2.24+0.4% to neutron un-
bound states has been observed in this experiment com-
pared to a measured P, value of 14.3+2.0% [6]. The
unobserved branching of ~ 12% must proceed to one
or several states within the narrow excitation range be-
tween E, = 8.04 MeV (neutron-threshold) and E, = 9.0
MeV (the lower energy threshold of this experiment). To
populate a state in this excitation range with a branch-
ing ratio of 12% would require a logft value of 4.0 to
4.5. This assumption is supported by shell-model calcu-
lations [3,6]. While these calculations do not predict that
0~ and 1~ states are populated with sufficient strength,
a 2~ state is predicted [6] above the neutron threshold
with logft ~ 4.1. Possible candidates for such a state
are the levels at E, = 8.521 and 8.660 MeV. Both states
are the only known levels in the relevant excitation range
which have not been observed in a-induced reactions on
14C as expected for a state with unnatural parity. These
states were only seen in the °F(¢,)'80 [11,12] and the
160(t,p)180 [13] reactions. Their weak population in the
160Q(t,p) reaction [13] suggests an unnatural parity for
these states.
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