PHYSICAL REVIEW C 77, 054305 (2008)

Nuclear structure of '®N and the neighboring N = 11 isotones
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The fusion-evaporation reaction *Be('!'B,2p) was used to populate excited states in '*N. New gamma-ray
transitions were added to the '®N level scheme. The mean lifetime of the first excited state was measured to
be 582(165) ps and its transition rate to the ground state was determined to be B(M1) = 0.036(10) W.u. Shell
model calculations in the full p-sd model space were used to investigate the low-lying configurations in '*N and
in the N = 11 isotones '’C and '°O. It was found that the role of the proton-neutron interaction is important
in determining the ground state and low-lying excited state properties. The ground state spin inversion in these
isotones is attributed to the increased importance of the quadrupole relative to the pairing interaction and is

discussed within the framework of a schematic pairing + quadrupole model.
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I. INTRODUCTION

Neutron-rich p-sd shell nuclei display a variety of phenom-
ena that include: a reduction in the p-sd shell gap for neutron-
rich O and F isotopes [1], the onset of large deformations
in 17C (B, = 0.52(4)) [2] and "B (B8, = 0.57(5)) [3], and a
neutron halo structure in *B [4]. ®N has one proton hole
and three neutrons outside the N = Z = 8 core and is also
sufficiently far from stability to amplify the effects of neutron
excess on the nuclear structure, yet it is still within the reach of
fusion reactions at stable beam facilities. One effect of current
interest is the role of the proton-neutron interaction and its
influence on nuclear shell structure (see Refs. [5,6] for recent
discussions). Indeed, it has been known for a long time [7]
that the interaction between valence neutrons and protons
plays a pervasive role in the evolution of nuclear structure
with changing neutron and proton number as discussed by
Refs. [8—10]. The monopole component of the proton-neutron
interaction can cause large shifts in the single-particle energies
(SPE) that may significantly change the underlying spherical
shell structure, while the quadrupole component provides a
mechanism to develop deformation and collectivity away from
closed shells. Changes in the single-particle energies due to
the monopole interaction can in turn modify the available
valence space and influence the onset and strength of collective
modes.

In this paper we report data on gamma-ray decays of SN
excited states and a measurement of the lifetime of the first
excited state in '8N populated in a fusion-evaporation reaction
using a plunger technique. We discuss the structure of '®N and
the role of valence proton-neutron interactions in describing its
ground-state and excited-state properties as well as those of the
neighboring N = 11 isotones '?O and '7C. The ground state
spin inversion in these isotones is attributed to the increased
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importance of the quadrupole relative to the pairing interaction
and discussed within the framework of a schematic pairing +
quadrupole model.

Previous experiments to study '*N used beta-decay [11-14]
and charge-exchange reactions [15,16]. Reference [11] also
carefully examines shell model results and observed levels
in '8N. The only information on excited state transition rates
came from the beta-decay study [12] that suggested, based
on intensity balance arguments, a long mean lifetime for the
I8N first excited state of greater than 600 ns, in disagreement
with both shell model predictions and neighboring systematic
trends. The use of a fusion-evaporation reaction enables a
direct measurement of the lifetimes of low-lying levels from
observed Doppler shifted gamma-ray energies.

II. EXPERIMENTS

The experiment was carried out in two separate measure-
ments at the 88-Inch Cyclotron at Lawrence Berkeley National
Laboratory using the *Be(''B,2p)'®N fusion-evaporation re-
action at a beam energy of 50 MeV. The first measurement
provided data on the gamma decay of excited states, the second
was used to extract the lifetime of the 2~ first excited state.
In both measurements the emitted y-radiation and charged-
particles were detected with the STARS-LIBERACE detector
array, which consists of large area segmented annular silicon
detectors (in a AE-E telescope arrangement) and up to six
HPGe Clover detectors [17,18]. The large proton binding en-
ergy exhausted the available excitation energy and suppressed
the evaporation of additional neutrons in conjunction with the
2p channel at the chosen beam energy. The 2p coincidence
cleanly selected the weak (~0.2 mb) 8N channel from the
total ~800 mb cross section estimated for fusion channels
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FIG. 1. (Left) Two proton gated y-ray spec-
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(cross sections are taken from PACE [19] statistical model
estimates). The gamma-ray photopeak detection efficiency
was 1% at 1 MeV. The efficiency for detecting one-proton
in the silicon array was 20%. Germanium detector energy and
efficiency calibrations were performed using a '3?Eu y-ray
source. Silicon detectors were calibrated with an « emitting
226Ra source.

III. EXPERIMENT 1 SETUP

The measurement of the spectrum and decay of '®N excited
states used five Clover germanium detectors placed 16.5 cm
from the target. Two detectors were located at 90°, two at
140°, and one at 40° relative to the beam direction. The
charged-particle telescope consisted of a 152 um A E detector
and 1000 um E detector separated by 3 mm. The silicon
detector telescope was mounted 3.0 cm downstream from the
target. A 56.7 mg/cm? thick "*Pb foil (97% purity) spanned
the front of the AFE detector to suppress a-particles from
°Be breakup. The °Be (99.0% purity) target thickness was
2.6(1) mg/cm?, as determined from energy loss measurements
of 2°Po o particles through the target. The average beam
current was 0.5 pnA over a period of 5 d. The online
trigger required detection of at least two charged-particles
within a coincidence interval of ~400 ns. Gamma-ray events
were recorded to disk if they were associated with a valid
particle trigger. In the offline analysis the particle-particle
coincidence interval was reduced to ~100 ns, and a time gate
between the y-ray and two-particle trigger was used to reject
uncorrelated y -particle-particle events.

IV. EXPERIMENT 2 SETUP

The lifetime of the first excited state was measured using
the recoil distance method [20]. A 1.35(5) mg/cm?> °Be
(99.8% purity) self-supporting target was separated from a
56.7 mg/cm? "*Pb stopper foil (99.99% purity) by a set of
fixed distance spacers. A range of spacer thicknesses from
0.08 to 3 mm was available. For this measurement we used
the 1.0(1) and 3.0(1) mm spacers. Five Clover germanium
detectors were placed 16.5 cm from the target: two detectors
were located at 40°, two at 140°, and one at 90° relative to
the beam direction. The charged-particle telescope setup was

trum, after subtraction of random y-particle
events. The transitions at 115, 155, 472, and
627 keV are decays from '8N excited states. The
dispersion is 1 keV/channel and the uncertainty
in y-ray energy is 1 keV. (Right) Levels in '*N
observed from this work. The transitions at 627
and 155 keV are observed for the first time.
Transition intensities are given next to the energy,
normalized to the 115 keV transition. Line
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Xt 115 (2)
!115100%

widths are proportional to the intensities. Spin
assignments are from previous works [11,16].

similar to that used in experiment 1. The online trigger required
detection of at least one charged-particle within a coincidence
interval of ~200 ns. A 100 ns time gate between the y-ray
and master trigger and between the two protons themselves
was used to reject uncorrelated y-p-p events in the offline
analysis. Data were taken for approximately 12 h at the 1 mm
target-stopper distance and for 2 d at the 3 mm distance. The
average beam current was 0.3 pnA. In both measurements the
beam current was limited by the silicon detector rate.

V. RESULTS

The two-proton gated, Doppler corrected, y-ray spectrum
of 8N is shown in Fig. 1. The four lines at 115, 155, 472, and
627 keV are assigned to decays of '®N excited states, as shown
in the level scheme. The transitions at 155 and 627 keV are
observed for the first time. 2p gated y-y coincidence spectra
are shown in Fig. 2. The measured coincidences together with
the relative y -ray intensities help to unambiguously assign the
y-decays to states in 'SN.

Figure 3 shows non-Doppler corrected gamma-ray spectra
for '8N (2p channel) and '°N (1p1¢ channel) for detectors
at 140° and 40° obtained at a target-stopper distance of
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FIG. 2. Two-proton-y -y coincidence spectra obtained by gating
on transitions at 115 (top panel), 472 (middle panel), and 627 keV
(lower panel). The 472 and 627 keV transitions are shown to be in
coincidence with the 115 keV line. The dispersion is 2 keV/channel.
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FIG. 3. Gamma-ray spectra for detector angles at 140° and 40°
obtained at the 3.0(1) mm target-stopper distance for '8N (left
two columns) and '®N. (right two columns). Two-proton ('*N)
gated spectra and one-proton, one-triton (°N) gated spectra are
shown. Stars indicate moving peak components. The dispersion is
1 keV/channel.

3.0(1) mm. !N has a 3~ state decaying via a 298 keV y-ray
with a mean lifetime of 131.7(19) ps [21], and a 1~ state
decaying via a 277 keV y-ray with a mean lifetime of 5.63(5)
ps[21]. The '®N 298 keV y-ray provides an internal calibration
for lifetimes extracted in this experiment. At a target-stopper
foil distance of 3 mm both the '8N 115 keV and '°N 298 keV
y-rays have moving and stopped components, while the
277 keV '®N peak has only a moving component. Doppler
shifted components are marked by a star. The average
velocities of the '*N and '°N recoiling nuclei were measured
to be v/c = 0.037(6) and v/c = 0.031(3), respectively, from
observed Doppler shifted y -ray energies. State lifetimes were
determined using the relation N/Ny = e~/?; where N is the
number of counts in the stopped y-ray peak, Ny is the sum of
the moving and stopped peaks, ¢ is the average time taken for
the recoil to traverse the gap between the target and stopper
foils, and t is the mean lifetime. The ratio N/Ny = 62(11)%
for the "N 115 keV gamma-ray yields a mean lifetime
of 582(165) ps for the '8N first excited 2~ state. The '°N
298 keV transition has a ratio N /Ny = 11(1)% (Fig. 3) giving
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alifetime of 145(16) ps for the 37 state in good agreement with
the reported value of 131.7(19) ps [21], while the 277 keV
transition in '°N is observed to be fully shifted as expected for
a mean lifetime of 5.63(5) ps [21].

The lifetime values reported here assume a single expo-
nential decay curve, which is valid for feeding (life) times far
shorter than the state lifetime. The agreement with the !N
adopted values supports this assumption. In this measurement
observed feeding accounts for 66(5)% of the total intensity of
the '®N 115keV transition with the remaining intensity coming
from unobserved side feeding. The two transitions feeding the
first excited 27 1level (Fig. 1) are fully shifted at the 3.0 and
also at the 1.0 mm distance implying their mean lifetimes are
shorter than ~40 ps (<10% level). A 40 ps feeding lifetime
(upper limit) would reduced the '®N 2~ lifetime by only a few
ps much less than the quoted uncertainties.

Data taken at the 1.0 mm target-stopper distance show
a small (<15%) moving component, consistent with t =
582(165) ps obtained above; however, due to the reduced
statistics and larger uncertainties at the 1 mm compared to
the 3 mm distance these data are not included in our final
analysis.

The measured lifetime for the 115 keV state corresponds
to a B(M1) transition rate of 0.036(10) W.u. It rules out any
significant £2 component as this would imply an unreasonably
large B(E?2) value (several thousand W.u.).

VI. DISCUSSION

We begin this section by discussing the N = 11 isotones
17, 18N, and 'O within the framework of the seniority
model and a simple but pedagogically instructive pairing plus
quadrupole model. This is followed by more appropriate shell
model calculations and a discussion of the underlying structure
of the levels in '8N by analyzing the results of the B(M1)
measurement. We end this section with a brief discussion on
the connection between the pairing plus quadrupole and shell
model.

The measured '®N excitation spectrum is compared with
the neighboring N = 11 isotones O and '"C in Fig. 4.
With three valence neutrons outside the N =8 core the
simplest neutron configuration for these nuclei would involve
v(ds/2)* coupled to either J =5/2 or J =3/2. '8N has a

5/2+) 331
3/2+ 294

1- 231 FIG. 4. 0 [22], ®N, and "C [2] low-

lying experimental (labeled exp) and corre-

sponding shell model results (labeled p-sd)

@) 115 utilizing the “full p-sd”’ model space (see text

3/2+ 96 for details). The 210 keV level [2] (tentative

- 1/2+ state) in ’C is not shown.

5/2+ 33
52+ 0 52 0 0 2 0 32¢ 0 32 0
9O exp %O p-sd | '®Nexp '"®Np-sd | 7Cexp '7C p-sd
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1~ ground state (Fig. 1), which requires the (ds /2)3 neutrons
to couple to J = 3/2. Alternatively, one valence neutron
in "N could occupy the sy, state [u(ds2)*(s1/2)'] leading
to a neutron J = 1/2 configuration. Coupling this neutron
J =1/2 configuration to the odd p;,, proton then gives
a 17 state. However, a pure neutron configuration involving
the 51/, orbit is not supported by experiment since it leads
to an L =2 M1 forbidden transition from the 27 — 1~
state.

In YO the paired neutron v(ds)»)® configuration for the
5/2% [22] ground state is favored while in !7C the unpaired
v(ds/2)* configuration is favored for the 3/2% ground state
[2,17]. '®N has a 1~ ground state which requires neutrons
coupled to J = 3/2 suggesting unpaired (ds/»)> neutrons. The
N = 11 isotones Y0, ®N, and '7C in Fig. 4 thus exhibit a
change from a paired to unpaired neutron coupling scheme,
with N being the transitional nucleus.

At this point it is instructive to consider a simple pairing
plus quadrupole (P+Q) model for the three neutrons within
the ds, orbit [23]. In this model the energy is given by E =
—Voda.0) + x P2; Vp is the strength of the pairing interaction
81,0y and x is the strength of the quadrupole interaction P,.
Figure 5 shows the energy of the v(ds))® 3/2F,5/2", and
9/2% states as a function of the ratio x/V,. An increasing
ratio x/V, corresponds to the increasing importance of the
quadrupole interaction, which in turn can be interpreted as
an increase in deformation. For a pairing dominated system
(x/V, = 0) the paired 5/27 state is favored and the 3/2%,
and 9/2% unpaired states are degenerate. As the strength
of the quadrupole interaction is increased relative to the
pairing interaction, the 3/2% and 9/2% states split and the
3/2% state approaches the 5/2% until at x/V, =1 they
become degenerate. For x/V, > 1 the 3/27 state is favored.
Comparing Figs. 4 and 5, we find that 'O would then
correspond to the case x/V, < 1 (paired, lower deformation),
N with x/V, ~ 1, and !"C with x/V, > 1 (unpaired, larger
deformation). The switch in ground state spin between '°O
and '7C is then interpreted as a consequence of an increasing

E/V,
A

-8 -

FIG. 5. Effect of varying the relative strengths of pairing (V,8;,0))
and quadrupole (x P,) forces for three neutrons in the ds/; level. The
3/2*% and 5/2% states cross at x/V, = 1. To the left side of the
crossing the pairing force dominates and to the right the quadrupole
force dominates.
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quadrupole strength relative to pairing, which implies an
increase in deformation. This is consistent with the measured
deformations, B8, = 0.006(1) and B, = 0.52(4) for 0 [24]
and '7C [2], respectively.

From the seniority model the unique 1~ and 3~ states in
'8N (Fig. 1) correspond to an unpaired (seniority s = 3) and a
paired (s = 1) neutron configuration, respectively. One of the
two 27 states corresponds to the s = 3 and the other one to the
s = 1 configuration. Seniority (number of unpaired nucleons)
is an exact quantum number [9,25] in the v(ds /2)3 valence
space (with j <7/2) regardless of the interaction. From the
seniority selection rules [9] M1 transitions (As = 0) are al-
lowed for3 (s =1) > 2 (=1 and2 (s =3) > 1 (s =
3). Similarly, E2 transitions (As = 1) are allowed for 37 (s =
)=>2(6=3),37s=1)—>1"(=3),and 27 (s =1) >
27(s = 3). As shown later, we can use the B(M1) value
obtained in this measurement to assign seniority numbers to
the observed 2~ states. Shell model calculations were carried
out in the full p-sd model space using the code COSMO [26,27].
The calculations utilize the WBP [28] interaction with p-shell,
p-sd cross shell, and sd-shell interactions in both the 7 = 0
(np) and T = 1(nn, pp) channels, allowing the nucleons to
move freely in or out of any p-sd orbit. A detailed shell model
analysis on nuclear levels in '®N using different interactions
can be found in Ref. [11]. The p-sd shell model reproduces
the transition from a paired to unpaired v(ds /2)3 ground state
when going from 'O to '"C (Fig. 4), although it tends
to overestimate the relative binding of the paired neutron
configuration by 200-300 keV; i.e., the 3/2" state is too
high in 1?0, the 5/2F state is too low in '’C, and the 1~
and 2~ states in '®N are inverted, relative to experimental
data. The measured '8N levels are shown in Fig. 6 (left)
together with shell model calculation (right). The calculation
shows overall agreement with the low-energy level structure
and the spin-parity assignments [11,12,16] for the four lowest
states. The reversal in the ground-state and excite-state spins,
compared with experiment, is discussed above. Calculated
configurations and B(M 1) values for the lowest four states are

742 (3)
155 9%
622 O
—— 587 (2)
2 513 3
3 487 2
~ &2
gl |&
g
231 1-
115 (2)
! 115 100%
01 — 02
Experimental level scheme p-sd shell model

FIG. 6. (Left) Low-energy levels in '®N as observed in this work.
(Right) Low-lying negative-parity states predicted by the shell model
code COSMO [26,27] utilizing the full p-sd model space. The next
higher lying state above the 622 keV level is predicted at 1167 keV.
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TABLE I. Shell model (p-sd) configurations and B(M 1) values
for the four lowest states in '®N. I” is the spin and parity of the
states and the p-sd configurations show the occupation probabilities.
I — I7 indicates the transition from an initial to a final state of spin

I and parity w. B(M 1)y, is the calculated magnetic dipole transition
strength.

I p-sd configurations I — Ij’Z B(M1)y, W.u.

1~ 47% : 7 (p12)' ® v(dsp)?
36% : T (p12)' @ v(dsp2)*(s12)!

27 68% : w(p12)' ® v(ds))? 2 =1~ 0.0545
16% : T (p12)' @ v(ds;) (s1/2)>

2; 48% 7'[([71/2)1 ® U(d5/2)3 2; — 1- 0.0033
34% : ﬂ(pl/z)l X U(d5/2)2(51/2)1 2; —> 217 0.1849

3~ 69% 7'[([)1/2)1 ® U(d5/2)3 37 > 21_ 0.0006
17%: 7'[([)1/2)1 X U(d5/2)1(51/2)2 37 — 22_ 0.1256

given in Table I. In the p-sd shell model the 1~ configuration
is calculated to be highly mixed with neutrons occupying both
the ds/» and sy, orbits (Table I). A spin 27 state can arise from
both the J =5/2 or J = 3/2v(ds;»)* configurations leading
to a state with either paired or unpaired neutron contribution,
respectively. The shell model calculation predicts the lowest
27 state to be mainly v(ds /2)3, while the next 2; state is an
approximate equal mixture of v(ds/2)* and v(ds/2)*(s1/2)".
The B(M1) value for the SN 115 keV state is shown
in Fig. 7 together with results from “full” and “restricted”
p-sd shell model calculations. Also shown for reference is
the B(M1) value for '°O [22]. The full calculation allows
all possible two-body interactions within the p-sd valence
space (i.e., nn, pp,np), while the restricted model space
calculation treats the protons as a closed core and only valence
neutron interactions (nn) are allowed. Freezing the proton
configuration and allowing only valence neutrons to be active
results in a reduced 2] — 17 transition rate, compared with
experiment (a similar effect occurs if only protons are active).
Allowing the full range of interactions, specifically the proton-
neutron interaction, increases the calculated B(M 1) value and
provides better agreement with the measured value (although

0.06 -

0.05 - 18N

full p-sd

0.04 - 1N

0.03 - This work

ISN
i restricted
1890 p_sd
°

0.02 4

B(M1) (W.u.)

0.01 4

0_

FIG. 7. Comparison of B(M1) values for the 115 keV excited
state in '8N obtained from (i) this experiment (diamond), (ii) full p-sd
model space calculations (square), and (iii) restricted p-sd model
space calculations (circle), where no proton holes are allowed in the
P32 orbit. Also included is the value for 190 [22] (triangle).
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it now overestimates the data somewhat). This underlines the
importance of the proton-neutron valence interaction. We note,
the full shell model calculation gives a ground state magnetic
moment 4 = 0.2890 p yin comparison to the measured values,
] =0.3279(13) uy [13] and |p| = 0.135(15) un [14].

The B(M1:27 — 17) value can be used to assign a
configuration to the first excited 2~ state. As a result of
seniority selection rules M 1 transitions are forbidden between
states of different seniority [9] and this can be used to
distinguish between the two possible configurations. This
selection rule is violated by seniority mixing as evidenced
by the observed M1 decay of the first excited state (s = 3) to
ground state (s = 1) in 'O [22]. Therefore the YO result
sets a scale (~0.02 W.u.) for the amount of “forbidden”
B(M 1) due to seniority mixing. Our measurement of B(M'1) =
0.036(10) W.u. displays a hindrance of the same order as that
reported in '°0, thus supporting the neutron s = 1, J = 5/2
assignment to the first 2~ state in '3N. We recall that the
M1 transition from the 2| state to the 1~ ground state is not
sensitive to components involving the s/, orbit since it leads
to an L = 2 M1 forbidden transition from the 2~ — 1~ state.

We end this section with a discussion on the connection
between shell model and the P+Q model results. Within the
framework of the P+Q model the ground-state spin inversion
can be attributed to an increasing deformation. The shell model
tells us that proton-neutron valence interactions play a key
role in determining the ground and excited state properties
of ®N and '"C. In particular a small percentage of p3)
proton holes interacting with the ds;, neutrons appear to be
mainly responsible for the observed transition strengths and
level structure in these nuclei. This percentage, albeit small,
increases for !’C as a proton is removed from '®N and suggests
the increase in quadrupole force originates from the motion
of protons in the p-shell and the resulting proton-neutron
interaction. This is consistent with theoretical predictions that
deformation in these light nuclei is practically impossible
with one type of nucleon due to the limited kinematics
of the small space involved [25]. It is known [5,29] that
the Al =1 (tensor) proton-neutron interaction is attractive
between states with j. =1/ +1/2 and j. =1, — 1/2 (it is
repulsive for other cases). It is interesting to speculate that
removing protons from the p;,»(j.) state, which act on the
ds/»2(j-) neutrons, would modify the neutron sd shell level
spacing sufficiently to cause the onset of large quadrupole
deformations and the switch in ground state spins in '*N and
17C. Further experimental and theoretical investigations are of
interest to understand the connection between the monopole
and quadrupole proton-neutron interactions and the evolution
of deformation in this region away from stability.

VII. SUMMARY

8N has been studied in the fusion-evaporation reaction
°Be(!'B,2p) at 50 MeV using the STARS-LIBERACE detec-
tor array at the LBNL 88-Inch Cyclotron. The measurement
demonstrates the feasibility to cleanly extract and study
light neutron-rich nuclei, produced with low cross-sections,
using the two-proton fusion-evaporation channel. Two new
y-transitions decaying from the 742 keV excited state were
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observed and their placement is supported by y-y coincidence
measurements. The lifetime of the first excited state in N
was measured to be 582(165) ps using the recoil distance
method, which corresponds to a B(M1) = 0.036(10) W.u.
This “hindered” M1 transition rate is similar to the value
reported in 1?0 and suggests a seniority forbidden transition
fromthe 2] (s = 1) > 17 (s = 3 g.s.) in '"*N. The ground-state
spin inversion from a paired to unpaired neutron (d5/2)3
coupling scheme observed in the N = 11 isotones 17¢ 18N,
and 'O is attributed to the increased importance of the
quadrupole relative to the pairing interaction. Shell model
calculations carried out in the full p-sd space show good
agreement with the data and indicate that the proton-neutron
interaction plays a key role in determining the excited and
ground state properties in these nuclei. It will be of interest to
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further pursue the interplay between valence proton-neutron
interactions and the evolution of deformation in these light
neutron-rich nuclei.
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