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Mean lifetimes of bound states in '*N were inferred from the Doppler-shift-attenuation (DSA) of v rays produced in
the inverse reaction 2H(14N7 p7v) and from the primary gamma-ray-induced Doppler broadening (GRID) of secondary
4 rays in the thermal-neutron capture reaction '*N(n,v). Targets for the DSA measurements were prepared by
implanting first neon into a gold backing and then deuterium into the same region such that deuterium was trapped
at the neon precipitates. To find out experimentally the initial velocity distributions of the recoiling '*N nuclei,
another target was prepared by implanting deuterium into silicon, which is a slow stopping-power medium. Computer
simulations with the Monte Carlo method and experimental stopping powers were used in the DSA analysis of the
y-ray lineshapes. This analysis yielded the following lifetimes for eight bound levels in '>N: 43 4 4 fs (5.30 MeV),
< 12 fs (6.32 MeV), 11 £+ 2 fs (7.16 MeV), < 3 fs (7.30 MeV), 129 £+ 6 fs (7.57 MeV), < 3 fs (8.31 MeV), < 10
fs (8.57 MeV), and < 4 fs (9.05 MeV). GRID measurements were made with melamine (CsHgNg) and with silicon
nitride (SizN4) as both targets and slowing-down media. Measurements were also made with air (80% nitrogen). The
Doppler-broadened «-ray lineshapes were analyzed by molecular-dynamics simulations of the slowing-down process to
obtain the lifetime values of 40 + 3 fs (5.30 MeV), < 2 fs (6.32 MeV), < 3 fs (7.30 MeV), and < 3 fs (8.31 MeV) for

levels in *N. The extent to which the mirror symmetry of levels in *N and %0 is valid is examined in some detail.

PACS: 21.10.Tg, 27.20.4+n

I. INTRODUCTION

Considerable attention in the literature has been fo-
cused on the excited states of the mirror nuclei >N and
150 because their lowest-order configurations in the shell
model lack only a single nucleon to close the 1p shell. The
mirror symmetry of states in these nuclei is illustrated in
Fig. 13 of the compilation of Ajzenberg-Selove [1]. There
are nine bound states in 15N below the excitation energy
of 9.1 MeV. The mean lifetimes (7) of these states have
been studied by (v,7), (e,e’), Doppler broadening, recoil
distance, and Doppler-shift-attenuation (DSA) methods
[2-17]. Tn most cases, the lifetimes adopted in Ref. [1] (see
Table I) are based on measurements that are mutually
inconsistent and carry large uncertainties. Details con-
cerning previous DSA measurements are given in Table
IT. Tt is not surprising that the measured values show
wide variations because a variety of targets with layered
structures that make the DSA analysis complicated were
used and because the stopping powers were in many cases
small and poorly known. A systematic remeasurement of
lifetimes of states in '®N is therefore warranted.

The lifetimes of the first (£, = 5.27 MeV), second (5.30
MeV), fourth (7.16 MeV), and sixth (7.57 MeV) levels
in 15N are in the 1 fs to 3 ps range accessible to the
DSA method. In this work the improved DSA method
developed at the Helsinki University Accelerator Labor-
atory [18] and the inverse reaction 2H('*N, py) were used
to measure the lifetimes of the levels at E, = 5.30, 7.16,

and 7.57 MeV. Upper limits were also deduced for the
lifetimes of the £, = 6.32,7.30, 8.31, 8.57, and 9.05 MeV
levels known to have very short lifetimes of < 3 fs [1].
Interference caused by the population of the 5.18- and
5.24-MeV levels in '"O by the concurrent H('*N, n~y)
reaction precluded an accurate DSA measurement of the
lifetime of the 5.27-MeV level in '5N.

In a separate experiment, the Doppler broadenings of
the secondary ~ rays from the levels at F, = 5.30, 6.32,
7.30, and 8.31 MeV in '5N—broadenings that result from
nuclear recoil caused by the emission of primary 7 rays to
these levels in the "*N(thermal n, v) reaction—were stud-
ied at the Los Alamos Omega West Reactor. This type of
experiment was first reported by Campbell, Harvey, and
Slaughter [19] and independently (and in greater detail)
by Wetzel [7]. Both studies involved the '*N(n, 7) reac-
tion. Wetzel’s old gamma-ray induced Doppler broaden-
ing (GRID) [20] measurements have been repeated here
not only with a superior Ge detector and three differ-
ent targets (melamine, silicon nitride, and air) but also
with a sophisticated simulation of the Doppler-broadened
~-ray line shapes with a recently introduced molecular-
dynamics (MD) simulation of the slowing down of atoms
recoiling at ultralow velocities [21,22].



II. EXPERIMENT
A. Reaction ’H(''N, py)"°N

For the 2H('*N, py) reaction study, a 10-MeV N3+
beam of about 30-particle nA was supplied by the 5-MV
tandem accelerator EGP-10-1T of the Helsinki University
Accelerator laboratory. The beam energy was selected—
by measuring the excitation function—to minimize the
population [in the 2H(}*N, ny) reaction] of the analog
states in 10 whose decays produce v rays that interfere
in the DSA analysis of 15N states. At E(14N) = 10 MeV,
the only analog states populated are those at 5.18 and
5.24 MeV. The beam spot was 2 x 2 mm on the target.

The 2H targets were prepared by first implanting 100-
keV 2°Net (3 x 10'% ions em~?) and then 25-keV *H* (6
x 1017 ions em~?2) into a 0.4-mm-thick gold foil with an
isotope separator. The ?°Ne implantation was necessary
to provide trapping sites for 2H at the neon precipitates
and thus to avoid the diffusion of ?H in gold [23-25]. The
vacancies produced in the 2H implantation migrate to the
neon-precipitate-gold interface and then effectively trap
2H atoms [24]. A target was also prepared by implanting
15-keV 2HT (4 x 10'® jons cm~?) into a 2-mm-thick high-
purity crystalline silicon wafer.

During the measurements, the target was set perpen-
dicular relative to the beam direction. The target holder,
made of copper, was air-cooled. A vacuum better than 2
pPa was maintained in the target chamber to minimize
carbon buildup. The deposition of carbon was monitored
continuously using the 1369-keV « ray in 2*Mg from the
reaction 12C(14N, pny).

The v radiations resulting from target bombardment
were detected by an escape-suppressed spectrometer
(ESS) consisting of an ORTEC HPGe detector (with
40% efficiency) surrounded by a cylindrical (thickness 3.5
cm and length 20 cm) HARSHAW bismuth-germanate
(BGO) veto detector. The escape (Compton) suppres-
sion factor was about 4. For v-ray energies of 2, 4, and
6 MeV, the full width at half maximum (FWHM) val-
ues were 3.1, 4.4, and 5.5 keV, respectively. The spectra
were stored in a 16384-channel memory with a dispersion
of 0.66 keV /channel. Spectrometer stability was checked
with a 208T1 y-ray source, the 4°K laboratory background,
and the unshifted peaks from the decays of the long-lived
5.27-MeV ('*N; 7 = 2.58 ps [1]) and 5.24-MeV ('°0; 7
= 3.25 ps [1]) levels. Energy and efficiency calibrations
were performed with *°Co and 5*Ga sources [26] placed
in the target position. The unshifted peaks were used
also for internal calibration of energies above 4.8 MeV.

Doppler-shifted v rays were detected at 0° relative to
the incident beam. The detector was located 4.0 cm from
the target, and a graded absorber (2 mm lead, 1 mm
cadmium, and 1.5 mm copper) was used to reduce the
counting rate due to low-energy v rays and x rays.

B. Reaction "N (thermal n, v)

The (n, 7) measurements were carried out in the
thermal column of the internal-target facility at the Los
Alamos Omega West Reactor. The bulk of the measure-
ments were made with melamine (C3HgNg) as target ma-
terial. Some measurements were also made with silicon
nitride (SizN4) and with air (80% nitrogen). The Los
Alamos facility and the data analysis procedures have
been described in Ref. [27]. Gamma-ray spectra were
obtained in the pair-spectrometer mode with a 30-cm?
coaxial intrinsic Ge detector positioned inside a 20-cm-
diam by 30-cm-long Nal(Tl) annulus. Spectra were ac-
cumulated in a 16384-channel memory with a dispersion
of 0.629 keV /channel. For 4-ray energies of 3, 5, 7, and 9
MeV, the FWHM values were 2.5, 3.3, 4.0, and 4.7 keV,

respectively.

III. RESULTS
A. Reaction H("N, py)"*N

Figures 1 and 2 show the Doppler-shifted 4-ray peaks
from the decays of several states in 'N populated by
the 2H('*N, py) reactions. Preliminary comparison of
the lineshapes observed with gold and silicon as slowing-
down media revealed that the lifetime values could be de-
duced only for the E, = 5.30, 7.16, and 7.57 MeV levels;
whereas, for the F, = 6.32, 7.30, 8.31, 8.57, and 9.05
MeV levels only upper limits (based on the statistical un-
certainties of the counts per channel) could be deduced.
Figure 2 illustrates also the strong effects of the angular
distribution of the emitted protons on the velocity dis-
tribution of the recoiling N nuclides and thus on the
observed ~v-ray lineshapes. The known lifetime 8.2 £ 1.0
fs [28] of the 5.18-MeV level in 150 was used as a cross
check for the DSA measurements and analysis.

In the analysis of the measured v-ray lineshapes, the
stopping power was described by

dE\ _ (dEN?PT (dE\TP .
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The electronic stopping powers (dE/dz). of gold and sil-
icon for 15N ions at 0 to 6vg (where vg & ¢/137 is the Bohr
velocity and ¢ is the velocity of light in vacuum) were
taken from Refs. [29] and [30], respectively. The uncer-
tainty of the electronic stopping power was estimated as +
5%. The electronic stopping power for 10 ions was taken
from Ref. [29]. The nuclear stopping power (dE/dx), was
calculated by the Monte Carlo (MC) method in which
the scattering angles of the recoiling ions were directly
derived from the classical scattering integral [31,30] and
the interatomic interaction was described by the universal
Ziegler, Biersack, and Littmark (ZBL) potential [30]. Tn
the cases studied here, where the recoil velocities are high



and the states have short lifetimes, the nuclear stopping
power has only a small effect on the lineshapes.

Previous studies [32-34] on implanted targets indicate
that the implanted layer has no significant effect on the
density of gold and silicon probed by v/c ~ 5% !°N re-
coils and, hence, on the extracted lifetimes.

The DSA analysis of the measured v-ray lineshape was
performed by a computer simulation with the MC method
[31,33,35]. For each case, a simulated lineshape was ob-
tained as the sum of the shapes corresponding to the
direct (prompt) and cascade (delayed) feeding of the re-
spective state. The sum was weighted by the experimental
fractions of the feedings which were obtained from the ex-
tensively studied decay scheme of 1°N levels [1]. Attenu-
ation of the observed Doppler shifts caused by the finite
solid angle and by the finite initial velocity distribution
of "N nuclei (resulting from the emission of protons) was
estimated from the v rays of short-lived states (7 < 15
fs) measured with the implanted silicon backing, which
represents a low stopping-power medium. In this case,
the lineshape is determined by the initial recoil velocity
distribution and the detector geometry. When 7 > 15
fs, the initial velocity distribution has only a minor ef-
fect on the lineshape and the two sets of data (with im-
planted Au and Si) were analyzed iteratively and in a
self-consistent manner. The uncertainty in the lifetime
values caused by the uncertainty of the initial velocity
distribution was determined by varying the distribution
in the range x2,,, — 1/N < x? < x2%,;, + 1/N, where x?
is the goodness of the fit and N is the number of degrees
of freedom in the fitting. The uncertainty was in all cases
less than 2 fs. The measured dependence of the detector
efficiency on the angle between the detector symmetry
axis and the direction of y-ray emission was taken into
account.

The results are summarized in Table 1. The lifetime
value for the 7.57-MeV level adopted in Ref. [1] is taken
from Ref. [9]. Because not enough details are given in Ref.
[9] it is difficult to understand why the value obtained in
Ref. [9] differs significantly from the current value. At
any rate, the difference in lineshapes for the 7.57—5.27-
MeV transition (see the dotted and solid curves in Fig. 1)
clearly establishes that the lifetime of the 7.57-MeV level
is an order of magnitude larger than that given in Ref.

[9).

B. Reaction '"*N(thermal n, 7)

Figure 3 shows a small portion of a typical spectrum
obtained in the pair-spectrometer mode. The measured
Gaussian FWHM values of the primary transitions (see
the fourth column of Table TIT) were fitted with a poly-
nomial of third order. The fitted values, given in the
next column, represent the instrumental resolution. The
measured FWHM values of five secondary transitions in

15N (see the sixth column of Table ITI) are larger than the
fitted values by an amount due to Doppler broadening.
The accuracy with which this broadening can be meas-
ured does depend on the instrumental resolution, but the
effect itself has been observed earlier with detection sys-
tems that possessed inferior resolution (see Fig. 4). At
6.3 MeV, the FWHM values were 4.7 and 5.6 keV in Refs.
[7,19], respectively, compared to the 3.6 keV in the cur-
rent work. To first order, it can be shown that the amount
of the Doppler broadening is not strongly dependent on
resolution.

In the thermal-neutron capture reaction on N, the
compound nucleus *N gets an excitation energy of 10.833
MeV and decays through 7-ray cascades to the 1°N
ground state. Each time a 7 ray is emitted, this pro-
cess imparts a recoil velocity v to 1N which results in a
Doppler shift AE, of the subsequent v ray FE,. For ex-
ample, in populating the 5.299- and 8.313-MeV levels, the
primary 5.533- and 2.520-MeV ~ rays produce recoil ve-
locities of 120 and 50 km/s, respectively. The amount of
Doppler shift will depend on the angle 8 between the ve-
locity vector of the recoiling nucleus and the direction of
secondary v-ray detection; that is AE, = Ey(v/c)cosf.
The mazrimum Doppler shifts of the secondary 5.299- and
8.313-MeV transitions are 2.1 and 1.5 keV, respectively.
In thermal-neutron capture, the primary v rays (and the
secondary ones) are emitted isotropically if the target nuc-
lei are not aligned. Therefore, the Doppler effect will
manifest itself as a broadening of the secondary peak.
When the maximum Doppler shift is comparable to the
energy resolution of a typical Ge detector—as it is in the
case of 1*N—this broadening can be readily detected. [36]
The amount of broadening depends on the velocity of the
recoiling nuclei at the moment of v-ray emission. In the
analysis of the broadening, the velocity distribution can
be connected to the lifetime of the relevant level if the
initial recoil velocity, the lifetimes of the cascade-feeding
levels, and the stopping power of the slowing-down ma-
terial are known.

1. GRID analysis

To calculate the energy loss of atoms recoiling at very
low velocities produced in primary y-ray emissions, previ-
ous authors had used the binary collision approximation
(BCA) in the framework of Boltzmann transport equa-
tion [37] and a mean-free-path length approximation [38].
For the current application, both methods are inadequate
representations of recoiling atoms in a realistic lattice.
Moreover, the modeling should include not only elastic
collisions of recoiling atoms with one constituent atom
at a time but also interactions that involve more than
one moderating atom. These collisions are simulated in
this work by means of a constant energy and volume MD
method [21,22] which directly connects the interatomic
potential to the energy loss of a recoiling atom in a real-



istic lattice.

In the simulations of the slowing down in melamine,
the MD cell was comprised of 360 atoms, or 24 C3HgNg
molecules. The molecules were assumed to be planar
with bond lengths of 1.34 and 1.00 A for the N-C and
N-H bonds, respectively [39]. The crystal structure of
melamine was assumed to be monoclinic with unit cell
dimensions of 8.0, 6.9, and 2.4 A corresponding to the
density of 1.573 g/cm? [40].

In the simulations of the slowing down in silicon nitride
(SigNy4), the MD cell had 244 atoms, or 8 unit cells of 28
atoms. The crystal structure was trigonal with a unit cell
edge of 7.765 A and an angle between unit cell edges of
60° [41].

In the simulations, one of the nitrogen atoms in the
MD cell was given a recoil velocity in a random direction
corresponding to the energy of the primary 4 ray. Using
the interatomic potentials given below, the velocity vector
of the slowing-down atom was followed by numerically
integrating the equations of motion for a time of typically
100 fs. The velocities of the recoiling atoms from about
1000 recoil events were used to construct the distribution
of the recoil velocity as a function of time. From this
distribution the 4-ray lineshape was calculated [21] and
convoluted with a Gaussian instrumental function.

In some cases, there is significant cascade feeding from
the capturing state via intermediate states (see Table V).
In such cases the recoil velocity was given to the nitrogen
atom in several steps, and the lifetimes of the intermediate
states (see Table I) were taken into account. Different
modes of populating a particular final state were selected
at random according to the relative intensities given in
Table TV.

The interactions between the atoms in the MD cell were
described by the repulsive ZBL pair potential [30]. An
attractive potential was included to obtain the correct
nearest-neighbor distances of the atoms. In simulations
of melamine, a Morse potential [42] with a well depth
of 2 eV was splined between r = 0.5 and 0.7 A with
the ZBL potential to get the correct bond lengths for the
N-C and N-H bonds. In the case of silicon nitride, a
Coulomb potential with effective charges of +1.16e and
—1.55¢ for Si and N atoms, respectively, was added to
the ZBL potential to reproduce the correct nearest neigh-
bor distances. The attractive potential was included only
to prevent the crystal structure from breaking up during
the simulations. The uncertainties in the parameters of
the attractive potentials have negligible effect on the final
results. Thermal displacements of the target atoms were
neglected in the simulations.

The electronic stopping power, which is often ignored
when the recoil velocities are very low (=~ 100 km/s),
was calculated by applying the Bragg law to the stopping
cross sections [30] of individual elements of the target and
included as a frictional force in the equations of motion of
the recoiling >N atom. In the current case its inclusion
has a nonnegligible effect (~ 10%) on the final results.

2. Level lifetimes

The FWHM values of five secondary transitions in >N
measured with the melamine target are shown in Fig. 5(a)
together with the values calculated by the MD simulations
for 7 = 0.1 fs. Also shown is the experimental resolution
which represents an infinite lifetime.

The manner in which the Doppler broadening is related
to the level lifetime is shown in Fig. 5(b), which shows
the variations in the simulated FWHM values for selected
lifetimes. In the 5 — 50 fs region, the recoiling nucleus
is slowed down by the medium in such a way that the
broadening is sensitive to the lifetime.

With respect to the direction in which the secondary
~ rays are detected, the preceding primary v rays have
been emitted either isotropically or not—depending on
the spins and mixing ratios that define the standard an-
gular correlation between cascading v rays. If the life-
time 1s so short that the recoiling nucleus has no chance
to collide with nearby atoms (typically 7 < 1 fs in solids),
any anisotropy present in the cascade will affect the ob-
served broadening. If, as defined before, 6 is the angle
between the velocity vector of the recoiling nucleus and
the direction of secondary ~-ray detection, the preceding
primary transition was emitted in the direction (7 + 6).
The angular correlation between the primary and second-
ary transitions can be written as

W) x 1+ acos? 6, (2)

where the coefficient « is defined by (a) the spins of the
initial, intermediate, and final states and (b) the multipole
mixing ratios of the cascading transitions [43]. Figure
5(c) illustrates the extreme cases where & = +1, @ = 0
(isotropic distribution), and @« = —1. Cascade feedings
will dilute angular correlation effects because the net re-
coil velocity 1s the sum of the velocity vectors resulting
from the preceding cascade transitions.

In melamine and silicon nitride, the recoiling '®N nuc-
leus will collide with another atom in about 1 to 3 fs.
Once this happens, the emission direction of the second-
ary v ray is no longer correlated to the recoil direction.
If 7 > 3 fs, the bulk of the secondary 5-ray emissions
will take place after the first collision, and the angular
correlation will not affect the lineshape which can now
be approximated by the isotropic case. If 1 < 7 < 3
fs, the lineshape becomes complex—arising partly from
emissions that take place before the first collision (during
which angular correlation is important) and partly after
(when it is not).

Because J™ = 11 for the ground state of '*N, the J™
of the capturing state is a mixture of %+ and %+ states.

For four transitions to the %_ ground state of '®N, the
calculated FWHM values as a function of the lifetime are
shown in Fig. 6 for melamine. It is again emphasized
that certainly for 7 < 1 fs and, to a lesser extent, for
1 < 7 < 3 fs, angular correlation effects, if allowed by the

spins, are important.



The J = L assignment [1] for the 5.30- and 8.31-MeV
levels lead to o = 0 in both cases, and the FWHM be-
haviors of their ground-state transitions are as shown in
Figs. 6(a) and 6(d).

The mixing ratio for the M1 4+ E2 ground-state trans-
ition from the 6.32-MeV J™ = %_ state is known to be

dy, = +0.132+0.004 [1] and the 4.51-MeV primary trans-

ition to this state from the J™ = %+ + %+ capturing state
can be assumed to be nearly pure E1 (d,, = 0). Hence,

the effect of the angular correlation can be calculated for
the extreme cases when the initial state is either pure %+

or %+. The resulting a values are +0.207 and —0.147,
respectively, if the 6.32-MeV level were fed 100% by the
4.51-MeV transitions (no cascade feeding), but, because
it 1s not, these values need to be multiplied by the direct
fraction of the population (see Table IV). The resulting
a values are +0.184 and —0.131, respectively. The cor-
responding behaviors of the simulated FWHM values are
shown in Fig. 6(b).

In the case of the 7.30-MeV, J™ = %+ state, the
ground-state transition is known to be nearly pure E1
from &,, = —0.017F5:39% [1] but both the mixing ratio
of the 3.53-MeV primary transition to this state and the
spin composition of the initial capturing state are un-
known. Therefore, the calculated extreme range of the
FWHM values is very wide for lifetimes shorter than 3
fs as shown in Fig. 6(c). The extreme values corres-
pond to cascade-feeding corrected a values of —0.558
(2 > 3 5 38y, = —0775), 0335 (3 = 3 > 5
8y, = —4.826), 40.442 (3 — 2 — §; &, = +0.207), and
+0.495 (2 - 3 — 4; 6, = +1.291).

From Fig. 6, it can be inferred that the experimental
FWHM values of 3.700, 4.467, 4.595, and 4.711 keV
(see Table III) correspond to the lifetimes of 40 + 3 fs
(Ez =5.30 MeV), < 3 fs (6.32 MeV), < 4 fs (7.30 MeV),
and < 3 fs (8.31 MeV), respectively, if the angular correl-
ation effects are not taken into account. However, from
the previous discussion, it can be seen that angular cor-
relations have a significant effect on the lifetime results
in the case of the 6.32- and 7.30-MeV levels.

To get information about the most probable values of
a (see Eq. 2), measurements were performed using an air
target where the recoil can be assumed to move without
slowing down appreciably. For the 6.32- and 7.30-MeV
levels, the measured FWHM values (see Table V) were
consistent with @ = —0.131 and @ = —0.17 £ 0.16, re-
spectively. Using these values of a, the melamine data
yielded the lifetime limits of < 2 fs and < 4 fs for the
6.32- and 7.30-MeV levels, respectively.

The analysis of the FWHM values of 3.744, 4.475,
4.738, and 4.841 keV (see Table V) measured with the
silicon nitride target yielded, without the angular correl-
ation effects, the lifetime values of 40 + 3 fs (F, = 5.30
MeV), < 5 fs (6.32 MeV), < 3 fs (7.30 MeV), and < 3 fs
(8.31 MeV), respectively, in fairly good agreement with
the values obtained with the melamine target. When the

a values obtained from the air target measurements were
included in the analysis, the lifetime limits for the 6.32-
and 7.30-MeV levels were not reduced significantly.

After combining the results of all three measurements,
the final GRID lifetimes are given in Table 1. For the
5.30-MeV level, the extracted lifetime of 40 £+ 3 fs from
the GRID measurement is in excellent agreement with the
43 £ 4 fs from the DSA measurement. This consistency
shows that the potentials used give the correct stopping
power. The GRID upper limits on the lifetimes for the
6.32-, 7.30-, and 8.31-MeV levels are also consistent with
the current DSA values.

IV. MIRROR SYMMETRY OF "N AND YO

The current lifetimes for the 5.30-, 7.16-; and 7.57-MeV
levels in '®N are significantly different from those adopted
in Ref. [1]. With the new lifetimes, the extent to which
the mirror (isospin) symmetry of levels in *N and °0
is valid can now be further examined. To this end, the
lifetimes (converted to widths), ~-ray branching ratios,
and resulting electromagnetic transition strengths for the
nine lowest analog states are compared in Table VI. Apart
from the lifetimes referred to above and the branching
ratios for the 8.31-, 8.57-, and 9.05-MeV levels of '°N (see
Appendix A), the experimental information is taken from
Ref. [1]. The lifetimes for the bound levels of *O adopted
in Ref. [1] are mainly from previous DSA measurements
carried out at the University of Helsinki [28]. The DSA
analysis used experimental slowing-down data measured
under similar conditions. Therefore the deduced lifetimes
are insensitive to newer developments in stopping-power
theory. The ~-ray widths of the three unbound levels of
150 (above 7.30 MeV) included in Table VI are from the
work of Schroder et al. [44]. The transition strengths
have been derived from the data using the definitions of
Weisskopf units (W.u.) given by Skorka et al. [45]. The
ground-state (g.s.) F2 and E3 transition strengths in
Table VI are derived from mixing ratios [1] or, in the

case of the %+ state, from small v branches with large
uncertainties.

For N, inelastic electron scattering provides trans-
ition strengths with comparable or better precision (al-
beit with some model dependence if form factors are not
measured at sufficiently low momentum transfers). An
intercomparison is made in columns 5 and 6 of Table
VII. Furthermore, if ratios of 71 to 7~ inelastic scatter-
ing cross sections on 15N near the delta-resonance energy
are available, it is possible, with rather more model de-
pendence, to relate transition strengths in 150 to those
in '®N. The results of such an analysis are also given in
Table VII. The sources of the (e, e’) and (7, 7') data and
an outline of the analysis which leads to these results are
given in Appendix B. For the 6.32- and 5.27-MeV levels in
15N, the B(E)) values are in good agreement with those
extracted from the lifetimes and mixing ratios. The value



for the 7.57-MeV level is also in agreement, but it is much
more precise. There are no v-ray data on the weak g.s.
E3 transition from the 7.16-MeV level.

If mirror symmetry holds for "N and 50, the expecta-
tion is that E'1 transition strengths for analog transitions
should be identical (see Table VI). However, the g.s. F1

strengths from the first %+ (%f) states, for which the life-
times are accurately known, clearly violate mirror sym-
metry because the transition strength is ~ 5 times weaker

in ®N than in 150. Even larger violations are evident for

the next two %+ states. The g.s. F'1 transitions are very

weak in 1°0; it is 8 x 1075 W.u. for the %; state, and
even a 5% branch for the unobserved g.s. transition from
the %;— state would correspond to a transition strength of
only 5 x 1075 W.u.

The strengths of moderately strong £2 and E£3 trans-
itions in 15N and %0 are not expected to differ by large
factors because the matrix elements are expected to be
dominantly isoscalar in nature. Similar expectations hold
for moderately strong M1 and M2 transitions, in which
the isovector spin contributions are expected to dominate.
As can be seen from Table VI, these general expectations
hold quite well. In the following subsection, theoretical
calculations for the structure of the states listed in that
table are reviewed, and some predictions for transition
rates are compared with experiment. Then, in the sub-
sequent subsection, possible reasons for the breakdown
in mirror symmetry for E1 transition strengths are dis-
cussed.

A. Shell-model calculations

Shell-model calculations for the positive-parity states,
which require a basis of 1p2h and 3p4h configurations to
account for the levels of interest, are described in detail
by Alburger and Millener [46], who also discuss earlier
calculations. Of the positive-parity levels listed in Table
VI, only the 9.05-MeV, %+ state has a shell-model coun-
terpart which is mainly 3p4h, although a substantial 3p4h

component is predicted for the 8.57-MeV, %+ state. The
7+ model state, identified with the 7.57-MeV level of 1°N
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and not listed in Table 111 of Ref. [46], is 97% 1p2h with
a dominant (~ 80%) 141\T(g.s.)><(15/2 component. A num-
ber of arguments supporting the essential features of the
predicted shell-model structure were given in Ref. [46].
Further evidence, which is relevant to our discussion of
E1 transition strengths in the following subsection, comes
from the excitation energy differences of the states in *N
and 1°0 resulting from Coulomb effects. Specifically, the
rather different Coulomb energies of the active Op, 0d, and
1s orbits, which decrease in the order given from roughly
3.5 MeV in steps of 300-400 keV, provide a sensitive test
of configurational structure. The largest energy shift of

756 keV occurs for the 8.31-MeV, %+ state, which has
a rather pure *N(g.s.)x 1515 configuration [46], and re-

flects the difference in Coulomb energies of the O0p and
1s orbits. A large shift of 508 keV also occurs for the

7.30-MeV, %+ state, which has a large component of the

same configuration. The 7.57-MeV, %+ and 7.16-MeV,

g+ states, which have large N(g.s.) xd5/3 components,

have shifts just under 300 keV representing a substantial
part of the difference in Coulomb energies of the 0p and 0d

orbits. The 5.27-MeV, g+ and 5.30-MeV, %+ states, on
the other hand, undergo small energy shifts of 29 and 116
keV, respectively. These states are predominantly 1p2h
in nature with a greater Ods/5 or 1s1 /5 parentage to 7' =1
than to T' = 0 2h states [46]; this finding translates into
roughly equal parentages of neutron and proton coupled
to a p-shell core. Thus, the Coulomb energy shifts of these
two states are typical of the p shell.

A similar shell-model calculation, in which the 2Aw
basis is truncated to states of high spatial and SU(3) sym-
metry, has been performed for the negative-parity states.
In each calculation, the only adjustable parameter is a
small energy shift applied to either the 3p4h or the 2p3h
basis states to bring the final excitation energies of such
states into good correspondence with experimental coun-

terparts. The 1h intensities in the lowest %_ and %_
states of the (0 4+ 2)hw calculation are 88.2 and 78.1%,
respectively.

A comparison of calculated and experimental electro-
magnetic transition strengths using wave functions from
the calculations described above is given in Table VIII.
The M1 strengths are a useful indicator of configuration
mixing because the M1 operator does not connect states
that differ in Aw. In this connection it can be seen that,
except for two very weak transitions, theory and exper-
iment are in rather good accord, even for the %; — %:‘
transition connecting states whose dominant components
differ in oscillator quantum number (the same is true for

the similar case, not shown in Table VIII, of M1 trans-

itions from the %: state to the lower %+ states). For the
g.s. transitions from the %f and %f states, only results

from a 1hw — 0hw calculation are available. The E3 ef-
fective charges 14+dep+den = 1.5 and 14-de, —de, = 0.77
are close to the values required to describe F3 transition
rates in 13C [47] and are typical of the values required for
E3 transitions in 1hw — 0%w calculations in this mass re-
gion. The overall reproduction of the E3 strengths (very
sensitive to the value of the oscillator parameter) is good

as are the predictions of a dominantly isoscalar transition

from the %T state and a substantial isovector contribution

to the decay of the 7+

21
tial M2 strength in the decay of the gj state is also borne
out, and the overprediction is typical of a 1hw — 0hw cal-
culation.

The M1 strength for the %_ — %_ transition is over-
predicted and close to the value of 0.935 W.u. for pure 1h
states [a consequence of the truncation of the 2hw basis

to configurations with high spatial and SU(3) symmetry].

state. The prediction of a substan-



About half the required reduction of the M1 matrix ele-
ment can be achieved by the inclusion of core polariza-
tion, isobar currents, and meson-exchange currents [48].
The isoscalar effective charge 1 —{—Jep +de, = 2.0 required
to get reasonable agreement with the experimental B(E2)
strengths for the same transition is larger than the value
required for 13C [47] and for many other p-shell nuclei,
but it is more consistent with the larger values required
at and close to 1°0.

B. Electric-dipole transitions

The predicted g.s. F1 strengths are in surprisingly
good agreement with the experiment for 1°N, as was
noted in Ref. [14]. Tn view of the strong violations of
isospin symmetry evident in the comparison of mirror
E1 transition strengths, this agreement may be fortuit-
ous. The predictions for E1 transitions in '"N which

involve the %_ final state are not so successful.

The E1 transition strengths are weak, and the theor-
etical matrix elements involve considerable cancellation
among contributions from different pairs of orbits. In
this situation, the use of more realistic single-particle
wave functions in the place of harmonic oscillator wave
functions can sometimes make a significant change in the
transition strength. In particular, if an orbit — especially
a ls orbit — is rather loosely bound, this mechanism can
explain both abnormally large B(F1) values for trans-
itions between low-lying states [49] and differences in the
strengths of mirror E1 transitions. However, for 1N and
150, changes in the radial wave functions alone are un-
likely to be able to account for the factor of 5 difference

in the %j — %1_ strengths because the separation en-
ergies for nucleons are not particularly low and because
there is also strong cancellation of the 1513 — Opy/2 and
Is1j2 — Ops/2 contributions to the E1 matrix element
which lessens the sensitivity to changes in the 1s radial
wave function.

Another mechanism for producing a difference in mir-
ror transition strengths is suggested by the rather large
differences in Coulomb energy shifts for different config-
urations. The inclusion of the single-particle Coulomb
energy shifts in the shell-model calculation would lead to
the diagonalization of different energy matrices for 15N
and 150. The consequent changes in wave functions could
substantially alter E1 matrix elements and thus lead to
a breakdown of mirror symmetry. Such a mechanism has
been suggested as a contributor to the mirror asymmetry
of the %:— — %1_ transitions in '*C and '®N [50] (also, in
this case, nucleon separation energies are low and differ-
ent in the two nuclei). Even the simplest estimate sug-
gests about a 1.5% difference in the 3p4h admixtures in
the lowest %+ states of 15N and 150, and changes within

the 1p2h part of the wave functions are also expected.
The possibility that the observed mirror asymmetries are

due — perhaps mostly due — to such wave function differ-
ences 1s an area of research that deserves more attention.

V. SUMMARY

Lifetimes of bound states in 1N below the excitation
energy of 9.1 MeV were surveyed by the DSA method
through the inverse reaction 2H(!*N, py) and by the
GRID method through the thermal-neutron capture re-
action 1*N(n, 7).

By using implanted targets in a high stopping-power
medium (Au), the stopping power of which is experiment-
ally known, and by simulating the slowing-down process
with the Monte-Carlo method, the lifetimes values (in fs)
of 43 + 4 (E; = 5.30 MeV), 11 £ 2 (7.16 MeV), and
129 + 6 (7.57 MeV) were obtained in the DSA measure-
ments. Comparison of the lineshapes obtained with Au
(high stopping-power) and Si (low stopping-power) back-
ings yielded the upper lifetime limits (in fs) of < 12 (E;
= 6.32 MeV), < 3 (7.30 MeV), < 3 (8.31 MeV), < 10
(8.57 MeV), and < 4 (9.05 MeV).

GRID measurements were made with melamine, sil-
icon nitride, and air. The FWHM values of the Doppler-
broadened ~-ray lineshapes were simulated with a re-
cently introduced molecular-dynamics simulation pro-
gram of the slowing down of atoms recoiling at ultralow
velocities. This analysis yielded the lifetime values (in fs)
of 40 + 3 (E, = 5.30 MeV), < 2 (6.32 MeV), < 3 (7.30
MeV), and < 3 (8.31 MeV).

The recommended lifetime values (in fs) of 41 £+ 3, 11
=+ 2, and 129 + 6 for the 5.30-, 7.16-, and 7.57-MeV levels,
respectively, are believed to be more accurate and reliable
than currently available in the literature.

Transition strengths for nine levels below excitation
energies of ~ 9 MeV in !N and 'O were compared
with the results of a shell-model calculation. The level
of agreement between theory and experiment was gener-
ally rather good. In particular, the agreement for M1
strengths, together with an understanding of the wide
variation in Coulomb-energy shifts for excited states, sup-
ported the basic shell-model description of the structure
of low-lying, positive-parity states in terms of mixed 1p2h
and 3p4h configurations. A breakdown of mirror sym-
metry was noted for F'1 transition strengths, particularly

in the ground-state transitions from the %-l— states. The
conjecture that this breakdown could be primarily caused
by differences in configuration mixing in '®*N and '°0Q,
which mixings are themselves a natural consequence of
the differing Coulomb-energy shifts for different configur-
ations, is worthy of further study.

Although the current measurements improve the pre-
cision with which three lifetimes are known in '5N, the
uncertainties in several others are large. For the 8.31-

MeV, %+ and 8.57-MeV, %+ states, measurements of lon-
gitudinal (e, ') form factors at low momentum transfers
might be particularly helpful. Tn 'O, only upper lim-



its are known on the lifetimes of the 6.18-MeV, %_ and

6.79-MeV, %+ states; the lifetimes should be around 0.3
fs (from scaling the SN lifetime by the ratio of theoret-
ical M1 strengths) and 0.6 fs (from assuming mirror sym-
metry), respectively. Measurements, with relatively small
uncertainties, of the four lifetimes identified above would
(a) essentially complete the set of information on the
transition strengths for low-lying states of "N and 150,
(b) better quantify the breakdown of mirror symmetry
for F'1 transition strengths, and (c) provide a strong test
of theoretical calculations, including the mechanisms for
symmetry breaking.
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APPENDIX A: BRANCHING RATIOS FOR
SELECTED "N LEVELS

The branching ratios given in Table 15.5 of Ref. [1]
for the decay of the 8.31-, 8.57-, and 9.0-MeV levels of
15N represent a particular selection from the three ori-
ginal Refs. [51-53] (tabulated in Table 15.10 of Ref. [54])
without an average being taken. Moreover, the branching
ratios for a given level do not sum to 100%. An explan-
ation of how we arrived at the branching ratios given in
Table VI is given below.

The 8.31-MeV level. Reference [53] gives a 1.2(6)%
branch to the 7.16-MeV level while Ref. [51] puts a
limit of < 1% on this branch. Here, the 1.2% branch
is ignored, because it would correspond to an im-
plausible £2 strength, and the remaining branches
are renormalized to sum to 100% and then averaged

with the results of Ref. [51].

The 8.57-MeV level. In Ref. [1], the branches for the
6.32- and 7.16-MeV levels are taken from Ref. [53].
Here, the 3.6% branch to the 7.16-MeV level is
taken from Ref. [44], the results of Refs. [51] and [52]
are renormalized to take this branch into account,
the results of Refs. [51] and [53] for the branch to the

6.32-MeV level are averaged, and all three results
for the large branches are averaged.

The 9.05-MeV level. Reference [51] gives a 1.2(4)%
branch to the 7.30-MeV level while Ref. [53] puts
a limit of < 1% on branches to the three levels
near 7.3 MeV. Here, the 1.2% branch is ignored,
although 1t would correspond to a plausible M1
strength, and the remaining branches are renormal-
ized to sum to 100% before averaging the results
from all three references.

APPENDIX B: USE OF (¢,¢') AND (r,7') DATA

The (e,e’) and (m, ') data that are used in the con-
struction of Table VII are taken from several unpublished
theses. The NIKHEF (e, e’) data for the excitation of
negative-parity states appear in the thesis of de Vries [55]
and, for the positive-parity states, in the thesis of Salah
[56], which also contains the earlier 180° UMass/Glasgow
data from Bates. The LAMPF data for inelastic 7t and
7w~ scattering at Tp = 164 MeV appears in the thesis of
Saunders [57].

In the NIKHEF data, the 5.27- and 5.30-MeV levels
are not resolved; they are separated by lineshape fitting,
while the 7.15- and 7.30-MeV levels are resolved. Lon-
gitudinal form factors for all the levels listed in Table VI
have been obtained for momentum transfers in the range
0.6 fm=! < gepp < 3.2fm="

The B(EX) values in Table VII were obtained by fitting
the measured (e, e’) form factors with polynomial times
Gaussian expressions in the variable y = (bg/2)? (see Sec.
V A of Ref. [47]), where b is the harmonic oscillator length
parameter. The square of the leading term in the poly-
nomial gives B(EA) 1 in units of e*fm?* (E2 W.u. =
2.198 e?fm* E3 W.u. = 13.366 e*fm®). This is a model-
dependent procedure when low-q data are not available.
Nevertheless, experience shows that it is a rather reli-
able means of extracting £2 and £3 matrix elements in
light nuclei. The uncertainties on the B(EA) values in
columns 6 and 9 of Table VII are purely statistical, but
some idea of the model dependence can be obtained by
varying the parametrization; generally, such changes in
the fitting procedure do not move the fitted B(EX) val-
ues outside the statistical error bars for other reasonably
good fits.

Over the range of momentum transfers covered by the
NIKHEF data, the longitudinal form factors for positive-
parity states with J < % are all similar in shape (see Sec.
V.E.4 of Ref. [47]). Measurements at low ¢ are needed to

obtain information on B(FE1) values for excitation of the
1+

3+
5 and 5 states.

The older work of Kim et al. [17] has not been used
here because the doublets at 5.3 MeV and 7.3 MeV are
not resolved and because their analysis using Helm-model
transition densities, which are surface peaked corres-



ponding to giant-resonance-type transitions, is not ap-
propriate for E'1 transitions to low-lying excited states.
It is useful to define [47] amplitudes A, and A, as

AP = (1 + 6€p)Zp + 5n,Zn7
A = 8enZy + (146, Zn, (B1)

where 7, /,, are shell-model one-body density matrices in
the p/n representation and d,/,, are effective charges. The
B(E)) values for *N and 1°0 are proportional to Ag and
A2, respectively, and A, values can be deduced from the
measured B(E)) values for '°N (see Table VII). To a
reasonably good approximation, the pion inelastic scat-
tering ratio R near resonance energies is given by

oty (34, + A\
R= o(r=) <3An +Ap> ’ (B2)

which can be used to obtain A,/A,. For strong F2 and
E3 transitions, A,/A, is chosen to be positive because
the isoscalar matrix element is expected to dominate. The
ratios given in column 7 of Table VII were obtained by
averaging the experimental ratios [57] of cross sections
at five angles at 5° intervals around the peak cross sec-

tion. The uncertainties in the B(EX) values for 150 are

dominated by the uncertainty in R, except for the %j-

state for which uncertainties in the (e, e’) form factor are
relatively large as a consequence of the lineshape fitting
required to separate the cross sections for the 5.27- and
5.30-MeV levels of N. Apart from the model depend-
ence inherent in Eq. B2, there is also the possibility that
multipoles other than the dominant one contribute to the
pion cross sections. In fact, the cross section for the 7.16-
MeV level is clearly dominated by the M2 multipole. In
the other cases, the cross sections have the shapes expec-
ted for the dominant multipole. The 5.27- and 5.30-MeV
levels are not resolved, and the 5.30-MeV level is expec-
ted to contribute, especially at small angles, with a peak
cross section which is about 10% of that of the 5.27-MeV
level.
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FIG. 2. Same as Fig. 1 for three additional transitions in
'5N. The dispersion is 1.32 keV /channel.

FIG. 3. Selected portion of the v-ray spectrum from
thermal-neutron capture by N in melamine. The FWHM
value for the 5.27-MeV peak is only 0.03 keV wider than the
instrumental resolution, whereas that of the 5.30-MeV peak is
0.48 keV wider.

FIG. 4. Doppler broadening of secondary transitions in the
"N(thermal n, ) reaction with a melamine target. Solid
lines denote instrumental resolution. Open and closed circles
represent primary and secondary transitions, respectively.

FIG. 5. (a) FWHM values of five secondary transitions
measured in thermal-neutron capture by "N in melamine.
They are bracketed by the MD simulations for 7 = 0.1 fs
on the one side and by the instrumental resolution (the 7 = oo
fs curve) on the other. (b) Sensitivity of the FWHM values
to the level lifetime assuming zero angular correlations. (c)
Sensitivity of the FWHM values to the angular correlations
assuming 7 = 0.1 fs.



FIG. 6. Calculated FWHM values of four secondary trans-
itions as a function of the level lifetimes. The recoiling nuclei
are slowing down in melamine. The solid line corresponds
to zero angular correlation. The measured FWHM value is
shown by the shaded band. In the cases of the 5.30- and
8.31-MeV transitions, the measured FWHM values lead dir-
ectly to lifetime values because angular correlation is not a
factor in either case. In the cases of the 6.32- and 7.30-MeV
transitions, their known mixing ratios together with the ad-
ditional assumptions restrict the calculated FWHM values to
the dotted region, as shown in (b) and (c), respectively. The
spin sequences and the mixing ratios are discussed in Sec.

1B 2.
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