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The ' N(n, yo)' N reaction has been studied over a neutron energy range of 5.6 MeV to
13 MeV. Data include a 90' excitation function measured in 200 keU steps, and seven

angular distributions. The angular distribution data show good agreement with the re-

sults of a phenomenological direct semidirect model calculation. No non-E1 radiation is

required to account for these data. The cross section as a function of energy is similar to
the '"N(p, yo)"0 reaction and different from the ' C(p, yo) "N reaction. These differences
can be understood in terms of the different isospin states allowed in each reaction.

NUCLEAR REACTIONS ' N(n, yo)' N, measured 0(E,O) from
E„=5.6—13.0 MeV, DSD model calculations, results compared to

' C(p, yo) "N and ' N(p, yo) "0.

INTRODUCTION

The giant dipole resonance (GDR) of ' N has
been the topic of interest in a significant number
of capture reaction studies. Several groups have
reported measurements of the ' C(p, yo)' N reaction
using polarized' and unpolarized beams. Del Bi-
anco et al. have measured the "B(a,yo)' N reac-
tion, and Schaeffer et al. have studied the
' C(t, yo)' N reaction. Weller and Blue, Del Bian-
co et al. and Skopik et al. have investigated the
' C(d, yo)' N reaction including an angular distri-
bution measurement with a vector polarized deu-
teron beam. The results of these experiments have
indicated that the reaction mechanism is rather
complex, since the structures in the cross section
seen in the various capture channels do not appear
to be correlated in any obvious way. Since the
composite particle channels are competitive with
single nucleon ground state channels, it would ap-
pear that a 2h-1p shell model basis is not an ade-
quate description of the GDR in this case. How-
ever, it should be noted that the capture reaction
does not readily populate the (p3/2 p]/2 ') 3ds/2

configuration which is presumed to be a large
component of the GDR.

Although there have been a large number of
studies of the GDR region of ' N, there has been
one conspicuous omission: the neutron channel.
In the present paper we shall present the results of
our investigation of the ' N(n, yo)' N reaction. In
addition to completing the major capture experi-
ments into ' N, the ' N(n, yo)' N reaction study
should be of interest with regard to the isospin
structure of the GDR region of ' N. In the ab-

sence of isospin mixing, a comparison of the
' C(p, yo)' N reaction, which should populate states
with T= —, and —,, with the ' N(n, yo)' N reaction,

1

which should only populate T = —, states, should

allow at least a tentative identification of T = —,

strength in ' N. Previous efforts on this problems
have used the ' N(p, yo)' 0 (Ref. 9) data which
should display the T = —, strength in the mirror

nucleus ' O. As we shall see below, this compar-
ison may be complicated if there is any energy
shift between the structures in the GDR's of these
mirror nuclei.

A neutron capture study also promises to shed
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light on the nature of the non-E1 radiation present
in the experiment. Recent polarized proton cap-
ture studies on 1p-shell nuclei have indicated that
the observed non-E1 effects can be accounted for
by the presence of direct E2 capture radiation.
Since the direct E2 amplitude is scaled by the
kinematic effective charge, which is smaller for
neutrons as compared to protons, the direct E2 ef-
fects should essentially vanish in the neutron cap-
ture experiment. ' The fact that the neutron cap-
ture process should not contain any significant
direct E2 capture should increase its sensitivity to
the presence of collective E2 capture amplitudes.

EXPERIMENTAL

A diagram of the apparatus is shown in Fig. 1.
The neutron beam was produced using the
H(d, n) He reaction. The deuterium gas cell was a

3.0 cm long cell with a 4 mg/cm thick molybde-

num entrance window, and was pressurized to two
atmospheres. The energy spread in the neutron
beam from this cell varied from approximately 250
keV at E„=6.0 MeV to 100 keV at E„=13.0
MeV. The absolute energy of the neutron beam
was calibrated to within 50 keV using a resonance
in the '2C(n, n)'~C cross section at 6.30 MeV."

The target was prepared by compressing Be3Nq
powder into a thin walled plexiglas cylinder 3.8 cm
high and 3.8 cm in diameter. The resulting target
had a measured density of 1.55 g/cm and con-

tained 34.2 g of nitrogen. The center of the target
was located 7.8 cm from the end of the deuterium
gas cell.

The y rays were detected in a spectrometer con-
sisting of a 25.4 cm by 25.4 cm NaI crystal and a
plastic anticoincidence shield. This system has
been previously described in detail. ' As shown in
Fig. 1, the detector was shielded from the direct
neutron flux emanating from the gas cell by means
of a tungsten "shadow bar." In order to improve
the signal to noise ratio the beam was chopped and
bunched at a rate of 2 MHz into pulses approxi-
mately 2 nsec wide. A typical time of flight spec-
trum is shown in Fig. 2. By setting a digital win-
dow with the proper time-of-flight criterion, we
were able to distinguish prompt y rays from the
subsequent burst of neutrons.

Since the Q value of the reaction is large
(+ 10.836 MeV), and the yo transition is well

separated from the first excited state, we operated
the spectrometer with a high threshold on the
shield energy discriminator. This resulted in a
larger y-ray efficiency for the detector but with
some decrease in energy resolution. In this mode
the detector had an efficiency of 27% and an ener-

gy resolution of approximately 5%, for y-ray ener-

gies around 20 MeV.
The value of the detector efficiency is based on

the measured thick target yield of the ' C(p, y)
reaction' at 15.07 MeV. The energy dependence
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FIG. 1. Schematic diagram of the detector system,
the gas ce11, and the target geometry.

FIG. 2. Typical time of flight spectrum showing
separation of neutron and y-ray events in the detector.
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of the efficiency was taken to be a constant' over
the energy range covered in this experiment.

RESULTS

The 90' excitation function for the ' N(n, yo)' N
reaction was measured in 200 keV steps for neu-
tron energies between 5.6 and 13 MeV. This ener-

gy range corresponds to 16.0 to 24.0 MeV excita-
tion in ' N. A typical spectrum is shown in Fig.
3. The number of counts in the peaks were ob-
tained by fitting the data to a standard line shape,
and the yields were corrected for dead time and ac-
cidental count rate effects. The average beam
current on target ranged from 100 to 400 nA.
Each data point contained approximately 200
counts and required appoximately 2 h to acquire.

In order to calculate an absolute value for the
capture cross section, several corrections must be
applied to the data. These corrections are basically
due to the finite extent of the neutron source and
the finite size of the sample and the detector. The
neutron flux, which has a forward-peaked angular
distribution, must be averaged over the volumes of

the gas cell and sample. The cross section and an-

gular distributions for the H(d, n) He reaction
were taken from Drosg. ' Corrections must also
be made for the attenuation of the neutron flux
and the y rays in the sample. In addition, correc-
tions must be made for events which arise from
the multiple scattering of neutrons. These averages
were performed using a Monte Carlo simulation
computer program. Since the sample contained
both beryllium and nitrogen, we corrected for mul-

tiple scattering using the Monte Carlo simulation
program for two limiting cases: a pure beryllium
sample and a pure nitrogen sample. The multiple
scattering corrections differed in these two cases by
less than 3%, and we corrected the data with their
average values.

The 90' excitation function, corrected as
described above, is plotted in Fig. 4 as a function
of incident neutron energy. The errors shown in
Fig. 4 represent only the statistical errors. We esti-
mate an overall uncertainty of 20%o in the absolute
cross section.

Angular distributions were obtained at incident
neutron energies of 7.0, 7.8, 9.2, 9.8, 10.4, 12.0,
and 13.0 MeV. Corrections were made, as
described above, and the corrected angular distri-
butions were fit to an expansion in Legendre poly-
nomials:
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FIG. 3. Energy spectrum observed at E„=9.0 MeV
for the ' N(n, yo)' N reaction at 90 deg. This spectrum
was obtained with decreased energy resolution in order
to increase the detector efficiency.
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FIG. 4. Cross section at 90 deg for the ' N(n, yo) "N
reaction as a function of incident neutron energy. The
error bars shown represent only statistical errors.
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FIG. 5. y-ray angular distributions for the ' N{n, yo) "N reaction. Curves are the results of Legendre polynomial fits
to the data. Error bars represent statistical errors.

found that satisfactory fits (i.e., X —1) were ob-
tained when only terms through order k =2 were
included. The results of the fit for a t and a2 plot-
ted versus neutron energy in ' N, are shown in Fig.
6.

0.2—

DISCUSSION 0.0

The direct semidirect (DSD) model has had con-
siderable success in describing the general features
of proton and neutron capture reactions. ' ' In
this model, for the case of electric transitions, the
radial transition matrix elements, (T~z ) are of the
form:

0.0 I

-0.2—

Tij. cc ui~'(r) q,rrr + h (r)
Xij(r)tI dE —Ed+

02
-04—

(2)

where ui J'(r) is the bound state radial wave func-
tion, Xij(r) is the radial part of the neutron partial
wave in the incident channel, and r is the single
particle electromagnetic operator of multipolarity
L in the long wavelength limit. Ed and I d are the
position and width of the resonance. Note that the
kinematic effective charge, q,ff, scales the direct
amplitude. If the form factor, h (r), is set to zero,
the matrix element describes direct capture. If we
assume that the resonance parameters are the same
for all I and j and choose h (r) cc r as suggested by
Brown, ' then the relative amplitudes of the DSD
model are the same as for the pure direct model.
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FIG. 6. Coefficients resulting from the Legendre po-
lynomial fits to the angular distributions plotted as a
function of y-ray energy. The error bars represent the
statistical errors associated with these coefficients.
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Other expressions for Ii (r) have been suggested. '

In the case of ' N+ n, with a target spin j,= 1,
it is possible to have 5 E1 and 6 E2 matrix ele-

ments. Since these matrix elements are complex,
we have 11 amplitudes and 10 relative phases for a

total of 21 unknowns. If we assume that the spin
of the target is ineffective in determining the value
of these matrix elements, then we can write the
matrix element for the spin j, target in terms of a
spin-zero target matrix element:

Lj~jb T lx jjgjb

=x(Lj j ~~
T ~~ fix)joj)vt2j'+1)ll(2j, +1 lwlj,j jul j 'jl,

J

where we couple the orbital angular momentum l,
and the spin x of the projectile to a total angular
momentum j. The angular momentum of the y-
emitting state is jb, j' is the angular momentum of
the single particle in the final state, and j, is the
spin of the final nucleus obtained by coupling j'
and j,.

It can be shown that this relationship implies
that the equations to be used to express the non-
zero spin target angular distribution coefficients in
terms of the spin-zero target matrix elements are
essentially the target spin-zero equations where the
final state has a total angular momentum j'. If we
use the j—j coupling scheme and label the contri-
buting matrix elements by the orbital angular
momentum and total angular momentum (l,j) of
the projectile and the multipolarity of the outgoing
radiation (L), then we can define a matrix element
having amplitude lf(L) and phase (I). The equa-
tions for the a i and ai coefficients in terms of the
amplitudes and phases of the E1 and E2 target
spin-zero matrix elements are'

1=si/2(E1) +2d3/i(E1) + 2p3/2(E2)

+3fs/2(E 2) (normalization),

a i
——3.464s «2(E 1}p3/2(E2)cos(s —p)

+0.6928d3/2(E 1}p3/2(E2}cos(d —p)

+6.235d3/i(E 1)f5/z(E2)cos(d f), (4)—

ai ———2s i/2(E 1)d3/2(E 1)cos(s —d)

di /(pE 1) +p3/i(E2)

+0.857 lp&/z(E 2}f5/2(E 2}cos(p f)—
+ 1.714f5/2(E2)

These equations enable us to evaluate the angular
distribution coefficients from the calculated target
spin-zero matrix elements for comparison with the
data. The cross section for the case of a target
with spin j, is related to the spin-zero target cross
section by:

2j, +1
o, (target spin j,)=, o, (target spin O, residual j') .

(2j, + 1 2j'+ 1

We have calculated the relative amplitudes and
phases for the ' N(n, yo) reaction using a phenom-
enological DSD model in the following way. We
first calculated the results for pure direct E1 cap-
ture of a neutron into a p~&2 orbital assuming a
target spin of zero. This calculation used the opti-
cal model parameters compiled by Percy and
Percy to. construct the continuum wave function,
and a Woods-Saxon potential adjusted to give the
experimental binding energy of the p~~2 single par-
ticle state in the ground state of ' N to construct
the bound state wave function. The spectroscopic
factor (S= 1.45) was taken from the recent mea-
surements of Kretschmer et al. ' Since the yield
curve does not show a well defined resonance
shape, we constructed an E1 semidirect term by

I

normalizing the calculated direct E1 cross section
to the data at each excitation energy. In this way
we can calculate the relative magnitudes and
phases of the spin-zero matrix elements assuming a
form factor proportional to r without having to
specify resonance parameters. The E2 cross sec-
tion was calculated as pure direct.

The equations given above were used to obtain
the a~ and a2 angular distribution coefficients
from the calculated target spin-zero amplitudes
and phases. We also calculated the angular distri-
bution coefficients for the '

C(p, yo)' N and the
' N(p, yo)' 0 reactions in a similar manner. Since
the set of equations for the angular distribution
coefficients for the ' N+p reaction can be ex-
pressed in terms of the spin-zero target matrix ele-
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ments, all three reactions have the same equations.
Figure 7 shows the results of these calculations
along with the published data' ' on these reac-
tions.

As seen in Fig. 7, the general features of the an-

gular distribution coefficients are reasonably well

predicted by this phenomenological DSD ~odel
for each of these three reactions. The small a
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coefficient calculated in the case of neutron cap-
ture comes from the small neutron effective charge
for E2 radiation, while the larger a

&
coefficients

predicted for the proton capture reactions are the
result of the greater proton E2 effective charge.
This behavior is supported nicely by the data.
This projectile dependence of the ai coefficients
suggests that the large a~ coefficients observed in
the proton capture are due primarily to direct E2
capture amplitudes. The fact that we measured an
essentially zero ai coefficient is consistent with lit-
tle or no non-E1 radiation in this energy range for
the ground state neutron channel, at least within
the accuracy of our experiment. A more definite
statement on the E2 strength in this reaction must
await more accurate measurements of angular dis-
tributions of cross sections as well as measure-
ments with polarized beams.

The general similarity of the calculated a2 coef-
ficients in these three A =15 reactions is due pri-
marily to the dominance of E1 radiation and the
similarity of the potentials which determine the re-
lative amplitudes and phases of the contributing
matrix elements. The fluctuations in the a2 coeffi-
cients are an indication of more complicated in-

teractions than included in the simple DSD model
used here.

It is also interesting to compare the cross sec-
tions for the three A =15 reactions. The ' N(y, no)
and the ' O(y,po) reactions should proceed only
through T = —, states, while the ' N(y, po) reaction

1 3
allows both T = —, and T = —, states. Figure 8

shows the excitation function for the ' O(y,po),
' N(y, po),

' and "N(y, no) reactions. These results
were obtained from the capture data using the
principle of detailed balance. A comparison of the
two ' N reactions shows that the yield in the neu-

tron channel is smaller and has less structure.
This suggests that the large peaks at 19.5 and 20.5
MeV and the smaller peak at 21.6 MeV observed
in the proton channel are likely to be primarily

3T =-, states.
On the other hand, the ' N+p and the ' N+n

cross sections look remarkably similar. The yields
are approximately equal in magnitude over the
measured energy range. The two prominent dips
at E„=16.7 and 18.1 MeV observed in the ' N+n
reaction are also seen in the ' N+p reaction at
E„=16.3 and 17.7 MeV. If these two structures
are correlated, the reason for their 400+100 keV
difference in energy is not obvious. On the basis
of Coulomb energies, if we assume a ground state
radius of 2.65 fm, and a ground state Coulomb

'0(yp )'N

100-

u) 450

o 300O

).o-(c ) N(yn ) N

100—

0 I I I I

18 20
Ex (MeV)

I I I

22 24

FIG. 8. Cross section at 90 deg as function of excita-
tion energy for (a) ' 0(y,po), (b) ' N(y, po), and (c)
"N(y, no) reactions.

CONCLUSION

With this investigation of the ' N(n, yo) reaction
we have obtained data for a previously unstudied
capture channel into ' N. The gross behavior of

energy difference of 3.54 MeV, a 400+100 keV
shift would correspond to a change in radius rela-
tive to the ground state of 0.3+0.08 fm.

In view of this energy shift, it would appear to
be incorrect to correlate structures in the
' C(p, y)' N and the ' N(p, y)' 0 which occur at
the same excitation energy. Thus some of the con-
clusions of Ref. 3 regarding the isospin identifica-
tions appear to be suspect.

If the cross section obtained in the present work
is detailed balanced and integrated over energy and
angle, it is found that the neutron channel exhausts
about 4% of the classical dipole sum. About 6%%uo

of this sum has been previously observed in the
(y,pa) channel, while the (y,aa) and the (y, da)
channels indicate approximately 2%%uo and 1%,
respectively. These values support the contention
that the composite particle channels are not negli-
gible with respect to the single nucleon ground
state channels in the GDR of ' N.
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the cross section in the giant resonance region is
similar to that of the ' N+p reaction which also
only populates T = —, isospin states, and is dif-
ferent from the ' C(p, yo) reaction in which both

1 3T = —, and —, states can be populated. The
behavior of the angular distribution coefficients is
in general agreement with a phenomenological
DSD model calculation, and within the precision
of this experiment does not indicate the presence of
any E2 radiation in the neutron channel over the

energy region studied. Qn the other hand, the
differences between the present DSD calculations
and the experiment emphasize the fact that other
processes such as compound nucleus formation
may also be involved here or, in fact, the form of
Eq. (2) may need to be modified. Finally, a com-
parison of the structures in the giant resonance re-
gion of ' N and ' 0 indicates that there is an ener-

gy difference of approximately 400 keV between
them.
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