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Measurements of the cross sections for the reactions C(p, p) C, C(p, no) B, C(p, no) N,

C(p, n&) 4N, 4C(p, yo) N, and B{n,n) ~B have been made for incident particle energies of 2

to 4 MeV. Preliminary Legendre-polynomial analyses of measured angular distributions were
used to guide a multilevel multichannel R-matrix analysis. In the R-matrix formulation a
set of level parameters for eight resonances has been found which can account for the ob-
served cross sections in all of the channels. The level at E, =13.42 MeV in ~5N has been iden-
tified as the isobaric analog of the second excited state in ~5C. The reduced widths of this lev-
el in the various channels indicate that it contains at least a. 10% admixture of T = &. A series
of strong o. -particle levels has been found which fit into the e-particle core-excited thresh-
old-state model scheme for ~5N.

I. INTRODUCTION

Previous studies of "N in the region of excita-
tion energy covered by this work' ' have been con-
fined to observations in one channel at a time and,
in part due to their limited scope, have yielded
few unambiguous results for the level parameters
of the structures in "N. Except for the single-lev-
el fits to the "C(P,P)"C cross section below 2 'I.
MeV,"no detailed resonance analyses have been
performed. Some spin assignments have been sug-
gested' on the basis of the behavior of Legendre
coefficients obtained in fitting cross sections for
the reaction "B(o.,P)"C. However, our detailed
analysis of all open channels indicates that some
of these results are incorrect.

For proton bombardment of "C below 4 MeV
only the proton channels, ground- and first-excit-
ed-st3te a-particle channels, and ground- and
first-excited-state neutron channels are open.
Our measurements encompass all these particle
channels although no n particles leading to the
first excited state of "Bwere observed. The reac-
tion "B(n, o.)"B in the corresponding range of "N
excitation energies was also measured. It was
found that the "C(p,p)"C, "C(P, o.)"B, and "B-
(a, u)'"B cross-section data complement each oth-
er in that the elastic proton data displayed the
strong proton resonances quite clearly, the n elas-
tic data displayed the strong n-particle states
most prominently, and the (p, n) data involved
both types of states. Without all three measure-
ments, a complete, unambiguous analysis would
not have been possible.

The analysis in this work utilized a pure multi-
level multichannel R -matrix formalism. The
only contributions to the R matrix are those due to

levels explicitly specified with an additional hard-
sphere potential scattering term. The complex
matrix (l RL,) -must be inverted in the process of
obtaining the T matrix from which the (P,P), (P, o.),
(P, no), (P, n, ), and (u, o.) cross sections were cal-
culated. The region of this experiment included
eight levels requiring a large number of parame-
ters. As a result, the complexity of the calcula-
tion precluded least-squares fitting of the experi-
mental data. Only a trial-and-error adjustment
of the R-matrix parameters was feasible. Prelim-
inary analyses employing Legendre-polynomial
7itting and single-level formulations provided the
basis for the selection of the trial parameter sets.

The energy region covered in this work includes
a number of resonances having particular signifi-
cance to an understanding of the structure of "N.
An especially strong resonance is observed at E~
=3.44 MeV. This level is assigned a J' value of

Since the (P,p) and (P, n, ) processes are the
only channels allowing T =-,', a strong resonance
in these channels is a good candidate for a T =

&

assignment. In the case of the 3.44-MeV level,
however, it is seen that the (p, o.) and (p, n, ) chan-
nels also display the resonance. This observation
is indicative of a strong T = & admixture in this T
=

& state.
An examination of the strong n-particle states

observed in this region of "N shows the existence
of a —,', —,', —,

' triplet. This triplet of levels is pre-
dicted by the n-particle core-excited threshold-
state (APCETS)' model. The corresponding (T = —,)
triplet in "0has been identified in previous work. '
The spacing of these three levels is consistent
with an I- L interaction for the dominant n-parti-
cle-core interaction. These states will be dis-
cussed extensively in Sec. V.
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11. EXPERIMENTAL PROCEDURES
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The charged-particle measurements were made
in a 56.5-cm-diam scattering chamber with four
300-Ijm silicon surface-barrier detectors. The
"C targets used for this work were made by crack-
ing 70% "C-enriched acetylene on a 0.12-p, m nick-
el backing. " These targets were approximately
10 keV thick to a 3.4-MeV proton beam. A typical
spectrum obtained from proton bombardment of
"C is shown in Fig. 1. The "C(P,P)"C and "C-
(p, o.',)"B peaks are clearly resolved. The "B-
(n, o.)"B measurements were made with a self-
supporting target 98% enriched in "B. The boron
target was approximately 25 keV thick for 2.6-
MeV n particles. The spectrum obtained for
these measurements is shown in Fig. 2.

The absolute cross section for the "C(p,p)"C
data was obtained by normalizing to the measure-
ments of Harris and Armstrong' at 2.55 MeV. The
stated uncertainty in their absolute cross section
is+20/q. Since the "C(p, o,)"Bcross section was
measured simultaneously with the elastic cross
section, the same normalization factor applies.
The absolute cross section for the "B(u, n)"B
measurements was determined both by measuring

the target thickness using the energy loss for
'Am 0. particles and by normalization to the Ruth-

erford cross section at low energy and small scat-
tering angles. The estimated uncertainty in this
case is +20%. The relative uncertainties for the
charged-particle cross sections due to statistics
are less than "P/p.

The neutron measurements were made with a
5 && 5 ~2.5-cm NE-102 plastic scintillator coupled
to an RCA 8575 photomultiplier tube in a totally
enclosed and collimated geometry. The neutrons
reaching the detector were collimated by a 2.2-
cm-diam aperture in a 92-cm-long paraffin lithi-
um carbonate shield. This detector, used in con-
junction with a pulsed proton beam, yielded a
time-of-flight spectrum as shown in Fig. 3. An

over-all resolving time of 15 nsec, determined
primarily by the beam pulse width, was sufficient
to resolve the n, and n, neutron groups from y
rays. The target used for these measurements
and the "C(p, y )"N measurements was made by
cracking 7 "C-enriched acetylene on a thick
tungsten disk. It was determined to be 30-keV
thick for 3-MeV protons.

With the neutron detection bias set above 200
keV, the background which underlay the peaks in
the time-of-flight spectrum was essentially flat
and was easily subtracted without significant error.
However, when the detection bias was lowered to
130 keV to permit observation of the n, group near
threshold the background showed a broad peak in-
dicative of some time correlation to the beam
pulse which made reliable background subtraction
more difficult. This time-correlated background
was apparently due to the detector's response to
y rays produced by neutron absorption in surround-
ing materials. For background subtraction, spec-
tra were taken with a 25-cm brass shadow bar in-
serted in the collimator. These spectra closely
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FIG. 1. Charged-particle spectrum from proton bom-
bardment of ~4C obtained at a lab angle of 140'. The la-
beled peaks correspond to elastic scattering from 2C,
' C, ~60, and Ni and to Of particles from tlie reaction
~4Cy )i~a
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FIG. 2. Charged-particle spectrum from n-particle
bombardment of ~~B. The elastically scattered e parti-
cles from 0 and C are also indicated.
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certainty for these measurements is also ~10 keV.
Finally, the energy scale for the "B(u, o.)"Bmea-
surements was adjusted so that the resonance at
2.64 MeV as seen in the reaction "B(n,P)"C ob-
tained at the same time was properly aligned with
the resonance observed in the inverse reaction
"C(p, o.,)"B. In this case the absolute energy un-
certainty is estimated at +30 keV.

III. EXPERIMENTAL RESULTS

Data on five different reactions initiated either
by "C+p or "B+n were incorporated in this
study of the structure of "N. Although the pri-
mary region of interest is for projectile energies
from 2.8 to 4.0 MeV, some measurements were
extended down to 2.2 MeV. Only representative
samples of the data are displayed in the figures,
with solid lines showing the theoretical cross sec-
tions obtained from the calculation discussed in
Sec. IV. The remaining data consisting of three
additional angles for the reactions "C(p,p)"C and
"C(P, o.,)"B plus the angular-distribution data can
be obtained in tabular form from the authors on re-
quest.

Selected excitation curves for the reaction "C-
(p, p)"C are shown in Fig. 4. Previous measure-
ments" of the "C(p,p)"C cross section had ex-
tended up to 2.7 MeV. Above this energy two addi-
tional levels are evident in these data. The strong
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level at 3.44 MeV is interpreted as being the T =-,'
analog of the second excited state of "C. It will be
discussed in detail in Sec. IV.

Selected excitation functions for the reaction
C(P, u)"B are presented in Fig. 5. The structure

seen in these data at 2.92 MeV has been previous-
ly discussed by Lee and Schiffer' who observed the
inverse reaction "B(o.,p}"C. One other study of
the reaction "B(o., p}"Chas also been reported, '
but no analysis was performed. Our measured
angular distributions agree well with those ob-
tained in Refs. 2 and 4. These data were fitted
with a series expansion in terms of Legendre
polynomials up to and including P, (cos&) using a
least-squares-fitting criteria. The coefficients of
this expansion, which were used to guide the R-
matrix calculation, are displayed in Fig. 6.

No previous measurements have been reported
for the reaction "B(o,n)"B. The selected exci-
tation curves are shown in Fig. 7. The structure
at 2.63 MeV corresponds to the structure seen at
E~=2.92 MeV in the (p, p), (p, no), and (p, n) mea-
surements. The level seen in other channels at
Ep=3.44 MeV appears at E =3.31 MeV. Struc-
tures at 2.65, 3.31, and 3.57 MeV appear to have
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FIG. 6. The Legendre coefficients resulting from fit-
ting the C(p, eo) B angular distributions. The solid
lines are smooth curves drawn through the data points.
The statistical error associated with the data points is
less than the size of the dots.

FIG. 7. Excitation curves for the B(G. , e) B cross
section between 2.1 and 3.9 MeV. The solid lines are the
result of the R-matrix calculation using the parameters
of Table I. The statistical error associated with these
data points is less than the size of the dots.
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large ~ widths. These states can be interpreted
by the APCETS model, as discussed in Sec. V.
Angular-distribution data were obtained for this
reaction but are not shown.

Excitation functions for the reaction "C(p, n, )"N
at 0 and 90 are shown in Fig. 8. The 2.92- and

the 3.44-MeV structures are seen prominently.
Previous measurements have been reported by
Sanders' and Blair, Edge, and%illard, ' although
no angular-distribution measurements have been
reported in this region. In the present work the
levels at 3.38 and 3.44 MeV are not resolved be-
cause of the 30-keV target thickness, although the
weaker 3.38-MeV resonance is clearly responsible
for the shoulder on the 3.44-MeV peak. The angu-
lar-distribution data obtained in the present work
were fitted with a series expansion in terms of
Legendre polynomials. The coefficients resulting
from these fits are presented in Fig. 9 and will be
discussed later regarding their implications on
spins and parities.

In most of the previous work, a long counter
was employed for neutron detection such that mea-
surements above the n, threshold at 3.15 MeV in-
volved the sum of the n, and n, neutron groups.
Very little data have been previously reported for

the reaction "C(p, n, )"N.' Since the first excited
state of "N is T =1, observations of the n, group
have a particular significance in the discussion of
the T =-,' state at E~=3.44 MeV. Our measured ex-
citation curve for "C(p, n, )"N at 0' is shown in

Fig. 10. Angular distributions were fitted with a
series expansion in terms of Legendre polynomi-
als. The coefficients obtained are shown in Fig.
11.

In addition to the reactions mentioned above, the
reaction "C(P, yo)"N was studied in the vicinity of
the 3.44-Me V resonance. As would be expected
for a T =-,' state, a strong resonance was observed.
These results will be presented in conjunction
with the discussion of the structure of the T = —,

state at 3.44 MeV in Sec. V.

IV. MULTILEVEL MULTICHANNEL
R-MATRIX ANALYSIS

The computer code MULTI" was used for the R-
matrix analysis of these data. This code employs
the formalism of Lane and Thomas" with the R
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FIG. 8. Excitation curves for the C(p, no) 4N cross
section between 2.6 and 3.9 MeV. The solid lines are the
result of the R-matrix calculation using the parameters
of Table I. The statistical error associated with these
data points is less than the size of the dots.

FIG. 9. The Legendre coefficients resulting from fit-
ting the C(p, no) N angular distributions. The solid
lines are smooth curves drawn through the data points ~

The statistical error associated with these data points is
less than the size of the dots.
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matrix defined as

~ y icy Xc'
cc

X.

The sum is over the levels of the compound sys-
tem labeled by X. The contribution of each level
is determined by the resonance energy, E~, and

the reduced widths in each channel, y)„'. Given

R, the scattering matrix U is found from

U=QP' (1 RL )-'(1 RL,*)-P ' '0

As indicated, the complex matrix (1 RL,-) must
be inverted. Next, the T matrix is obtained from

2& ~cfog~ a rr~"ct's't'; est ~ n's'i'; ctIi ~

The undefined quantities in these expressions ap-
pear in Lane and Thomas. " The cross section in
each channel can be computed directly from T.

The nonresonant phase shifts are taken to be
Coulomb plus hard sphere in this calculation. No

background was included, so that only the levels
explicitly specified contribute to the reaction
cross section. The boundary-condition parameter
was set equal to the shift function at the midpoint
energy of the calculation. In addition, the value of

R, (the constant which determines the channel ra-
dii) was taken to be 1.45 fm. The program in its
present form allows for 20 levels, 35 channels, 7

80
4mA

60-

4p m

different J" values and values of l &4. A Gaussian
smear is also included to account for the finite
target thicknesses. This smear width was taken
to be 10 keV for the protons, 20 keV for the n par-
ticles, and 30 keV for the neutrons, in accord
with the measured target thicknesses.

In the next section we will discuss results de-
rived from fitting the various resonance struc-
tures observed in this experiment. It was found

that the many levels and channels are sensitively
coupled. Although much better agreement between

the calculated and observed cross sections could
have been obtained for any given reaction, con-
sideration of all the available data provides se-
vere constraints on the parameters used in calcu-
lating the cross sections. The basic procedure
employed began with Legendre-polynomial fits to
angular distributions for each of the reaction chan-
nels. These results next guided single-level fits
to each resonance. The level parameters in a
multilevel calculation were then slowly varied to
obtain a consistent set of parameters which could
simultaneously fit all the data with all levels and
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FIG. 10. Excitation curve for the C(p, nI) N cross
section between 3.3 and 4.0 MeV. The solid line is the
result of the R-matrix calculation using the parameters
of Table I. The error bars represent the statistical er-
ror associated with the data points.

FIG. 11. The Legendre coefficients resulting from the
fits to the C(p, n&) N angular distributions. The solid
lines are smooth curves drawn through the data points.
The statistical error associated with these data points
is less than the size of the dots.
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channels included. The large number of parame-
ters and the complexity of the multilevel multi-
channel calculations made any form of automatic
parameter searching impractical. Although this
procedure is quite cumbersome, an analysis of
this complexity is required to obtain unambiguous
results. So, for example, simultaneous fitting of
(p, p), (p, o), and (o., o.) data on the same level
allowed a unique fit where the results would be ob-
scured if part of the data were lacking.

3 5+
2 2 Doublet at E„=1 2.93 and 1 2.94 MeV

Even though the structure seen in the cross sec-
tion may appear to involve a single level, closer
examination reveals that it is in fact a doublet.
This doublet has previously been discussed by Lee
and Schiffer, ' who studied the reaction "B(n,P}"C.
They assigned spin parities of —,', —,

' on the basis
of the behavior of the coefficients of Legendre
polynomials obtained from angular distributions.
In their analysis, however, they assumed that only
a single l value contributed for each level of a giv-
en J", an assumption which cannot be justified.
Furthermore, it was claimed that the coefficients
of the P, and P, terms do not resonate, indicating
that the levels are of the same parity. This latter
statement is the result of the unfortunate practice
of presenting the coefficients as the ratio A„/A,
rather than the coefficients of the Legendre poly-
nomials themselves. In the work of Ref. 4 as well
as in the results of our measurements (see Fig. 6),
we see that A, and A, do in fact resonate, indicat-
ing that P, and P, make substantial contributions
in this energy region. We therefore conclude that
the two states must be of opposite parity. It is
also found that P4 is the highest-order polynomial
needed. This result indicates, from the proper-
ties of the Z coefficients, " that the doublet in-
volves levels having spin parities of —,

' or 2 and
3+ 5+or —, , respectively. In examining the other
channels we first note in Fig. 4 that the (p, p)
cross section does not show resonance structure
at 90'. This suggests that the negative-parity
state dominates this channel. The Legendre coef-
ficients for the n, channel (see Fig. 9) do not have
significant values for the odd terms, but Ao and
A, are present. This suggests, from the proper-
ties of the Z coefficients, "that only the odd-pari-
ty state is important for this channel also. Finally,
it is clear from Fig. 7 that the "B(a,o'.)"8 chan-
nel also shows this doublet at E =2.65 MeV.

Having seen that resonance behavior due to this
doublet is observed in the reactions "B(a,o.)"B,
"C(p,p)"C, "C(p, n, )"N, and "C(p, o.)"B, with
the restrictions on spin parities as discussed in
the previous paragraph in mind, we began a mul-
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FEG. 12. The measured and theoretical angular distri-
bution for the reaction C(p, eo) B at 2.92 MeV. The
statistical error associated with the data points is less
than the size of the dots.

tilevel multichannel calculation for this region.
Our first results indicated that the negative-pari-
ty level had to be —,

' to reproduce the forward-an-
gle dip in the "B(o., o.')"B data (see Fig. 'l}. This
assignment is consistent with the measurements
of Lee and Schiffer, ' and can well account for the

(P,P) and (P, n, ) data in Figs. 4 and 8.
The remaining ambiguity involves the assign-

ment for the positive-parity member of the doublet.
It was found that the backward-angle behavior of
the "B(o., o.)"Bdata could only be obtained with a

or —,
' assignment as previously expected, but

these data gave no clear basis for distinguishing
between these two possible assignments. The pre-
vious —,

' assignment for this level proved to be
completely incapable of reproducing the observed
shapes in this cross section. The "C(p, u, )"Ban-
gular distribution, however, proved to be sensi-
tive to the —,', —,

' assignment. In Fig. 12 we dis-
play the fit obtained for the -,'assignment for the
second member of the doublet. This fit is signifi-
cantly better than any which could be obtained with
a —,

' assignment. On the basis of the analysis of
all of the available data, the (-,', —', ) assignment
has been well substantiated for this doublet.

In analyzing the angular distribution at E~ = 2.92
MeV for the (p, n, ) reaction we found that a pure
l =1 decay best fit the data. It is interesting to
note the values of the relative widths for l =1 de-
cay among the allowed channels corresponding to
channel spins of —,

' and —,'. The shape of the angular
distribution is very sensitive to the values of these
parameters (see Table I) so they are quite uniquely
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determined. The resulting fit to the (P, n, ) angu-
lar distribution is shown in Fig. 13.

It must be mentioned that all of the fits dis-
played result from the full multilevel multichan-
nel calculation including all the levels as specified
in Table I. In practice, of course, an iterative
procedure was employed; and a consistent set of
parameters was ultimately obtained, although ini-
tially each resonance was investigated as an iso-
lated structure. The final calculations of excita-
tion curves for this doublet are shown in Figs. 4,
5, 7, and8.

Level at E„=13.36 MeV

This level is observed in all of the investigated
channels. Lee and Schiffer' have given a —,

' as-
signment to this level based on the Legendre-poly-
nomial behavior obtained from the "B(u,p)"C
cross section and the value of the cross section at
the peak of the resonance. Our multilevel multi-
channel analysis confirms this assignment. We
found that only the —,

' assignment could reproduce
the value of the cross sections at the peak of the
resonance. This is the first level seen in the

(P, n, ) channel. The parameters for the n, chan-
nel, however, must be taken cautiously because
of the small amount of data obtained in this case.

Other parameters for the level are quite well
determined, as, for example, the distribution of
strength between the two l values in the n channel
(see Table 1). This particular distribution is re
quired in order to reproduce the shape of the

(P, u) and (u, u) cross sections. The strength in
the proton channel determines the strength in all
other (p, x) channels. Thus, requiring a fit to
(p, p), (p, u), (p, n), and (u, u) cross sections de-

fines a quite unique value for the width in each
channel.

3+
Level at E„=13.42 MeV

The level at E„=13.42 MeV corresponding to E~
= 3.44 MeV shows up very strongly in the proton
channel. " A single-level analysis of these data in-
dicated that the behavior of the (p, p) cross section
at this energy could be accounted for by a —,

' or —,
'

spin assignment, with the a giving a better fit to
the peak of the resonance as a function of angle. "
A multilevel multichannel analysis (eventually
including seven adjacent levels) indicated that a
set of parameters which simultaneously fit all
channels could be found. A critical test of the spin
assignment was the n, angular distribution on this
resonance. This can be well accounted for by I, =0
decay only. This l value is allowed for —,', but is
prohibited for a —,

' assignment. The resulting fit
to the (P, no) angular distribution is shown in Fig.
14. The fits to the (p, u, ) angular distributions in
this energy region are also shown here. Since our
initial report of this level [ which we assigned
J'(T) = ~ (~)], Kuan' has independently assigned
J"= —,

' from the measured y-ray angular distribu-
tion. Further support for this assignment comes
from a Nilsson-model calculation" which suggests

(-', ). This calculation and other properties of
this level will be discussed in Sec. V. The earlier
assignment' of —,

' is clearly incorrect. At first,
the fact that this state decays more strongly
through the n, channel (T =-,') than it does through
its n, channel (T =-,' or —,') may seem surprising.
This is, however, easily attributable to the differ-
ences in penetrabilities, as can be seen by com-
parison of the reduced widths for these channels
given in Table I.

IO—

I
lh

E 6

b

I I I I i I i I

20 40 60 80 100 I 20 I 40 160

c m. (deg)

FIG. 13. The measured and theoretical angular distri-
bution for the reaction C(P, no) N at 2.92 MeV. The
statistical error associated with the data points is less
than the size of the dots.

Level at E„=13.54 MeV

This level was introduced primarily on the basis
of observations in the n, channel (see Fig. 10).
Lee and Schiffer' have previously argued for a
broad 2 level in this energy region. The behavior
of the Legendre coefficients for the n, channel in-
dicate that P, and P, terms are required, while
the coefficient of P, is essentially zero in this re-
gion (E~= 3.57 MeV). This result indicates a —,

'

or a assignment. The fact that the coefficients of
P, and P, are rapidly changing in this region sug-
gests interference with states of opposite parity.
It was found that with this & level included, the
(P, u, ) cross section dropped lower between the
two levels at E~ = 3.38 and 3.44 MeV and gave a
larger separation of the resonance peaks as is ob-
served in the backward-angle data of this channel.
The inclusion of this level is also crucial for the
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TABLE I. The set of resonance parameters used to obtain the fits to the cross-section data of this experiment. The
parameters for the last two levels are somewhat questionable, since not all the channels were fitted in this region.

Ep (lab)
(MeV)

2.91

2.93

3.38

3.44

3.57

3.65

3.81

3.87

E (lab)
(Me V)

2.64

2,66

3.23

3.31

3.47

3.57

3.78

3.86

E„
(MeV)

12.93

12.94

13.36

13.42

13.54

13.61

13.76

13.82

rc.m.
(keV)

69.0

80.5

25,6

61.1

133.0

94.0

69.5

40.0

i
2

2

2

2

2

2

2

2

1
2

2

2

2

2

2

2

2

2

2

1
Y

2

2

2

2

2

2

2

2

2

Partial
width
(kev)

r, = 9.o
I' =15.0
l ~= 20.0

I'„=7.0

l „=18.0

r„,=o.o

r, =o.5

r =4o.o

r =4o.o

r„,=o.o

r„,=o.o
I'„=0.0

rp ——6.3

r =s.5
r =3.5
F„=2.0

no

rn =20
no

r„,=2.O

l „=1.3Bg

r, =35.o

r =o.o
r =5.5
F„=19.0
I'„=1,6

r, =s.o
r~= 25.0

r~= 20.0

F„=20.0

r„,=2o.o

r„,=4o.o

rp = 12.0
F =62.0

r„,=2o.o

r, =o.5

r~= 69.0

rp = 30.0

r =5.o
r =5.o

Reduced
width
(keV)

5.78

11.36

57.07

3.29

8.45

0.97

44.75

437.00

3 ~ 73

3.98

0.81

0.81

11.46

6.98

46.53

18.10

5.62

170.8

3.94

9 44

17.76

7.70

7.70

100.2

4.13

28.78

5.70

0.17

27.7

30.9

1.9
8.1
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13.64-, 13.76-, and 13.82-MeV Levels

Assignments for these last three levels came
primarily from the (o., o.) data. These levels are
predominantly a-particle levels and so are only
seen in the (p, n) and the (o, , o.) reactions. The
fits to the (o., n) channel are quite good at the for-
ward angles, but in the backward angles where
the potential scattering becomes more important,
the off-resonance cross section is not reproduced.
This is probably due to the neglect of levels which
are strong in other channels. Since the strength
of a level is well determined by the spin for the
case where decay occurs primarily through one

28-

I4C(p, nO) I4N

E& = 342 MeV

20

(n, n) reaction. Improved fits in all channels
were obtained with this assignment. However,
since this level is primarily observed through its
effects on other levels and the background, this
assignment cannot be regarded as being definitive.

channel, there is little ambiguity in making these
spin assignments, The inclusion of these levels
in the (p, o.) calculation improves the fits although
it is clear that some background, presumably due
to neglected levels, is missing. Due to this ne-
glect, the resonance parameters for these levels
must be regarded with caution. Further support
for these assignments comes from the APCETS
model' and will be discussed in the following sec-
tion.

V. DISCUSSION OF RESULTS

The most striking feature of the elastic proton
data is the strong resonance at E, =3.44 MeV (lab).
This level (assigned a, J' of —,

'
) is, by virtue of its

large proton reduced width (see Table I), a good
candidate for a T =

& state. Further experimental
evidence for this comes from measurements of
the reaction "C(P,y)"N. Contrary to our previous
report" this level decays primarily to the ground
state of "N. This result was first obtained by
Kuan, "who reported that the level decays 93%%u& to
ground and V%%uo to the 5.30, 5.27-MeV doublet of
' N. An angular-distribution measurement of the

y rays to ground confirms our —,
' assignment. Fig-

ure 15 shows the "C(P, y, )"N ground-state yield
which we obtained with a 12.7 x12.7-cm NaI crys-
tal positioned at 60' with respect to the beam at a

l6-

l2

I ab

Vl

E

1 l2-

s I a I ~ I s I ~ I ~ I I I L I k I

20 40 60 80 IOO l20 I 40 160 I 80

l4C(p) I I

E& = 3.42 MeV

~ ~ ~ ~ ~ ~
~ ~

I60

i40—

o }20—
bJ

Ioo—

80—
IL

a I a I a I a I a I a I ~ I a I a I

0 20 40 60 80 IOO I 20 l40 l60 I BO

c.m. ~

40

20—
L
l

FIG. 14. The measured and theoretical angular distri-
butions for the reactions C(p, np) N and C(p, ep) B
at 3.42 MeV. The statistical error associated with the
data points is less than the size of the dots, unless other-
wise indicated.

I

3.2
I I I I I

3,3
E &(MeV)

3,4 3.5

FIG. 15. The measured excitation curve for the reac-
tion C(p, yp) N in the vicinity of the 13.42-MeV level.
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l5—

3/ +

~ I~.C2 'h'

I2.54 /z

l2—
y+

pa*0 q~ 4
A~ 0.33

15
6C 9 theor. I5

6C9 expt.
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I5
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FIG. 16. Energy-level diagram of the observed states
in C and ~N. Only T=2 states in N are shown. Also
shown are the theoretical levels of ~~C from the Nilsson-
model calculation of Bhatt (Ref. 17). Both the electro-
static energy difference (Ref. 18) and the neutron-proton
mass difference have been removed.

distance of 6.4 cm from the target. Besides the
proton and y-ray channels, we have seen that this
level occurs in the no, n„and u channels. The
fits obtained are based on the assumption that one
level is responsible for all the channels. This re-
sult implies that the isospin of the level is not

pure, since the n, and n channels are T=& chan-
nels.

A measure of the isospin impurity of this level
can be obtained by computing the quantity

2 2
+y&

, -0.90.
y„+y& +y„+y~

1 0

This is the ratio of the T =-,' allowed reduced
widths to the sum of all reduced widths for this
level. Hence we see that there is at least a 10'jp

T =-,' admixture in this level. Of course, this num-

ber gives an estimate only of the minimum isospin
admixture, since the P and n, channels can also de-
cay via T = —,'. The value of y„' is crucial in deter-
mining the value of R. The small amount of data
in the n, channel resulted in a rather uncertain
value for y„'. However, in order to assure that

1
we obtained a valid minimum value for the mixing,
we attempted to maximize y„' in fitting the data.

fly

In performing this analysis we assumed that
there was a single level of mixed isospin which is
responsible for the resonance observed with vari-
ous channels. The alternative is to assume that
there are two levels at the same energy having
about the same widths, spins, and parities, but
different isospins. The success of our calcula-
tions in which the full width of a single level was
exhausted when distributed among the various
open channels supports our assumption of a sin-
gle level of mixed isospin. However, the complex-
ity of the multilevel multichannel calculation is
such that this result is not completely definitive.
Theoretically, both a pure T =-,' (-', ) state and a
pure T =-, (-,' ) state in this energy region can be
described by quite simple models, a Nilsson mod-
el and an a-cluster model, respectively.

The energy-level diagram for the known T =-,'
states in "N and their analogs in "C is shown in
Fig. 16. The electrostatic energy difference and
the neutron-proton mass difference" have been
removed. We have assumed that the level at 2.48
MeV in "C is a & state. This is supported by the
Nilsson-model calculations for nine-neutron nu-
clei by Bhatt. " In this work, the extreme single-
particle model is assumed, the bands available to
the last odd particle are mixed, and the energy

I5.0-
(32')

14.0 (~ )~k
I+

3+/
lao- 2

x &+&
UJ 2

12.0-

I I.O

I

2

X v

L= I
~~

I

2

IO.O
I5N I50

3
2

FIG. 17. The known G.-particle levels in the 12-15-MeV region of 50 and N are shown. Also indicated are the core
states which yield the observed multiplets when coupled to L =1 n particles, as predicted by the APCETS model (Ref. 8).
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matrices are diagonalized to obtain the spectra
and the wave functions. The parameters p. , q, and

A are defined in Ref. 17. The calculated spectrum
of Fig. 16 is for p. =0, q=4, and A=0.33, We see
that the position of the & state suggests that the
second excited state of "C has J" of —,

' . However,
a direct measurement of this J" value is needed
before a positive identification can be made.

Previous studies"'" of "0have indicated the
existence of a series of levels in "0built of a "C
excited core coupled to an a particle with the
ground-state system being near the binding energy
of an u particle in "0 (the APCETS model). Fur-
ther studies have shown that the relative orbital
angular momentum between the u particle and the
core is L =1. This results in a series of multi-
plets. The doublet corresponding to the coupling
of the —,

' first excited state to an L =1 n particle
has been identified in a study of the reaction "C-
('He, o.')"C." The triplet built on the ground state
cannot be seen with the reaction used for the high-
er states, but a triplet of levels has been ob-
served via the reaction "N(P, o.)"C.' In Fig. I'7

we show these five levels of "0. The five levels
in "N having positive parity as obtained in this ex-
periment are also shown. We see that the spins of
the lowest three levels are as expected from the
APCETS model. Furthermore, the spacings of the
(-,', —,', —,

'
} levels tend to agree with what is ex-

pected if the interaction responsible for the split-
ting of the rnultiplet is primarily of the I L form.
Namely, the spacing goes as the ratio of the spins
of the lower levels (5:3 here). Credible spin as-
signments for the corresponding three levels in
"0 are still lacking. It is, however, encouraging
to note that the relative spacings are similar to
the "N case.

At this point we have both a single-particle
(T =-', ) and an u-particle (T =-,') description for the
isospin-mixed —,

' state in "N. A unified descrip-
tion of this state remains to be formulated.

In the energy range between 13-14 MeV the
structure of "N is dominated by a series of strong
positive-parity states having relative simple de-
scriptions, The other states observed in this
work are all & . In a discussion of the ~ third
excited state of "N, Lopes et al."assert that the

unperturbed (Ip„,} ' hole state should lie in the
8-10-MeV energy region relative to the "N
ground state. This —,

' strength is apparently
spread through the energy region covered by the
present work. It is reasonable to assume that the

energy range 13-14 MeV includes states other
than those we have discussed. The observed cross
sections give slight indications of a number of
weaker resonances. The existence of levels which
we have not included in our analysis probably ac-
counts for much of the discrepancy between calcu-
lated and observed cross sections, particularly in
the regions between the strong resonances.

SUMMARY

We have seen that a complete measurement of
all open channels can result in a unique parame-
trization of data in a complex situation. It is ob-
vious to us that a reliable A-matrix analysis can
only begin to be made when all the channels are
experimentally determined. As the energy is
raised, more levels and channels appear, and the
increasing complexity makes this type of analysis
completely untenable. In a continuation of this
work we have extended the "B(n, a)"B measure-
ments to E„=8MeV. At these energies it appears
more promising to use a complex potential to ac-
count for the multichannel nature of the problem.
In this case, the background (off-resonance) cross
section cannot be reproduced if hard-sphere po-
tential scattering is used.

The present work has shown that the region of
"N between 13 and 14 MeV displays a number of
remarkably simple structures including T = &

states and a-particle states well described by the
APCETS model. It is clear that high excitation en-
ergies are not completely synonymous with com-
plicated wave functions or a statistical-nucleus
situation.
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Two-Body Interactions: The Method of Correlated Quasiparticles. I.
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A method is proposed for determining the ground state of the Hamiltonian

B=Pe~N~ —~V;&~&a,.a&a~a&
c gkl

when the residual interaction is such that

(a,. a&aka&) (¹&Nj(1 Nk)(1 Nt)) (NkNt(1 Nr) (1 N~))

is a good approximation. The method is applied to pairing interactions involving one type of
nucleon as well as to the generalized pairing problem containing neutron-neutron, neutron-
proton, and proton-proton interactions.

I. INTRODUCTION

In this work, we study the ground state of the
Hamiltonian

H = Qe~N~ —Q V, g»ag a,. aaa,
j jkl

(a~a,. a~a, ) =(N,N&(1 —N~)(1 —N, ))"'
x (N~Ng(1 —N;)(1 )N)'i . 2-(2)

when the following approximation is valid for the
ground-state wave function:

and use this approach to construct ground-state
solutions of the simple pairing model. These solu-
tions are compared with exact solutions of the
pairing Hamiltonian. The same approach is ap-
plied to the generalized pairing problem which in-
cludes proton-proton, proton-neutron, and neu-
tron-neutron pairing interactions. The correla-
tions in the ground-state wave function of this
problem are analyzed in detail. Our hope is to ap-
ply this approach to other two-body interactions in
future publications.

II. GENERAL CONSIDERATIONS

The symbol a,. (a, ) denotes a fermion creation (an-
nihilation) operator; N, denotes a number opera-
tor; and the angular brackets enclose ground-
state expectation values. In Sec. II, we discuss
the conditions under which Eq. (2) is a reasonable
approximation and consider the implications of
Eq. (2) with respect to particle correlations. In
Sec. III, we make a detailed study of particle cor-
relations in the case of the pairing-force model,

The ground-state (or any other state) wave func-
tion is of the form:

(4')= Q C,»,. a~atata~ (0),
t&g&k &l~ ~ ~

where
~ 0) denotes the true vacuum state, and

C,»,... denotes the amplitudes of the various con-
figurations in the ground-state wave function. In
terms of the coefficients C,.», ..., the approxima-


