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The bound states of ~5N have been studied by the ~4N(d, p) reaction. Absolute differential
cross sections were measured at E& =3 MeV for the 9.05-, 9.152+9.155-, 9.22-, 9.76-, and
10.07-MeV states and at E~=3.6 MeV for the 9.76-, 9.83-, 9.93-, 10.07-, and 10.45-MeV
states in N. The target was natural nitrogen confined in a differentially pumped gas target.
Distorted-wave Born-approximation analysis and Hauser-Feshbach calculations indicate that
l„=1 is involved in the formation of the 9.22-, 9.76-, and probably 10.45-MeV states, where-
as l„=2 transfer is associated with the 9.155-MeV level. An l„=0 transfer was discerned for
the angular distribution associated with the 9.05-MeV state and l„=0+2 for the angular dis-
tribution associated with the 10.07-MeV and probably the 9.93-MeV ~SN state. Spectroscopic
factors have been obtained. The correspondence between mirror levels in N and 0 and
those predicted within the framework of the weak-coupling model is discussed.

I. INTRODUCTION

In recent papers, "the negative- and positive-
parity states for A =15 have been investigated in
a weak-coupling model. The over-all agreement
with experimental energies, structure information
from direct reactions, and electromagnetic transi-
tions is good for all the known levels below 10 MeV.
In addition, several predictions have been made
and a one-to-one correspondence between all lev-
els of the A =15 nuclei below 10-MeV excitation
energy is suggested. This implies spin and parity
assignments of —,

"for the J=-,' member of the 9.16-
MeV doublet, —,

' for the 9.22-MeV level, and ~
for the other member of the 9.16-MeV doublet.

The experimental spectra' for "N and "O and

the positive- and negative-parity states below 10.5
MeV predicted by Lie et al."are shown in Fig. 1.

The present work was undertaken to complement
experimental information on neutron transfer to
"N states between 9.05 and 10.45 MeV and to clar-
ify the spin-parity assignment of these states.
Many experimental studies have previously been
reported on the "N(d, p) reactions and correspond-
ing information is compiled in Ref. 3. In particu-
lar, a recent investigation' of the "N(d, p) reaction
was devoted to levels up to 10.80 MeV excitation
in "N. However, very few experimental data have
been reported on the levels in "N near 9 MeV ex-
citation, probably owing to experimental difficul-
ties associated with the contaminants present in
solid targets which obscured these levels. In the
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FIG. 1. Energy-level diagrams for ~N and 0, showing the excitation energies and spin-parity assignments as re-
ported from previous measurements and from the present work. The data are taken from the compilation of Ajzenberg-
Selove (Ref. 3) and incorporate the results of later measurements as explained in the text. The theoretical spectra are
those calculated by Lie et aL. (Refs. 1 and 2).
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present work, l„values and spectroscopic factors
for "N states have been extracted from distorted-
wave Born-approximation (DWBA} fits to the mea-
sured "N(d, P)"N stripping cross sections.

The experimental procedure used in this experi-
ment is described in Sec. II. Experimental results
are reported in Sec. III, while the DWBA analysis
is discussed in Sec. IV. Section V shows the DWBA
fits to the experimental angular distributions while
the results for each final state of "N are presented.
The extracted (d, p} spectroscopic factors are re-
ported in Sec. VI. A comparison of experimental
findings concerning the properties of the "N nu-
clear structure with the predictions of weak-cou-
pling model and with the corresponding quantities
for the isobaric analog states of "0 is presented
in Sec. VII.

II. EXPERIMENTAL PROCEDURE

The experimental data reported here were per-
formed at incident deuteron energies of 3 MeV
with the Alger 3-MeV Van de Graaff accelerator,
and at 3.6 MeV with the Lyon Haefely accelerator.
The details of the experimental setup have been
described previously. ' A gaseous target of na-
tural nitrogen (99% "N) has been used in a differ-
entially pumped gas scattering chamber. The gas
pressure used in the experiments was approxi-
mately 5 Torr. The beam current was measured
in a collector under a molecular vacuum, separat-
ed from the scattering chamber by a 1-p,m-thick
nickel foil. The reaction particles were detected
with a 8-p.m-bE-1000- p.m-E solid-state detector
telescope employed in conjunction with a digital
identifier system. The system used allowed the
detection and the identification of protons between
1.5 and 3 MeV. The total energy resolution was
about 35 keV, allowing the separation of all the
proton groups. A single monitor detector was
fixed at a lab angle of 165'. The proton spectra
observed with this detector were recorded simul-
taneously with the angular-distribution spectra.

The absolute differential cross sections of the
"N(d, p} reaction were determined by normalizing
the ' N(d, P) yields to the yields for the elastic
scattering of 1.00-MeV protons from argon which
obeys the Rutherford-scattering law. The 1.00-
MeV p-scattering experiment was carried out un-
der the same conditions of pressure and beam in-
tegration current. Thus we were able to obtain
absolute "N(d, P) cross sections directly from the
known Rutherford-scattering cross sections.

IV. ANALYSIS

The theoretical curves are composed of an inco-
herent superposition of direct-reaction (DH) and
compound-nucleus (CN) cross sections:

dA dQ DR dQ

The compound-nucleus contribution is obtained
from a Hauser-Feshbach calculation. However,
a complication arises in the calculation of the
compound-nucleus cross sections due to the pres-
ence of the direct-interaction contributions of the
reaction channels that remove flux from the elas-
tic channel before it can enter the compound nu-
cleus. ' The Hauser-Feshbach calculation over-
estimates, therefore, the compound-nucleus cross
sections since it depends also on an accurate ac-
counting of all the allowed exit channels from the
compound nucleus. The reduction factor R was
treated as an empirical normalization factor for
the compound-nucleus contributions; it was de-
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identifier system is shown in Fig. 2, with the
peaks labeled according to the final-state excita-
tion energies in "N. The proton angular distribu-
tions were measured over the angular range 8 =15
to 165 in the lab frame and are displayed in Figs.
3 to 10. The experimental errors are due to un-
certainties in gas pressure, beam integrator cur-
rent, and the normalization to the A(p, p) results;
these include statistical and estimated errors due
to background subtraction and overlapping peaks.
Thus, the over-all precision is about 10% except
for forward-angle measurements where the uncer-
tainties have to be increased. The calculated ex-
perimental uncertainties are shown in the figures.

III. RESULTS

250 300 350 400
CHANNEL

450

A proton spectrum for E~ =3 MeV recorded at
an angle to the beam of 28 by using the digital

FIG. 2. Proton spectrum of the N(d, p) N reaction at
8 =28 and Ez ——3 MeV, using the digital identifier system.
The arrows indicate the positions of known levels in N.
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termined by matching the calculated Hauser-
Feshbach cross section to the experimental cross
section for the 6.32-MeV state, which does not
contain any discernible direct component. The
value of R thus obtained (R =0.40) was then used
for all other transitions; the same value was also
deduced from the Hauser-Feshbach calculation of
total cross sections for the "N(d, n, ,) reactions. ''

A. Optical Potentials

The optical potentials used to calculate the dis-
torted waves and the transmission coefficients
have the form

U(r} = —Vf (r} —jWg(r) + Vc(r),

where Vc(r) is the Coulomb potential with the nu-
clear radius fixed at 1.4A"' fm, and V and 8' the
real and imaginary potential depths. The form
factor f(r) has the Woods-Saxon form; g(r} has
also the Woods-Saxon form. The parameters of
the potentials used are given in Table I; no spin-
orbit terms were included in these potentials. The
potentials called Dy and D3 were those obtained
fitting the data" of elastic scattering of deuterons
by ' N; the potential D, is very similar to the po-
tential found by Dietzch et aL" and by Qomes Porto
et al. ' to fit the elastic scattering of deuterons by"0 and "N, respectively. The potential D, has
been used in the "N(d, p) experiment by Phillips
and Jacobs. '

The proton optical-model parameter P, was
used by Gallmann, Fintz, and Hodgson" and Smith
and Ivash" and provides a good fit for the "O(d, P)
reaction analysis. The parameter set P, was used
by Phillips and Jacobs' for the "N(d, P) reaction
analysis. The parameter set N was deduced by
Wilmore and Hodgson'4 from the analysis of neu-
tron elastic scattering cross sections for medium
nuclei. The cy optical-model parameter A was

determined by Morand from the analysis of n
elastic scattering on "C.

B. DWBA Analysis

For the direct-reaction calculation, the distort-
ed-wave program written by Nguyen Van Sen" was
used. The wave function of the neutron stripped
in the (d, p) reaction was calculated from a. poten-
tial well of the Woods-Saxon shape. The radius
parameter of the well was 1.25 fm; the diffuse-
ness parameter was 0.65 fm and no spin-orbit
term was considered. The magnitude of the bound-
neutron potential was varied to reproduce the bind-
ing energy of the stripped neutron [B(n) = Q(d, p)
+2.225 MeV]. Since a spin-1 target was used, the
L„value is not always unique, and terms with l„=0
and 2 both contribute for positive-parity levels of
spin —,

"or &'. However, for relatively low values
of deuteron bombarding energy (E~ (3.6 MeV), the
compound-nuclear effects are anticipated to be
important beyond about 80; thus the l„=3 strength
was neglected in 2 or —,

' states which were as-
sumed consistent with a pure l„=1 assignment.

The DWBA calculations for each transition con-
sidered were carried out with no radial cutoff.
The combinations of potentials (D„P,), (D„P,),
(D„P,) yield reasonable fits for all the proton
groups. The results of DWBA calculations with
the different potentials are shown in Figs. 3 to 6
for the levels between 9.05 and 9.76 MeV. It is
found that though there are appreciable differences
between the calculated differential cross sections,
the angular-momentum transfer is clearly well de-
fined. In particular, the different potential sets
give practicaGy identical fits for the l„=1 levels
(see Figs. 5 and 6). The results of DWBA analy-
sis on angular momentum transfer and spectro-
scopic factors are discussed in the following sec-
tions.

TABLE I. Optical-model parameters used in the DWBA and Hauser-Feshbach calculations. The real part p and
imaginary part Q' of the potentials have a Woods-Saxon form:

f (r) = [1+exp(r —r„A )/a], g (r ) = [1+exp(r —r A )/b]

Channel

d+ 4N

P+ 5N

Potential

D&

D2
D3

Pg
P2

(Me V)

76
91.2

123

64
48.3

47

160

{MeV)

10
20
15.23

9.52

30

(fm)

1.4
1.4
1.762

1.25
1.25

1.32

1.22

a
(fm)

0.7
0.7
0.7

0.5
0.65

0.66

0.66

rw
(fm)

1.4
1.4
1.736

1.25
1.25

1.27

1.22

b

{fm)

0.7
0.7
0.57

0.5
0.47

0.48

0.66

Reference

10
4

10

10
4

14
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B. 9.152-9.155-MeV Levels

The 9.16-MeV doublet was not resolved in this
experiment. The predominantly ground-state de-
caying member of this doublet (E, =9.152 MeV)
has been assigned" J' =

& . The spins of the two

7
'~N(d p)'5N (9.05-MeV level)

Ll
E 6-
O

O
LU 5
CO
CO

O
CC

V. RESULTS AND DISCUSSION

A. 9.05-MeV Level

The "N 9.05-0 transition was found to be E1,"
requiring even parity. Proton-y angular correla-
tions from the "C('He, py)"N reaction'7' '8 give an

isotropic distribution, in agreement with J=
& or

No clear experimental data for the "N(d, p)"N
reactionhavebeen reported for the 9.05-MeV state;
the angular distribution measured by Green and
Middleton" for the unresolved triplet of levels at
9.05, 9.152, and 9.155 MeV indicates l„=1. The
angular distribution displayed in Fig. 3 for the
9.05-MeV state at E, =3 MeV indicates peaking at
0' and is well fitted by the l„=0 DWBA curve im-
plying positive parity. The present findings are
in agreement with the recently reported results"
of a "C('He, p)"N study: The characteristic L =1
angular distribution in the "C('He, p) reaction im-
plies positive parity for the 9.05-MeV state.

levels were established from triple angular-corre-
lation measurements in the "C(p, y) reaction. "
These measurements indicate that the -', 9.152-
MeV level is the second excited negative-parity
state in "N. The other member of the 9.16-MeV
doublet (E, =9.155 MeV} is assigned d = -,'. The
angular distribution for the '~N(d, p) reaction, mea-
sured by Phillips, ' can be fitted by either a com-
bination of l„=1 and 2, implying &' or ~' for the
9.155-MeV state or a combination of E„=1 and 3

implying & or & . The angular distribution dis-
played in Fig. 4(a) for the 9.16-MeV doublet at

E, =3 MeV is fitted by the L„=2 DWBA curve. The
addition of a weak l„=1 component gives a better
fit [Fig. 4(b)], but the contributions from both /„
=2 and l„=1 depend on the optical-model param-
eters used. However, the l„=2 transition is pre-
dominant, implying positive parity for the 9.155-
MeV state and thus J"=-,'.

C. 9.22-MeV Level

Very little information is available for this level.
Substantial discrepancies exist in the branching
ratios for this state. ' '" The lifetime limit T & 5
@10 ' sec" restricts the spin of the 9.22 MeV to

This level is excited weakly by the "N(d, p)
reaction. The angular distribution measured by
Phillips and Jacobs' can be fitted about equally
well by l„=1 or l„=2 so that the parity of this state
is not determined. The angular distribution for the
9.22-MeV state displayed in Fig. 5 is well fitted at
the forward angles by a DWBA curve which as-
sumes l„=1 transfer. An attempt was made to fit
the experimental data under the assumption of l„
=0 or l„=2 transfer. As is shown in Fig. 5, these
assumptions lead to a very poor fit to the experi-
mental data. It is thus concluded that the present
findings completely remove the ambiguity as re-
gards the orbital angular momentum transfer asso-
ciated with the 9.22-MeV state. Consistent with
this result, the 9.22-MeV state was discerned in
the "C('He, p)"N reaction to be formed via L =1
transfer; from y-y angular correlation measure-
ments of the 9.22-6.32-0 cascade decay, a pre-
ferred spin value of —,

' was found for this state. '0

In conjunction with these results, a J =
2 assign-

ment for this state appears confirmed.

CN (ll2')
I I i I I & I I I I I I j I I0

50 IOO I 50
e, (~eg)

FIG. 3. N(d, p) N angular distribution for the (~, &3}'
9.05-MeV level at E~ =3 MeV. The solid, dashed, and
dot-dashed curves represent I,„=O DWBA fits (including
the Hauser-Feshbach contribution) for (D&,P&), (03,P f),
and {D2,P2} potential parameters sets, respectively.

D. 9.76-MeV Level

The limitation of ~, &, or ~ for the spin-
parity of the 9.76-MeV level was derived from
studies of the angular correlation of internal pairs
in the 9.76-0 transition. " Proton-y angular cor-
relation measurements from the "C('He, py}"N
reaction imply J=-,'.""Only J'=& is consistent
with these two measurements.
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No experimental data for the "N(d, p) reaction
have been reported previously for the 9.76-MeV
level. Figure 6 presents the (d, p) angular distri-
butions associated with this level at E, =3 and 3.6
MeV. The transition to the 9.76-MeV level shows
a definite l„=1 stripping pattern well fitted by
DWBA curves, implying negative parity in agree-
ment with previous results.

E. 9.83-MeV Level

Proton-y angular correlation measurements
from the "C('He, Py)"N reaction require J = 2."'"
There is no reported evidence concerning the par-
ity assignment from the '~N(d, P) reaction. The
transition going to the 9.83-MeV level exhibits no
stripping pattern (see Fig. I). The very weak
cross section can be accounted for by the com-
pound-nucleus reaction mechanism.

F. 9.93-MeV Level

Internal-pair correlation measurements indi-
cate E1 character for the ground-state transition"
and thus J =

2 or &. The angular correlation for
the ground-state transition for the 9.93-MeV state

is isotropic implying J=
& or -', . The angular dis-

tribution for the ' N(d, P) reaction measured by
Phillips and Jacobs' can be accounted for predom-
inantly by the compound-nucleus process with a
combination of small l„=0 and 2 terms. The dif-
ferential cross sections measured at E~ =3.6 MeV
were relatively weak (see Fig. 8) and the contribu-
tion of compound-nucleus processes is important.
At forwa, rd angles 8S70', this angular distribution
can be fitted by the sum of l„=0 and l„=2 DWBA
curves (see Fig. 8). However, within the large
uncertainties in the data, a l„=1 assignment can-
not be completely ruled out.

G. 10.07-MeV Level

Analysis of the angular correlation for the 10.07
-0 transition from the "C('He, py) reaction" '~

and internal-pair correlation measurements' give
a definite J = -,'assignment for this level. Figure
8 presents the (d, p) angula, r distributions to the
10.07-MeV level at E~ =3 and 3.6 MeV. These an-
gular distributions are well fitted by a combination
of l„=0 and l„=2 transfers. The present findings
are in agreement with the results obtained in the
same reaction by Phillips and Jacobs. '

2.0
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FIG. 4. N(d, P) SN angular distribution for the 9.16-MeV doublet level at E~ =3 MeV. The solid, dashed, and dot-
dashed curves of Fig. 4(a) represent l„=2 DWBA fits (including the Hauser-Feshbach contribution) for (D&, P&), (D3, P&),
and (D2, P2) potential parameters sets, respectively. Figure 4(b) shows the sum of L„=1 and l„=2 DWBA fits (including
the Hauser-Feshbach contribution) calculated with (D&, P&) combination.
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FIG. 8. N(d, p) 5N angular distribution for the (~, &)'
9.93-MeV level. The solid curve represents the sum of
l„=o and l„=2 DWBA fits (including the Hauser-Feshbach
contribution) calculated for (D&,P&) combination. The
dashed curve represents l„=1 DWBA fit (including the
Hauser-Feshbach contribution) calculated for (D&,P&)
combination.

H. 10.45-MeV Level

From angular -correlation measurements, " the
possibilities J =-,', —,', —,

' remain as an assignment
for the 10.45-MeV level. Phillips and Jacobs' re-
port a very weak cross section for the "N(d, p)
reaction. The angular distribution displayed in
Fig. 10 is fitted by the /„=1 DWBA curve. Be-
cause of the fact that compound-nucleus mecha-
nisms contribute significantly in such a weak tran-
sition the assignment of the l„value here must be
regarded as tentative.

VI. SPECTROSCOPIC FACTORS

The spectroscopic factors were obtained from
a comparison of the DWBA cross sections with the
experimental data, after the compound-nucleus
cross sections had been subtracted from the latter.
The spectroscopic factors S for each state were
obtained from the relation

dQ, x
' 2J„+1 dQ

where J„and Js are the spins of the initial and

final states, respectively. The factor 1.65 has
been suggested by Austern" to correct for Hulthen
wave functions for the deuteron. The errors in the
spectroscopic factors arise from the experimental
uncertainties as shown by the error bars in fig-
ures and uncertainties in the DWBA and Hauser-
Feshbach cross sections which depend on the op-
tical-model parameters used. For the strongest
transitions, the over-all uncertainty in the spec-
troscopic factors is -20%%up. The estimated errors
in some spectroscopic factors for weak transi-
tions or those excited with two different values
of angular momentum transfer may be up to 50/p.

The spectroscopic factors were found to be rath-
er insensitive to the choice of deuteron potentials:
The use of potentials D,-D, led to results that var-
ied by less than 10%. The reliability of the results
of the DWBA analysis is supported by the observa-
tion that the potential sets (D„P,}, (D„P,) give
spectroscopic factors close to unity, '" for the
7.16-, 7.30-, 7.57-, and 8.31-MeV states in "N
in agreement with the extreme single-particle
shell model. The potential set (D„P,) gives spec-
troscopic factors that are about 50fp too high and
was not used to extract spectroscopic factors. The



A. AMOKRANE e t a l.

TABLE II. Spectroscopic factors for the reaction ~4N{d, p)~5N.

8

{MeV) J7T C

I,„ (2 Jy+ l)S S
Reference d Reference e Reference d Reference e Reference d Reference e

9.05

9.152'

9 155~

9.22

9.76

9.83

9.93

10.07

10.45

2

2

(
& g)(+)

No stripping

(0)

1.28

1.92

0.30

0.128

0.78

0.090

0.126

0.022

0.17

0.60

2.56

0.049

0.32

0.48

O.1S '

0.032

0.13

0.045

0.021

o.oos4 ~

O.O43 ~

0.15

0.64

O.OO82"

Reference 3.
These two levels are not resolved and spectroscopic factors are extracted from the angular distributions fitted with

the sum of l„=1and l„=2 curves.
The J" values have been obtained from Ref. 3 and from the findings of the present work.
Reference 4.' Present work.
Calculated for J =

2 .
& Calcutated for Z = $.
"Calculated for J =X.

2

N (d, p) N (l0.07-MeV level) N(d, p) N (l0.07-MeV level )

(A
CO0
O

7

E 6
O

C3

M

V)
V)
O

4

I-
LIJ
Ct'
LU
LL

CI

LU
CL
4J
4

2
CI

0
0

CN (S/2+)
I

50
I

IOO

c.m(oeg)
150

CN (3/2+)
t

50
t

100
8, (Oeg)

t

l 50

FIG. 9. ~4Ng, p)' N angular distributions for the &3 10.07-MeV level at E„=3and 3.6 MeV. The solid curves represent
the sum of L„=O and L„=2 DWBA fits (including the Hauser-Feshbach contribution) calculated for (D&, P&) combination.
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extracted spectroscopic factors S are listed in
Table II. The spectroscopic factors for the 10.07-
MeV state are in reasonable agreement with the
values obtained by Phillips and Jacobs' at E~ =8
MeV.

0.4

'"N(d, p)' N (10.45-MeV level)

MeY

VII. CONCLUSIONS

A. Comparison with Theory

The results obtained from this work may be com-
pared with the predictions of the weak-coupling
model for the positive- and negative-parity states
of the A =15 nuclei" (Fig. 1). These calculations
have been performed for the "0 case.

The 9.05-MeV state has been identified with the
third —,

' state suggested by Lie, Engeland, and
Dahll' at 7.65 MeV. The calculated y decays are
in good agreement with the experimental data.
However, the 9.05-MeV state is preferentially
populated in single-particle transfer '«N(d, P)"N;
the experiment gives 0.15 for the spectroscopic
factor, when the model wave function contains a
negligible amount of the "N ground state coupled
to a s-d particle. Finally, the spin of the 9.05-
MeV state is not known with certainty; a J= —,

' as-
signment" cannot be excluded and, in this case,
the correspondence with the model has to be recon-
sidered.

The —,
"9.155-MeV state is identified with the

third —,
"state predicted by Lie, Engeland, and

Dahll' at 7.75 MeV. The experimental value of
the spectroscopic factor is 0.13 in agreement with
the value 0.10 predicted by weak-coupling calcula-
tions.

The —,
"10.07-MeV state has the predominant

1p-2h components. This state corresponds to the
third 2 state predicted by Lie, Engeland, and

E0.5-
Z,'
O
I-
LIJ
V)

M
V)00 P.
C3

I-
Z,'

ILI
K
LIJ

~~0. I

CI

CN (5/2 )

I I I I I I

50 IOO
e (deg)

I 50

FIG. 10. ~4N(d, P)~~N angular distributions for the 10.45-
MeV level at E„=3.6 MeV. The solid curve represents
L„=1 DWBA fit (including the Hauser-Feshbach contribu-
tion) calculated for (D&,P&) combination.

Dahll' at 8.92 MeV; l„=0 and l„=2 experimental
spectroscopic factors are 0.15 and 0.64 while Lie,
Engeland, and Dahall' give 0.06 and 0.64, respec-
tively.

The negative-parity states for A =15 investigat-
ed in a weak-coupling model' contain a negligible
amount of 1p-2h components, in agreement with
the very low values (60.04) of experimental spec-
troscopic factors measured here. The —,

' 9.152-,

TABLE III. Comparison of the reduced widths y„and y& for the isobaric analog states of ~N and O.

E (15N) a

(Mev)

9.05

9.152

9.155

9.22

9.76

10.07

J~ (isN) b

(i g)+

g+
2

2

z„("o)'
(Me V)

8.74

8.98

8.92

8.92

9.48

9.50

J7f (fso)

g+ c
2

g+ d
2

P- d

c
2

C

r,
(ke V)

34 c

42c
3 5d

9 d

10.8

300 c

2 e4
(ke V)

126

17

59

12

140 (0)
390(2)

2 e
7p
(ke V)

8.4

48

19

12

102 (0)
650(2)

v. 'h p'

1.2
1.2

1.4
0.6

' Reference 3.
Reference 3 and this work.
Reference 3.

d Reference 24.
Calculated with R =4.8 fm.
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9.22-, —,
' 9.76-MeV states are identified with

the states predicted by Lie and Engeland' at 9.45,
8.57, and 9.7'I MeV (Fig. 1). Thus, the connec-
tion between states of "N of known spin and parity
and their counterparts in the weak-coupling model

appears fairly well established.

The proton reduced width y~' is related to the ex-
perimentally extracted width I'~ by

(5)

where P, is the penetration factor defined a,s

B. Comparison with the Isobaric Analog

States of 0

The correspondence between the states of "N
and the isobaric analog states in "0 is well known
below E„&8.58 MeV' in "N and is indicated in
Fig. 1 by solid lines. The analog states of those
presently investigated in "N are expected at E„) 8.74 MeV in "0 and hence can be observed in
the elastic scattering of protons by "N. Using the
recently reported results '2~ of a ' N(p, p)' N study,
the correspondence indicated by dashed lines is
suggested here (Fig. 1).

If this correspondence is correct, the neutron
reduced width y„'(R) is related to the proton re-
duced width y~' by the relation

(3)

using the assumption of charge independence in the
interior region of the nucleus. The relation be-
tween the conventional R matrix reduced width and
the spectroscopic factors S measured above is

(4)

where u„(r) is the neutron radial wave function cal-
culated by solving the Schrodinger equation for a
bound neutron in a Woods-Saxon real well and nor-
malized such that

u„'(r)dr = 1.
0

P, (kR) =2kR/F, +G,

The y„' and y~' reduced widths have been obtained
from Eqs. (4} and (5}, respectively, using R =4.80
fm and are listed in Table III. The proton widths
I'~ are extracted from Refs. 23 and 24. As can be
seen in Table III, the deviation of y„'/y~' from uni-
ty is well within the experimental uncertainties
except in the case of the 9.05-MeV state in "N
and the 8.74-MeV state in "0. Thus, this last
correspondence is uncertain and this is confirmed
by the experimental y decays which differ consid-
erably for these states. For the other states in
"N, the correspondence suggested in Fig. 1 is
confirmed by these results.

The analog of the —,
' 9.155-MeV state of "N is the

member of a doublet recently. observed in "0
at 8.920 MeV by Lambert et al. ,

"the other, —,
'

member of this doublet corresponding probably
to the 9.22-MeV state in "N. The -', 8.98-MeV
state of "0 is likely to be the analog of the &
9.152-MeV state of "N. Finally, Table III con-
firms the well-established correspondence be-
tween the —,

' 9.76- and -', 10.07-MeV states of "N
and their analog states in "0 at 9.48 and 9.49 MeV,
respectively. The -', 9.83-MeV state in "N could
correspond to the (v7, 9) 9.67-MeV state in "O.
The (-,', -', )"state of "N at 9.93 MeV alone has no
counterpart, but the parity of this state is still un-
certain and should be established before any dis-
cussion.
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Four-particle scattering equations are obtained that are analogous to the Lovelace or Alt-
Grassberger-Sandhas equations in the three-particle case: They are equations whose kernel
is connected after one iteration, in which the unknown quantities are the transition operators
for the various elastic, inelastic, and rearrangement processes. The equations couple to-
gether only the transitions to the two-body channels, exactly as in the three-particle analogs,
so that there are seven coupled integral equations, corresponding to the seven two-body chan-
nels (four of nucleon+triton type, and three of deuteron+deuteron type). Transition opera-
tors to the three- and four-body channels appear as integrals over the transition operators
to the two-body channels.

I. INTRODUCTION

The celebrated Faddeev equations' for the three-
particle problem have the essential property that
the iterated kernel is connected (for complex en-
ergies), so that at least in principle they can be
solved with ordinary numerical techniques. How-
ever, the solutions of the original Faddeev equa-
tions are not related in any very simple way to the
amplitudes for the various elastic, inelastic, and
rearrangement processes that can occur. For
this reason, the variants of the Faddeev equations
proposed by Lovelace' and by Alt, Grassberger,
and Sandhas' have often been preferred in practice.

The subject of this paper is the four-particle
scattering problem, and the principal aim is to
obtain four-particle equivalents of the Lovelace-
AGS equations, i.e., equations with connected ker-
nels in which the quantities that appear are the
transition operators for the various scattering pro-
cesses. As far as we are aware, such equations
have not previously been given. These equations
have the advantage that they make the formulation
of scattering problems much more direct, and we
believe might bring the simplest four-particle
problems within the range of modern computers.

The four-particle problem is considerably more
complicated than the three-particle, and it is
therefore hardly surprising that it has not reached

the same stage of development. However, many
authors' "have written down connected equations
for the four-particle problem, using a variety of
techniques" to cure the disconnectedness problem.
In only one case, that of the Yakubovskii equa-
tions, "has it been proved that the solutions of the
homogeneous equation at negative energies are al-
ways solutions of the Schrodinger equation. It is
therefore possible for the other formulations that
the homogeneous equations have additional solu-
tions, which might cause difficulties in bound-state
studies. On the other hand, the Yakubovskii equa-
tions, which are sets of eighteen coupled equations,
appear extremely difficult to use in any practical
calculation. And if one's interest is in scattering
rather than in the bound states, as in the present
work, then the possible ambiguities in bound-state
calculations are not of direct concern.

The four-particle equations of greatest impor-
tance for the present work are those obtained in-
dependently by Rosenberg, ' Mitra et al. ,

' Taka-
hashi and Mishima, ' and Alessandrini. ' These
are sets of six coupled equations (one for each of
the six pairs), in which the kernels are the con-
nected parts of the amplitudes for the three-parti-
cle subsystems, and also for the subsystems con-
sisting of two noninteracting pairs. The equations
we obtain at the end of this paper (which are sets
of seven coupled equations) are related to these


