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(a,d) reaction on ' C and ' C and weak coupling configurations
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Cross sections for the (a,d) reaction on ' C and ' C were measured at E =34.9 MeV in the range
of excitation energies up to 11 MeV in ' N and up to 13 MeV in ' N. The angular distributions were
compared to calculations with the zero-range distorted-wave Born approximation with the assump-
tion of a deuteron-cluster transfer. On the basis of the assumption that the transferred two nucleons
are weakly coupled to the target nuclei, correspondences between the transferred angular momenta
and the strengths for the two-nucleon pairs were found for the residual nuclei ' N and "N. Effects
of the Od3/2 shell and a necessity for the tensor force are discussed in terms of the two-nucleon con-
figurations d3/2p ~/2 and (d5/2), respectively.

I. INTRODUCTION

The ' N nucleus has been studied theoretically and ex-
perimentally by many authors. These works are compiled
in Ref. 1. In a simple shell model description for the ' N
nucleus, the low-lying negative parity states correspond to
a single hole in the Op~/z or Op3/2 shell and the low-lying
positive parity states correspond to a single particle in the
1s~/2 or Od5/2 shell coupled to two holes in the Op shell.
Recently, Kretschmer et al. performed the ' N(d, p)' N
reaction and compared their results with various shell
model calculations. Their findings are the following: (1)
The states of ' N below 8 MeV in excitation energy have
simple configurations, rather close to the simple j-j cou-
pling model. (2) Above the excitation energy of 8 MeV, a
Od 3/2 transfer contributes to the reaction and the spectro-
scopic strengths deviate considerably from the description
of the simple j-j coupling model. (3) The best overall
agreement seems to be with the weak coupling approach
of Lie, Engeland, and Dahll.

Above 8 MeV in excitation energy, beside the contribu-
tion of the Ods/z shell, the effect of the configuration of
(lsOd) (Op) will appear as predicted by the weak cou-
pling shell model. Examples of such a configuration are
the 13.00 MeV, —, and 11.94 MeV, —, states in ' N.
Their predictions for these states are the following:

(1) The —,
' state is the stretched state with a configu-

ration

2 —3[ S/2 5+ Pl/z i/2 ill/2

(2) There should be two —', states with configurations

2 —3
[(Ods/z)s+. T JOPi/z)i/z-]9/z-

2 —3
[(Ods/z)4+. r, (OPi/z)i/z 19/z—

The strengths of these two configurations are nearly
equally distributed between the two lowest —', states.

These —, and —, states have relatively pure configu-
rations. Therefore they would provide a good chance for
investigation of the validity of the weak coupling shell

model to the highly-excited states in ' N. The 13.00 MeV
state and the 11.94 MeV —, state have been previ-

ously observed by the ' C(a, d)' N reaction at Ea =40. 1

MeV and by the ' C( Li,a)' N reaction at E6„,——32.0
MeV. These reactions require b, T=0 transfer, so that
only the

2 —3
[(Od s/z )s+(0& i/z ) i/z ~9/z—

configurations of the —, states are to be observed in these
reactions. As the target nucleus ' C has a relatively pure
(Opi/z)i/z configuration, it is expected in the model that
the (a,d) and ( Li,a) reactions on ' C will excite each of
the —, states wIth an enhancement factor half of that for
the —, state. Contrary to the above estimation, Har-
wood and Kemper observed in the ' C( Li,a)' N reaction
that the enhancement factor for the 11.94 MeV —', state
is twice as large as that for the —", state. On the other
hand, the ' C(a, d)' N reaction reported by Lu et al.
seems to have transfer strengths for the —', and —",

states as predicted by the above estimation, although they
did not compare the experimental angular distributions
for the —', and —", states with DWBA calculations.
Thus, these experimental data show a discrepancy of a
factor of 4 for the ratio of the enhancement factors for
the —,

' and —", states which are considered to have rela-
tively simple configurations in the weak coupling shell
model. Besides, contrary to the prediction, another —,

'
state was not found experimentally. Recently, these high-
ly excited states in ' N have also been studied via three
nucleon transfer reactions such as (ct, p) and ( Li,a) reac-
tions. A candidate for the other —,

' state was pro-
posed by Hamill et al. via the ' C(a, p)' N reaction to be
the 12.56 MeV state. However, the state has not yet been
investigated via a two-nucleon transfer reaction, which is
considered to be suited to see a two-particle state in com-
parison to the three nucleon transfer reaction. Another
important prediction by the weak coupling model is a
distribution of the strength of the Od3/2 single particle
above E„=8MeV in ' N. Hitherto only slight fragments
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of the strength have been observed below E„=9MeV by
Kretschmer er al. via the ' N(d, p)' N reaction, but the
main component is not found experimentally. In order to
understand the nature of ' N in these excitation energies,
further experimental studies are needed.

On the other hand, more detailed studies' ' on two-
nucleon transfer reactions such as (a,d), ( He,p), and
( Li,a) have been carried out on the target nucleus ' C.
Fairly good correspondences' '" between the experimental
data and the weak coupling shell model calculation' for
' N are found up to 10 MeV in the excitation energy of
' N. It is expected that the comparison of the experimen-
tal strengths for the two-nucleon transfer reaction on ' C
and ' C ~ould provide a clue as to the structure of these
states in ' N. Hitherto detailed comparison of the reac-
tion on these two targets has scarcely been reported. In
this paper, by applying an assumption of the weak cou-
pling of two transferred nucleons with target nuclei to the
study of the ' C(a, d)' N and ' C(a, d)' N reactions, con-
figurations of the states in ' N are discussed in compar-

ison with those in ' N, with an emphasis on high spin
states favored by the reaction kinematics.

II. EXPERIMENTAL PROCEDURE AND RESULTS

The experiment was performed with the 34.9-MeV a
beam from the University of Colorado AVF cyclotron. A
natural carbon foil of 0.08+0.01 mg/cm in thickness and
a 98% enriched ' C foil of 0.29+0.03 mg/cm in thick-
ness were used for the targets. The target thickness was
calibrated by an 'Am alpha thickness gauge. Reaction
products were detected by a counter telescope
(hE, 50 III,m; E, 5 mm) which was cooled to —29'C by
an alcohol cooling system. Particles were identified by us-
ing an on-line computer. Typical deuteron spectra at
L9&,b

——10' are shown in Fig. 1, where the measured energy
resolutions are 50 and 60 keV F%HM for the
' C(a, d)' N and ' C(a,d)' N reactions, respectively. To
resolve the adjacent doublet at E =5.27 and 5.30 MeV in
' N, yields for the ' C(a, d)' N reaction were also mea-
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FIG. 1. Typical energy spectra for (a) ' C(a, d)' N and (b) ' C(a, d)' N reactions at E =34.9 MeV, 8&,b ——10. (c) A portion of the
5.27 and 5.30 MeV doublet in the spectrum for the ' C(a, d)' N reaction, which was measured with a spectrometer. Peaks with a suf-
fix ao are due to the elastic scattering of alpha particles. A hatched peak near E =6.32 MeV in (b) is due to the reaction
' C(a, d)' N(g. s.).



YASUE, HAMILL, BHANG, RUMORE, AND PETERSON 30

I 2g( a, d) '+N

)03
~

I3C(a d ) "~

IO

IO

I IMeV, 2 (0)

(032)

~ ~ o~ 5.83MeV, 3~~~

(033) L= 3

IO e

IO

4.92 MeV, O

Q. 49 MeV, 4"

IO

(0
IO

5.69 MeV, I
9.I 5 MeV, PgP.

—S gyp+

~ IOT

E
CJ

4

i
1 I I

8.9&MeV, 5

~(045) -',
'0 ~ 0 t~

9.39 MeV, 2

33) cn tO& j

(033K
(Pot)

I 0.8 I hf e V, 5
(045)

102

I . a I . ~ I . ~ I

0 y
+e

0

(032)
IO

797 MeV, 2
I+3

~4". y
«'( I I 21

(II2i~

60 I 20
8 (deg) 0 60 I20

8 (Beg)C.K.

FIG. 2. Closed and open circles are angular distributions for
the ' C(a, d)' N reaction at E~=34.9 MeV. Curves are results
of zero-range 0%HA calculations with XLJ values as shown in
the figure. Figures are sorted to groups (a), (b), and (c) accord-
ing to the leading contribution in the transferred angular mo-
menta L =3, 1, and 4, respectively.
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sured with a spectrometer system. ' A spectrum for the
doublet is shown in Fig. 1(c), where the energy resolution
is 35 keV F%HM. The doublet was analyzed by using the
peak-fitting program sPPCTR. '6 A peak at E„=15.28
MeV in ' N was previously assigned to a contaminant due
to the 8.96 MeV state in ' N. However, the contribution
of the contaminant is estimated to be at most 25% of the
total yield for the peak by comparing the spectra for ' N
and ' N. Some of the obtained angular distributions are
shown in Figs. 2—4. Errors in absolute cross sections are
estimated to be less than 15%. The relative strength for
transitions on the two targets is known to an accuracy of
+5%. The whole of the result is represented in Ref. 17.
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In the (u,d) reaction, the deuteron-cluster transfer
model for the transition leading to states with simple
two-nucleon configurations is reported by de Meijer
et aI. ' to be in good agreement with the results calculat««

ed by using microscopic two nucleon form factors The.
usefulness of the cluster model in the (a,d) reaction has
been demonstrated by several authors'~'9 for the transi-
tion to the states with simple configurations in sd-shell
nuclei.

Our present concern is to compare the distributions of
the transferred angular moments and the cross-section
strengths for the ' C(a,d)' N reaction with those for the
' C(a,d)' N reaction by assuming simple transferred
two-nucleon configurations such as (p ), (sd ), and
(p) (sd). In the present work, calculations are carried out
by using the program DwUcK 4 (Ref. 20) in the frame-
work of the zero-range DWBA on an assumption of

60 f29
8 («g)C.TA

FIG. 3. Angular distributions for the ' C{a,d)' N reaction at
E =34.9 MeV. See also the caption to Fig. 2.

deuteron cluster transfer.
For harmonic-osci11ator radial wave functions, the rela««

tion between the quantum numbers for the relative (v, A, )

and c.m. motion (N, L) of the cluster and those for the in-
dividual nucleons (n;, l;) is given by

2(v+N)+A, +I.=2(n, +n, )+ l, +l, .

It is commonly assumed that Eq. (1) is also valid for
Woods-Saxon wave functions. Assuming that the two nu-
cleons are in a Os state in the deuteron cluster, Eq. (1) can
be approximated to
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TABLE I. Parameters of optical model potential and bound
states used in the program DwUcK 4 {Ref.20) for the {a,d) reac-
tion on ' C and ' C at E~ =34.9 MeV. Parameters refer to the
Woods-Saxon shape and its derivatives.
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where the notations are the same as in Refs. 18, 20, and
24. N is a normalization factor, whose value is set to 20
in the present calculation according to the results in other
work. ' ' The ratio of experimental cross sections to cal-
culated ones,
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FIG. 4. Angular distributions for the ' C(a, d) "N reaction at
E =34.9 MeV. See also the caption to Fig. 2.

2N+L =2(n, +n2)+l) +l2 . (2)

The number of radial nodes, N (excluding those at r =0
and r = ao), and the orbital angular momentum, L, of the
transferred cluster have a relation with the values
(2n;+l;) of each transferred nucleon. Thus, the form fac-
tor of the cluster is insensitive to the detailed full angular
momentum properties of the wave functions of the
transferred nucleons, such as Od5/2 Od3/p ol is)/2 ~ We
label these together as (sd).

Optical model potential parameters for the initial and
the final channels are cited from Refs. 21 and 22. These
parameters satisfy the we11-matching condition between
the channels, and are listed in Table I. The parameters
for alpha particles in Table I were found to fit the data
well for the elastic scattering of alpha particles from ' C
and ' C at E~ =35 MeV.

As discussed in other works, ' the calculated cross
section for the (a,d) reaction is expressed by the formula

3 ~r+1 oD~cK
cal (3)

reflects the nature of the transferred two-nucleon configu-
ration and the nature of the target nuclei. Calculated an-
gular distributions are shown in Figs. 2—4 with NLJ
values as assumed for the transitions. If two values of the
angular momenta contribute to an (a,d) transition, the an-
gular distribution for the transition is fitted by the two
sets of calculated curves with the allowed L values. The
calculated curves are normalized to the data at forward
angles. The obtained norm alizations, the so-called
enhancement factors R in Eq. (4), are listed in Tables II
and III.

IV. DISCUSSION

Details of the obtained results will be given elsewhere. '

In the subsequent subsections, characteristic states ob-
served in the present (a,d) reaction on C and C are dis-
cussed.

A. Two-nucleon configurations of (p ) (sd) in ' N and ' N

In ' N, eight T=0 states with negative parity are
known below E„=11MeV. ' Cross sections for all of
them have been obtained in the present ' C(a, d)' N reac-
tion, except for the 9.13 MeV 2 state, which is not
separated from the adjacent 9.12 MeV 3+ state. Figure
2(a) shows the cross sections for the L =3 transitions
leading to the 2, 5.11 MeV, the 3, 5.83 MeV, and the
4, 8.49 MeV states in ' N. The latter two transitions are
of pure L =3 transfer, and their main configurations are
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TABLE II. States of ' N and ' N observed in the (a,d) reaction at E =34.5 MeV, primarily of
(p) (Sd) structure. The integrated cross section for the 9.13 MeV state is estimated from the total yields
for the 2, 9.13 MeV and the 3+, 9.12 MeV states by referring to the strengths of the angular momen-
tum transfer L =1 and 2. Those for the 9.15 MeV 2 and 2 states are also estimated by referring to

5+ 3—

the L =3 and 0 strengths in the angular distributions for these states. The J"value marked with an as-
terisk is proposed in the present work. For cases of the transfer values XLJ, separate enhancement fac-
tors are listed for both terms. Integrated cross sections are over the angles 6, =7'—100' and those
with suffix a are over the angles 8, =7'—90'.

Main
two-nucleon

configuration

P 1/2$ 1/2

Nucleus

'N
15N

(MeV)

4.92
5.30

0
+

2

Oint

(mb)

0.53
0.53

Transferred
NLJ

110
110

0.26
0.53

expCT

0 ca1

P 1/2d5/2 14N

15N
5.11
5.27

2
5+
2

4.56
2.04

032
032+ 112

1.2
0.46,0.27

P 1/2S 1/2

P1/2(Sd)

P 1/2$ 1/2

14N

"N
15N

15N

15N

5.69
7.30

8.31

8.57

9.05

1
3+
2

+
23+
2
1+
2

0.62
0.42

0.15

0.56

0.13

111
111
111

111

111

0.20
0.17

0.20

0.33

0.21

P 1/2d5/2 14N

15N

15N

'N

5.83
7.16

7.56

9.15

3
5+
2
7+
2
5 +
2

2.6
0.49

1.06

0.57

033
033

033

033

0.59
0.22

0.36

0.33

P3/2$1/2 14N

15N

15N

7.97
10.07

10.53

2
3 +
2
5+
2

0.60
0.37

0.19

112+032
112+032

112

0.14,0. 14
0.17,0. 10

0.12

P3/2d5/2 14N

15N
8.49

10.69
4
9+
2

1.09 034 0.50

P3/2d 5/2
14N

15N
9.13

12.10
2
5+
2

0.32'
0.37

112
112

0.33
0.19

P 1/2d3/2 14N

15N

15N

9.39
12.33

13.83

( 2—)
5+
23+
2

0.92'
0.44

0.45

112
112

112

0.21
0.19

0.28

(p~/zd5/z)3 and (p3/zd5/z)4 .' On the other hand, the
transferred angular momentum L =1 is also allowed for
the transition to the 5.11 MeV state. The angular distri-
bution for the 2, 5.11 MeV state shows a more diffrac-
tive pattern than calculated with L =3 transfer, indicat-
ing interference between L =1 and 3 transfers. In the
' C( He, p)' N reaction" at the lower incident energy of
E =20 MeV, where lower transferred angular momenta
are preferred, the cross section for the 5.11 MeV state
represents an L =1 type of shape. Although the 5.11
MeV state is simply of a (p~/zd5/z)z configuration in the
shell model calculation, ' it is to be noticed that the dom-
inant pattern in the angular distribution is different for

the (a,d) and ( He, p) reactions.
The (a,d) transition to the 0, 4.92 MeV and the 1

5.69 Me V states go by L = 1 transfer. In the
' C( He,p)' N reaction, " the shapes of the angular distri-
butions for the 0 and 1 states are well reproduced by
the DWBA calculations with L = 1 transfer. In the
present (a,d) reaction, where angular momentum transfer
L =3 is preferred, the shapes show large deviations from
the calculated curves with L =1 transfer, as seen in Fig.
2(b). Further discussion on the transition to the 1 state
will be given in Sec. IVC. The 2, 7.97 MeV state also
shows considerable deviation from the calculated curves,
as seen in Fig. 2. The weak coupling shell model calcula-
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TABLE III. High-spin states of ' N and "N observed in the (a,d) reaction at E =34.5 MeV.

Main
two-nucleon

configurations

(ds/2)

Nucleus

14N

15N

15N

(MeV)

8.96
11.94

13.00

5+
9
2
11
2

5.12
2.03

2.66

Transferred

045
045

045

O'exp

O ca1

1.7
0.50

0.80

(ds/2) 14N 10.81 0.97' 045 1.4

12.56 0.64 123 0.18

'Integrated cross sections are over the angles 0, =7'—90'.
"The factor is obtained with a form factor loosely bound by 0.1 MeV.
'The spin parity for the 12.56 MeV state is proposed as J"=

2 in Ref. ?. See also the caption to Table

II.

tion of Lie' describes the 7.97 MeV state as having a con-
figuration of p3/2d5/2 ~ If so, a two-step process via the
2+ state in ' C, which has a large component for a
p i /~ 3/2 configuration, will be allowed in the (a,d) transi-
tion to the 7.97 MeV state. Thus, the observed deviation
in the angular distribution for the 7.97 MeV state may
come from the interference in the reaction processes.

Lie also predicted the existence of another 2 state with
a configuration of pi/2d3/2 For a state with such a con-
figuration, the two-nucleon transfer reaction as well as the
one-nucleon transfer reaction will show a simple angular
distribution as predicted by the 0%HA calculations. The
recent compilation lists the spin-parity for the 9.39 MeV
state as J =2 or 3,' so this state is a candidate for the
2 state with the pi/2d3/p configuration. The angular
distribution for this state is reproduced well by the
(NI J)=(112) curve, not by the (XLJ)=(033) as seen in
Fig. 2(b). Previously, the 9.39 MeV state was proposed to
be of the form (p3/pd5/2) by Lie. ' In the (a,d) reac-
tion, the transition to a 3 state with such a configuration
is hindered by a factor of about 20 due to the Clebsch-
Gordan coefficient for the spin summation compared to

that to the 3, 5.83 MeV state of the (pi/2d5/z) configura-
tion. The experimental ratio of the strength for the 9.39
MeV state to that for the 5.83 MeV state is as much as —,

' .
Thus, assignment of the (p3/2d5/2) configuration to the

9.39 MeV state is ruled out. Table IV is a comparison of
spectroscopic strengths for the (a,d) transition to the 2
states in ' N with those for the ' C( He, d)' N reaction,
which was carried out by Peterson and Hamill. The
shell model calculation' proclaims the existence of four
2 states, each of which has a configuration as listed in
Table IV. Key points to locate the 2 state with the
pi/2d3/t configuration are the following:

(1) The (a,d) transition to such a state has a strength
proportional to that in the ( He, d) transition, because in
the latter transition the strengths for the p3/p(sd) configu-
ration should be much smaller owing to the small com-
ponent of the p3/p hole configuration in the wave function
of 13C

(2) The 2 state with the p, /2d3/2 configuration should
be highest in excitation energy of these 2 states accord-
ing to the prediction. '

From the above two points of view, our proposal is that

TABLE IV. Spectroscopic information on the 2 states in ' N.

(MQV)

5.11

7.97

9.13

9.39

(n, d)'

1.2
(1.0)
0.28

(0.24)
0.33

(0.28)
0.21
(0.18)

Spectroscopic strength

('He, d)b

0.36
(1.0)
0.015

(0.04)
0.028
(0.08)
0.12

(0.33)

Lie's prediction'
Main

configuration

P 1/2ds/2

P3/2$1/2

P3/2d5/2

P 1/2d3/2

E„
(Mev)

5.12

8.28

9.32

'Enhancement factor in the present work.
"Spectroscopic factor in the ' C( He, d)' N reaction at E1,b ——43.6 MeV, cited from the work by Peterson
and Hamill (Ref. 25).
'Reference 14. Spectroscopic strengths in parentheses are those normalized to the value for the 5.11
MeV state.
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the 9.39 MeV state in ' N has a configuration of
(pi/zd3/z)z . This is the first finding of a large d3/z com-

ponent in the highly excited states of ' N. Previously,
only small fragments of the 0dq~q shell were known below
E„=9MeV by the (d,p) reaction.

We now compare these structures in ' N to the two-
nucleon data for ' N. Previously, Pedersen et al. stud-
ied the states of ' N by use of the reaction ' C( He, p)' N
at E~,b ——20 MeV. In their work, the angular distributions
for the 7.16, 7.30, 7.56, 9.05, and 10.07 MeV states with
positive parity showed shapes much different from the
calculated curves. They proposed two-step processes via
inelastic scattering in the initial channel in order to ex-
plain the interferencelike structures found in the experi-
mental angular distributions. As referred to in the
preceding paragraph and treated in Sec. IV C, the present
(a,d) reaction is also apt to reflect such effects on the
shapes of the angular distributions. Thus one may also
expect some deviations of the calculated curves from the
angular distributions for the (a,d) transition to these
states. As seen in Fig. 4, however, the calculated curves
show reasonable fits to the data. Hence the cause of the
deviation observed in the ' C( He, p)' N reaction should
be sought elsewhere.

In the weak coupling model of Lie, Engeland, and
Dahll, it is pointed out that the positive parity states in
'sN have some mixtures of configurations of 1p-2h and
3p-4h. In the ' C( He, p)' N reaction at a lower incident
energy, a knock-on process may also play an important
role for transitions to the states with 3p-4h configurations
in ' N. Apart from such ambiguities of the reaction pro-
cess in the ( He, p) transfer, the reasonable fits of the cal-
culations to the present data for the (a,d) transition to the
positive parity states in ' N indicate the usefulness of the
(a,d) transition for deducing spectroscopic information on
the 1p-2h character in ' N.

In their calculation, four —,
' states are predicted in

' N below E„=10.33 MeV: The 8.31 and 9.05 MeV —,

states have configurations (s i/z )(pi/z ),+ o and

(si/z)(pi/z) +, respectively, while the 5.30 and 11.43
MeV —' states have rather complex configurations, a2

& +
mixture of 1p-2h and 3p-4h structures. The —, , 5.30
MeV state is expected to be only weakly excited by a two-
nucleon stripping reaction due to its dominant 3p-4h
structure. The cross section for the two-nucleon transfer
to the 5.30 MeV state has been obtained for the first time
in the present work. Contrary to the speculation, our new
data for the 5.30 MeV state show larger strength than
found for the 8.31 and 9.05 MeV states as listed in Table
II. The large enhancement factor for the 5.30 MeV state
means a stronger mixture of the 1p-2h configuration to
their mainly 3p-4h configuration than predicted in the
weak coupling model, thus suggesting a weak point of the
model in handling the 1s~&~ nucleon in ' N. The 1s&~z
single particle wave function is expected to be sensitive to
np-mh configurations, because of its radial node near the
nuclear surface.

Previously, Harwood and Kemper measured the y-
decay strengths of the ' N states via ' C( Li,ay),
' C( Li, Hey), and "8( Li, ty) reactions and compared

the strengths to those predicted by the weak-coupling
shell model. They also pointed out the insufficiency of
the model to describe the electromagnetic properties of
the —, states of ' N. Thus, the present results for the

&+ 15

states as well as the work by Harwood and Kemper
indicate a necessity for a more detailed treatment of the
1si/z state in ' N. Actually, Millener and Kurath found
the need for noncentral components in the particle-hole
interactions to .describe the 1s~~q orbit in p-shell nuclei,
and excellently explained the experimental result for the P
decay of ' B.

In the weak coupling shell model calculation, the —'
states at E„=7.30, 8.57, and 10.07 MeV, and the —,

'
states at E„=5.27, 7.16, and 9.15 MeV are of lp-2h type
of eoilfiguratioils such as si/z(pi/z) and d~/z(pi/z)
The enhancement factors for the —, states are similar to

3+

each other as predicted by the calculation. Those for the
states at E„=5.27, 7.16, and 9.15 MeV are predicted

to be in the ratio of about 2:1:1,respectively. The experi-g+mental data for the —, states also show such ratios.
Thus, the calculation can explain all the strengths for the
(a,d) transition to these —, and —, states. Furthermore,

3+ 5+

the calculation predicts the existence of another pair of
and —,

' states with a configuration of dz/z(pi/z) at
E„=12.86 and 12.66 MeV, respectively. These states will
be excited selectively by one-nucleon stripping reactions
such as the ' N(d, p)' N reaction. However, no experimen-
tal data for one-nucleon stripping reactions have been re-
ported yet in. the region of such high excitation energy in
' N. As seen in Table II, states with similar two-nucleon
configurations have a fairly good correspondence between
'4N and ' N in terms of their spectroscopic strengths and
their locations in excitation energy, where the 1, 5.69
MeV and the 3, 5.83 MeV states in ' N have their corre-
sponding two —,

+ states and two —, states in ' N, respec-
tively, reflecting the degree of freedom of T=0 and 1

components in (p) coupling. Our proposal is that the
, 12.33 MeV and the —,', 13.83 MeV states in ' N may

have the d3/z(pi/z) configuration owing to the next two
points: (1) The cross sections for these states should be
larger than those for the adjacent states, due to their sim-
ple structure of dq/z(pq/z) . (2) They should be located
around E = 12 MeV corresponding to the excitation ener-

gy of 9.39 MeV for the 2 state in ' N, as expected from
the energy spacing between the 2, 9.13 MeV state in ' N
and the —,', 12.10 MeV state in ' N. The recent compila-
tion' lists the spin for the 12.33 MeV state as J=—,', but
the parity is not established. If the parity for the 12.33
MeV state were negative, the transferred angular momen-
tum for the state should be I, =2. The experimental
shape for an I. =2 transfer exhibits a rather flat shape at
forward angles, as seen from the cross sections for the
12.56 MeV state in Fig. 3. The rise in the shape at for-
ward angles seen in Fig. 4 for the 12.33 MeV state is a
characteristic of I. =1 transfer, which is consistent with
the shape for the corresponding 2 state in ' N. Thus,
the assignment of J = —,

+ to the 12.33 MeV state is pre-
ferred.

The lowest —, state at E„=7.56 MeV is described as
having the simple configuration (ds/z)f(pi/z), +.„Olin
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the weak coupling model. Previously the configuration
was confirmed by several authors ' via the ' C(a, p)' N
reaction. Our result also supports the configuration; a
reasonable fit of the calculated curve to the cross section
as well as the enhancement factor consistent with that for
the corresponding 3, 5.83 MeV state in ' N are seen in
Fig. 4 and in Table II.

According to the weak coupling model, the —', , 10.69
MeV state has a structure of 3p-4h. The structure was
confirmed via the ' C(a,p)' N reaction. ' The reaction
' C(a, d)' N cannot excite a state with such a configura-
tion. As seen in Fig. 3, the present cross section for the
doublet' of the —,', 10.69 MeV and the —, , 10.70 MeV
states in ' N is well reproduced with an L =0 curve.
Namely, the cross section is due only to the transition to
the —, , 10.70 MeV state.

8. High-spin states with a (d5q2) configuration
in '4N and ' N

The 5+ 8.96 and 10.81 MeV states in ' N have a
stretched configuration of (d5/z) +.' The satisfactory fit
of the calculated curve to the data for these 5+ states also
supports their simple two-nucleon configuration. Previ-
ously, Lie' pointed out that most of the strength for the
(dq/z) + configuration is concentrated in the lowest 5+
state for an interaction of a Gillet type without a tensor
force, and that the distribution of the strength between
these 5+ states depends sensitively on the effective two-
nucleon interaction of the tensor type. Thus the compar-
ison of the strengths for these 5+ states would provide
some information on the tensor interaction between two
nucleons in the Odq~q shell. As listed in Table III, the
enhancement factors for these 5+ states are nearly the
same, contradicting the prediction. Thus our data may
support the introduction of a tensor interaction for the 5+
stretched two-particle states. At the present incident ener-
gy, an estimation on a contribution from complicated re-
action processes other than a direct deuteron transfer may
be needed in order to get reliable spectroscopic informa-
tion on the transition to these 5+ states. Such an effect of
the reaction processes is seen in the cross section for the

state in ' N.
Contrary to these high spin states in ' N, cross sections

for the known —", , 13.00 MeV and the —', , 11.94 MeV
states in ' N show sharp rises at forward angles as seen in
Fig. 3. At the higher incident energy of 40 MeV, the
cross sections for the (a,d) transition to the 13.00 and the
11.94 MeV states are reported to have shapes similar to
those for the 5+, 8.96 MeV state in ' N. Thus the (a,d)
transition to these states seems to have an energy depen-
dence around Et,b

——35 MeV. In spite of such ambiguity,
the enhancement factor for the —", , 13.00 MeV state has
a reasonable value in comparison with that for the 8.96
MeV state in ' N.

On the other hand, the strength for the —,', 11.94 MeV
state is smaller than that for the —", state, indicating the
escaPe of the strengths for the [(d3/z) +P&/z] configu-
ration to the other —,'state as predicted by Lie et a$.

The recent compilation' mentions the possibility of J= —',
for the 12.56 and 13.17 MeV states in ' N. As seen in
Fig. 3(b), the shape of the cross section for the 12.56 MeV
state is different from that for the 11.94 MeV —', state
and also from the calculated curve with L =4 transfer.
In the figure, it is reproduced with an L =2 curve. The
cross section is about —,

' of that for the 11.94 MeV state.
Recently Hamill et al. studied the ' C(a,p)' N reaction
and found that the (a,p) transition to the —", , 13.00 MeV
and the —', , 11.94 MeV states shows shapes of angular
distributions as predicted by a simple DWBA calculation,
suggesting the suitability of the (a,p) reaction for studying
high spin states in ' N. Another of their findings suggests
that the 12.56 MeV state is similar to the —, , 11.94 MeV
state both in shapes of the cross sections and in their
strengths. On the other hand, the cross section for the
13.17 MeV state is much flatter in shape and smaller by a
factor of 2 than those for the 11.94 and 12.56 MeV states.
Thus, they proposed an assignment of J = 29 to the
12.56 MeV state. The (a,p) transition is allowed access to
a state of (d&/z)4+, as well as to that of (d&/z)5+ 0.
Hence, combining the results for the ' C(a,p)' N reaction
and the ' C(a,d)' N reaction, one can propose that the
main configurations of the 11.94 and 12.56 MeV states
are (dq/z)5+ o and (d5/z)4+ i, respectively, and that the

7

mixing between these configurations is small, contrary to
Lie's calculation. The small mixing seems to indicate the
necessity of the introduction of a more realistic two-
nucleon interaction in order to understand these high spin
states with a (d5/z) configuration. The seeming L =2
shape for the (a,d) transition to the 12.56 MeV state may
come from the higher order components of the complex
configurations in the state.

C. Effects of a multistep process via 'zC(2+}

The 1, 5.69 MeV state in ' N is described to be of
si/z(pi z) configuration in the weak coupling shell
model. The shape of the angular distribution for the 1

state is much different at forward angles from the DWBA
calculation. In order to explain the abnormal shape, con-
tributions of the two-step process via the 2+ state of ' C
have been estimated by using the program CHUCK. Fig-
ure 5 is the result where a deformation parameter
Pz ——0.40 (Ref. 30) is used for a real coupling between
the ground and the 2+ state in ' C. One-way couplings
are assumed in the calculation in order to eliminate effects
of nonorthogonal terms ' in the zero-range DWBA calcu-
lation for the (a,d) transition. Macroscopic form factors
are used by assuming the leading configuration for the
transfer from the 2+ state in ' C to the 1 state in N to
be si/~3/z ~ The (NLJ) values used are (NLJ) =(111)for
' C(a, d)' N(1 ) and (NLJ)=(112) for the (a,d) transi-
tion from ' C(2+) to ' N(1 ). In the figure, a broken
curve and a dotted curve represent the one-step and the
two-step contributions, respectively. The solid curve is
the coherent sum of these two terms. In spite of the sim-
plified treatment, the general behavior of the angular dis-
tribution is well reproduced by the calculation. Thus one
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FIG. 5. Angular distributions for the ' C(a,d)' N reaction

leading to the 5.69 MeV states. Broken curves; one-step process
for the (a,d) reaction. Dotted curves; two-step process preceded
by inelastic scattering to the 2+, 4.44 MeV state in ' C, where
one-way coupling and P2 ———0.4 are assumed. Solid curves;
coherent sum of the above two processes. See also the explana-
tion in the text.

can point out that the two-step process via the 2+ state in
' C plays an important role for the (a,d) transitions to the
1 state.

V. SUMMARY

In the present work on the (a,d) reaction on ' C and
' C, several new facts are found.

(i) At the incident energy of 35 MeV, nondirect process-
es have been observed in some of the angular momentum
mismatched transfer of L =0, 1, and 2. The states in ' N
for which cross sections show shapes different from
D%'BA predictions are considered in the shell model cal-
culations' ' to have amplitudes based on the 2+, 4.44
MeV state in ' C. Besides, at this incident energy, the
' C(a,a)' C scattering is matched for the L =2 transfer
to the 2+ state in ' C. These two factors provide reasons
why some of the angular distributions for the (a,d) reac-
tion demonstrate abnormal shapes compared to those for
the corresponding ( He, p) reaction. " As an example of
the effect of the two-step process, the cross section for the
1, 5.69 MeV state in ' N is analyzed in the framework
of the second order DWBA. On the other hand, for the
momentum matched transfers of I. =3 and 4, reasonable
fits of 0%HA calculations alone to the data are found by
using a deuteron-cluster form factor, except for the transi-
tion to the 2, 13.00 MeV and the —, , 11.94 MeV states
in ' N. In order to understand the problem evident in the
transition to the —", and —,'states, excitation functions
for the ' C(a,d)' N reaction should be measured around
E~=35 MeV. In spite of several ambiguities in the
DWBA analyses of the present data, the (a,d) reaction has
been found to be suited for observing the component of

the two-particle configurations from states with a mixture
of 1p-2h and 3p-4h structure in ' N.

(ii) By comparing the available spectroscopic data with
the weak coupling shell model calculation, ' effects of
the Od 3/2 shell are found in the 2, 9.39 MeV state in ' N
and in the —,', 12.33 MeV and —,', 13.83 MeV states in
'5N. Their possible configurations are proposed to be
[d3/2(pi/2) j and [d3/2(pi/2) ~&/2+, /, +, respectively.
The obtained enhancement factor for the d3/2pf/2 config-
uration is smaller than that for the d5/zp~/2 configura-
tion. Hence, the other states with a Od3/z component
seem to be distributed in the region of higher excitation
energy.

(iii) Around E„=10 MeV in ' N and ' N, Op~/2, Op3/p,
0~5yz 0~3yz and»irz shells are all active. This leads to
a speculation that the two-nucleon configurations for the
highly excited states may be sensitive to the effective in-
teractions used in the shell model calculation. The
present work shows the following characteristics of the
states with a stretched (d, /2) configuration: The
enhancement factor for the second 5+ state in ' N is
about 80% of that for the first 5+ state, much different
from Lie's prediction. ' Besides, the cross section for the
second —', , 12.56 MeV state in ' N is only —,

' of that for
the first —', , 11.94 MeV state, and different in shape
from the latter. From the comparative study of the (a,d)
and (a,p) transitions to these —, states, the leading con-
figurations seem to be (d5/q) + and (d5/2)~+, , respec-

tively, and the mixing between the configurations seems to
be small, contrary to the prediction in the weak coupling
shell model calculation. Previously, Lie' suggested the
importance of the tensor force for the stretched 5+ states
in ' N, but took no account of the force in his actual cal-
culation. These discrepancies for the stretched configura-
tions between the obtained results and the prediction may
indicate the necessity for the introduction of the tensor
force to the effective two-nucleon interaction in these nu-
clei.

(iv) For the —,
' states in ' N, the enhancement factor

for the —, , 5.30 MeV state demonstrates a considerable
+

discrepancy from the prediction in the weak coupling
shell model calculation. Harwood and Kemper also
pointed out the insufficiency of the model to describe the
electromagnetic properties of the —,

' states in ' N.
This comparative study of the (a,d) reaction on ' C and

' C has revealed much of the shell structure of the states
in ' N and ' N, and demonstrated some deviations from
the weak coupling shell model calculations. ' In the
shell model calculation of these nuclei, it seems that a
more realistic effective interaction such as investigated by
Millener and Kurath is needed.
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