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Study of the 2p-1h Structure of 0 via the N( He, p) Reaction

M. -C. Lemaire and M. C. Mermaz
Centre d'Etudes Nucleaires de Saclay, Gif-sur-Yvette, France

and

Kamal K. Seth
Northseestern Univ er sity, Evanston, Illinois, *

and Centre d'Etudes Nucleaires de Saclay, Gif-sur-Yvette, France
(Received 6 July 1971)

The double-stripping reaction ~N( He, p) '0 has been studied with a magnetic spectrograph
at an incident He energy of 18 MeV, with an energy resolution of about 30 keV. Differential
cross sections have been measured for transitions to states in 0 up to an excitation energy
of 11 MeV. The data have been analyzed in the distorted-wave Born approximation using the
Glendenning formalism and the multishell shell-model wave functions of Zuker, Buck, and
McGrory for states in 17O. The model wave functions are found to fit the data quite well for a
number of low lying-states. However, several exceptions are also found.

1. INTRODUCTION

There is now a considerable body of both experi-
mental and theoretical evidence which suggests
that ground states of even the doubly magic nuclei,
such as "0, ' Ca, and ' 'Pb, contain appreciable
correlations in the form of 2p-2h, 4p-4h, etc. com-
ponents, in addition to the hopefully predominant
Op-Oh configuration. (The particles and holes are
counted from the Fermi level of the idealized, in-
dependent-particle shell model. ) For "0 the cor-
related particles may be expected to exist mainly
in the 2s-1d shells and the holes in the 1p shell.
Thus, in "0 the negative-parity states may be ex-
pected to have mainly 2p-1h and 4p-3h components.
Direct reactions involving transfer of m particles
on a target nucleus (A -n) preferentially populate
those states of the residual nucleus (A+m -n)
which have parentage in the ground state of the tar-
get nucleus (A n). By suitabl-e choice of the di-
rect reaction and the target nucleus (A n) we can-
therefore preferentially excite and study m-parti-
cle-n-hole components in the states of the final nu-
cleus (A+m -n). In the positive-parity states of"0we may thus study mainly neutron single-parti-
cle components with the "0(d,p) reaction, 3p-2h
components with the '~N(n, p) reaction, and 5p-4h
components with the "C(eLi,p) or "C('Li, d) reac-
tions. Similarily, in the negative-parity states we
may study 2p-1h components with the "N(n, d) or
"N(~He, p) reactions, and 4p-3h components with
the "C('Li, t) reaction, for example (provided, of
course, all these reactions proceed by a direct
mechanism). (More complicated components of
states in "0 are also excited in each of these reac-
tions, but only via the weaker, correlated part of

the ground-state wave function of the target nuclei. )

Because of characteristic coherence effects, in
many-particle-transfer reactions one cannot ob-
tain spectroscopic amplitudes directly, but can on-
ly test amplitudes provided by theoretical calcula-
tions. In this paper we report on our study of the
double-stripping reaction "N('He, pP'0, in order
to test theoretical model wave functions which have
recently become available for states in "Q.

The reaction "N(~He, p)"0 was first studied by
Seth et al. ' and Seth, Miller, and Biggerstaff' at
incident 'He energies of 7 and 10 MeV. While qual-
itative conclusions about strong excitation of T =

&

states at 5.7, 7.4, 7.7, 8.5, 8.9, and 9.1 MeV and
the T = —,

' analogous state at 11.0 MeV could be
drawn from these data, the experimental results
were largely inconclusive. Because of the use of
a gaseous target, energy resolution was of the or-
der of 60 keV and data were confined to (9&20 .
The incident energy was also not high enough to in-
sure that the direct-reaction mode was dominant.
Recently two other attempts at studying this reac-
tion at higher energies have been made, but no de-
tailed reports have been given. 4 The analogous
reaction (for T= —,

' states only), "N(o., d), was ear-
lier studied by Harvey and co-workers' ' as a part
of their systematic study of states of the (d, &,)'~,
configuration throughout the g-d shell. The latest
of these experiments' was done at E =45.4 MeV
with an energy resolution of about 150 keV. No at-
tempt at testing model wave functions was made.
The present ('He, p) experiment at E('He) = 18 MeV,
with an energy resolution of about 30 keV, was mo-
tivated by the desire to remove the shortcomings
of the experiments of Seth et al."and to test theo-
retical wave functions for states of "0 by the dis-
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torted-wave Born-approximation (DWBA) analysis
of the differential cross sections for this double-
stripping reaction.

2. THEORETICAL CALCULATIONS OF 0

The theoretical calculations of the structure of
"O have all been based on certain clear-cut empir-
ical facts. From the (d, p) experiments (see, for
example, Naqib and Green') it is known that the
major part of the single-particle strength of the

d, /, and sy/2 orbits lies in the —,
"ground state and

the —,
"first excited state at 0.874 MeV (S =0.8 to

1.0). The d, /, orbit lies about 6 MeV higher and,
from neutron scattering experiments, ' it is found
that a major part of the d, /, single-particle
strength indeed lies in the two —,

"states at 5.081
and 7.294 MeV (QS= 0.7). The low-lying negative-
parity levels are very weakly excited in (d, p) and
neutron scattering experiments, indicating that

py / 2 and p», hole components in the target wave
functions are not too large. I The —,

' state at 3.053
MeV, for example, has a (d, p) spectroscopic
strength (2J+ 1)C'S =0.08, indicating that the p, &,
hole component in the "O(g.s. ) wave function has an
amplitude of the order of only 0.18.] On the other
hand, the manifestations of collective features of
the nuclei in the sd shell are also quite well known
and it is quite evident that the particle-hole excita-
tions must play a significant role in the structure
of the excited states.

The importance of particle-hole excitations in
the sd-shell nuclei was first pointed out in 1954 by
Christy and Fowler, "who concluded that the 3.053-
MeV (-,' ) state in "0 must contain substantial
parts of 4p-3h components. Since then several cal-
culations have been reported in the literature" "
which take into account, to a varying degree and in
different approximations, particle-hole components.
Of the many calculations, only the last, namely the
one due to Zuker, Buck, and McGrory o (ZBM),
provides sufficiently detailed wave functions for
both positive- and negative-parity states to be of
direct usefulness in our analysis of two-nucleon-
transfer angular distributions. We describe these
various calculations briefly in order to place the
work of ZBM in proper perspective.

Harvey" calculated the negative-parity states in"0with a 1p particle excited from the closed "O
core into the 2s-1d shell, i.e. , as 2p-1h states in
the SU, coupling scheme. He concluded that the
lowest —,

' state at 3.053 MeV was most likely not
a 2p-1h state, and that the second —,

' state at 5.938
MeV was the state predicted by his Calculations.
No other details of the calculations were given.
Ripka" considered a weak-coupling model in which
the negative-parity states were considered as a va-

lence particle coupled to the negative-parity parti-
cle-hole states of "O. He concluded that a more
successful approach was that of coupling a py/2
hole to the positive-parity states of "O which were
considered as states of two particles in the sd
shell. Margolis and Takacsy" made a detailed
2p-1h calculation. Even-parity states for the
A = 18 nuclei were constructed with two particles
in d, /2 sy/2 and d, /, orbits, and the negative-par-
ity states of A =17 nuclei were obtained by cou-
pling a p, /, hole to them. Brown" pointed out that
since 4p-4h components in '8O(g. s.) a.re as impor-
tant as 2p-2h components, pure 2p-1h calculations
of negative-parity states may not be realistic.
Brown and Green" and Shukla and Brown' calcu-
lated the even-parity and odd-parity states of "0
by mixing spherical shell-model states with de-
formed states obtained by promoting two and four
particles from the p, /, shell to the sy/2 d5/2 shells.
Very recently the detailed work of Ellis and
Engeland" has become available in which Brown' s
original objection is removed, since both 2p-1h
and 4p-3h excitation are considered. Since the con-
figuration basis was limited by choosing the SU,
scheme, the full sd and p shells could be consid-
ered, i.e., holes in the P, /, shell and particles in
the d ~, shell were allowed in addition to the orbits
usually considered active, P,~„d,~„and s,~, .

The last calculation, already referred to, is the
"exact" multishell shell-model calculation of
ZBM." ' In this calculation the problem of five
particles in three orbits 1p, /„2sz/2 and 1d, /,
was solved exactly and detailed wave functions for
four lowest states of each JnT were given. We
shall discuss this calculation in detail later. At
this point it is sufficient to notice that d, /2y p3/
shells were not considered active in this calcula-
tion, because the dimensionality of the problem
makes the inclusion of these orbits impossible in
the "exact" calculation.

Recently, Wildenthal and McGrory" (WM) have
attempted to optimize the parameters of the "exact"
multishell shell-model calculation for the A = 13 to
20 region and preliminary results of these calcula-
tions have become available. " In most cases the
(WM) wave functions differ very slightly from the
ZBM' wave functions.

It was noticed by Margolis and Takacsy that 2p-
1h states do not come down low enough to explain
the experimental spectrum of negative-parity
states. Bobker" has shown explicitly that 4p-3h
admixtures lower the energy of most levels by 2
to 3 MeV. These results have been further con-
firmed by ZBM and Ellis and Engeland. For this
reason we have listed in Table I results of only
those calculations in which both 2p-1h and 4p-3h
excitations were considered. Some salient fea-
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tures in Table I are the following:
For the —,

"and —,
" states the results of Brown and

Green based on their semiempirical model are in-
deed very similar to those of Ellis and Engeland.
ZBM (and WM) generally have about 10% smaller
single-particle components and about 10@ larger
3p-2h components. For the first ~" state at 5.081
MeV, which is known experimentally to have sub-
stantial single-particle strength, and for which
Brown and Green do find a large single-particle
amplitude, there is no counterpart in the ZBM cal-

culations, since the d, &, orbit was not considered
active. The first —,

" state of the ZBM calculation
has, however, a structure quite similar to Brown
and Green' s second —,

"state (except, of course,
for the single-particle component).

For the negative-parity states the agreement be-
tween the results of the different calculations is
not as good. For the —,

' and —,
' states the results

of Shukla and Brown" and Ellis and Engeland" are
in reasonable agreement, but the differences be-
tween these and the ZBM (and WM) results are sub-

TABLE I. Particle-hole nature of wave functions for T=
2

states in '0 according to various authors. For the com-
plete wave function according to Zuker, Buck, and Mcorory, see Table IV. In most cases wave functions for the first
two states of each J~ are given, the second one being in parentheses. The p-h components given here were in many
cases calculated from the detailed wave functions given by authors. They do not account for 100/0 of the wave function,
because individual components with amplitudes ~0.25 were often neglected by the authors themselves.

E (Me V) Z,„„,(Mev) Author 1p-0h 5p-4h

0.874

5.081 (5.873)

0.50

0.83
0.85

5.10 (5.82)
5.28
4.88

Brown (Ref. 15)
Ellis (Ref. 17)
Zuker (Ref. 20)
Wildenthal (Ref. 21)

Brown
Ellis
Zuker
Wild enthal

Brown
Zuker
Wild enthal

0.90
0.92
0.82
0.82

0.88
0.87
0.78
0.78

0.72 (0.26)

2p-1h

0.41
0.39
0.52
0.49

0.46
0.49
0.58
0.60

0.52 (0.49)
0.63
0.49

4p-3h

0.08

0.17
0.17

0.11

0.21
0.19

0.47 (0.83)
0.78
0.74

3.053 (5.938)

4.549 (5.381)

3.845 (5.731'?)~

5.698 (7.687)

5.215?" (9.16)

7.74

3.1 (6.3)
2.88 (5.74)
3.27 (6.21)

4.9 (6.1)
4.51 (5.41)
4.62 (5.80)

5.3 (7.7)
3.48 (5.85)
3.67 (6.27)

6.4 (8.2)
5.62 (8.01)
6.02 (8.08)

6.7 (9.1)
4.79 {7.09)
5.39 (9.08)

7.3
6.00
7.23

Shukla (Ref. 16)
Ellis
Zuker
Wildenthal

Shukla
Ellis
Zuker
Wild enthal

Shukla
Ellis
Zuker
Wild enthal

Ellis
Zuker
Wildenthal

Ellis
Zuker
Wildenthal

Ellis
Zuker
Wild enthal

0.90 (0.43)
0.81 (0.62)
0.63 (0.74)
0.49 (0.81)

0.87 (0.49)
0.88 (0.66)
0.79 (0.41)
0.64 (0.81)

0.41 (0.91)
0.82
0.73 (0.72)
0.72 (0.73)

0.92
0.85 (0.79)
0.87 (0.76)

0.95 (0.93)
0.84 (0.88)
0.83 (0.87)

0.96
0.89
0.88

0.43 (0.90)
0.58 (0.78)
0.79 (0.41)
0.83 (0.55)

0.49 (0.87)
0.47 (0.75)
0.41 (0.37)
0.70 (0.46)

0.91 (0.42)
0.57
0.44 (0.43)
0.60 (0.42)

0.38
0.35 (0.41)
0.32 (0.53)

0.33 (0.35)
0.27 (0.37)
0.45 (0.40)

0.25
0.41
0.44

The second f state predicted at about 6 MeV has not yet been definitely identified. The known j state at 7.162
MeV most likely corresponds to the fourth $ state predicted by Zuker et al. at 7.97 MeV and by Wildenthal and Mc-
Grory at 7.85 MeV.

The first f state has not yet been experimentally identified. See Sec. 6 for discussion.
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stantial. For the —,
' states the differences between

Shukla and Brown" and others are most pronounced.
As a matter of fact, for some of these states, e.g. ,
the second —,

' state at 5.381 MeV, there are impor-
tant differences between the ZBM and WM results.
This fact emphasizes the sensitive character of
these states. The agreement between the results
of Ellis and Engeland and those of ZBM (and WM)

improves with increasing J, i.e. , as the number of
available configurations becomes smaller. We will
return to a more detailed discussion of some of
these wave functions later, in Sec. 5.

3. EXPERIMENTAL PROCEDURE

The EN tandem Van de Graaff at Centre d'Etudes
Nucleaires de Saclay provided a beam of doubly

charged 18-MeV 'He particles. The "N target used
was made by evaporation of melamine (CN, H, )„en-
riched to about 99%, in "N, on a 20-pg/cm' carbon
foil. Measurement of the energy loss of 6.0498-
and 6.0897-MeV ~ particles from a ' Bi source
gave the thickness of "N to be 25+ 3 pg/cm',
under the assumption that the deposited material
was still in the chemical form (CN, H, )„. The reac-
tion protons were analyzed with a magnetic spec-
trograph and detected in Ilford K5 nuclear photo-
graphic emulsions. Deuterons and e particles
from the ('He, d) and ('He, n) reactions were ab-
sorbed in a 100-p.m-thick nickel absorber placed

in front of the photographic plates. Beam current
was integrated in the scattering chamber. A solid-
state monitor counter, mounted within the chamber
at 90 to the incident beam provided a continuous
measure of elastic scattering from "N, and thus
provided a check on beam integration and target
stability.

The photographic plates were scanned in —,'-mm
swaths; the scanning was partially done at Saclay
and partially at the University of Bordeaux. Data
were taken at 5' intervals from 0&,b= 5 to 70'. Fig-
ure 1 shows a typical proton spectrum obtained at
II„b= 20'. The energy resolution [full width at half
maximum (FWHM)i is seen to be about 30 keV.

Since proton groups from reactions "C('He, p)"N
begin to interfere with proton groups from the
reaction "N('He, p)"0 for "0 excitation energies
above 3.85 MeV, considerable care had to be exer-
cised in kinematically tracking "0 groups through
various angles of observation. Unambiguous iden-
tification of "O groups was made in this manner at
nearly all the angles. The energies of the states
excited in the present experiment, together with
energies and J measured in other experiments
are listed in Table II.

As indicated in Table II precision determination
of energies of states in "O comes from three main
sources: for excitation energies below 6 MeV,
from the (d, p) experiments of Brown"; for excita-
tion energies above 4.5 MeV, from the neutron
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FIG. 1. Proton energy spectrum for the reaction 5N( He, P) 70. E( He) =18 MeV, Oy~b =20p, B =10 G, The numbers
correspond to energy levels in ~O as listed in Table Il. Peaks corresponding to the reaction C(~He, p) 4N are shown
with dashed lines. The integrated charge is 1440 pC.
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TABLE II. Excitation energies [with errors, +e (keV)] and l, L„or J~ for states in 1'O.

No.

'SN(3He, p) '
(this expt)

E* (MeV)
e»10 L

1~N(0. , d)
(Ref. 7)
E* (MeV}
30~a»50

16p+n '
(Refs. 9, 24, 25)

E* (MeV)
5» e»10 J"

16P(d p)
(Ref. 23)

Z* (Mev}
5»e»10 l +7)' C

I'c.m.
(keV)

16p + n 13' +~

0.874

3.053

3.845

4.549

(1+3)

0.87

3.85

4.57 4.558

0.871 0

3.055 1

3.846 3

4.553 1 45

5.081

5.215

5.381

5.698

(2)

5.21

5.69

5.083

5.377

5.696

5.731

5.083 2

5.215

5.378

5.695

5.731

2

7-
2

&8

41

3.4

10

12

13

5.873

5.938

6.37

6.861 (0)

6.973 (1 + 3)

5.867

5.936

6.356

6.859

6.970

g+
2

1+
Y

5.866

5.940

2

1
2

J+
2

6.6

24.5

13C +n
(Refs. 26, 27}
+» ]0 pe'

15

17

18

19

7.162

7.382

7.561

7.37

7.164

7.294

7 e377

7.380

g+
2

7.168

7.880

7.573

2

g+
2

2

2

(7+}gT

1.4
500

2.7

0.5»2

20

21

23

24

7.687

7.761

7.938

7.74

7.67

7.684

7.91

7.96

7.68 5

7.97

2

(ii )g

405

22

69 80

-80

26

27

28

8.054

8.192

8.322

8.390

8.15

8.07

8.21

8.33

8.40

8.47

g+
2

8.064 $+

8.197

8.332 ~+

8.393 &+

8.460 $+

g+
2

&5

70

70

10
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TABLE II (Continued)

No.

~~N(3He, P) ~

(this expt)
E* {MeV)

&~10 L

~SN(a, d)
(Ref. 7)

E* (MeV)
30 e~ 50

feP+n b

(Refs. 9, 24, 25)
E* (Mev)
5&a&10 J"

"O(d, p)
(Ref. 23)

E* (MeV)
5~&~10 l JKC

I c.m.
(keV)

i6p ~ n }3C+~

31

33

34

8.492

8.682

8.900

S.955

(2) 8.46

8.89

8.51

8.69

8.96 7
2

8.498

8.679

8.8 73

8.8S4 ~2

8.945 28

50

100

20

38

9,16

9.495

{4) 9.14 9.18

9.45

9.14

9.18

9.20

9.50

2

g+
2

140

15

40 9.712

9.856 9.81

9.705

9.79

9.87

9.72

9.74

9.86

9.95

10.14

2+
2

(y')
g+
2

28

28

25

16

61

12

107

138

C(e, n)
(Ref. 29)

45

46

48

49

(10.24)

10.33

10.423

10.158 10.17

10.24 $+

10.33 ($ )

10.4

10.49 ($)

j-
2

7+
2

46

122

&20

75

50

51

52

54

10.57

10.693

10.782

10.913

11.032

11.075

10.560

10.770

10.903

11.027

10.545

10.915

10.58

10.70

10.79

10.92

11.05

(f ~t)

(~2)

($ 7)

($')

($)

45

&25

60

Values of L are indicated in parentheses for those cases in which either the DWBA fits with the indicatedI {based on
ZBM wave functions) are poor, or in which the dominant L has been obtained by visual examination of data only.

b The authors of Ref. 9 have, subsequent to publication, withdrawn a proposed $+ level at 7.691 MeV. They have
found a new 2+ level at =7.96 MeV.' Values of spin marked with asterisks have not been directly measured and are still speculative. They are based
only on the arguments given in this paper. For levels at 7.761 and 9.16 MeV the same assignments were earlier given
by LZH (Ref. 7).
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1ppp — O. MeV
5/2+

0 874MeV
1/2+

3.053MeV
1/2

3.845MeV
5/2

100 'i',

10-

total and scattering cross-section measure-
ments""'" on "0; and for excitation energies
above 7 MeV from a elastic and nonelastic experi-
ments" "on "C

~ In regions of overlap, results
from these various experiments are generally in
good agreement. While many other experiments
existin literature in which states of "0are excit-
ed over a wide range of energies, ' " these ex-
periments generally do not have comparable pre-
cision in energy determination. In the present
('He, p) experiments a majority of states between
the ground state and 10-MeV excitation are excit-
ed and we are able to quote their energies with er-
rors less than ~10 keV. In general, agreement
with results of other experiments of comparable
accuracy is excellent. We mention below some of
the exceptions.

An excited state was reported at 6.24 MeV in ear-
ly 1951 (d, p) experiments of Burrows and Powell. "
This state has not been observed in any other sub-
sequent experiment, including ours. We do not be-
lieve that it exists and have not included it in Table
II. Further, we believe that there is a systematic
discrepancy in the energies quoted by Lu, Zisman,
and Harvey (LZH}' from their (o., d) experiments.
Above 6 MeV their energies are consistently lower,

and by 9-MeV excitation the difference is nearly
40 keV. Errors of this magnitude are, however,
still within the errors quoted by these authors.

Above 7-MeV excitation our energies are gener-
ally between 5 and 15 keV lower than those report-
ed by the (n, n) experiments. This trend, though

well within quoted errors, had to be kept in mind

in establishing correspondence between the levels
observed in the two experiments. Most of the lev-
els seen in "0+n and "C+o. experiments are also
seen in our ('He, p) experiment. Several of the
states could not be identified, because of their ex-
ceptionally large width [e.g., states at 7.294 MeV
(I'=500 keV}, and 7.67 MeV (I'=405 keV)], while
several others (e.g. , states at 5.731, 7.377, 6.460,
8.873, 9.14, and 9.20 MeV) could not be resolved
separately, since they are parts of close doublets
and triplets.

Transitions to nearly all known states below 9.2
MeV have been observed in the predominantly com-
pound-nuclear reactions "C( Li, p} and "C('Li, t)
and in the semidirect reaction "C(tLi, d), but the
energy resolution in these experiments was much
poorer and these are not included in Table II. The
7.761-MeV state, which is strongly populated in
both ('He, p) and (u, d) experiments has not been
served in 'SO+n or "C+n experiments. This
might be indicative of its almost pure 2p-lh,
[(d„,)', ,p„,-']»„nature, as suggested by
Harvey et a/. ' ' This is, however, not true for the
9.16-MeV state, which is suggested by the same
authors to be the corresponding 2 state,
[(d»,)'~, p, &, '],&, . If this is true the spin deter-
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FIG. 2. Differential cross sections in units of 0.27
+0.05 pb, for transitions identified in this experiment.

FIG. 3. Differential cross sections in units of 0.27
+0.05 pb, for transitions identified in this experiment.
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mination -,
' from "C(o.', n) experiment of Kerr

et a/. 27 must be in error. In a recent polarization
measurement of "C(o,n) reaction, Baker et al. 28

find agreement with the spin determinations of
Kerr et al."except for the following cases: These
authors suggest a doublet at 8.68 MeV with spins

; a new state at 9.65 MeV with spin ~; and

a change in the spin of 9.95-MeV state from -,
" to

5+
2

The two highest-energy levels excited in the
present experiment are those at 11.032 + 0.004 and

11.075 +0.004 MeV. The latter of these is definite-
ly the T = —,', J= —,

' analog of the "N ground state,
which was first identified in the experiments of
Seth et al. ' Its energy was determined as 11.075
+0.005 MeV by Barnes et al."by means of "N-
('He, p) reaction and as 11.062 +0.006 MeV by

Detraz and Duhm" by means of "0('He, o.) reac-
tion.

Relative differential cross sections measured
for transitions of each of the 29 states in "9are
shown in Figs. 2-4. Using our measurement of
target thickness (error &+15%), integrated charge
(error &+ 5%), and solid angle of the spectrograph
(error &+ 5%), absolute cross sections for the ob-
served transitions could be obtained with an esti-
mated error of less than +20%. These a,re shown
in Figs. 10 through 15 in Sec. 5.

In a separate experiment done in a scattering
chamber with a solid-state detector, the 18-MeV
'He elastic scattering angular distribution was

1
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FIG. 4. Differential cross sections in units of 0.27
+ 0.05 pb, for transitions identified in this experiment.

FIG. 5. o(8)/o'(e)RUTH for elastic scattering of 18-MeV
3He particles by 5N. Curves correspond to results of
optical-model calculations. The Roman numerals in pa. —

rentheses refer to the different sets of optical-model pa-
rameters in Table III. Notice the extremely poor fit pro-
vided by Set VI.
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measured between 15 and 105'. The measured
cross sections, expressed as a(8)/o„(8) are shown

in Fig. 5.

4. OPTICAL-MODEL ANALYSIS

OF ELASTIC SCATTERING

As is well known, in order to make a DWBA
analysis of the reaction data one needs the param-
eters of the distorting potentials in both the en-
trance and exit channels of the reaction. This po-
tential is assumed to be the optical potential which

describes elastic scattering in these channels.
From earlier work on two-nucleon-transfer reac-

tions, it is known that differential cross sections
for these reactions depend rather critically on the
optical-potential parameters in the entrance chan-
nel. For this reason, as already mentioned, we

have measured elastic scattering angular distribu-
tions for the scattering of 18-MeV 'He particles by
"N. These data have been analyzed for the search
of best-fit optical-potential parameters.

It is well known that the best-fit optical-potential
parameters show definite ambiguities, both dis-
crete (when the product Voro' assumes different
discrete values which are approximate multiples
of a constant) and continuous (when V, and r, vary
to keep the product +0&0 constant). In our analy-
sis we find this to be the case. In Table III we list
five sets of parameters which give almost equally
good fits to our elastic scattering data, as shown
in Fig. 5. If we express the product PpJ'p = 85n
MeV fm~, we find that (within +10%) Set V belongs
to n=1, Set IV to n=2, Sets II and III to n=3, and
Set I to n = 4. It is generally accepted that the
depth of the real part of the optical potential for a

composite "particle" of mass 3 should be approxi-
mately three times the depth of the corresponding
potential for nucleons. In terms of the product
tt 0+0 this criterion corresponds to Sets II and III
which do show somewhat better fits to the data for
g (70' than either of the Sets IV and V, although
g2 values over the whole angular range show no
such clearcut preference. Set VI, whose origin
will be discussed later, gives a very poor fit to
the data.

In order to see how much the choice of 'He poten-
tials a.ffects the ('He, p) angular distributions, we
have calculated angular distributions for two tran-
sitions using the various potentials of Table III for
'He, and proton optical-potential parameters based
on Percy's systematic study" of proton scattering.
These are shown in Fig. 6. The dominant (2p-1h)
components in the 3.053-MeV (—,

'
) state are

(d)'~ ~ r, and (s)'i ~, coupled to the —,
' "N core

(see Sec. 5); this transition is, therefore, expect-
ed to be essentially pure L =0. Similarly, the
3.845-MeV (-,' ) state is mainly two sd nucleons
coupled to L = J=2 with the —,

' "N core; this tran-
sition is therefore expected to be essentially pure
L =2.

From Fig. 6 we see that only fits with Sets I and
II are acceptable for the L = 0, 3.053-MeV transi-
tion; and that neither of these give very good fits
for the 3.845-MeV, L = 2 transition. While this
may be indicative of more serious problems with
the DWBA method of analysis or the optical-model
wave functions used, we have extended our search
for optical parameters to find a set which would

give acceptable fits for both L=0 and L = 2 transi-
tions.

In their reanalysis of the data of Artemov et al."
TABLE III. Optical-model parameters for 3He and protons. Sets I through V of He parameters were obtained by

fitting our elastic scattering data. Sets II and VI were actually used in DWBA analysis of reaction data:

1 . d 1 h 1 d 1
V(r) =Vg(r, rc) -Vo P 1 ~' 4''d 6' 1 Vg 2 d P 1e" +1 'dx; e"i+1 m c r dr e +1

where x =(r -ro)/ap, x; =(r —r;)/a;.

Vo
(MeV)

rp
(F)

ap
(F)

WD,.
(MeV)

W;
(MeV) (F) (F)

rc
(F)

Vso
(MeV) X

I
II
III
IV
V
VI

273.14
177.29
158.36
103.01
50.10

200.00

42.64

1.137
1.194
1.301
1.272
1.355
1.250

1.250

0.692
0.640
0.592
0.649
0.659
0.633

0.650 8.04

He potentials

16.69
12.59
16.58
8.89
5.36

10.40

p potential

1.541
1.671
1.382
1.863
2.178
1.930

1.250

0.924
0.936
1.080
0.929
0.835
0.837

0.470

1.25
1.25
1.25
1.25
1.25
1.25

1.25 8.5

2.27
1.97
2.21
2.04
2.64
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on the scattering of 16.6- and 25.8-MeV 'He by "O,
Mangelson, Harvey, and Glendenning have ob-
tained two sets of parameters. Of these two, the
set for 25.8-MeV scattering has almost the same
geometry (Vor,' = 265 MeV fm') as that obtained by

Bohne et al." (Vor~' = 290 MeV fm') in their analy-
sis of 11-MeV 'He scattering by "N. We have
therefore also used a set of 'He optical-model pa-
rameters with a geometry the same as that of
Mangelson, Harvey, and Giendenning~ (but with

V, = 200 MeV, V,ro'= 312 MeV fm' in order to
adapt to our lower energy). It is found that this

="N('He, p) "o=

set (labeled VI in Table III) gives an L = 0 fit which

is somewhat better than that of Set II, and that the
L = 2 fit shows definite improvement (see Figs. 10
and 12). On the other hand, it must be pointed out

that this set of optical-model parameters gives to-
tally unacceptable fits to our elastic scattering
data, as is also indicated in Fig. 5. These prob-
lems indicate that a systematic study of 'He scat-
tering from "N in the energy range 10 to 30 MeV
would be very desirable. An excitation-function
study may also give valuable information.

In the DWBA analyses reported in this paper we
have used 'He parameters of both Set II and those
based on Mangelson's geometry —Set VI.. As men-
tioned before, the proton parameters are those
based on Percy's" systematics, except for the ad-
dition of a 8.5-MeV 1 ~ s potential which is found to
improve fits in the minima of L, =0 transitions.

100 100
5. DWBA ANALYSIS OF REACTION DATA

Formalism

~ 100

CL

CQ
K

100
b

100

100

100

100

It is not our purpose here to go into details of
the DWBA analysis of two-nucleon-transfer reac-
tions. These have been described in detail by
Glendenning, ' whose formalism we employ here.
However, it is necessary to review the method
briefly in order to bring out the essential feature
of these reactions.

Consider the transition between the initial state
(J,m, T,)of th.e ta.rget nucleus (A —2) and the final
state (Jzv&T&) of the residual nucleus A. Let the
reduced mass of the light "particle" and the wave
number in the incident channel be given by g, and

k, , and those in the outgoing channel by pf and k&.
Let the quantum numbers of the two transferred
particles be labeled by subscripts 1 and 2 on lower
case letters and those of the pair by capital letters.
Then

L=l, +l2; J+L+S=],+

Jf = J+ J, ; Ty = T+ T;; v;v~ = (-1)

10 =- 10

30 60
8 (deg)

30 60
ec.~ (deg)

FIG. 6. DWBA fits to (3He,p) differential cross sections
for the L =J=0 transition to the 3.053-MeV (& ) state and
for the L =J=2 transition to the 3.845-MeV (-, ) state us-
ing different sets of ~He optical-potential parameters in
Table III. Notice that Set II provides the best over-all
fits to both L =0 and L =2 transitions. For fits corre-
sponding to Set VI see Figs. 10 and 12.

The angular distribution for a two-nucleon-trans-
fer reaction is characterized by the transferred
angular momentum, much the same as for a single-
nucleon-transfer reaction. However, since in this
case the total angular momentum I. is carried by
two nucleons, many different configurations for
the two individual nucleons (n, l,j„n,l, j„collec-
tively denoted by script y) can contribute. These
contributions give rise to coherence and therefore
the two-nucleon-transfer cross sections cannot be
factorized into a part containing the kinematic in-
formation of the reaction and another containing
the nuclear-structure information, as is possible
in single-nucleon-transfer reactions:
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der(e) 2J~+ 1

dQ 2@~I QD(S)CSToL1 ST(~) t
IJST

G~ B
NL, N 1

(2)

where D(S} is the zero-range interaction strength
between the nucleons in 'He, and g» are coeffi-
cients describing spin and isospin coupling. In
this expression all the nuclear-structure informa-
tion is contained in the G„~»~ which in turn are
sums over the many configurations y(n, l, j„n,l,j,)~«
The B~~ contain only the kinematic information of
the reaction. They are amplitudes for transfer of
a structureless pair of nucleons, the motion of
whose center of mass is characterized by quantum
numbers N, L, M~ and radial wave functions U„~(R).

l

The integrals BN~~ are actually identical to those
which occur in single-particle stripping, except in
one aspect. In single-nucleon stripping only one
principal quantum number n is involved; in two-
nucleon stripping many N values are generally pos-
sible. Codes written for DWBA calculations of sin-
gle-nucleon stripping can, therefore, be very sim-
ply adapted to two-nucleon stripping by substituting
the two-nucleon "form factor" Q„G„«~rU„~(R) for
the single-nucleon form factor u„,(r) in the inte-
grals B, which are in both cases evaluated with
distorted waves in both the entrance and exit chan-
nels. In the calculations reported in this paper we
have used the DWBA code JULIE of Bassel, Drisko,
and Satchler" with the two-nucleon "form factors"
calculated by the code FFG due to Laget. "

For the ('He, p) reaction the following selection
rules hold:

T —Tf i

0
0 (T, &0)

1

odd
even
even

J+Dz even
J+gp even

2Csr

T, [2(T,. +1.)] '
(2T;+1)I2(T,. +1)(2T,. + 5)] '

Since "N(g.s.) has d', = —,', T, =. —,', for .the Tz = —,
'

states populated in the reaction "N('He, p)"0; in

general, at least two T values, two J values, and

two I. values contribute. The lower permissible L
transfer, however, tends to dominate the shape of
the angular distribution.

In general, the interaction D(S) between the out-
going proton and each of the particles of the trans-
ferred pair in 'He may be S-dependent. We may,
therefore, write

D(S =0) =Do—
and

In terms of the cross sections calculated by the
code JULIE

(Typal

r( 6) 0 509 x 10 o'«a ( g)

do(8) 2jq+ 1
R(S)Cqr o«qr(g)

I J'ST

where the over-all normalization constant

si = D,'/(0. 509 x10'),
where Do' is in units of MeV'fm'. In practice X is
empirically determined and includes in it the cumu-
lative effect of the many simplifying assumptions
and approximations made in the DWBA analysis of
the data, as well as in the model wave functions
used in these calculations.

Effects of Variation of Parameters

We have already commented on the effect of the
choice of optical-potential parameters on ('He, P)
angular distributions. Having made the choice of
these parameters, it is possible to investigate the
effect of several other parameters which enter into
the analysis of the observed angular distributions.
We discuss some of these results below.

The single-particle wave functions used were
calculated in a harmonic-oscillator potential with
oscillator energy 8~ = 41A ' ', or the oscillator pa-
rameter v =0.40 fm' (defined with v so that the sin-
gle-nucleon wave functions are proportional to
e ""'" ). It was found that the effect of varying v

(within +10% of this value) was to alter the relative
heights of the first and second maxima, and that
v = 0.40 fm ' was optimum.

For numerical calculation of angular distribu-
tions, in the asymptotic region the harmonic-oscil-
lator wave function is replaced by the Hankel func-
tion i~k~(ikr), wh-ere k is the wave number corre-
sponding to the binding energy e of the transferred
pair in the residual nucleus. We have used the usu-
al well-depth convention for the binding energy;
i.e. , ~ = B(n, p}+E„where B(n, p} is the binding en-
ergy of the last proton and neutron in the ground
state of the residual nucleus and E„ is the excita-
tion energy for the level in question. One can, how-
ever, use any one of the several other alternatives
which have been suggested. We have investigated
the effect of changing & on J= 1.=0 transitions and
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FIG. 7. Illustration of the effect of interference be-
tween contributions due to S=0 and S =1 terms for the
J=I =2 transition to the 7.162-MeV 2 state. The solid
line corresponds to V,p

= 0, i.e., the case when the two
terms contribute incoherently. Crosses and filled cir-
cles correspond to a calculation with V3p 8 5 MeV:
crosses, when the interference term is included; and
filled circles, when the interference term is neglected.

find that a 2-MeV decrease in e may increase the

cross sections by up to 10'jj,' and may produce as
much as a 5' phase shift in the structure of the an-
gular distributions. The effect is most pronounced
for levels a,t high excitation and almost negligible
for low-lying levels.

The size parameters q for 'He can be deduced
from the relation q' =1/(6(y')). Using (r')'" = 1.97
fm from electron scattering experiments, we get
g=0.206 fm '. It was found that cross sections
were rather insensitive to reasonable variations
of g around this value.

As an example of the degree of sensitivity that
('He, p) angular distributions possess to the mix-
ing of configurations, we have calculated the angu-
lar distribution for the 3.053-MeV state in "0un-
der three different assumptions: (a) The trans-
ferred pair is entirely in the configuration

(d, &,)'~ ~ r „(b) the transferred pair is entirely
in the configuration (s,~,)'~ z r 0,

' and (c) the trans-

ferred pair is in the mixed configuration -0.3(s,~, )

-0.63(d, &,)'. The shape of the angular distribution
in each case is found to be the same, namely, that
in Fig. 10, but the absolute cross sections are
found to differ considerably as follows:

Config. :(d,(,)':(s,(,)':[-0.3(s,g, )' -0.63(d, g, )']

do/dQ: 1: 4 0.7 .

As mentioned in Sec. 4 the proton optical poten-
tial used has a spin-orbit term. In the presence of
this term Eq. (2) is not correct, since the follow-

ing terms contribute coherently:
(a) for J ~ 1, L =J —1 and J+ 1;
(b) for L= J, S=0 and 1.
Laget~ has shown that the interference term due

to (a) makes a negligible contribution. We have
verified this to be true in our case also. We have
further determined that interference due to (b) is
also negligible. This is illustrated in Fig. 7 for
the 7.162-MeV transition for which J& = —,

' and

J= I.= 2, and $ = 0 or 1 are both possible. The cal-
culations reported in this paper were therefore all
done without interference terms due to (a) or (b).

Qualitative Features of Differential

Cross Sections

In Fig. 8 we show a plot of relative intensities of
levels as observed in the 15' spectrum. Such plots
are often used to illustrate preferential excitation
of certain states. However, at least in our case,
such a conclusion is apt to be very misleading.
The reasons for this are clear from Fig. 8. In Fig.
8 we have plotted the cross sections, integrated be-
tween 5 and 65' and divided by (2J+1), for most of
the transitions for which the observed angular dis-
tributions were complete or for which relatively
convincing interpolations and extrapolations could
be made for the one or two angles at which cross
sections could not be measured. It is seen in Fig.
8 that the reduced cross sections are remarkably
constant, the extreme variation being less than a
factor 2 for levels of one-parity character. The
same observation was made earlier by Seth eI, p)."
In the present data there appears to be some ten-
dency for gradually weaker excitation of positive-
parity states as one goes to higher excitation ener-
gies. This trend indicates that the positive-parity
states are indeed excited mainly through their 1p-
Oh components. The correlated 2p-3h part of
"N(g.s.) does not play a significant role, and we
can essentially neglect it and take account of the
neglect by "renormalizing" the corresponding "Q
wave functions. This is, indeed, what was done in
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order to calculate theoretical cross sections.
The 4p-Sh components of negative-parity states

of "0are only poorly accessible to the reaction
"N('He, p)'70. They should, however, be most ac-
cessible to the reaction "C('Li, t}"O. Indeed, in
this reaction it is found that the low-lying negative-
parity states (those at 3.053, 3.845, and 4.549
MeV) are strongly excited. "" The relatively
weaker excitation of these states in our experi-
ment and their strong excitation in the reaction "C-
('Li, t)"0 together confirm the prediction of most
of the recent theoretical calculations that these
states have predominantly 4p-3h components (see
Table I). In the phenomenological description of
Brown and Green" this would correspond to a con-
firmation of the conjecture that the 4p-4h deformed
state of the "0 core lies lower than the 2p-2h de-
formed state.

We may also compare our results qualitatively

with those of the (a, d) experiment of LZH'. We
make this comparison in terms of o(total}/(2J+ 1)
In our experiment (see Fig. 8) the reduced total
cross sections for the —,"ground state and the —,"
(0.874-MeV) state are nearly equal. LZH find the

cross section for the —,
" state to be —,

' of that for
the —,

"ground state. While this may in part be due

to the fact that in their experiment at F =45.4
MeV high-angular-momentum transfer should be
emphasized, this difference arises largely from
their having missed the first maximum of the pre-
dominantly L=1 transfer. For the same reason
their reduced cross section for the 4.549-MeV
(L =0) transition is quoted as only 70% of that for
the 3.845-MeV (L = 2} transition, whereas in our
experiment the two have equal strength. A more
significant comparison is that for the L, =4 transi-
tions to the (d, &,'p, &, ') states of spins-", (7.761
MeV) and 9 (9.16 MeV). LZH find these reduced

11,58
I I.42
11.22
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FIG. 8. Schematic representation of relative cross sections for transitions to the different states in ~70: (a) differen-
tial cross section at e»b =15', (b) integrated cross sections (8=5 to 65') divided by (2J&+1). The dashed lines corre-
sponds to the cases where J& is uncertain or where a multiplet of levels of the same parity are involved. In that case
Q(2 J&+1) is used as divisor. When a positive-parity level is unresolved from a negative-parity level, the positive-
parity-level contribution has been neglected.
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cross sections to be in the ratio of 2:1; whereas,
if we neglect the contribution due the unresolved
L=0 transition to the —,

' state at 9.14 MeV (i.e. ,
neglect cross sections below 6 = 15'), our reduced
cross sections for the two states are equal, which
is what is to be expected if the proposed explana-
tion for the structure of these states is correct.
Undoubtedly, the reason for this discrepancy lies
in the inability of LZH to resolve the 7.761-MeV
transition from the 7.561- and 7.687-MeV transi-
tions, which together have an almost equal inte-
grated cross section in our experiment. The ab-
sence of the11.075-MeV transition in the (a, d) ex-
periment is a confirmation of the T = 2 nature of
this state which is populated strongly in our
('He, p) experiment.

Angular Distributions

As mentioned earlier, in order to do a detailed
analysis of the observed angular distributions, we

require model wave functions for states in "O and
for the ground state of "N. For this purpose we
have chosen the wave functions given by ZBM.

These wave functions are listed in Tables IV and

V, where the correspondence of the experimental
states with the most likely states of the ZBM cal-
culation is also indicated. This correspondence is
also shown in Fig. 9, where the slightly modified
predictions of the optimized calculation due to WM
are also shown. As mentioned in Sec. 2, in most
cases there are no problems in establishing the
correspondence up to an excitation of 6.5 MeV. Be-
low this energy the only problematic cases are the
5.215-MeV state and the 5.731-MeV state for
which definite spin assignments are not available,
and the 5.081-MeV state which is mainly d, &, sin-
gle particle in nature. Since in the ZBM calcula-
tion the d, ', orbit is not considered active, there
is no corresponding state in their results. On cir-
cumstantial evidence alone there is a great tempta-
tion to identify the 5.215-MeV state with the 4.79-
MeV -,

' state of ZBM, and the 5.731-MeV state
with the 5.85-MeV ~ state of ZBM. We shall re-
turn to these cases later.

Above 6.5 MeV we can establish correspondence
only in a few cases with certainty. A large number
of states predicted by ZBM can, however, be iden-

TABLE IV. VQ wave functions according to Zuker, Buck, and McQrory: negative-parity states. Only amplitudes
larger than 0.2 have been retained.

g(exp)
(MeV)

3.053

5.958

6.861

7.938

4.549

5.381

7.67

8.192

3.845

5.731

7.382

7.162

5.698

7.687

5.215

9.16

7.761

E(theor)
{Mev)

2.88

5.74

6.77

8.54

4.51

5.41

(7.16)

(8 49)

3.48

5.85

6.78

7.97

5.69

8.01

(4.79)

7.09

6.00

2p-1h components
[(2p amplitudes)p (j$))z &~t

-P.57d (01) —0.27s (01)

+0.21d (01) -0.51d (10) -0.57s (10)

+0.68d (01) —0.36s2(01) +0.27s (10)

+0.29d (10) +0.67s (01)

-0.38d (10) +0.50d (21) —0.40S (10) +0.26[ds](21)

+0.38d (10) +p.47s'(1p) +0.37[ds] (21)

-0.65d (21) —0.35S (10) +0.24[ds] {21)

-0.55[ds] (20) +0.47[ds] {21)

+0.62d2(21) +0.39[ds] (21)

-0.53d2(21) +0.49[ds] (21)

-0.47d (30) —0.66[ds] (30)

+0.54 [ds] (20) +0.36[ds] (21)

~.4M2(30) +0.65[ds] (30) +0.25[ds] (31)

-0.72d2 (41) -0.32[ds] (30)

-0 31d (50) +0 78d (41)

-0.83d (50) -0 30d (41)

+0.89d (50)

4p-3h components '
[(4p amplitudes) Sp (H))z "&

+0.34[d s ](00) -0 43d4(00)

-0.29[d s ](11)

+0.23[d s ](00) +(}+5[ds2](01)

-0.36[d's'] (01)

+0.27[d3s] (20) +0.3hf4(20)

37[dss] (20)

+0.22[des] (20) —0.33d4(21)

-0.42[dss] (21)

-H).30[d s](20) +0.32d (20)

+0.34[d3s] (20) —0.27d4(21)

-0.22[dss] (31) —0.21d4(31)

+0.32[d3s] (21)

+0.26[d3s] (31)+0.23d {31)

-0.27d4(401) +0.31d (411)

+0.27d4(40)

+0.37d'(51)

-0.41d4(51)

~ Only those 4p-3h components, which have d2(01), and therefore Gnite overlap with ~~N(g.s.) 2p-3h component, d2(01),
are listed. N(g.s.) =0.88P -'+ 0.44d'(01)P
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TABLE V. ~70 wave functions according to Zuker, Buck, and McGrory: positive-parity states. Only amplitudes
larger than 0.2 have been retained.

$+

g+
2

$+

g+
2

$+

E (exp)
{Mev)

0.8 74

6.37

5.081

5.867

7.294

8.054

8.873

E(theor)
{MeV)

0.83

6.76

5.28

7.01

{7.56)

(8.65)

1p-0h

+0.78s

-0.27s

3p-2h ~

[(3p amplitudes) Sp (01)]J' $/2

+0 34[d s]{-~) +0.39[d s](~2~2)

No corresponding state

3p-2h
[(3p amplitudes) Sp (10)]z f/2

-0.40[d2s]($ $)

t0.39[d2s]($ $)

+0.30[d s] (~2 ~2)

-0.46d'(~2 ~2)

0.0

6.973

7.377

7.561

0.0
6.81

7,66

(7.24)

+0.82d

+0,27d

W.27d

0 32d3(~& ~z)+0 37d3($ $)
-0.23d3 {~2 &2)

-0.2M'(~ -')
2 2

—0.36d'(~ &)

—0 62d (&2 2)

Only those 3p-2h components which have d (01), and therefore finite overlap with the ' N(g. s.) 2p-3h component,
d (01), are listed. 5N(g.s.) js 0.88p +0.44d (01)p

TABLE VI. .Relative normalization constants (referred to those required for the transitions to the states at 5.698 and

5.731 MeV) for various approximations used in DWBA analyses.

No.

E+
(MeV)

Set-II 3He potential '
R(S) =1.0 R(S) =0.5

~(E*)/@(5.7 MeV)
Set-VI He potential

R(S) =1.0 RCS) =0.5

0.874

3.053

3.845

4 ~ 549

1-
2

1.5
0 ~ 5

2.0

2.8

0.85

1.4
0 ~ 5

1.0
1.4
0.8

2 ' 5

2 ~ 5

0 ~ 5

1.0

1.25

1.25

0.5

5.215

5.381

5.698

5 ~ 731

5 ~ 938

7-
2

i-
2

1.7
0.8

1.0

1.4
0.8

1.0

1.3

0 ~ 65

1.0

1.0

1.0

0.62

1.0

1.0

1.0

14

15

18

6.861

6 ~ 973

7.162

7.377

7.382

g+
2

3.0
3.2
1 ~ 7

1.15

2.8

1.4

1.2

2.4

2.4

0.9

1 ~ 15

2.5

2.1

0 ~ 7

21

23

36

7.687

7 ~ 761

9.16 (+2 )

1.8
1.8
1 ~ 7

1 ~ 6

1 ~ 5

1.8

1.05

1 ~ 7

1.4

1.05

1.6

' Or(5.7 MeV) =9.3x 3.74 =34.8. ~(5.7 MeV) =14.4x 3.74 = 53.9.
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look into other evidence.
According to ZBM, the ground-state wave func-

tion of "N is mainly

tified with experimental states with reasonable con-
fidence on the basis of excitation energy and g',
as indicated in Fig. 9. The insensitivity of the ex-
citation-energy predictions to variation of the pa-
rameters of the calculation, as evidenced from a
comparison of the ZBM results with WM results,
determines to an extent the degree of confidence
with which such correspondence can be made. For
example, the J' are not known for states at 6.861,
6.973, and 7.561 MeV. The unassigned states in
the calculations, in the vicinity of these excitation
energies, are the 6.77-MeV (-,' ), 6.88-MeV (-,"),
and the 7.24-MeV (-,") states in the ZBM calcula-
tion and the corresponding 5.81-MeV (-,"), 6.77-
MeV (-,"), and 7.58-MeV (-,' ) states in the WM cal-
culation. Since the ordering of these states is com-
pletely different in the two cases, we cannot make
any reliable correspondence. We shall have to

0.88p, g, '+ 0.44d '(01)P,), ' .

ln the ('He, p) reaction, the negative-parity states
populated in "O can have a 2p-1h or 4p-3h nature,
and the positive-parity states can have a 1p-Oh or
3p-2h nature. In our DWBA calculations, we have
neglected the explicit consideration of the corre-
lated part of the "N(g.s. ) wave function (for a Pos-
texi,o~i justification see Sec. 6). This simplifies
DWBA calculations but limits us to negative-parity
states with finite 2p-1h components and positive-
parity states with finite 1p-Oh components. Contri-
butions of 3p-2h components in wave functions were
included only in the sense that the weak-coupling
picture of the final states seems to hold for sever-

9 ' 56
9.44
9.34

I+9.50~ 9.45
9.20
9. 16~ 9, 14
8.955e.gOO~ 8.873
8.682
8o 492~ 8.460
8.390
8 ~ 322
8. I92

5+
(7- ig-)

I—
7-
7-

9.13
9.06

I+
3+9.01 I—

9,0 —9.0
8.83 5+3t

3-
5-8.65 3+ 8.54

8.45~ 8.40~ 8.37
8.08~ 8'.04
7.Ss~ 7.85

/ 7.74
7a64
7.53

7+&
5+
I+

8.49 3-~8.48
3-
9-
7—8.054 3+

7.g38 I
- 7.96 I+

B.OI

q~8. 0 I

7.66
7.56

e.o— —8.0
5-
3—7.761 ( I I -)

~&7; 67~)-,.&grkg. &7.-lear
7,561 (7+)
7 ~ 382 5-~ 7.377 5+~

~~~+7.294~~' 3+/~%
7. I62 5-

5+
3+

5+

7, 41
7+23 I I—~ 7.19Q 7. 16 3++

7.24
7. 167.09
7.Ol

6.81
W6 ~ 78

7+
3—
9—

3+
5+

70— 6.973 (5+)
6.861

—70

I + 7'
5—
I— 6.77~6.756.77

6.356 I+ 6.27 5-
6.21

6.02 7-
5.91
5. 80 3-

6.00 I I-6.0— 5.93 I—
5.873
5.731 (5- )

5.698 7-

—6.05+5.85 5—
5.74
5.62 7—

3+

5.41 3-
5. 28

5.39 9-5.381

5 ~ 215 ( 71 gt II)

5.081

4.549

3+
4.79 9-

~4.51 3-
3+5—

4
4. 88

+4.62
3.67
3.27

3-
5-
I-

3.845 5- - 43.48 5—
2.88 I— 3.053

0.83 0.874 I+

Os00 5+

0.87 I+
O. 00 0.00 5+

(o) Z BM (b) EXPERIMENTAL (c) WM

FIG. 9. The spectrum of states in ~70; E and 2J~ are shown: (a) results of calculations of Zuker, Buck, and McGrory
(Ref. 20); (b) experimental; and (c) results of calculations of Wildenthal and McGrory (Ref. 21).
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I I

5.053 MeV

—1/2

I

6.861MeV

(1/2 1

100 100 100

I

10 10 10

30 60 30 60

cm & 9

30 60

8 c.m. &«S~

FIG. 10. Measured differential cross sections for & states and the L =0 DWBA Qts to them using wave functions due

to ZBM. Solid curves correspond to 3He parameters of Set VI. Dashed curves correspond to 3He parameters of Set II.

al states in "0 (see Sec. 6). Figures 10 through
14 display the fits to experimental data obtained by
using ZBM wave functions for those cases in which
correspondence between experimental states and

those predicted by ZBM could be made. In each
case the curves indicate DWBA fits to the data—
solid lines, using the Set-VI 'He potential, and

dashed lines, using the Set-II 'He potential. The
normalization used for the theoretical curves is
discussed below.

If we normalize the theoretical DWBA curves to
the experimental cross sections, we determine
the normalization constant X. For the unresolved
transition corresponding to the levels at 5.698

MeV (~7 ) and 5.731 MeV (-', ), the empirical value
of X is found to be

X,„, =35, for Set-II 'He parameters
=54, for Set-VI 'He parameters.

These values are to be contrasted with

, = 3.74,

which is obtained if a Gaussian wave function is as-
sumed for 'He.

Fits to other transitions lead to values of the nor-
malization constant X which do not differ from the
above by a factor greater than 2 in most cases.
In Table VI we summarize our results for the ra-

4.549M e Y

3/2

I 1

5.381t4eV

3/2
3.845Me V

5/2
7.162Me V

5/2

100
l

100

100 100—

b 10 10
10 10

60

~c.m. ~4eg )

I

60

ec.m. (4eg )

30 60

ec.m. ~«9&
60

8 c.m. 'Ideg)

FIG. 11. Measured differential cross sections for 2

states and the L =0 DWBA fits to them using wave func-
tions due to ZBM. Solid curves correspond to ~He param-
eters of Set VI. Dashed curves correspond to 3He param-
eters of Set II.

FIG. 12. Measured differential cross sections for ~

states and the L =2 DWBA fits to them using wave func-
tions due to ZBM. Solid curves correspond to ~He param-
eters of Set VI. Dashed curves correspond to ~He param-
eters of Set II.
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I I

5.7lMeV
=—7/2 8.(5/2 )

1000

I I

7.57M eV
5/2 K5/2+:

I

7. 68 MeV
7/2

100 100 100

10 10 10

30 60

8„(ceg)
30 60
e c ttl ((Leg)

30 60
8 c.m. (IIe g)

FIG. 13. Measured differential cross sections for 5.71-, 7.37-MeV states and the L = 2 DWBA fits to them using wave
functions due to ZBM. The fits shown for the 7.687-MeV transition are L =2. The 3 state is 400 keV wide and makes
no identifiable contribution above background. Solid curves correspond to He parameters of Set VI. Dashed curves
correspond to ~He parameters of Set II.

tio tS(E*) /tS(5. 7 MeV). The numbers listed were
obtained by fitting the data with the theoretical
curves based on the Set-II 'He potential as well as
those based on the Set-VI 'He potential. It is seen
that no preference for either set is indicated; the
ratio shows approximately the same range of vari-
ation in both cases. For each set fits were ob-
tained for both R(S) = 1.0 and 0.5; once again the
normalization constants so determined do not indi-

cate any clear-cut preference for either value of
R(S). This is not surprising, since most transi-
tions have both S =0 and S = 1components, and the
effect of choosing different values of R(S) is
mostly absorbed in the absolute value of the nor-
malization constant X.

It is difficult to comment on the implications of
the departure of K (E*)/st(5 7MeV) f.rom unity.
Fits to the data are far from being excellent, espe-

5.215M e V

(9/2 )

7.761 Me V

(ll /2 )

I I—v. l6 MeV

(9/2 )
I

100 100

10
C7

10 10

30 60

ec.m. (deg)

30 60

8 c.m. («g)
30 60

ec.m. (deg)

FIG. 14. Measured differential cross sections for 5.215-, 7.761-, and 9.16-MeV states and the L =4 DWBA fits to
them using wave functions due to ZBN. Solid curves correspond to He parameters of Set VI. Dashed curves corre-
spond to 3He parameters of Set II.
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cially for L40. Also the model wave functions
have only been used in an approximate and simpli-
fied manner (e.g. , the correlated part of the ta.rget
wave function was neglected} and this tends to in-
troduce large errors in weak transitions, as for
example in the case of weak 3.053-, 3.845-, 6.861-,
and 6.973-MeV transitions.

The characteristic of predominantly L=O angu-
lar distributions is their first maximum at 0' with

as much as a factor of 10 decrease in the cross
section by about 20 . A glance at Figs. 10 and 11
shows that transitions to the —,

' states at 3.053 and

5.938 MeV and to the —,
' states at 4.549, 5.381, and

8.192 MeV (Fig. 3) clearly show this behavior.
The maximum at 0= 30' for the 6.861-MeV transi-
tion seems to indicate an L =0 transition. How-

ever, if this is true the 10' datum point must cer-
tainly be in error. The transition to the 8.054-
MeV state appears to possess an L=0 shape, al-
though the state is known to have spin —,

" (see Fig.
3). However, the data on this transition are
sparce and if the 5= datum point was in error the
shape could very well be ascribed to L =1 transfer.

Characteristic L = 2 shapes are seen in the angu-
lar distributions for the 3.845-MeV (-,' ), 7.162-
MeV (—,

' ), and 8.492-MeV (-,' ) states (see Fig. 12) ~

The angular distribution corresponding to the state
at 5.698-MeV (-,' ) is very similar in shape (see
Fig. 13).

As mentioned earlier, comparison with calculat-
ed spectrum of ZBM (and WM) indicates that the
spin of the 5.731 state could be —,

' . The corre-
sponding ZBM shell-model wave function of this
(-,' ) level has only a 10/~ effect on the total cross-
section magnitude of this doublet. The angular dis-
tribution for the 7.382-MeV (-', ) transition has al-
so been fitted with an J =2 shape. The unresolved

transition to the 7.377-MeV (-,") state makes a
very small L = 1 + 3 contribution.

The only clear-cut example of an L =4 angular
distribution is provided by the 7.761-MeV transi-
tion (see Fig. 14). This is in agreement with the
identification of this state by Harvey and his col-
laborators as the [(d,~,)'~, p, ~ ']»&, state. The

member of this state, as identified by the same
authors, would be at 9.16 MeV. This transition is
unfortunately not so convincingly identifiable as
L =4, since it apparently contains a contribution
due to the L=O transition to the —,

' state at 9.14
MeV.

It has been suggested by Rose,"on the basis of
cross sections for the compound-nuclear reaction
'~N(n, p)"0, that the 5.215-MeV state has spin —,',

or —". We have already mentioned that there
are theoretical reasons for expecting a —,

' state in
this neighborhood. If we identify the 5.215-MeV
state with the 4.79-MeV (-,' ) state of ZBM, we get
the angular distribution shown in Fig. 14. The
L= 4 fit is very poor. Actually, the forward peak
of the observed angular distribution is more con-
sistent with a predominant L = 2 or 3 component in
this transition. This would, however, limit the
maximum spin to -,

' or -,". The reason for this
discrepancy is not clear.

Only two transitions to known positive-parity
states were analyzed in the present experiment.
As shown in Fig. 15 the L = 1 DWBA fit to the 0.874-
MeV (-,'') state using ZBM wave functions is quite
good. On the other hand, the L = 1+3 DWBA fit to
the —,

"ground state transition is poor. The shape
of the experimental angular distribution is closer
to that for the pure L = 1 transition to the 0.874-
MeV state than to the theoretical DWBA curve.

As already mentioned, no ZBM wave functions

100
0 MeY

100—
0.874Me V

1/2+
6.973MeV

100 — (5 /p +)
I

10
t3 10

i -/ —)
I

10

30 60
ec.m. («g)

30 60
e t:. ~&eg)

30 60
6 g. tt) (deg)

FIG. 15. Measured differential cross sections for the ground state, 0.874-, and 6.973-MeV states and the DWBA fits
to them using wave functions due to ZBM. Solid curves correspond to 3He parameters of Set VI. Dashed curves corre-
spond to 3He parameters of Set II.
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TABLE VII. O states as weak coupling of ap|i& particle or hole to states of ~ 0 and F, respectively, according to
ZBM (Ref. 20) calculations. In general only amplitudes greater than 0.25 were retained by ZBM. No entry in a column
corresponding to a configuration means an amplitude (0.25. In some cases it was possible to find amplitudes for cer-
tain configurations from the very similar calculations of Wildenthal and McGrory (Ref. 21). These are quoted in paren-
theses.

Configuration

s p

d'(01)s~(01)p

d (10)s (10)p

d~(pi $)sP

d (00)p

d'(01)p'
s2(01)p 3

"O(3.06 MeV)
2

-0.28

+0.34

-0.30

-0.29

—0.43

-0.57

—0.27

Configuration amplitudes
i'60(6.06 MeV)0+) SP«,

+0.54

-0.42

+0.43

+0.33

+0.31

[ds] (21)p 3

d (21)p3

[d'(~~-,')sl(20) p

d (201)p

[ds 3] (20)p

s2(10)p3

d (10)p

"O(3.85 MeV)$

+0.39

+0.62

+0.30

+0.32

—0.20

"O(4.55 MeV) ~

+0.26

+0.50

+0.27

+0.31

—0.20

—0.40

—0.38

ii60(6, g2 MeV)2+)Sp«&

+0.38

+0.33

+0.48

+0.35

—0.43

[ds] (30)p 3

d (30)p

d4(31)p

[ds] (31)p 3

[d'(&p ~)s] (31)p

[d (&& ~)s](31)p

d'(41)p'

i'O(5. 71 MeV)$

+0.65

+0.49

+0.23

+0.25

+0.26

(+0.17)

-0.23

"O(7.37 MeV) &&

—0.66

—0.47

—0.21

(-0.39)

(—0.19)

(-0.22)

i' F(0.94 MeV)3')(3p&i2 '

+0.69

+0.50

+0.26

+0.21

+0.30

s2(10)p 3

d'(10)p'

[d (01)s2](11)p

s4p

~~O(5.38 MeV) &2

+0.47

+0.38

"O(5.94 MeV) ~2

—0.57

-0.51

—0.29

-0.29

['s F(g.s.) 1+)Sp,i2
'

+0.65

+0.51

+0.39

d (50)p

d4(51)p

d (41)p3

'70(7 74 MeV)T

+0.89

-0.41

"O(9.16 MeV)$

-0.83

+0.37

—0.30

i~BF(1 13 MeV)5+)Spii2

+0.84

—0.46
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are available for the 5.081-MeV —,
"single-particle

state; therefore, no DWBA analysis of this transi-
tion was made. However, as seen in Fig. 2, it has
characteristic L, = 1 shape. This transition could
not be analyzed, because, according to the ZBM
wave functions, the ('He, p) reaction cannot feed
the small 3p-2h components of its wave function
(this is indicated by no entry in the corresponding
columns in Table V). The state must be populated
almost entirely by its lp-Oh component (its 5p-4h
components are large, but also inaccessible). Un-
fortunately, once again, since the d, /, orbit was
not considered active in the ZBM calculation, this
component is not available either. From Table II,
however, we notice that according to Brown and
Green the lp-Oh components in the 5.081-MeV (—,")
and the 5.861-MeV (—,") state are 0.72 and 0.26, re-
spectively. Neglecting the higher particle-hole
components, which can only be populated via the
weaker correlated parts of "N(g.s.), we expect
that the ratio of the measured cross sections for
the two transitions should be approximately 2.7/1.
This is approximately true, as seen in Figs. 2-4
and 8.

The 7.687-MeV transition (see Fig. 13) is a com-
posite of transitions to the 7.684-MeV (~ ) and
the 7.67-MeV —,

' state. However, since the 7.67-
MeV state is 405 keV wide, its contribution is in-
distinguishable from background. (In all likelihood
some of it has been inadvertently included at the
two most forward angles). It is found that ZBM's
second 2 state at 7.41 MeV cannot account for the
observed cross sections of this transition, and cor-
respondence must be made to their third -,

' state
at 8.01 MeV.

6. DISCUSSION AND SUMMARY

The idea of building states of nuclei by weak cou-
pling of a particle or hole to states of adjoining nu-
clei holds great appeal because of its simplicity.
The idea should work particularly well for nuclei
near closed shells; the "strong" states of the
closed-shell core can be considered as essentially
unaltered because of such coupling. Collective
states provide excellent candidates for such
"strong" core states. We have already seen that
the complete microscopic model (ZBM, WM) or
the somewhat restricted 2p-1h and 4p-3h calcula-
tions of Ellis and Engeland provide a quite good
description of negative-parity states of "0. It is
interesting to see how well these same states can
be explained as core states of '60 (or 'SF) plus a
particle (or hole).

Earlier Seth et al. ' attempted to explain several
negative-parity states as sg/2 and d, /, particles
coupled to the strong particle-hole states of the

'6O core (3 at 6.14 MeV, 1 at 7.12 MeV, and 2
at 8.88 MeV). Bethge" and Schmidt" attempted to
construct several negative-parity states by cou-
pling a p, &, particle to the 0' (6.06 MeV), 2'(6.92
MeV), and 4'(10.36 MeV) members of the rotation-
al band in ' 0. Ripka' and Margolis", and recent-
ly Ellis and Engeland" have all found it convenient
to construct states of "0 by coupling a py/2 proton
hole to states of "F. We can examine some of the
phenomenological conjectures in terms of the ZBM
wave functions for nuclei with 13 ~A ~19. Zuker"
has already shown that these wave functions pos-
sess some striking weak-coupling properties.

To a certain extent, several of these descrip-
tions are equivalent. Consider, for example, the

state of "0at 7.74 MeV:

"0(—", at 7.74 MeV) = 0.89d'(50)p' -0.41d'(51)P,
"F(5' at 1.13 MeV) =0.84d'(50)p' -0.46d'(51)p'(01),

"N(g.s. ) = 0.88P'+0.44d'(01)P,

"0(3 at 6.14 MeV) =0.84p'd+0. 48d'(-,' &)P.

As fa,r as the main, uncorrelated part (first term
in the wave functions above) is concerned

"0(-" at 7.74 MeV) = p '8 "F(5')
= d'(50) S "N(g.s. )

d g leO(3-)

However, it is obvious, when the second term is
considered, that the best description is indeed

'7O(-", at 7.74 MeV) = p, &,
'8 'SF(5' at 1.13 MeV) .

Similarly,

"0(-,' at 9.06 MeV) = —[0.83d'(50)p'

-0.37d '(51)p+ 0.30d'(4l) p']

=P,(2 '8' F(5' at 1.13 MeV) .

In Table VII we give several other examples of
the successful application of the weak-coupling
idea to states in "0. A Posteriori these examples
justify our having neglected the correlated part of
the "N(g.s.) wave function (and renormalizing the"0wave functions for this neglect) for the pur-
poses of DWBA analysis.

In summary, in this paper we have attempted to
shed light on the 2p-1h nature of negative-parity
states in "0. We have shown that our results, tak-
en together with the results of the ' C(7Li, t) exper-
iments, which provide insight into the (4p-3h) com-
ponents of these states, lead to a fairly complete
description of negative-parity states in "Q. We
find that the wave functions of ZBM provide a good
description of most of the states below 9-MeV ex-
citation. We have also shown that the success of a
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direct-interaction study such as ours owes largely
to the fact that many ' 0 negative-parity states do
lend themselves to a weak-coupling interpretation.
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The total C + C low-energy reaction cross section has been reanalyzed. Three phenome-
na suggest an n-particle model for the reaction: (1) the giant resonances, (2) the intermedi-
ate-structure resonances, and (3) anomalous branching ratios. The energy dependence of the
total cross section over the energy range 2.4 to 9.0 MeV cannot be explained solely by the en-
ergy dependence of the penetration of the Coulomb barrier. There is some nuclear structure.
The structure can be explained by an optical potential based on the e model leading to absorp-
tion under the barrier. It could also be explained with two giant resonances in a Woods-Saxon
potential. The intermediate structure is explained as due to special states of Mg built of a

C core and three e particles, and so are the anomalous branching ratios.
Astrophysical reaction rates were calculated for a number of possible optical potentials.

The giant resonances affect the extrapolation to the energies of astrophysical interest and
lead to an uncertainty of a factor of 3 to 10 in the astrophysical reaction rate at T& =0.6,
where Tz ——10 T K.

l. INTRODUCTION

The low-energy reactions of the "C+"C system
have long been a fertile field for new ideas on nu-
clear structure. This fact and the importance of
these reactions for astrophysics have sparked a
continued effort to understand these reactions ex-
perimentally and theoretically. Most recently
some measurements of Patterson, %inkier, and
Zaidins' of the total absorption cross sections at
energies far below' the Coulomb barrier and of
some branching ratios at similar energies mea-
sured by Stephens and Mazarakis' have added to
the data, but raised new problems in the interpre-
tation of the reaction mechanisms. In this paper,
we discuss some of the questions raised by the
measurements which rule out a number of conven-
tional interpretations, and we show, phenomeno-
logically, how the recent measurements combined
with old ones lead to a picture in which the reac-
tion is described in terms of intermediate struc-
ture in an a-particle model. In a subsequent pa-
per we shall derive the model for the reactions in
terms of known o.-n interactions.

The energy region of interest here is shown in
Fig. 1. Throughout this paper, all energies are in

the center of mass system, unless otherwise spec-
ied. Lt is at energies of the C+ C system from

2.5 (well below the top of the Coulomb barrier) to
9 MeV (slightly above the top of the Coulomb bar-
rier}. This corresponds to excitation energies of
the compound nucleus "Mg in the neighborhood of
20 MeV.

For a mell-behaved heavy-ion interaction the
dominant feature of the total reaction cross sec-
tion would be a plummeting cross-section magni-
tude as the energy decreases and the Coulomb-
barrier penetration takes effect; the dominant be-
havior of branching ratios would be given by the
statistical averages of an evaporation model. But
the "C+"C reaction is richer and more puzzling.
The total cross section plummets, as it must; but
it also exhibits an unusual resonance structure in
most of its reaction channels. A structure first
noted 10 years ago' as a few isolated resonances
at moderate energies was analyzed as single-par-
ticle states of the heavy-ion system in a series of
papers, ' but, was recently" found to extend to
many more resonances at very low energies. The
resonances are easily shown, as demonstrated be-
low, to be neither single compound-nucleus states
nor statistical fluctuations: On the other hand, the


