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one sees by going to a neighboring energy where the
boundary conditions are not the natural boundary
conditions any more. There the Wigner-Eisenbud pro-
cedure works since the wave function spans the complete
function space. The obtained one-level Breit-Wigner
cross section can then be calculated at this energy, and
one sees that one can go with the energy through the
point of the natural boundary conditions without
encountering any problems. This procedure works only
as long as the cross section is describable by a one-level
formula. In general at the point of the natural boundary
conditions indeterminacies will show up. This case has
been discussed in Sec. III at length.

Concluding, we believe that the proposed method is
particularly suited to the actual computation of cross
sections because it leads, without the consideration of
intermediate auxiliary quantities, directly to the S
matrix. Also, the calculational e6ort needed. for the
solution of the nuclear problem seems to us to have been
minimized.
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Elastic and inelastic scattering of 40.5-MeV a particles from targets of C", C", N", N" 0" and 0"was
studied. Angular distributions were measured for a large number of excited states. It was found that the
shape of the angular distribution depends on the nature of the single-particle transition involved. Six ex-
amples of quadrupole transitions involving promotion of a psl~ nucleon to the p~q~ shell were found. Although
the cross sections varied over a tenfold range, the shapes of the angular distributions remained very similar.
Six examples of the dipole transition p~l~ ~ 2s~l~ and seven examples of the octupole transition p~~m

—+ d~l~
were also observed. The dipole transitions gave angular distributions of a characteristic and unusual shape.
Excitation of the N" levels at 9.41, 9.71, 10.22, and 10.55 MeV suggests that they are all T=0. The levels
at 6.05, 6.70, /.40, and 7.60 MeV were not observed; probably they do not exist. A weak level at 10.85 MeV
and two strongly excited levels (or groups of levels) at 11.3 and 12.9 MeV were obser ved in N'4. The angular
distribution of particles scattered from the 4.45-MeV level of 0' suggests strongly that this level is 1—
rather than 3+. Several unnatural parity states were observed, but no states known to have isotopic spin
different from the ground state. The angular distributions for several scattered particle groups were com-
pared with distorted-wave Born approximation calculations and very approximate reduced transition
probabilities for excitation of the levels were obtained. For the quadrupole and octupole excitations the results
are in reasonably good agreement with values measured by electromagnetic methods.

I. INTRODUCTION

HE inelastic scattering of n particles is a useful
method for studying the surface shapes of me-

dium-mass nuclei. ' The levels most strongly excited are
the 2+, 4+, and 3—collective states. It is therefore for
the excitation of such levels that most of the angular
distributions of scattered particles have been measured.
The shapes of the angular distributions are determined

t This work was supported by the U. S. Atomic Energy Com-
mission and the U. S. Navy, Bureau of Ships.' J. S. Blair, Phys. Rev. 115, 928 (1959).

by the angular momentum transfer L, while the absolute
value of the diGerential cross section depends upon the
collective strength of the level excited.

The light nuclei present many opportunities for
studying inelastic scattering of o. particles from targets
for which the structure of the initial and 6nal nuclear
states is rather well understood. In many cases the
transitions should be almost pure single-particle rather
than collective. Large numbers of levels are suKciently
well separated in energy to permit resolution of the
corresponding groups of scattered particles.

In the present survey experiment, elastic and inelastic
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scattering of 40.5-MeV n particles from targets of
C

y
C 7 N ) N p 0 y

and 0' was studied, using the
Berkeley 224-cm (88-in. ) spiral-ridge cyclotron. The
energy was chosen because it is suKciently high to avoid
the worst complications of compound nuclear sects but
suKciently low to permit good energy resolution to be
obtained with silicon detectors.
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II. EXPEMMENTAL METHOD

The elastic and inelastic scattering of 40.5&0.3-MeV
helium ions from the Berkeley 224-cm (88-in. ) spiral
ridge cyclotron was studied with the equipment that has
been previously described. ' The C" target was a 1.61
mg/cm' film made by charring filter paper. Oxygen was
removed by heating to about 1400'C in eacso. The C"
target was ethylene gas (C2H4) containing 28.9 at. % of
C". Considerable decomposition of the ethylene oc-
curred during the course of the measurements, even
though the gas pressure in the target cell remained
perfectly constant. The cross sections for C" were
therefore obtained by reference to the C" peaks in the
energy spectra.

0 and O targets were natural N2 and
0~ gas (for N" and 0") or separated isotopes of 99.9%
isotopic purity (N" and 0").The gases were contained
in a 7.66-cm-diam cell with a window of Havar' foil
0.00025 cm thick. 1024 channels of a Nuclear Data
ND-160 analyzer recorded the pulses from a lithium-
drifted silicon detector 1.5 mm thick. The energy resolu-
tion ranged from 100 to 300 keV, depending on the
scattering angle. It was limited by multiple scattering of
o. particles in the Havar windows and in the target gas.
This angular dispersion produces a corresponding energy
dispersion which is very serious when the energy of
scattered particles is a steep function of scattering angle,
as it was in the present mork. Spectra taken at angles in
the vicinity of 25 deg in the laboratory system are
shown in Figs. 1, 2, and 3.

III. RESULTS

A. Energy Levels Observed

The energies of inelastic groups were measured' only
with sufhcient accuracy to permit identi6cation of the
corresponding excited states.

1. Carbon-IZ

Scattering of 0. particles by C" has been extensively
studied. ~' The energy levels above about 8 MeV are

' B. G. Harvey, E. J.-M. Rivet, A. Springer, J. R. Meriwether,
W. B. Jones, J. H. Elliott, and P. Darriulat, Nucl. Phys. 52, 465
{1964).' Hamilton Watch Company, Waltham, Massachusetts.

4 J. C. Corelli, E. Bleuler, and D. J. Tendam, Phys. Rev. 116,
1184 (1959).' A. I. Yavin and G. W. Farwell, Nucl. Phys. 12, 1 (1959).' J. Aguilar, W. E. Burcham, J. Catala, J.B.A. England, J. S.
C. McKee, and J. Rotblat, Proc. Roy. Soc. (London) 254A, 395
{1960).
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obscured by a strong continuous spectrum due to four-
body break-up, C"+n —+4o.." Except for the very
broad 10.1-MeV (0+) level, all known levels up to 14
MeV mere observed, including the 0+ level at 7.656
MeV and the unnatural-parity (1+) level at 12.'/1 MeV.

Z. Carbon-13

The scattering of o. particles by C" was observed, but
not studied, by Fulbright et al."%'e observed excitation
of levels only below 8 MeV since the continuum from
the four-body break-up of C" was very large PO jo of
the target was C"). No excitation was observed of the
levels at 5.51 and 6.10 MeV reported in the reaction
Bll(Hes p)C13 18

' G. B. Shook, Phys. Rev. 114, 310 (1959).
8 T. Mikumo, H. Yamaguchi, I. Nonaka, M. Qdera, Y.

Hashimoto, M. Kondo, and T. Maki, J. Phys. Soc. Japan 15, 1158
(1960), and institute for Nuclear Studies, Tokyo, Reports Nos.
INSJ 60 and lNS J 61, 1963 (unpublished).' G. E. Mitchell, E.B.Carter, and R. H. Davis, Phys. Rev. 133,
B)434 (1964).I. V. Mitchell and T. R. Qphel, Nucl. Phys. 66, 553
(1965).

'0I. M. Naqib, thesis, University of Washington, 1962 (un-
published)."L. B. Brown and H. B. Knowles, Phys. Rev. 125, 1339
(1962).

~ H. W. Fulbright, N. Q. Lassen, and N. Q. Roy Poulsen, Kgl.
Danske Videnskab. Selskab, Mat. Fys. Medd. 31, No. 10 (1959)."C.D. Moak, A. Galonsky, R. L. Traughber, and C. M. Jones,
Phys. Rev. 110, 1369 (1958).
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FIG. 1. Energy spectra of 40.5-MeV a particles scattered from
C~ (upper) and C" (lower).
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A weakly excited level was observed at 10.85 MeV
and two very strong levels (or groups of levels) at 11.3
and 12.9 MeV. Presumably they also are T=O.
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4. nitrogen-15

Alpha-particle scattering by N" mas first studied
recently at Berkeley. "We have observed excitation of
many levels up to 15 MeV but without resolving the
higher levels. The level reported at 9.77 MeV" was not
observed.
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5. Oxygen-16

u I os-a

ED yj

ill

200 300 400

N, 40.5-MeV olphos

28.2 deg (lob)

O

n
Cl gl
04 r

EV

IA

II I I I I I

500 600 700 800 900
C hannel number

FIG. 2. Energy spectra of 40.5-MeV ~ particles scattered from
N'4 {upper) and N" (lower).
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Scattering of n particles by 0"has been very widely
studied" '~—"for diferent incident-particle energies.
Excitation of levels up to 15 MeV was observed in the
present work. The unnatural parity 2—level at 8.870
MeV was quite strongly excited. The 0+ excited levels
at 6.052 and 11.26 MeV were not observably populated.
The 0— levels at 10.925 and 12.798 MeV (whose
excitation is forbidden by conservation of spin and
parity) were not observed.

3. nitrogen-14

ln N'4, excitation of the first fern levels by inelastic
scattering of o. particles has been previously reported. '4 '
Ke observed excitation of many levels up to an excita-
tion of about 13 MeV. No n groups corresponding to the
previously reported" levels at 6.70, 7.40, and 7.60 MeV
were observed, confirming an earlier suggestion" that
these levels of N'4 do not in fact exist. Furthermore, the
level at 6.05 MeV reported in the reaction N" (He', a)N'4
(Ref. 18) was not observed.

No known T= 1 levels were definitely observed to be
excited. A peak corresponding to an excitation of 9.1
MeV is probably due to excitation of the recently found
2—level at 9.129 MeV" rather than to excitation of the
9.17-MeV 2+, T=1 level.

Observation of the levels at 9.41, 9.71, 10.22, and
10.55 MeU suggests strongly that they are all T=O.
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"W. D. Ploughe, Phys. Rev. 122, 1232 (1961)."I.Nonaka, T. Mikumo, H. Yamaguchi„S. Hitaka, T. Maki,
T. Nakashima, and M. Mukae, Institute for Nuclear Studies,
Tokyo, Report No. INSJ 57, 1963 (unpublished)."T. Lauritsen and F.Ajzenberg-Selove, in cVuclear Data Sheets,
compiled by K. Way et al. {National Academy of Sciences—
National Research Council, Washington, D. C.), NRC 59-3-28.

"R.E. Brown, Astrophys. J. 137, 338 {1963}.
'8 D. D. Clayton, Phys. Rev. 128, 2254 (1962).
"R.W. Detenbeck, J. C. Armstrong, A. S. Figuera, and J. B.

Marion, University of Maryland Technical Report No. 438, 1965
(unpublished).

FrG. 3. Energy spectra of 40.5-MeV cx particles scattered from0" (upper) and 0" (lower).

~ A. Bussihre, N. K. Glendenning, B. G. Harvey, J. Mahoney,
J. R. Meriwether, and D. J. Horen, Phys. Letters 16, 296 (1965).

~' R. Chiba, Phys. Rev. 123, 1316 (1961}.
~' J. C. Jodogne, P. C. Macq, and J. Steyaert, Phys. Letters 2,

325 {1963).
~ J.Kokame, K. Fukunaga, N. Inoue, and H. Nakamura, Phys.

Letters 8, 342 (1964).
~4 I.Nonaka, T. Mikumo, H. Yamaguchi, S.Hitaka, T.Maki, T.

Nakashima, and M. Mukae, Institute for Nuclear Studies, Tokyo,
Report No. INSJ 56, 1963 (unpublished).
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FIG. 4. Angular distributions for elastic and inelastic scattering of
40.5-MeV o. particles by C~.

FrG. 5. Angular distributions for elastic and inelastic scattering of
40.5-MeV a particles by C".

6'. Oxygen-18

Many levels below 8 MeV of excitation were observed,
but there was no detectable population of the 6.86-MeV
level.

B. Angular Distributions

Elastic and inelastic angular distributions for C", C",
N", N" 0", and 0" are shown in Figs. 4 to 9."Sta-
tistical errors were in nearly all cases smaller than
random and systematic errors (imperfect measurement
of target gas pressure and temperature, errors of back-
ground subtraction, difhculties of resolving peaks from
one another, and beam-integration errors). AH these
sources of error produced an uncertainty of about &O'Po
in the cross sections of levels excited with average
intensity. For weakly excited or imperfectly resolved
levels the errors were naturally much greater, but are
very dificult to estimate. The angular uncertainty in all
cases is ~0.5 deg, due mainly to multiple scattering in
the gas cell windows.

A computer program was used to make least-squares
6ts of Gaussian peaks to resolve the individual con-
tributions of imperfectly resolved doublets and triplets
in the experimental energy spectra, for instance the
4.9i—5.10-MeV and 5.69—5.83-MeV doublets of N'4 "

3. nitrogen-14

The 3.945-MeV 1+ and 7.03-MeV 2+ levels (see
Fig. 6) give angular distributions that osciHate out of

I
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Z. Carbon-13

The angular distribution for the 3.085-MeV —,'+ level
(see Fig. 5) is in phase with that of the elastic group as
required by the phase rule for an odd-I. transition with
change of parity. Previous tests of the phase rule have
involved the excitation of more or less collective transi-
tions. Thus it is interesting to observe that the rule is
clearly obeyed for this pure single-particle transition.

For the (7.498—7.553)-MeV unresolved doublet, the
negative-parity level (7.553 MeV, ~~ —) was responsible
for very approximately two-thirds of the combined
cross section. The 3.850-MeV ~+ level was excited
much less strongly than the 3.680-MeV —,

' —level, but it
appears to obey the phase rule at small angles.

1. Carbon-1Z

The curves for the 4.433 MeV 2+ and 7.656 MeV 0+
levels (see Fig. 4) oscillate clearly out of phase with
that of the elastic group, in agreement with the normal
Blair phase rule, ' but the angular distribution for the
2+ level shows no strong oscillations beyond 50 deg.

The oscillatory behavior of the angular distribution
for the 9.64-MeV 3—level is unusually weak, but this is
perhaps due to the uncertainty in the subtraction of the
large background from the four-body break-up. The
absence of the 6rst minimum (which would be at about
20 deg in this case) is characteristic of L= 3 transitions.
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of California Radiation Laboratory Report No. UCRL-16573
(unpublished)."%'e are indebted to Dr. A. Springer for writing this program.
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FIG. 6. Angular distributions for elastic and inelastic scattering of
40.5-MeV0, particles by N'4.
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phase with the elastic cross section; their shapes are
characteristic of I.= 2 transitions. The angular distribu-
tions for the 4.91-MeV 0—,5.10-MeV 2—,5.69-MeV
1—and 5.83-MeV 3—levels are in phase with the
elastic angular distribution; these levels are excited by
1.=1 or 1.=3 transitions (see below). The 6.21-MeV 1+
level gives rise to an angular distribution very similar in
shape to those of the 5.10- and 5.83-MeV negative-
parity levels. It, and the 6.44-MeV 3+ level, are
believed to be excited by a second-order process (the
diGerential cross sections are about one-tenth of those
for the 5.10- and 5.83-MeV levels).

4. Nitrogen-15

Angular distributions for the (5.276-MeV ~+, 5 304-

MeV 2+) unresolved doublet, 7.31-MeV s2+ and 7.57-

MeV 2+ levels (see Fig. 7) are in phase with the elastic

angular distribution consistent with the positive parity
of all these levels. By comparing the slopes at small

angles, and the relative heights of the maxima, we
assign an I=1 transition to the 7.31-MeV level and
I.=3 to the other two. The 831-MeV (-,'+ or -', +) and
8.57-MeV (q+) levels are weakly excited, and while
their angular distributions are consistent with a positive

IO'

102

Cl
E

cg
IO

b

—10
Fro. 8. Angular distribu-

tions for elastic and inelastic
scattering of 40.5-MeV a
particles by 0'6.

—lo

IO
I

30
I

70 10

c.m. (deg)

I

30
l

50
I

70
IO-'



SCATTE RI N G OF 40. 5 —MeV a PARTI CLES 717

parity assigronent for these levels, the curves are not
accurate enough to give deanite information about the
L value for the transitions.

The 6.328-MeV (-,' —) level gives an angular distribu-
tion that at small angles looks clearly like an L=2
transition.

5. Oxygen-N
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s l
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The cross sections for the 6.131-MeV 3—,7.115-MeV
1—and 8.870-MeV 2—levels (see Fig. 8) are in phase
with the angular distribution of the elastic group, in
agreement with their negative parity. Comparison be-
tween their curves suggests an L=3 transition for the
6.131- and 8.870-MeV levels and an L= 1 transition for
the 7.115-MeV level. The 8.870-MeV 2—unnatural

parity level is, as expected, ' ~"only weakly excited.
Excitation of the 6.916-MeV 2+ level gives an

angular distribution that is not exactly out of phase
with the elastic cross section, but it is consistent with
the positive parity of the level when the curve is con-
trasted with the angular distributions of the known
negative-parity levels.

An unresolved group was observed at an excitation of
13.1 MeV but the angular distribution is not plotted in

Fig. 8. That we observed excitation of levels at all in
this energy region condrms the existence of the 2+,
T=O level recently found at 13.1 MeV. '

6. Oxygen-N

The 5.09-MeV 3—,the (6.34-MeV —6.39-MeV) un-
resolved doublet and the (7.96-MeV—8.04-MeV —8.08-
MeV) unresolved triplet (see Fig. 9) have angular
distributions that are in phase with the elastic curve,
corresponding to odd-L transitions with a change of
parity. The transition is clearly L=3 for excitation of
the 5.09-MeV level. The 7.96-MeV and 8.08-MeV mem-
bers of the triplet seem to be only weakly excited. The
angular distributions for the 1.98-MeV and 3.92-MeV
2+ levels are almost exactly out of phase with the
elastic angular distribution, con6rming the positive
parity of the levels. The oscillations of their angular
distributions are much stronger than those for any other
levels so far observed among the light nuclei: they re-
semble the angular distributions obtained in the excita-
tion of strongly collective quadrupole levels in somewhat
heavier nuclei.

The angular distribution for excitation of the 4.45-
MeV level is clearly due to an L= 1 transition. The spin
of the level must therefore be 1—rather than 3+
or 3 28—31

~'%. W. Kidson and J. G. Cramer, Phys. Rev. Letters 9, 497
(1962)."S. Hinds and R. Middleton, in I'roceedirfgs of the Rutherford
Jubilee Ieterrlational Conference, Manchester, 1067, edited by
J.B.Birks (Heywood and Company Ltd. , London, 1961)."A. A. JaRe, F. de 5. Barros, P. D. Forsyth, J. Muto, I. J.
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IV. DISCUSSION

The angular distributions seem to fall into groups
depending on the particular dominant single-particle
transition involved in the excitation. In this respect the
angular distributions for excitation of levels in the light
nuclei diGer from those for excitation of collective levels
in heavier nuclei, where the shape of the angular
distribution depends almost entirely on the angular
momentum transfer, and where the dijI'erence between
an L=1 or 3 or an L=2 or 4 angular distribution is
rather small except at small angles.

1. pa/2~ pq/2, 2=2 Tratssitiors

The p3/2 + pr/2 transition might involve a change of
0 or 2 units of angular momentum. If the interaction
between an o. particle and a nucleon is spin-independent,
the transition will involve only the orbital angular
momentum of the nucleon, with no change of spin. The
change in the total angular momentum must be +2& ~ = 1
or 2 units. Hence in the absence of spin-Qip and of
parity change, L can only be 2.

Six transitions have been observed that are believed
to involve the promotion of a p3/2 nucleon into the pl/2
shell. In four cases (C" 2+, 4.433-MeV; C" -' —7 553-e; C"-',—, . %- V; a N"-' — 6. 8- V
levels) conservation of angular momentum and parity
requires that the excitations be L= 2. Since the angular
distributions of the scattered 0. particles are very much

Taylor, and 5. Ramavataram, Proc. Phys. Soc. (London) 76, 914
(1960).

+ K. Yagi, Y. Nakajima, K. Katori, Y. Awaya, and M. Fujioka,
Nucl. Phys. 41, 584 (1963)."R. Middleton and D. J. Pollen, Noel. Phys. 51, 63 (1964).
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FIG. 9. Angular distributions for elastic and inelastic scattering of
40.5-MeV cx particles by 0".
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"V. Gillet and N. Vinh Mau, Nucl. Phys. 54, 321 {1964}.~ E. K. Warburton and W. T. Pinkston, Phys. Rev. 118, 733
(1960}.

34 W. W. True, Phys. Rev. 130, 1530 (1963}."E. C. Halbert and J.B.French, Phys. Rev. 105, 1563 (1957}.

alike in all six cases, it seems quite probable that all six
transitions are quadrupole.

Figure 10 shows the di6erential cross sections for
inelastic scattering of n particles from the 4.433-MeV
2+ level of C", the 3.680-MeV —,

' —and 7.553-MeV —,'—
levels of C", the 3.945-MeV 1+ and 7.03-MeV 2+
levels of N" and the 6.328-MeV ~

—level of N" plotted
as a function of the parameter

kRO= —,'(k,+kt) (1.32i/'+1. 2)8...
where k; and kf are the center-of-mass wave numbers of
the incident particle and of the outgoing particle at
0 deg. All these levels give rise to angular distributions
of about the same shape. Figure 10 also shows the
angular distributions for excitation of the 6.916-MeV
2+ level of 0" and the 1.98-MeV and 3.92-MeV 2+
levels of 0" for which the shape is quite different.

The shell-model components with the largest ampli-
tudes in the wave functions of the 4.433-MeV level of
C" the 3.945-MeV and 7.03-MeV levels of N'4 and
the 6.328-MeV level of N" are s'p'(P3/2 pl/2) 2,
s p (pg/2 pi/2 )i 2, ' aild s p p3/2, iespectlv'ely
Thus these four levels can be excited by promotion
of a p3/2 nucleon into the pi/2 shell. Since the angular
distributions for excitation of the 3.680-MeV
and 7.553-MeV —,

' —levels of C" resemble those of
the other four, these levels of C" should be largely
S P E(P3/2 Pl/2)2pl/2j8/2. 5/2'

The angular distributions for the two 2+ levels of 0"
and for the 6.916-MeV 2+ level of 0"are quite dilferent
from the others shown in Fig. 10. Since the pi/2 shell is
filled in these two nuclei, the promotion pi/2~ pi/2 is
impossible. The angular distributions thus seem to be
dependent upon the details of the transition and not
only upon the angular momentum change.

The conhguration given above for the ~
—and ~5—

levels of C" at 3.680- and 7.553-MeV, respectively,

corresponds to coupling of the pi/2 odd neutron to a C"
core in the 4.433-MeV 2+ excited state. If the coupling
is weak, the angular distributions for the two levels
should be similar in shape to that for the excitation of
the 2+ state in C". Further, the reduced transition
probabilities, B(E2)1 of the two C" levels should be
equal to that for the 2+ C" level.

The angular distributions for the three levels have
roughly the same shape. At the maximum near 40 deg,
the sum of the cross sections for the two C" levels is
about 11 mb/sr whereas the corresponding C" cross
section is 18 mb/sr. The cross sections do not obey
either the (2/+ 1) rule or the center-of-gravity theorem. "
The rather large splitting (3.87 MeV) between the two
levels shows, of course, that the coupling is in fact rather
strong.

Z. pi/2 ~ Zsi/i, I=1 Tr/trtSttMrt

The promotion pi/2~2si/2 necessarily involves a
dipole transition (1.=1). Although there is a general
similarity between the inelastic scattering and electric
transitions of the same multipole order, " there are
certain important differences in the special case of a
dipole transition.

Protons and neutrons interact in a different way with
an electromagnetic field (since their electric charge and
magnetic moments are difterent). The interaction Hamil-
tonian can therefore be written explicitly in terms of the
third component of isospin:

A

H;„,= —g —v; a(r,)+-', (ti„+/i„)e,"X
2c

A

t~, -v; a(r;)+-', (ti,—.ti„)e,"3'

=Hp+Hg.

Here r;, v;, e;, and t&,. are the coordinate, velocity,
spin vector and the third component of isospin for the
ith nucleon. 3! is the magnetic field vector, a(r,) the
vector potential and p„and p„ the proton and neutron
magnetic moments.

The first sum (Ho) is a scalar in isospin space, but Hi
is the third component of a vector, producing diferent
isospin selection rules. On making a multipole expansion
of H;„t,, it is found that Hp contains almost no E1 part
provided that kR«1."Electric dipole transitions there-
fore occur predominantly through the isospin vector
part H&, H p leads only to motion of the nuclear center of
mass.

Under the assumption that the particles can be
represented by plane waves, and that they interact with
the nucleons through a zero-range force, the inelastic

"R.D. Lawson and J.L. Uretsky, Phys. Rev. 10S, 1300 (1957}."W. T. Pinkston and G. R. Satchler, Nucl. Phys. 27, 270
(1961}."H. A. Bethe, Rev. Mod. Phys. 9, 69 {1937}.
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scattering operator has the same form as the spin-

independent part of the electric operator of the same

multipole order. "However, under the further assump-
tion that the particles interact identically with protons
and neutrons, there will be nothing to correspond to H~,
and hence dipole inelastic scattering excitations will be
forbidden provided that QR«1 (where Q is the mo-

mentum transfer).
Nevertheless, several examples of dipole excitation

were observed in the present w'ork. This may be due to
breakdown of any of the assumptions mentioned above,
but most probably the excitation arises from the failure
of the plane-wave assumption that is to be expected for
strongly interacting particles such as e particles.

Excitation through a multiple-scattering process is
also possible. It has previously been postulated for
excitation of the 5.80-MeV 1—level in Ne"" by an
octupole transition to the 7.17-MeV 3—level followed

by a quadrupole transition to the 1—level. The angular
distribution for formation of the 1—level was out of
phase with the elastic angular distribution, as might be
expected for a double transition to a negative parity
state. However, of the dipole levels studied in the
present work only the 4.45-MeV level of Q" gave an
anomalous angular distribution. There is as yet no
evidence that multiple transitions are involved in
excitation of the 7.115-MeV 1—level of 0", even
though the strong E3 transition to the 6.131-MeV 3—
level4' and the strong E2 transition from the 3—to the
1—level" should make this a particularly favorable
case.

Angular distributions of 0. particles corresponding to
excitation of the 3.085-MeV 2+ level of C' the 4.91-
MeV 0—and 5.69-MeV 1—levels of N", the 7.31-MeV
-', + level of N", the 7.115-MeV 1—level of 0"and the
4.45-MeV 1—level of 0" are shown in Fig. 11. The
diRerential cross sections are plotted as a function of the
parameter kE8. Except for the 3.085-MeV level of C",
for which the data are poor at small angles, the angular
distributions have a very characteristic and unusual
shape —there is little or no decrease in cross section be-
tween the first and second maxima. The shell-model
components with the largest amplitudes for these levels
are: s'p's~/~(3. 085 MeV, C"), s'p'(pg/2$1/g)o, g (4.91
MeV and 5.69MeV, &"), "~'p"L(pl/2 ~1/2)1pl/2 j3/2,
(7.31 MeV, N")," and s'P (Pq/2 's~/2)q, (7.115 MeV,
O").""Thus these excited states can be formed by the
single-nucleon transition Pq/2 ~ 2sq/2.

Sebe4' has calculated wave functions for the positive
parity levels of C", assuming that the odd neutron can

'9 A. Springer and B. G. Harvey, Phys. Rev. Letters 14, 316
(1965).

'0 T. K. Alexander and A. E. Litherland, Chalk River Report
No. PR-P-64, 1964 (unpublished).

4' S. Gorodetzky, P. Mennrath, W. Benenson, P. Chevallier, and
F. Scheibling, J. Phys. Radium 24, 887 (1963).

4' T. Sebe, Progr. Theoret. Phys. (Kyoto) 30, 290 (1963).
4' J.P. Klliott and B.H. Flowers, Proc. Roy. Soc. (London) 242,

57 (1957).
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FIG. 11. L= 1 angular distributions for inelastic scattering of
40.5-MeV a particles.

3. pq(2 ~ dq(2, L=3 Transition

The promotion of a Pq/2 nucleon to the dg/2 shell could
involve an orbital angular momentum transfer of 1 or 3
units. Seven examples of this transition have been
identified, : some of them are required by angular mo-
mentum and parity conservation to be I=3 (e.g. , the
excitation of the 6.131-MeV 3—level of 0"). The
similarity of the seven angular distributions suggests
that these transitions are all octupole.

Figure 12 shows the angular distributions of n
particles scattered from the 5.10-MeV 2'—and 5.83-
MeV 3—levels of N'4, the 5.276-MeV —',+ and 7.57-MeV

be in the 2s&(2, 1ds(2, or 1d3(2 shell model states coupled
to a C"core that can be either in the 0+ ground state or
in the 2+ 4.433-MeV state. According to this model, the
3.085-MeV —,'+ state is almost pure 2s~(2 with the C"
core in the ground state. The 6.860-MeV ~5+ level of
C" is only weakly excited at most angles, consistent
with Sebe s wave function, according to which excitation
both of the C~ core and of the odd neutron would be
required. The 3.850-MeV 2+ level should be excited
quite readily by a p&/2~de/2 transition of the odd
neutron, but for some reason the peak is apparently only
a minor component of the 3.680-3.850-MeV unresolved
doublet. The positive-parity levels of C'~ can be formed
only by excitation of p-shell nucleons into the sd shell,
whereas the negative-parity levels can be formed by
processes related to the very strong excitation of the
C" 4.433-MeV quadrupole level.

In earlier experiments with 65-MeV alpha particles, '
the characteristic L=1 shape observed in the present
work for the angular distribution corresponding to
excitation of the 7.115-MeV 1—level of 0" was not
observed. Its angular distribution diBered from the
L=3 shape only in the absence of a sharp peak a,t 20'.
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FIG. 12. J.=3 angular distributions for inelastic scattering of
40.5-MeV a particles.

~2+ levels of N", the 6.131-MeV 3—and 8.870-MeV 2—
levels of 0"and the 5.09-MeV 3—level of 0".The shell
model components with the largest amplitudes in the
wave functions of these levels are: s'p'(p»/de/2) Q, 3 (N",
5.10 and 5.85 MeV), "s'p'L(p»md»2)gp»2j5/2, 7/2 (N",
5.276 and 7.57 MeV) 3' and s'p" (p»2 'dq/2)~, z (0",8.870
and 6.131 MeV) s'" Thus the most important single-
particle transition in the excitation of these levels
should be p»2 ~ dg/s.

In the case of the 8.870-MeV 2 —level of 0", either
octupole or dipole excitation would have to be ac-
companied by a spin-Qip, so it is perhaps surprising that
at small angles the angular distribution resembles rather
closely those of the non-spin-flip transitions, although at
larger angles substantial differences are observed. The

TmLE E. Parameters for optical potential.

Nucleus —V (MeV) —8' (MeV) a (F} b (F)

C~
C13
N"
N"
016
018

34.44
37.89
35.05
45.09
45.71
46.60

9.62
10.43
9.48

15.07
15.23
15.70

0.486
0.519
0.550
0.586
0.606
0.551

0.700
0.500
0.700
0.500
0.500
0.500

differential cross section for formation of the 2 —level
begins to rise at large angles: this behavior is character-
istic of the more complex excitation processes. In
scattering experiments at 65 MeV, ' excitation of the 2—
level gave an angular distribution that seemed closer to
the L=1 shape than to L=3.

In an earlier publication, "the excitation of the 5.276-
and 7.57-MeV levels of N" was considered as an ex-
ample of weak coupling of an odd nucleon (in this case a
p»2 proton hole) to an octupole core vibration, the core
in this instance being 0".The octupole reduced transi-
tion probabilities, B(E3)1/e', were found to be nearly
equal for these two levels in N" to that for the 6.131-
MeV octupole state of 0".The weak-coupling model
appears to give a better account of these octupole states
than it did for the quadrupole levels of C" discussed
above. The coupling is in fact somewhat weaker in N":
the splitting is only 2.29 MeV compared with 3.87 MeV
in C"

In addition to the octupole levels, one might expect
to 6nd in N" doublets of levels based on the strongly
excited 1—and 2+ levels of 0".The 2+ and ++ levels
of N" at 5.304 and 7.31 MeV are possible candidates for

E

l0~-
Cg

'a

lo

Experiment

Optical model

the dipole doublet. The 5.304-MeV level was not re-
solved in the present work; the 7.31-MeV level, how-
ever, does give an angular distribution similar to that of
the 7.115-MeV 1—level of 0".

The only quadrupole level found in N" (the 6.328-
MeV —,

' —level) appears to be related to the p3/2 + p»,
single-particle transition rather than to the 6.916-MeV
2+ level of 0".

The L=3 excitation of the 3—level of C~ gives an
angular distribution markedly different from the octu-
pole excitations considered in the present section. In
C, the single-particle transition with the largest ampli-
tude is p3/2~ dlj/2 rather than p»2~ dq/2. " As in the
case of the quadrupole levels discussed above, the de-
tailed shape of an octupole angular distribution seems to
depend on the details of the transition as well as on the
angular momentum transfer.

l0
I

30 50 70 4. Two-NNcleon Transitions

e, (deg~

FIG. 13. Optical model 6t to elastic scattering of 40.5-MeV
a particles by N".

Several transitions, corresponding to the promotion
of two nucleons from one shell into another were
observed.
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In C", the 7.6S6-MeV 0+ level is excited. with sur-

prising strength, considering that it can be populated
only by the promotion of two or four nucleons from the

p~/2 ground state into the higher shells. The strong
excitation of the C"4.433-MeV 2+ level shows that the
individual pg/2 + p$/2 quadrupole transitions are col-
lectively enhanced.

The conlgurations s'p'(s~/2') r and s'p'(sr/md~/2) ~ of the
6.21- and 6.44-MeV levels of N'4" require that these
states be formed from the ground state through the two-
nucleon promotions p&/s'~ »&/2' and px/u'~ »1/md/;/2.

The cross sections are indeed rather small, as are
those for formation of the 8.99-MeV 1+s'p"(p~/u ')&

and 8.963-MeV S+s'p'(ds/P)5 levels, which could be
populated through the transitions p~/r. '~ pq/p and

pl/2 ~ d5/2 ~

TAsrx II. Reduced electric quadrupole transition probabilities.

Level

C~, 4.433 MeV
C», 3.680 MeV

7.553 MeV
N'4, 3.945 MeV

7.03 MeV
N", 6.328 MeV
0", 6.916 MeV
0'8 1980 MeV

3.92 MeV

a(Z2) $/S (F4)

2+ 13

1+ 6.5
2+ 33

4.9
2+
2+ 8.4
2+ 3.0

Other values,
comments

9.6 F4 ~

DWBA fit not good
DWBA fit not good
6.21a0.37 F4 b

3.3 F'b

4.3~1.1 F4 '
7.2~0.14 F4 d

8.0a3.6 F4 e

0 16 +0.014 F4 f

& S. Devons, Natl. Acad. Sci;Natl. Res. Council Publ. No. 974.
& G. R. Bishop, M. Bernheim, and P. Kossanyi-Demay, Nucl. Phys. 54,

353 (1964).
e C. P. Swann and F. R. Metzger, Phys. Rev. 108, 982 (1957).
d A. E.Litherland, M. J.L. Vates, B.M. Hinds, and D. Eccieshall, Nuci.

Phys. 44, 220 (1963).
& F. Lacoste and G. R. Bishop, Nucl. Phys. 26, 511 (1961).

& M. A. Eswaran and C. Broude, Can. J. Phys. 44, 1311 (1964).
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F16. 14. Distorted-wave Born approximation (DWBA) angular
distribution for excitation of the 6.9M-MeV 2+ level of 0" by
inelastic scattering of 40.5-MeV a particles. (The fit is repre-
sentative of the worst results. }

V. REDUCED TRAN'SITION PROBABILITIES

Comparison of experimental cross sections with dis-
torted-wave Born approximation (DWBA) calculations
permits the extraction of reduced transition proba-
bilities. The potential used in the present work was of
the form

V= V,—Vgt 1+exp((r —R)/o)P'
+iW(1+ exp ((r—E)/b) P'

where V„Vg, and lV are the Coulomb, real and imagi-
nary parts of the potential, respectively. The parame-
ters a and b are related to the di6useness of the real
and imaginary potentials.

The appropriate values of the parameters Vg, lV, a,
and b were obtained from an optical-model analysis of
the elastic angular distribution, using a computer pro-

TABLE III.Reduced electric octupole transition probabilities.

Level

C", 9.64 MeV
N'4, 5.10 MeV

5.83 MeV
N", 5.276 MeV

7.57 Me V0" 6.131 MeV
0", 5.09 MeV

3—
2—
3—
',+4+3—
3—

&(&3)4A' (F')
50-70

Other values,
comments

DWBA fit poor
104~21 F6 '
108~6 F' "

10 16+25 F6 b

a Q. R. Bishop, M. Bernheim, and P. Kossanyi-Demay, Nucl. Phys. 54,
353 (1964).

b See Ref. 40.

R. H. Pehl, Ph.D. thesis, University of California Lawrence
Radiation Laboratory Report No. UCRL-10993, 1963 (un-
published).

gram described by Pehl. 44 Reasonably good 6ts to the
experimental elastic angular distributions were obtained
with the parameters shown in Table I. As a typical
example, Fig. 13 shows the calculated and experimental
elastic angular distributions for N".

%'ith the parameters shown in Table I, and using a
derivative Woods-Saxon nuclear form factor, inelastic
angular distributions were calculated in D%BA. The
calculated angular distributions were never a particu-
larly good 6t to the experimental results: probably more
detailed calculations with microscopic wave functions
are needed, although results of some preliminary at-
tempts were not particularly encouraging. Nevertheless,
comparison of the calculated and experimental angular
distributions was made in order to extract extremely
approximate values of the reduced quadrupole and
octupole transition probabilities connecting the target
ground state and each excited state. The values thus
obtained are given in Tables II and III. Two fairly
typical comparisons of calculated and experimental
angular distributions are show'n in Figs. 14 and 15.

As Table II shows, the present experiment yielded
values for the reduced electric quadrupole transition
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probabilities B(E2)l/e in surprisingly good agreement
with values obtained by other workers by electromag-
netic measurements (except for the 3.92-MeV level of
0").The B(E3)$/e' values of Table III are lower by a
factor of about 2 than the three electromagnetic results.

In view of the profound difference between the
inelastic scattering dipole operator and the electric
dipole operator, there is little point in comparing the
inelastic scattering dipole transition probabilities with
the electromagnetic values, especially since the use of a
collective nuclear model for the distorted wave calcula-
tions makes little sense for the dipole states. Neverthe-
less, it is interesting that the inelastic scattering cross
sections for excitation of the 7.115-MeV and 4.45-MeV
1—levels of 0" and 0" are respectively 104 and 10'
times greater than would be expected from the electro-
magnetic dipole transition probabilities.

For the self-conjugate nucleus 0", the isospin vector

1 t c

50

8, (deg)

Fro. 15. Distorted-wave Born approximation {DWBA) angular
distribution for excitation of the 5.276-MeV -', + level of N" by
inelastic scattering of 40.5-MeV a particles. (The fit is repre-
sentative of the best results. )

part II~ of the electromagnetic Hamiltonian vanishes, so
apart from the differences due to the greater absorption
of a particles (and therefore greater departure from the
plane-wave approximation) the inelastic scattering and
electromagnetic transitions should be formally similar.
That they are not is presumably due to the very great
distortion of the e particle waves.

The DWBA calculation gave an angular distribution
for excitation of the 4.45-MeV 1—level of 0" that was
in very poor agreement with the experimental results.
Figure 11 shows that although the angular distribution
for this level has the equal maxima that seem to be
characteristic of the dipole transitions, the values of
kEO at which they fell are substantially lower than for
any other of the dipole excitations. As already men-
tioned, double excitation through the 5.09-MeV 3—
level might be important.

Further studies of the very interesting dipole excita-
tions are in progress.
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