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The giant electric dipole resonance based on the ground state (0') of 0 has been
studied with the reaction N{p, yo) 0 from E&

—-8.6 to 18.0 MeV (E„=20.2 to 29.0 MeV).
The E1 strength in (y, PO) is concentrated between E„=20 and 29 MeV where it exhausts
about 15% of the E1 sum rule. Major peaks are displayed at 22.2 and 25.0 MeV and
secondary structure at 21.0, 22.9, and in the 24 MeV region. The angular distributions
indicate predominantly dipole radiation and are fairly constant over the entire range,
except in the region of the secondary peaks where the coefficient of P&(cos8) displays
striking interference effects. This behavior supports the suggestion that these structures
are due to interference between more complex states and the simple particle-hole con-
figurations of the E1 resonance. The value of the coefficient of P2(cos8) can be used to
restrict greatly the allowed configurations of the po channel —the solution is predominantly
either dsg2 wave or sf y2 wave. The presence of terms in Pf(cos8) and P3(eos8) indicates
significant E2 strength which increases above the E1 resonance. Data are also presented
on the reactions N(p, yf —y4) 0 and N(p, eyf5 f) C.

NUCLEAR REACTION N(p, yo), E =8.6—18.0 MeV; measured o(E;E&,8). De-
duced properties yo giant resonance of 0. 99.3% enriched N gas target.

I. INTRODUCTION

The giant electric dipole resonance
(GDR) is a striking phenomenon lying in the
nuclear continuum that has proved amenable
to treatment by collective or shell-model
theories. The experimental study is great-
ly simplified by the use of gamma radia-
tion which selectively excites the dipole
oscillations of a nucleus. The magnetic
dipole resonance is strongly excited but
lies at a lower energy, while the electric
quadrupole strength, although observable,
is much less intense in gamma-ray excita-
tion.

In the light nuclei the GDR often breaks
up into well defined intermediate struc-
tures which provide a challenge for the
various shell-model theories. Since the
"closed-shell" nucleus 'e0 displays promi-
nent but fairly simple structure in its
GDR, it has been a testing ground and has
led to many developments and new ideas in
photonuclear research. Thus, the simple
particle-hole (p-h) shell-model treatment'
with collective enhancement and elevation
of the transition strength, ' ' the exten-
sion to continuum states, ' ' the attribu-
tion of additional structure -to interfer-
ence with multiparticle-multihole states' ' '
or to correlations in the ' 0 ground
state, ''' the application of electron
scattering and p or m capture, '' '~ and a
description in terms of the collective mod-
el, ' successful in heavier nuclei, have
all been applied to ' O.

On the experimental side, the GDR of ' 0
has been investigated in many reactions.
The intermediate structures are clearly
seen in the total gamma absorption cross
section, ' '' but are more sharply visible
in the separate decay channel& of the reac-

tl.on such as (|',n ), (p, p ), Qr
its inverse (p, y, )

' " ' ' which is measured
in the present work. The decay of the
giant resonance state into the dif ferent
single nucleon decay channels, '' (y, ni) and
(p, pi), provides additional tests for the
various theoretical models, while decays
into the complex particle channels, as ob-
served in the inverse reactions
12C( )leO 27~28 ''C('He y)''0 and
'"N(d, y)''0, '' have been interpreted. in
terms of multiparticle-multihole states. '
Finally, several general properties of the
GDR, such as the near-constancy of the an-
gular distributions of the (y, p, ) chan-
nel, ''' the interferenee with quadrupole
strength observed by means of the angular
distributions, ''''''" and the relation-
ship to the GDR's in the neighboring
nuclei'' '" have been studied in ''0.

The yields and angular distributions of
the reaction ''N(p, y, )''0 have been meas-
ured with good energy resolution from Ep1.0 to 14 MeV (E = 13 to 25 MeV) by Tanner
et al. ' For the reaction ' O(y, p, ) 'N the
yields and angular distributions have been
studied by Baglin and Thompson between
E~ = 20. 5 and 30 MeV and by Frederick et
al. '' between E-& = 21 and 32 MeV. The
present work, covering the range E& = 8.6 to
18 hkev (H = 20 to 29 Mev) extendps the
high-reso/ution study of N(p, yo) 0 tole
higher energies and measures the angular
distributions in finer energy, intervals and
with better statistics in order to obtain
more detailed information on the nature of
structure in the GDR of ''O.

I I. EXPERIMENTAL PROCEDURE

The proton beam from the Stanford FN tan-
dem Van de Graaff accelerator passed
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through a target cell containing ''N gas
and was stopped in a Faraday cup. The p-
rays from the reaction were detected by the
Stanford 24 && 24 cm NaI y-ray spectrome-
ter, which is provided with collimation
and shielding and mounted on a rotating
platform.

The gas target cell, made of stainless
steel, had a thin cylindrical wall 4 cm in
diameter and an entrance and an exit window
5 cm apart. The windows were made of Mo
foil 2. 54 x 10 " cm (2.59 mg/cm ) thick.
The cell is suspended concentrically by a
tube in a 20 cm diameter scattering cham-
ber. The tube leads to a gas handling sys-
tem provided for pumping out the chamber
(through a tube connected to the beam tube)
and for introducing the target gas and
measuring its pressure. The ''N gas,
99.3% pure, was stored in a glass bottle
containing molecular sieve granules {manu-
factured by Linde Division, Union Carbide
Co. ), which absorbed the gas. When heated
these granules released the gas to the tar-
get cell; when cooled (by surrounding the
bottle with liquid nitrogen) they read-
sorbed nearly all the gas. With this sys-
tem the same ''N gas was used over a period
of two years without noticeable contamina-
tion and with very little loss.

Proton beam currents of 30 to 50 nA were
used at the lower bombarding energies and
these were decreased to 10 to 25 nA between
17 and 18 MeV. The limiting factor was the
counting rate in the NaI detector, the ac-
ceptable limit being about 5 x 10" counts/
sec mainly due to low energy gamma rays.
In order to minimize background in the de-
tector the beam was focused so as to pass
through a 3 mm aperture placed 1 m in front
of the target and then through the gas cell
and into the Faraday cup 5 m beyond the
targets The gas target cell, scattering
chamber, and Faraday cup were each elec-
trically isolated and their currents were
monitored. Since electrons are ejected
from the gas-cell windows by the proton
beam, in a typical run there were 30 nA of
current from the Faraday cup, 7 nA from the
gas cell, and -7 nA from the target cham-
ber, with a net current of less than 1 nA
from the cell and chamber combined. Thus,
the error in the current integration can be
estimated at less than 1 part in 30 or bet-
ter than 3%.

The operation of the NaI spectrometer is
described in detail in Ref. 38. The "ac-
cepted" spectrum consists of those pulses
from the NaI crystal that are unaccompanied
by pulses in the anticoincidence shield
surrounding the crystal, while the "reject-
ed" spectrum consists of pulses rejected by
events in the shield. The total (accepted
plus rejected) efficiency of the detector
for y-rays entering the collimator is
about 96/o for E& = 22 MeV. The lineshape
of the accepted spectrum for the ''N(p, y, )
radiation was determined at several ener-
gies between E& = 21 and 29 MeV and checked
with lineshapes from ''B(p, y)' C and
D(d, y)"He observed under similar condi-
tions. If the peak region in the accepted
spectrum is taken from 10% below to 5%
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FIG. 1. Spectra obtained from
''N(p, y)' 0 at Ep = 10.8 MeV. (a) Full
spectrum of all pulses recorded by the NaI
detector with ''N gas in cell. (b) Same
with cell empty. {c) Spectrum of pulses
rejected by the anticoincidence shield.

above the peak maximum, the rat io o f the
peak counts (accepted) to total counts
(accepted plus rejected) decreases gradu-
ally from 0.40 at 21 MeV to 0.30 at 29 MeV.
The uncertainty in this trend is about
+ 5/o. The systematic error in determining
the counts in the total lineshape (accepted
plus rejected) may be as large as + 15%
owing chiefly to the uncertainty in ex-
trapolating the low-energy tail of the
lineshape.

The y-ray spectra from 'N(p, p, )''0 were
analyzed by fitting them with the standard
lineshapes discussed above by means of a
least-squares computer program. The
changes in lineshape and peak efficiency
of the detector with energy were taken into
account in determining the absolute yields.

A typical set of spectra, from ''N(p, y) is
shown in Fig. l. In the upper half are
shown runs taken at Ep = 10.8 MeV with

N gas in and out of the target cell for
the same integrated current. The cut-off
at low energy is due to the anti-pileup
circuit in the electronic circuitry o f the
spectrometer. The highest energy peak is
due to the ground state transition from

N(p y )' 0 The peak near channel 130 is
from the 12.71 MeV y-ray from ' N(p, oy)''C
just above its production threshold. The
spectrum from the empty cell shows no back-

round in the vicinity oi' the y peak of'0. The higher counts in this spectrum
are due to Mo{p, y) reactions in the windows
of the gas cell. At the bottom of the f ig-
ure is the rejected spectrum from ' N(p, y),
the counterpart to the uppermost spectrum
in the figure. It can be seen that remov-
ing the rejected pulses improves the reso-
lution and greatly reduces the cosmic-ray
background, which simplifies the analysis;
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glee. The energy range covered was E
8.6 to 18.0 MeV, in the following ste s:
from 8.6 to 18.65 MeV in 100 keV steps,
with a few larger or smaller steps; from
14 to 1.7 MeV in 250 keV steps, and from 17
to 18 MeV in 125 keV steps. The gas pres-
sures were about 0.40 Torr (2.4 mg/cm )
corresponding to thicknesses varying from
91 keV at E = 10 MeV to 58 keV at E
18 MeV. Th8 detector solid angle was aboutp

0.05 sr and 20 to 40 cm of paraffin was
used between the target and detector. The
90 measurements in this series are shown
in Fig. 2 for comparison with the 90 yield
curves.

I I I . RESULTS

The measured angular distributions were
fitted with the expression

N

W(E, B) = A (E) 1 + ) a P (cos 8)
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FIG. 2. The 90o yield of ' N(p, y, ) ' O.
Top: Measurements taken over selected areas
to search for intermediate and fine struc-
ture. Bottom: Yields extracted from the
angular distribution measurements' The
proton energy scale here and in subsequent
figures is corrected for the energy loss in
the entrance fail of the cell.
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bu t of course the rejected events must be
included in computing the absolute cross
sections as discussed above ~

y d o '
N ( p , y ) ' 0 was mea-

sured from E = 12.7 to 18.0 MeV in 100 keV
steps (some 0 keV steps) at a gas cell
pressure corresponding to a target thick-
ness of the order of 40 keV; from E& = 10.0
to 11.2 MeV in 10 or 20 keV steps math a
target thickness of about 15 keV; and from
Ep = 8.45 to 8.78 MeV and 13.98 to 14.30
MeV in 20 to 25 keV steps with a target
thickness also of about 15 keV. The tar-
get entrance window introduced a beam ener-
gy loss of about 57 keV at Z = 10 MeV and
37 keV at E = 18 MeV, and a beam energy
straggle of about 13 keg that is nearly in-
dependent of beam energy. The detector
solid angle was about 0.15 sr and 13 to 20
cm of paraffin was inserted between the
target and the NaI crystal to attenuate
fast neutrons which produced an undesirable
background in the detector. The resulting
yield curves are shown in Fig. 2. The
proton energies are computed for the cen-
ter of the gas cell in the laboratory
system.

The angular distributions of ''N(p, y, )''0
were measured between 32 (in some cases
22 or 39 ) and 135 at five to eight an-
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FIG. 3. Selected angular distribution
measurements from ' N(p, y )' 0, plotted in
units of A, .
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FIG. 5. Plot of a, , az, a, , and a& ob-
tained from Legendre polynomial fits (k = 4)

the measured angular distributions of
15N(p y )1eO

for N = 2, 3, and 4. Selected angular dis-
tributions plotted in units of A along
with the N = 3 fits are shown in fig. 3.
(For the five point angular distributions
above Ep = 14 MeV, "smoothed" values of the

coefficients a, , a , and a, , taken from
smooth curves drawn through the points of
Fig. 4, were used to obtain the curves that
are compared with the data. )

The total yield A, and angular-distribu-
tion coefficients obtained from the N = 3
fits are shown in Fig. 4. The errors indi-
cated are statistical; those for A, are
smaller than the data points. In this fig-
ure a distinction is made between data ob-
tained from angular distributions measured
at six to eight angles (errors with bars)
and data from measurements at five angles
(errors without bars).

Figure 5 shows the coefficients obtained
from N = 4 fits. We note that the trends
in a, , a~, and a, with energy remain the
same as for the N = 3 fits. The coeffi-
cient a„ averages nearly to zero, the fluc-
tuations being generally within the limits
of statistical error. Hence we eonelude
that a„ is uniformly close to zero in this
energy range with an error of about + O. l.

Corrections arising from the conversion
of the angular distributions from labora-
tory to center-of-mass coordinates are con-
siderably smaller than the statistical
errors and hence were neglected' The cor-
rections for the linear extent of the tar-
get in the gas cell are of the order of b
where b is the ratio of one-half the target
extension to the detector distance. For
our measurements b = 2.5/63. 5, so b'
0.0016; hence these corrections may safely
be ignored. The corrections for the finite
solid angle are given by Rose' and, even
though smaller than the statistical errors,
were applied to the results.

The structures in the yield as a function
of energy ean be seen in the 90 yield
curves of Fig. 2 and in the total yield
curve of A, shown in Fig. 4. The well-
known peaks at Ex = 20. 9, 22. 15, 22. 9, and
24. 15 MeV are seen, as well as structure
at 24. 85. Above 25.4 MeV the yield falls
smoothly.

The angular distribution coefficients
show a general trend similar to that seen
in other light nuclei: a, is positive and
shows some structure but gradually in-
creases with energy; at Ex = 21 MeV and in
the range 22. 5 to 24. 5 MeV a~ displays
striking structure but elsewhere it is
fairly constant at a value of about -0.55
which is similar to the value in most light
nuclei; and a, is slightly negative and
slowly increases in amplitude with energy.

Table 1 lists our value of the cross
section of ' N{p, y, )' 0 measured at the
peak of the strongest resonance, after
conversion to the corresponding cross-sec-
tion for '60{y,p~)' N by detailed balance.
The statistical error is quite small. The
absolute error was determined by several
measurements at 22. 14 MeV and at other
energies, which all agreed within + 4%, but
the overall absolute cross section accuracy
is estimated at + 20",& and is due primarily
to uncertainties in the line-shape analy-
sis, with smaller contributions from un-
certainties in the knowledge of the target
gas pressure, solid angle, and the absarp-
tion produced by the material between the
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TABLE I. Comparison of total cross-
section measurements on the peak of the
GDR (Ex = 22. 15 MeV) in ''0(y, p, }'5N and

0(y, no) O.

E„('~o){Mev)

22 24

React ion

N(p, y )' 0
0

15N(p ~ )F60
0

''0(y, p )''N

''0(y, p ) N
0

''0(q n )''O
0

160(~ n ) 1 50

160(p n ) 0
0

''0(y, n )''0
0

''0(~, n }' O

Oa

(mb}

12.9

8.0

,10 ~ 7

12.6

5.6b

7.2

10.1

Reference

Present work

24

20

18

21

40

I

160-

l 20-

80-

4O-

0
+PQ—

0
-Og

0

~x 1.33

~t

a It is not possible ta give errors for
these measurements on a consistent basis.
Our own estimate is that the errors lie
in the range + 20-30ro.

b 0Obtained from a 90 differential measure-
ment, using the angular distribution
measured later in (y, n ), see Fig. 9.

target and the NaI crystal. A camparison
with values from other experiments is shown
in the table. Our cross section of

O(7, pa) N integrated between 2O and 29
MeV is 37 mb MeV which represents 15% of
the Thomas-Reiehe-Kuhn sum rule.

IV. COMPARISON KITH OTHER MEASUREMENTS

0
0 I
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8

I I I[ $ a ~

)i - Ii)
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1Q 12
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FIG. 6. The results of this
on ' N{p, y )' 0 (solid curves)
with those of Earle and Tanner
points and dashed curves}. To
comparison the A curve of Ref
multiplied by 1. 3.

experiment
compared

(data
facilitate

24 has been

Figure 6 compares our results with the
measurements of Earle and Tanner " on

N(p, y, )'60. The two experiments are in
quite good agreement. However, the better
statistics and closer spacing of the pres-
ent angular distribution measurements give
a much more detailed picture of the varia-
tions with energy as is evident from a
comparison of the solid and dashed curves.

Figure 7 corn ares the present results
converted to ' O(7, p, )' N with the measure-
ments af Stewart et al. ,

' which include
some nan-ground-state proton transitions
in the data below Ex - 27 MeV. The overall
trends of the two sets of data agree well.
However, below 25 MeV there are differences
in the amplitudes of the variations of A,
and a , especially in regions where there
is sharp structure and where the (y, po)
yield is small. It is passible that these
discrepancies are due to the presence of
non-ground-state protons j.n the work of
Ref. 23. Above 25 MeV the A, , a, , a , and
a, measurements agree within statistics.

Figure 8 compares our results with meas-
urements af Baglin and Thompson on

0(p, p }' N. The total yield curves agree
very weil. In the Ez = 21 ~ 25 MeV range
the variations in the values of a, agree in
amplitude and extent, although somewhat
shifted in energy. Above Ex = 25 MeV their
average value of a2 is mare negative than
ours by about 0.1, but within statistics
both curves agree in showing the same weak
variations.

Figure 9 compares, our results for
0(y, p )' N with the measurements of Jury

et al. ~ on ' 0(y, n )' 0. The A, curve of
(y, no) shows the same structure as {y,p, }
but does not drop off as much at higher
energies. (In other (y, n, ) measurements''
the downward trend at higher energies
agrees quite well with the (y, p, ) data. }
The trends af the two I, curves agree
rather well but for (y, p, ) the curve dis-
plays more structure. The two a2 curves
show structure in approximately the same
regions but below 22 and above 25 MeV, the
trends in the curves are quite different.
For a, the neutron curve appears to show
marked structure and on the average ta be
positive, in contrast to the proton curve.
The (y, n, ) resuj. ts of Syme and Crawford"'
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FIG. 7. The results of this experiment
converted to ' 0(y, p }' N compared with
those of Stewart et al. ' (dashed curves).
The A curve of Ref. 23 has been multiplied
by 0. 0.

FIG. 9. The results of this experiment
converted to ''0(y, p, )''N (solid curves)
compared to the ' 0(y, n, ) ' 0 results of
Jury et al. ~ ' (dashed curves) . The a~ data
(points) of Syme and Crawford" are also
shown.

agree much more with the (y, p ) data than
with the (y, n ) results of Ref. 21. Thisis apparent in the a data given in Fig. 9.
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FIG. 8. The Ao and a~ data of this ex-
periment converted to ' 0(y, p )' N com-
pared with those of Baglin ank Thompson.

V. STRUCTURE IN THE DIPOLE STRENGTH

The most striking aspect of the angular
distribution measurements presented here is
the way in which the structure in the a~
curve correlates with the structure ob-
served in the total yield. At Ex = 21 MeV
both A, and a~ show a marked inter ference
effect and again in the region Ex = 22. 5 ~
25 MeV both quantities display prominent
structure. Since both a, and A, are domi-
nated by El radiation, these correlations
support the suggestion' that the structure
can be attributed to interference between
the basic lp-lh strength of the GDR and
narrow np-nh configurations of the same
spin and parity.

The basis for this model of the GDR in
0 lies in the observation of narrow reso-

nances in the reactions C(a, yo)' 0 tRefs.
27 28], '"N(d y)' 0 [Ref. 30], and''C( He, y )''0 [Ref. 29], which are corre-
lated quite well with the structures in
isN(p~~o)i60 as shown in Fig. 10. Thus,
the structures in the A, and a~ curves at
Ex = 21 MeV are attributed to an "alpha-
state" interfering with the basic lp-lh
configuration of the GDR, those at 22. 7 MeV
to a "deuteron-state" interference, and the
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TABLZ I I . Parameters of the f ive states

used to fit the structure in the GDR of
160

-0.8- N(p, ) 0

)iSO

(M".V)

20. 95 + 0.01
22. 15 + 0.01
22. 89 + 0.01
24. 07 + 0.03
25. 12 + 0.06

(Mev)

0.32 + 0.01
0.73 + 0.01
0.32 + 0.01
0.59 + 0.04
3.15 + 0.32

I" /1'

(eV}

21+ 1

488 + 20
69+ 5

130 + 13
651 + 117

14'„(d )Is()

'C('He, y )"0

a I . I, I I I I s I ~ I ~ I ~ I ~ I

20 2I 22 23 24 25 26 27 28 29
E&( 0) (MeV)

FIG. 10. Structures in the reactions
C(0 &0)' 0 (Refs. 27, 2S) '"N(d, y~} 0

(Ref. 30), and ''C('He, y ) 0 (Ref. 29)
compared with the structures in A and a2
of the present experiment.
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FIG. 11. Decomposition of the GDR of
N(p, y, ) ' 0 into two main peaks and three

narrower, secondary peaks. The various
stages of the decomposition are explained
in the text.

peaks in the 24 ~ 25 MeV range to the in-
fluence of " 'He-states".

It can be demonstrated that this picture
can produce a good empirical fit to the
GDR of ' O. The model assumes two "broad"
resonances at Ex = 22 and 25 MeV which in-
terfere with each other; three "narrow"
resonances at about 21, 23, and 24 l4eV are
then allowed to interfere with the broad
resonances but are narrow enough not to in-
terfere with each other. Various stages in
the analysis, based on a standard two-state
interference calculation, are illustrated
in Fig. 11. In Fig. 11(A} the two inter-
fering levels at Ex = 20. 95 (narrow) and
22. 15 MeV (broad) are fitted to the data.
Figure 11(B) shows the fit based on the
levels at Ex = 22. 15 (broad) and 22. 89 MeV
(narrow). These fits are combined in Fig.
ll(C) to show the resulting broad resonance
at 22. 15 MeV and the actual observed curve.
Fig. 11(D) shows the fit obtained with the
two levels at 24. 07 (narrow} and 25. 12 MeV
(broad), along with the latter resonance
itself. The dashed curve in Fig. 11(E}
shows the final fit to the data resulting
from the five-level model. The solid curve
shows the contribution from the two broad
levels alone, which are presumed to repre-
sent the main GDR. In Fig. 11(F) this
curve is decomposed into its constituents:
the two resonances acting alone and the
interference between them. The resonance
parameters obtained from these fits are
listed in Table II.

Recently, a two-state model has been ap-
plied by Kabachnik and Razuvaev"' to ex-
plain the interference effect seen in the
coefficient a, at Ex 21 MeY. They find
that fairly goad agreement can indeed be
obtained with the observed effect. On a
more formal basis Shakin and Sang' have
applied the doorway state model" to ex-
plain the structure in the reaction

0(p, no) 0 which is very similar to that
O(y, p, )''N (see Fig. 9}. In this cal-

culation, however, they invoke 3p-3h states
for all of the interfering states.

VI . CONF IGURAT IONS OF THE GDR

If we accept the picture discussed in
Section V, then the GDR of ' 0 consists of
two dominant El resonances, the remaining
structures being attributable to inter-
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allowed by the angular distributions a,
-0.35, -0.50, and -0.65. The curves de-
fine the relationship between the intensity
d3/ ~d / ~

and the phase difference

ferences with np-nh states which presumably
c8.rry' only a. small fraction of the El
strength. If we are interested in deter-
mining the configurations in the p, channel
which form these two basic resonances, we
may consider only the a2 coefficient which,
for a J" = 1/2 target nucleus, is given by

The allowed solutions for values of
a~ = -0.35, -0.50, and -0.65 are shown in
Fig. 12. From Fig. 4 we see that the ex-
perimental values of a2 lie well within
this range (except for the excursions

0.50(d3/2)
+ 1.414(d3/2 (s1/2 c s ~d ~s ' {2)

i$ i$
where s1/2e and d3/2e are the complex
amplitudes of the allowed proton waves
normalized to

2 2

1/2 3/2

attributed to interferenee ef feets) with
an average value of about -0.55. Although
this value severely restricts the possible
solutions, nevertheless, it is possible
for the relative amounts of s and d wave
to vary all the way from nearly pure d wave
to predominantly s wave in different parts
of the GDR, although a constant solution is
of course allowed. Measurements with po-
larized protons would produce definitive
solutions. '"

It has been customary to identify the two
broad resonances in this model with the two
lp-lh configurations which carry the major
portion of El strength in the calcula-
tions, ' as shown in Table III. We see that
this identification attributes the split-
ting of the GDR in ''0 to a spin-orbit
splitting and confirms that a significant
amount of dipole strength resides in the
spin-flip configuration p3)2d3/2.It is clear that, whatever solutions are
obtained for the proton channel, they can-
not match directly these particle-hole con-
f igurations of the GDR. The former consist
of a (d3/2 s1/2) proton and a JT" = 1/2
nucleus »I (mainly p&)2), while the latter
are predominantly (ds/2 d3/2)p3)2. Despite
this mismatch the proton and neutron
channels account for a significant portion
of the El sum rule (Section III). Clearly,
there must exist a natural mechanism for
passing from the continuum state to the
dipole state. Such a mechanism can be
found in the doorway-state model" which
has been successfully applied to this prob-
lem

It is of course possible that the GDR of
0 consists of a single coherent resonance

throughout which the configuration does not
vary. This would be the case if the spin-
orbit splitting in the force which produces
the two levels discussed above was very
small. Recent calculations of the GDR in

0 have in fact given such a single coher-
ent resonance. "" In this ease it might be
possible to attribute the apparent forma, —
tion of the two broad resonances from a
single resonance to the effect of an inter-
ference with a complex structure in much

TABLE I I I . Conf igurat ions of the
Ref. 3 a

dipole states in ' 0 from

E

MeV

-1
1/2 1/2

-1 -1
1/2 3/2 3/2 1/2

d
—1 d

-1
3/2 5/2 3/2 3/2

Strength
Of

17.6

20. 0

22 ~ 2

25. 0

1.00

0.01

0.06

0.04

-0.01

-0.02

0.90

-0.02

0.35

0.27

-0.06

-0.09

0.96

0.20

0.10

-0.02

-0.38

-0.24

0.90

0.09

0.02

-0.21

-0.08

-0.20 68

A zero-range force with a Soper mixture is used.
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the same way as the finer structure was ex-
plained in this manner. It has also been
suggested that the splitting might be due
to deformation effects in the excited ' 0
nucleus. "'

VII. EVIDENCE FOR GIANT QUADRUPOLE STRENGTH

The presence of the term a P (cos 8) in
the measured angular distributions indi-
cates interference between the dominant El
strength and either Ml or E2 radiation or
both. On the other hand, the presence of a
term a,P, (cos 8) arises only from E2-El in-
terference. In Figs. 4 and 5 we see that a
non-zero value of a, is established in the
region studied, thus establishing the pres-
ence of-E2 radiation throughout the region
of the GDR in ''O.

Frederick et al. ' have carried out a de-
tailed analysis of their results on
''O(Y, p )' N illustrated in Fig. 7 to ob-
tain the E2 cross section between E = 21
and 33 MeV. A plausible assumption wasY

made for the phase difference between the
El and E2 amplitudes. They found E2
strength rising from 21 MeV to a maximum at
about 26 MeV and then a slowly falling pla-
teau to 33 MeV. This calculation consti-
tuted the first definite identification of

an E2 giant resonance in nuclei, although
earlier angular distribution measurements
in (p, Y) reactions had definitely identi-
fied the presence of E2 strength. The
present results, in essential agreement
with those of Ref. 23 (see Fig. 7), confirm
the presence of this E2 strength in ''0,
although definitive results were not ob-
tained until measurements were made with
the polarized (p, Y) reaction. '"

VIII ' OTHER REACTIONS

In the course of this experiment, infor-
mation was obtained on other reactions. An
unresolved group of capture gamma rays
corresponding to transitions to the four
excited states of '~0 at 6.05, 6. 13, 6.92,
and 7. 12 MeV were observed. Figure 13
shows the yield curve obtained for these
unresolved gamma rays. It is interesting
to note the emergence of a giant structure
in the region Ex = 24 to 29 MeV. The
angular distributions indicate typical di-
pole raditaion. This structure lies about
4 MeV above the ground-state GDR. Thus,
the excitation energy of the El strength
built upon excited states in ' 0 appears to
be somewhat less than that of the ground
state. The structure observed in the Y,
curve agrees well with that obtained in
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vals indicated.
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l8

the 1
curve by Chew et al. 46 Moreover,

1 2these Authors f ind most of the structure is
due to the y2 transitions to the 3 level
at 6.13 MeV and they discuss possible in-
terpret at ion. s of this structure.

The particle reaction N(p, CIA, , )' C
leads to the strong production of j.5.1-MeV

gamma rays above the threshold. The yield
obtained for this reaction is given in
Fig. 14 and compared with other reac-
tions"' 4' having the same exit channel
but different input channels. There ap-
pears to be some correspondence in the
structures (indicated by the arrows)
appearing in the reactions initiated by
particles, but the photoexcitation has an
entirely different appearance. This un-
doubtedly reflects the selective excitation
of dipole strength in the photoexcitation
process.

Angular distributions obtained for the
15.1-MeV gamma rays from ' N(p, my. . . )
are also shown in Fig. 14, along with one
for the 12.71-MeV gamma ray resulting from
feeding the 12.71-MeV state of ' C. Since
these gamma rays deexcite a single level of
fixed spin and parity (1+}, the angular
distributions must be symmetric about 90
Thus, the symmetric nature of these angular
distributions provides a good test of the
quality of the angular distribution meas-
urements. The striking variation in these
angular distributions as compared to those
of the ''N(p, y}''0 reactions again empha-
sizes the remarkable constancy of the
latter distributions resulting from the
selective nature of the photon channel and
the dominating characteristics of the GDR
itself.

Note added in proof: Chewe et al. [Nucl.
Phys. A 286, 451 (1977)] have measured
Ao ay ~ ~ ~ ag for ''N(p, y, )''0 from E&
6 to 21 MeV with results generally in
agreement with those in this paper. How-
ever, the angular distributions are not
detailed enough to reveal all the struc-
ture observed in the present experiment.
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