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A comprehensive study has been completed on the 3He radiative-capture reactions 9Be-
{He, y) C, leading to the first four states of ~2C, and ~3C{3He,y) ~O, leading to the first five
states in ~SO. Excitation functions have been extended to excitations of 45 and 35 MeV, re-
spectively, by bombarding natural SBe and isotopically enriched 3C targets arith 3He from
the Wright Nuclear Structure Laboratory MP tandem accelerator. Angular distributions
have been taken at many key energies. These experiments utilized a large NaI{T1) p-radia-
tion detector and plastic-scintillator cosmic-ray anticoincidence shield built as part of this
program, and the IBM 360/44 on-line data acquisition system. Several resonances have been
found. The experiment appears to confirm the role of 3p-3h configurations immediately
above the giant resonances of ~2C and ~80. Microscopic 8-matrix calculations based on the
Wang and Shakin 1p-lh and 3p-3h ~80 wave functions have been conducted. Detailed com-
parison of these calculations with our data and ~SN{p,yo)~60 data suggests that the souxce of
much of the intermediate structure seen in the ~O giant resonance may stem from the mix-
ing of 1p-1h doorway configurations with 3p-3h configurations.

NUCLEAR REACTIONS 9Be{3He,y), E =3-26 MeV; 'BC{3He,y), E =3-16 MeV. ;
measured ap';E&, 8). ~BC, ~~O deduced levels 4, ~, resonance parameters.

Natural sBe target. Enriched ~BC target.

$. INTRODUCTION

Microscopic models of giant-dipole-resonance
states have enjoyed moderate success in light nu-
clei. Several calculations' ' have demonstrated
that, when the residual particle-hole interaction
is considered, the 1p-1h model predicts correctly
the excitation-energy centroid of the giant dipole
resonances and the enhancement of the electric
dipole y-absorption cross sections of doubly magic
nuclei "C, "Q, and ' Ca. Detailed calculations
of their photonuclear cross sections and of the
angular distributions (or polarizations) of the nu-
cleon emitted following photoabsorption have been
conducted within the framework of this 1p-1h
model. These calculations characteristically re-
produce the general envelope of the observed
photonuclear cross sections and the shape of the
product-mcleon angular distributions, which are
dominated mainly by the electric dipole terms.
This degree of success primarily reflects the
fact that the electromagnetic interaction is char-
acterized by a one-body operator and that these
light nuclei are, 'to first approximation, reason-
ably described by doubly-closed-shell cores. The
lp-1h J' = 1, T = 1 states carrying enhanced di-
pole strength may, thus, be viewed as doorway
states for photodisintegration (or, alternatively,
radiative capture). The radiative-capture "and
photodisintegration~'" experiments in "C and in

' 0 reveal intermediate structure which is not
predicted by these detailed 1p-1h calculations.
Significantly, the structure observed in the total
cross sections of these reactions is not accom-
panied by variations of the shape of the angular
distributions measured at energies corresponding
to specific structural features in the excitation
curves. The predicted integrated (y, p) or (y, s)
cross sections exceed the observed value typically
by a factor of 2.

Gillet, Melkanoff, and Raynal" have suggested
that much of the structure in the giant resonance
of '6O may arise from gp-nh states and, specif-
ically, that 2p-2h admixtures split the 22-MeV
peak. Recently Wang and Shakin" proposed that
the intermediate structure of the '60 giant reso-
nance arises primarily from 3p-3h secondary
doorway states. In their model the giant-reso-
nance lp-1h doorway states are strongly mixed
by residual interactions only with the 3p-3h con-
figurations of the same region of excitation. In-
asmuch as these 3p-3h configurations are the
only compound-nuclear states assumed to be mix-
ing with the 1p-1h giant-resonance doorway states,
they are designated secondary doorway states. At
the closure of the 1p shell, 3p-3h configurations
(with particles in the 2s-ld shell) are the lowest-
order gp-nh configurations which may couple to
form 1 states without the promotion of a particle
across a major shell. With this secondary door-
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way hypothesis and assumpbons regarding the
structure of the 3p-3h states in this region, Wang
and Shakin have sueeessfully reproduced the
intermediate struetux'8 Rnd normalization 1Q the"0photonuclear disintegration exper iment.

The deserlpt1ons of the "C and "0ground states
as doubly-closed jp3~2 and &pre cores represent,
at best, somewhat tenuous approximations, and
the description of the 'Be and "C ground states
Rs 3h states repx'esents Rn even poox'ex' appx'ox1-
mation. To the extent that these descriptions
have validity, however, heli'on ('He) capture ex-
periments on 'Be and "C can explore directly the
mnong of 1p-1h and 3p-3h conf1gux'at1ons m and
above the giant-resonance regions of "C and "0,
respectively. Helion capture can, then, provide
an independent test of the secondary doorway
hypothesis and, particularly, of Wang and Shakin's"0 j.p-1h and 3p-3h wave functions. Helion cap-
tux'8 1s the px'efex'Rble expex'1IQental Rpp1 oach to
these studies; triton-capture experiments are
not feasible since "N and 98 are not stable nuclei.
The invex se experiments [(y, 'He) and (y, I)] are
less promising since the necessity of thin targets,
the corresponding sIQall cross sections, and the
low duty cycle of presently available electron ac-
celerators, mould result in unaeceptibly lom ex-
perimental .counting rates.

In this paper me report the results of recent
helion-capture studies 'Be ('He, y)"C and "C-
('He, y)"0performed at this laboratory. The
MP tandeIQ Van de Graaff accelerator used px'o-
vided a helion bea.m with energies continuously
vax'1RM8 fx"oIQ belom 3 MeV to Rbove 30 MeV Rnd
with resolution typically of one part in 10'. An
exploratory study of "B(d,y)"C was also con-
ducted. As part of a continuing program of radi-
ative-capture experiments me have constructed a
specially designed beam line and a large NaI(T1)
detector assembly Rnd have developed eleetronie
Rnd on-11ne dRta Requlsltion hRldmRx'8 Rnd soft-
ware. Gur data suggest that 3p-3h configurations
do play a significant role in the giant resonances
of '3C and '60. Resonances have been found which
indicate long-lived states at excitations in the
energy ranges 28 to 35 MeV and 25 to 29 MeV in
the compound systems of '2C and "0. Angular
distributions of the radiative-capture y radiation
taken over a mide range of energies delimit their
spins anc. parities. We have completed Rn B-ma-
tx'ix calculation based on the 1p-lh, 3p-3h wave
functions of Wang and Shakin mhich reproduced
both the j5N(p, yo)"O data of O' Connell" and our
"C('He, y,)"0data. Our studies, thus, tend to
support the application of the secondary doorway
hypothesis to the upper half of the giant-resonance
x'egion in "G.

The experimental studies involved the detection
of y radiation emitted from ~C or '80 nuclei
formed following the capture of helions by ~88 ox
"C nuclei, respectively. Because the solid angle
subtended by the detector collimator mas meH, de-
fined, because the numbers of incident helions
and target nuclei mere accurately determined,
and because the detector efficiency mas essen-
tially 100%, the total number of y photons detected
constituted an absolute measurement of differ-
ential cross sections at a pax'beular beam energy
and detector angle. The choice of data reduction
procedure constitutes the major uncertainty in
ass~ gning the over-all normalization of these data.

The detector [an anticoincidence shielded 29.2-
cm-diam by 30.5-cm-deep NaI(T1) spectrometer]
and its defining collimator (with an angular ac-
ceptance of 68 ~ 9') could be rotated about the
target in a p1ane containing the beam axis to
measure differential cx'oss sections through the
range of laboratory angles, 30 to 150 . Excita-
tion functions have been measured at 90' for
3 «26 MeV and 3 «E„«j.6 MeV for "C and "0,
respectively. Angular distributions of the eRp-
ture y radiation have been measured at many
energies throughout these ranges. Since y de-
excitation transitions to several lorn-lying states
in "C or "0were resolved by the NaI(T1) detec-
tor, the differential cross sections of several
radiative-capture reaction channels mex"8 deter-
mined simultaneously.

Radiative-capture experiIQentsy although
straightforward 1n concept, Rx'8 difficult 1Q exe-
cution. Neutrons and lower-energy cascade y
radiation from other nuclear reactions, either in
the tax'get or in parts of the beam line struck by
the beam, ean ovex'whelm the y detector mith an
enormous background rate. When conventional
nuclear electronics are used in radiative capture
experiments, the resulting pileup problem is
often so severe that it is necessary to use R very
lom beam current and, consequently, the data
acquisition rates may be extremely lom. ~'6. The
use of slow pileup rejection eireuitry results in
the spurious rejection of a lax'ge fraction of
valid events at a high count rate. The detection
of eosm1c x'Rys poses Rn evex" px'esent bRekgx'ound
which frequently x'endex's such a pileup rejection
solution impx'actical. In the past, one method of

ti g d t' - ptu t f
ray events has been to surround the y detectox'
[NaI(T1)] with a thick plastic scintillator which
mould reglstex' the passRge of COSIQ1e-x'Ry Inuons
into the crystal, Events coincident in both the
y detector Rnd the plastic scintillator mere then
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rejected, but, unfortunately, a good fraction of
the events of interest were also rejected by this
technique. In such plastic scintillators the rate
due to background neutrons has characteristically
been IO~/sec under conditions in which the total
rate in the crystal has been 10'/sec. Diener
et ai."report that, because of random coinci-
dences, the percentage of valid events rejected
by the cosmic-ray veto rose from 38 to 52%, as
the crystal counting rate was changed from 1.2
x 10' to 4.6 x 10'/sec. Such thick plastic scintil-
lators do have the advantage of improving reso-
lution by rejecting a substantial fraction of those
events in which not all of the photon energy is
deposited in the NaI(T1) crystal, but, rather,
some escapes into the plastic scintillator. '
Several approaches have been used to discrimi-
nate against the cosmic-ray events without re-
jecting valid events. Suffert" placed lead shield-
ing between the NaI(Tl) crystal and the plastic
scintillator. Del Bianco and Lemaire" report
the rejection of cosmic-ray events by a Cerenkov
anticoincidence shield which is relatively in-
sensitive to the neutron background. %e de-
scribe below our resolution to these experi-
mental difficulties.

The doubly charged helion beam was focused
on thin self-supporting 'Be or "C foils. During
the acquisition of data, the beam struck nothing
in the target room other than the target or the
end of the heavily shielded Faraday cup. Thus,
a neutron background could be generated only by
nuclear reactions in the target itself. The total
number of helions incident upon the target was
determined by integrating the charge collected in
an insulated and suppressed Faraday cup. The
beam-current integration accuracy and linearity
was checked with a precision current source and
found to be better than 2-3%.

Target films of 50-100 pg/cm' were prepared
by vacuum evaporation of pure 'Be or isotopically
enriched "C onto substrates coated with a thin
layer of evaporated sodium chloride. These
layers were floated off of the substrate in water
and mounted on target frames. Successive layers
were picked up on each target frame so that the
resulting targets had thicknesses as great as
300 pg/cm'. The thicknesses of these targets
were determined by standard n-gauge techniques.
Such measurements of areal densities have an
accuracy of better than 101." Several such tar-
get frames were finally stacked together within
the target chamber so that effective targets as
thick as 1.2 mg/cm' were available when required.

Figure 1 illustrates the spectrometer system.
The front lead shield, 12.7 cm thick, was fitted
with interchangeable, tapered lead collimators.

SCHEMATIC ILLUSTRATION OF EXPERIMENTAL APPARATUS
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The effective detection solid angle w&s thus de-
termined with an accuracy of better than 1%. The
remaining four lead walls served to reduce back-
ground y radiation. The NsI(T1) crystal was com-
pletely surrounded by a six-sided box comprising
six separate thin (0.32-cm-thick) plastic scintil-
lator sheets, four of which are shown in the hori-
zontal cross section, Fig. 1. Each of these scin-
tillators was optically coupled to a fast, high-gain
phototube (Amperex 56 DV P) via a low-loss adia-
batic light pipe (thin Lucite strips which were
bonded to one edge of the scintillator and which
were gradually twisted to form a bundle). The
passage of a cosmic-ray muon through the NaI

crystal triggered at least two plastic-scintillator
panels. A fast coincidence (15-30 ns) between at
least two of the plastic-scintillator sheets thus
served to veto any coincident signal from the
NaI(T1) crystal Some 9. 5% of all cosmic-ray
events depositing 20-40 MeV in the NaI(Tl) crys-
tal were rejected by this technique. The mea-
sured trigger efficiency for a muon transversing
one panel is better than 99.85%, but roughly 5%
of the cosmic-ray muons stopped in the crystal
and failed to trigger a second panel. Because of
the small scintillator volume and because of the
fast twofold coincidence requirement, less than
0.2% of the valid y events were erroneously re-
jected under operating conditions in which the
total counting rate in the NaI(T1) crystal exceed
2 x 10' sec. This approach represents then a
compromise which sacrifices efficiency of cos-
mic-ray rejection (95% in contrast to 99.7% cited
by Diener et al.") to gain insensitivity to the neu-

FIG. 1. Schematic illustration of the NaI(T1) y-radia-
tion detector and its associated cosmic-ray anticoinci-
dence shield. A horizontal cross section is shown. Four
of the six plastic scintillator sheets comprising the anti-
coincidence shield may be seen in this cross section.
For simplicity, their light pipes and phototubes are not
also drawn.
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tron background. This anticoincidence shield is
discussed in greater detail by Shay. 2

Also indicated in Fig. 1 are three gallium phos-
phide light-emitting diodes (LED's) which were
optically coupled to the phototubes viewing the
crystal. These were pulsed at a rate proportional
to the beam current. The signals driving the
LED's were shaped so that their light flashes
simulated the scintillations produced in the
NaI(Tl) crystal. Our tests revealed that the
amplitude of these signals drifted by no more
than 0.5% in any 48-h period. The signals arising
from the LED's were used to monitor and control
both the gain drifts of the electronics and the
electronic pileup during the experiment.

Since the principal factor determining the energy
resolution is the intrinsic response of the Nai(TI)
crystal to high-energy y photons rather than the
counting statistics of photoelectrons, the shorten-
ing of the anode signals by clipping may greatly
reduce spectral distortion from pileup without
concomitantly sacrificing resolution. The approach
described below is similar to that taken as well
by Kernel and Mason' and by Diener et al."

The electronic instrumentation used in these

experiments is diagramatically illustrated in Fig.
2. Signals from the dc-coupled photomultiplier
tubes (Amperex XP 1031) viewing the NaI(T1) crys-
tal were first amplified in a fast dc-coupled
amplifier and these clipped to roughly a 250-ns
width by a delay line terminated to restore the
zero base line. A high-level leading-edge fast
dc-coupled discriminator opened a dc-coupled
linear gate for a period of time just wider than
the shaped pulse. Because the shaped pulse was
short, it was improbable that two small signals
could add together to result in a spurious gate
opening, and because the gate opening was so nar-
row, only rarely would low-energy events be inte-
grated along with valid high-energy events. Since
the system was dc coupled from the phototubes to
the analog-to-digital converter (ADC), the problem
of base-line shifts was avoided. Under actual
running conditions, resolution was not greatly
impaired by clipping the signal to such a short
length; Fig. 3 illustrates a "B(p,y)"C spectrum
taken with a total counting rate of greater than
2.5 x 10'/sec. Brassard'" discusses this ap-
proach in greater detail, as well as the specific
circuits constructed for use in this system.
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As is indicated in Fig. 2, the valid signals were
routed by coincident logic signals to one of three
spectra; the "y-ray" spectrum of the reactions
of interest, the "light-pulse" spectrum (the spec-
trum arising from the flashes of the LED's), and
the "cosmic-ray" spectrum (the spectrum of sig-
nals rejected by the plastic-scintillator array)
These signals were converted by an ADC and
processed by an on-line IBM 360/44 computer.
The centroid of the narrow LED peak was con-
tinuously monitored by the computer. Whenever
drifts jn this centroid were observed, the com-
puter directed a compensatory change in the gain
of the phototube via an ADC servoloop In.ad-
dition, continuous monitoring of the width of the
LED peak provided an on-line estimate of pileup.
The output of the beam-current integrator was
scaled. The dead time of ADC, invariably very
small because of the low valid-event count rate,
was determined by the number of events routed
to channel zero of the y spectrum. At the conclu-
sion of each data-taking period, the spectra, along
with pertinent information (e.g. , the beam energy,
the angle of the detector, and the integrated beam
current) were written on magnetic tape.

excited states in "C are all well resolved as the
'Be('He, y)"C spectrum of Fig. 6 demonstrates.
The discriminator threshold falls at channel 60
in this spectrum and is the cause of the peak
appearing there. The first four excited states of
"0, however, have excitation energies 6.05, 6.13,
6.92, and 7.12 MeV so that these transitions are
seen as two poorly resolved peaks in the "C-
('He, y)"0 spectrum of Fig. 7.

The pileup of low-energy events is seen in the
two spectra as a background (roughly exponentially
decreasing) upon which the peaks of the individual
transitions are superposed. This background is
far more pronounced, and troublesome, in the
"C('He, y)"0 spectrum because of the extremely
intense 15.11-MeV transition resulting from the
well-known reaction "C('He, ny»»)"C. The
15.11-MeV state (1', 1) of "C is bound for neutron
and proton decay, and n emission is forbidden by
conservation of isospin. As a consequence, the
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Helion capture populated levels above 26.28 and
22.79 MeV in the compound systems of "C and
"0, respectively. In these studies we detected
the subsequent y decays (Figs. 4 and 5) to the low-
lying states. The four transitions y„y„y„and
y, proceeding to the ground state and first three
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FIG. 3. y-radiation spectrum of the reaction B(P,y)-
C. This spectrum was taken with a total counting rate

of roughly 2.5X 10 /sec. The lower half of the spectrum
is below the discriminator threshold. The energy of the
ground-state transition is roughly 28 MeV; the resolution
of this transition is about =6% (full widtL at half maxi-
mum).
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FIG. 4. Energy level diagram for ~2C. The threshold
for emission of a helion is 26.28 MeV. The excitation
region investigated here is 28 to 45 MeV. The transi-
tions to the ground state and the first three excited states
are observed in this experiment.
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cross section of this reaction is of the order of
millibarns. The residual cosmic-ray background
is generally insignificant as is attested by the ap-
pearance of the high-energy part of these spectra.

Each spectrum has been fitted with a sum of
peaks plus an exponential background to account
for pileup. The parametrized peak shapes for
monochromatic y radiation are based on the ob-
servations of Bramblett et al. ' These peak
shapes, Gaussian with exponentially falling low-
energy tails, are shown as the light lines in Fig.
8. By contrast, the actual data of these radiative-
capture experiments are best fitted with peak
shapes having a constant low-energy tail (the
heavy lines in Fig. 8). The discrepancy between
the two peak shapes may arise from a variety of
processes in the radiative-capture experiments
such as spectral distortion by residual high-low
pileup mentioned by Diener et al." We have fit-
ted with the peak shapes depicted by the heavy
lines, but have integrated only those counts lying
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FIG. 6. y-radiation spectrum for the reaction ~Be-
(3He, y) 2C. Each transition is denoted by y&. A calibra-
tion of the y energy is included. For energies higher
than the yo transition, only the residual cosmic-ray back-
ground is present.
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beneath the light lines. This procedure is ad-
mittedly ad hoc and constitutes the chief uncer-
tainty in the over-all normalization of the cross
section reported here. During the fitting the only
free parameters are the height and position of
each peak and the two exponential background pa-
rameters. The parameters specifying the mono-
chromatic y peak shapes (width, etc.) are not
altered during the fitting; and, moreover, each
sequence of spectra is fitted with the same peak
shapes. The set of peak-shape parameters used
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FIG. 5. Energy level diagram for ~60. The threshold
for the emission of a helion is 22.79 MeV. The transi-
tion to the ground state is observed clearly, but the tran-
sitions to the first four excited states are not well re-
solved.

FIG. 7. y-radiation spectrum for the reaction C-
(3He, y) O. The transitions to the first four excited
states pf -y4, are not resolved. The low-energy pileup
tail is seen to extend even into the valley between yo and
Y$ 4.
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in fitting these spectra was determined by fitting
a number of "B(p,y)"C spectra taken expressly
for this purpose.

FIG. 8. Monochromatic y-radiation peak shapes. The
heavy line was used in fitting, while only the counts un-
der the light line were integrated.

The fitting routine is a modified version of that
written by Brassard for use on the Wright Nuclear
Structure Laboratory (WNSL) IBM 360/44 com-
puter and is described in detail in Ref. 6. In fit-
ting the 'Be('He, y)"C spectra, peaks for four
transitions have been used throughout, except at
very low helion energies where a transition to the
10.84-MeV state is also observed. Since the re-
gion of the spectrum considered in fitting does not
extend more than several MeV below y„ the sta-
tistical errors of the y, cross section and the ex-
ponential background are strongly coupled. As a
consequence, the statistical errors associated
with the y, cross sections are much larger than
those for the y, or y, cross sections. Likewise,
the y, transition falls between two much stronger
transitions (y, and y, ) and has larger statistical
errors than y„whose cross sections are com-
parable. The fitted energies of the y2 and y, tran-
sitions, however, consistently check (to better
than 1%) with the correct y energies.

The "C('He, y)"0 spectra were fitted two dif-
ferent ways. One fitting procedure used an ex-
ponential background plus one peak to represent
the y, transition; here, the fitting region extended
only some 4 or 5 MeV below the yo peak. In the
other case, three peaks were used for the five
y transitions: one for the yo transition, one for
y, +y„and one for y, +y4. In these fits, the g'
was determined from a region extending several
MeV below the y, +y, peak. Because the y~+y2
and y, + y4 peaks are not completely resolved, the
cross section for either peak has fairly large sta-
tistical errors, and so we quote here only the
cross sections for all four transitions, the sum of
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FIG. 9. 90 differentia1 cross sections for the reaction Be( He, yo) C. Points represented by &&'s were obtained with
a thinner target. Error bars include only statistical errors.
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FIG. 10. 90' differential cross sections for the reaction SBe( He, y&) C. Points represented by x's were obtained with
a thinner target. Error bars include only statistical errors.

y, +y, and y, + y4. The values for y~ obtained by
these two fitting procedures and those obtained
by integrating "by hand" were all consistent.

All the statistical errors for differential cross
sections may be found directly from the diagonal
elements of the error matrix computed by our
data analysis routine. The error bars shown on
the excitation functions and the errors used in
the Legendre polynomial fitting of the angular
distributions are exclusively statistical.

Possible systematic errors may arise from
several causes. The target thicknesses were de-
termined by an a-particle gauge whose repro-
ducibility was certainly much better than 5%%d . As
discussed by Barnes et al. ,"however, the sys-
tematic uncertainty of this instrument is perhaps
10%. The greatest uncertainty in determining the
number of incident helions was the electronic
beam-current integrator itself; our tests revealed
nonlinearities as great as 2-3%. The probably
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FIG. 11. 90' differential cross sections for the reaction Be( He, y2) 2C. Points represented by x's were obtained with
a thinner target. Error bars include only statistical errors.
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FIG. 12. 90' differential cross sections for the reaction Be( He, y3) C. The target thicknesses are indicated by the
horizontal bars. Only statistical errors are included in the error bars.

systematic error in the determination of the solid
angle was certainly less than lol&, .

Most of the systematic errors discussed so far
would be reflected in discrepancies between dif-
ferent sequences of data since several different

targets, beam intensities, and detector positions
were used. In angular distributions, data points
were taken twice at 8» =90'as a check on repro-
ducibility. The several sets of data, however,
corroborate one another to considerably better
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wholly statistical. Horizontal bars represent the target thicknesses. The inset depicts a fine-step excitation function
across the region of greatest structure, 3.0 &E& &4.5 MeV; its ordinate is in relative units.
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than 10%. The choice of monochromatic y peak
shapes, on the other hand, constitutes a possible
source of systematic error in the over-all abso-
lute normalization. Only the normalization is
affected since the difference between possible

peak shapes changes little with y energy. As is
discussed below, another choice of line shapes
does result in extracted cross sections" "uni-
formly greater than ours by a factor of 1.6.

Figures 9 through 12 depict the 'Be('He, y)"C
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FIG. 15. Angular distribut ons of the reaction Be(SHe, yo) C. Data are shown as bars, the height of which represents
the statistical errors. The solid lines are Legendre polynomial fits, do/dQ = Q„oA„P„(cosa,~ ). Units are arbitrary.
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FIG. 16. Angular distributions of the reaction SBe(3He, y&) C. Data are sholem as bars, the height of which represents
the statistical errors. The solid lines are Legendre polynomial fits, da/d. i =g OA„P„(cos6,~ ). Units are arbitrary.
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FIG. 17. Angular distributions of the reaction Be( He, y2) C. Data are shown as bars, the height of which represents
the statistical errors. The solid lines are Legendre polynomial fits, do/dD = g 0 A„P„(cose,~ ). Units are arbitrary.
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90' excitation functions and Figs. 13 and 14, those
of "C('He, y) "O. The beam energy for each data
point is the energy at the center of the target. In
the 'Be('He, y)tsC experiment, sequences of data
were taken with two different target thicknesses.
In Figs. 9-11 the crosses represent the thinner
target data whose thickness equals the spacing of
these data points. In the other figures, target
thicknesses are shown by error bars. The errors
assigned to the differential cross sections in these
figures are wholly statistical.

In the "Be(d,y)~C measurements no spectral
peaks were observed Ro. ugh estimates of the up-
per limits of the cross sections were made with a
crude background subtraction. Over the energy
range E =28 MeV to S,=33 MeV, the 90' differ-
ential cross sections of 'cB(d, y,)"C were less than
5 nb/sr and consistent with zero.

Differential cross sections of the helion radi-
ative-capture reactions were measured at e,,b =30,
45, 60, 90, 120, 135, and 150 for a lar'm number
of energies. Several typical angular distributions
are shown in Figs. 15 through 20. Statistical
errors are shown. The laboratory angle has been
transformed into the center-of-mass system.

These angular distributions have been fitted with

a sum of Legendre polynomials,

—=P 1+ g A, P, (cos8)
7T

where a~ is the total cross section and A.„, the
anisotropy coefficient for the v -order poly-
nomial. The errors in 0~ and the A, 's are de-
termined from the diagonal elements of the re-
sulting error matrix and are only statistical since
only the statistical errors of the differential cross
sections were employed in their computation.
Only the reactions 'Be('He, yc)"C and 'Be('He, y, )-
"C were measured to great enough precision to
warrant fitting with orders up to v =4, but only the
anisotropy coefficients for v= 1 and 2 are signifi-
cantly different from zero. In other reactions,
the highest-order effective Legendre polynomial
is that corresponding to v=2. The fittef' angular
distributions are drawn as the solid line;~ in Figs.
15 through 20. The total cross sections and an-
isotropy coefficients are plotted as functions of
energy (again, energy at the center of the target)
in Figs. 21 through 26. The physically meaningful
anisotropy coefficients are those measured with a
point detector, and differential cross sections
measured with a real detector are averaged over
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FIG. 20, Angular distributions of the reactions ' C( He, y& 4)' O. Data are shown as bars, the height of which repre-
sents the statistical errors. The solid lines are Legendre polynomial fits. do/dQ =Q

0 A„P„(cose,~ ). Units are
arbitrary.
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its solid angle. The correction factors for the
lower-order (v= l and 2) anisotropy coefficients,
however, are very nearly negligible.

4. DISCUSSION
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Before considering the R-matrix calculation
based on Wang and Shakin's wave functions in the
light of these experimental results, we will first
discuss these data in more general terms.

To obtain a crude parametrization of the 90'
excitation functions, we have fitted these data with
incoherent sums of Breit-Wigner forms

A,
(E—EI}s+~ F s/4

Such a parametrization of differential cross sec-
tions is meaningful provided angular distributions
do not change rapidly with ener. gy; that is, when
the 90 differential cross section reQects the
energy dependence of the total cross section. Such
a fitting procedure would be successful only if
there were little interference between resonances
and if there were little change in the helion pene-
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FIG. 21. Total cross section and anisotropy coeffi-
cients for the reaction ~Be( He, yg C. Shown are the
results of fitting the SBe(3He, yg C angular distributions
with do/dn = (cr/4rr)[1++» IAIPI (cos8)] . Errors are
wholly statistical.

FIG. 22. Total cross section and anisotropy coeffi-
cients for the reaction Be( He, p~) C. Shown are the
results of fitting the Be(SHe, y&) C angular distributions
with dc/dQ = (o/4r)[1++ II IAIPI (cos8)}. Errors are
wholly statistical.
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trability over the fitting region. For the reactions
'Be('He, y,)"C, 'Be('He, y, )"C, and 'Be('He, y, )~C
this parametrization is found capable of describing
the data quite well and the extracted resonance
energies and widths are given in Table I. The
resonance at E„=28.83 MeV is exhibited in both
the yo and the y, decay; the 32.29- and 33.47-MeV
resonances in both y, and y, . The last resonance
is rather broad and its identification, particularly
in the y, decay channel, where the resonance ener-
gy was constrained during fitting, is rather ten-
uous. The fact that this structure is present in
several decay channels tends to support the sup-
position that the reactions are proceeding pri-
marily via resonating states in the compound sys-

tern. The fitting of the "C('He, yo)"0 data with
Breit-Wigner shapes was notably less successful,
principally because of the sharp interference dip
at 26.6 MeV and the asymmetrical structure be-
tween 27.0 and 28.5 MeV. The experimental reso-
nance energies and widths of the first two reso-
nances (E,=25.22+0.02 and 25.96a0.05 MeV with
I'=0.46+0.06 and 0.53+0.06 MeV, respectively)
are, however, well determined by several fits.

If the observed y radiation mere all electric
dipole, then the measured angular distributions
would be well described by the sum of only Le-
gendre polynomials of orders 0 and 2. Inter-.
ference between El and M1 radiation would re-
sult in a term of order 1, and interference be-
tween E1 and E2 would result in terms of orders
1 and 3. In practice, only the coefficients of the
Legendre polynomials of orders 0, 1, and 2 are
determined accurately, so the hallmark of inter-
ference El with either E2 or Ml radiation is the
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FIG. 23. Total cross section and anisotropy coeffi-
cients for the reaction 9Be(3He, y2) C. Shown are the
results of fitting the Be( He, y2) C angular distributions
with do/dQ = (o/4r)[1++iI IAIPI (cos&)] . Errors are
wholly statistical.

FIG. 24. Total cross section and anisotropy coeffi-
cients for the reaction 9Be( He, y3) C. Shown are the
results of fitting the SBe(3He, y3) C angular distributions
with do/d() =(o/4r)[1+ptI, AIPI (cosg)] . Errors are
wholly statistical.
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detection of a significant Pj term.
Using the Blatt and Biedenharn expression for

differential cross sections given by Firk" and the
tables compiled by Carr and Baglin", one ob-
tains for the relative second-order Legendre poly-
nomial coefficients of the 'Be('He, y,)"C angular
distribution (with the assumption of an isolated
intermediate 1 state decaying only by El radia-
tion)

of the l=2, s=i and l=0, s=1 partial waves, re-
spectively, relative to the l=2, s=2 partial waves.
Even if the reaction were to proceed via such iso-
lated intermediate states, the measurement of an
angular distribution (A, coefficient) would not
alone suffice to determine the three unknowns.
ln the limit b -~ (all d wave with channel spin
s = 1}, A, —-5. Toward lower energy, Coulomb
and angular momentum barriers would tend to at-
tenuate the d partial waves first and result in an
isotropic angular distribution such as we have ob-
served experimentally. The behavior of the 'Be-
('He, y,}"CA, coefficient is thus consistent with
predominately electric dipole radiation over the
region of greatest interest. The slight departure
from symmetry about 90' (0. &A, &0.10) is con-
sistent with a small E1/M 1 interference. Since
El/E2 interference would here be characterized
by a large A, coefficient, this possibility seems
more remote, .

Since the second excited state of "C has J' = 0',
the relation (1) applies for 'Be('He, y, )"C also.

0.5 —0.5b'+ &bc cosa
iP+ c2

where ~ is the phase difference between the s and
d partial waves (for channel spins s = 1) and where
b and c are the absolute values of the amplitudes
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FIG. 25. Total cross section and anisotropy coeffi-
cients for the reaction C( He, pg O. Shown are the
results of fitting the C( He, yo) 0 angular distributions
with da/dQ = (a/4s) [1++t& ~A&P& (cos())[ . Errors are
wholly statistical.

FIG. 26. Total cross section and anisotropy coeffi-
cients for the reactions 3C( He, p& 4) 0. Shown are
the results of fitting the C( He, y& 4) 0 angular distri-
butions with da/dQ = (a/4w) [1++&,A&P& (cosg)] . Errors
are wholly statistical.

RADIATIVE 'He CA PTURE IN "C AND "0



SHAY, PESCHE L, LONG, AND BROMLE Y

TABLE I. Levels identified in ' C. Experimental energies and widths extracted from Be( He, y) C excitation func-
tions. The resonance parameters for each of the three decays, y&, p&, y&, are listed separately and, for those reso-
nances appearing in several decays, the combined values are given. All values are in MeV.

Combined yo decay y~ decay +2 decay

28.83 + 0.04
30.29 + 0.03
31.16+0.03
32.29 ~ 0.04
33,47 + 0.21

1.54+ 0.09
1.96+ 0.15
2.10+ 0.15
1.32+ 0.23
1.93+ 0.05

28.84 + 0.04 1.55 + 0.09

31.16~ 0.03 2.10+0.15
32.30 R 0.04
33.47

1,12 + 0.39
2.03 + 0.06

30.29 +0.03 1.96 + 0.15

32.22 + 0.11
33.47+ 0.21

1.43 + 0.29
1.82 + 0.11

28.78+ 0.07 1.19+ 0.44

The measured A, coefficient is roughly -0.50 in
the;"ange 29 & E, & 34 MeV and within errors A,
is zero. This decay is apparently dominated by
E1 radiation. Because E1 decays to the first ex-
cited states (J"=2') may proceed from states ofJ' =1, 2, or 3, a relation analogous to (1) is
too complicated to be enlightening. That the cor-
responding A, coefficient (-0.45 &A, &,-0.25) is
generally much larger than A„however, does
attest to the role of electric dipole radiation. The
A, coefficient is generally positive and, particu-
larly for 31 «E, «33 MeV, significantly greater

than zero (0.15 &A, & 0.25), connoting appreciable
E1/fIfl or El/E2 interference in this region Sinc. e
the 32.29- and 33.47-MeV resonances are common
to both the y, and y, decays, it is improbable that
either is a positive-parity state and is responsible
for this peak in the A, coefficient observed in the
'Be('He, y, )"C reaction.

The A, and A, coefficients from fits of the angu-
lar distributions of "C('He, yo)"0 with Legendre
polynomials P„P» and P, are shown in Fig. 25.
The A, coefficient is large and exhibits a steady
variation from -0.30 to 0.30. This striking be-
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havior in the A, coefficient suffices to confirm
large E2 or M1 contributions. The A, coefficient
first becomes positive and then falls to approxi-
mately -0.50 at 27.67 MeV. At 28.92 MeV, the
value of the A, coefficient has risen back to -0.20.
This variation in A, cannot easily be explained by
such mechanisms as the energy dependence of
penetrabilities. Were all the radiation E1, then
A, would be -0.5 (-5 coen/v 2+ 5')(1+5') ' where
5 ls the ratio of the absolute value of the s and
d partial-wave amplitudes (channel spin s = 1) and
b, is their phase difference. For pure s-wave cap-
ture, the A, coefficient would then be zero. De-
spite the fact that the penetrability ratio P,/P,
varies sharply with energy, the predicted A, co-
efficients would not vary strongly enough with

energy to account for the observed behavior.
Several interesting points arise from a com-

parison of these experiments with other radiative-
capture work. The 'Be('He, y. ..PC data of
Blatt, Moon, and Kohler" (1.0 & E» & 6.0) and of
Linck and Kraus" (1.5 &E„, &11 MeV) exhibit the
same structure seen in our data over the same
energy range. While the excitation functions of
'Be('He, y. ..)"C exhibit considerable structure in
the range 27 & E, & 34 MeV, the "B(p,y&, )"C show
only a slow monotonic decrease (Fig. 27). As
well, the "C(y, s )"C data of Wu, Firk, and
Phillips" contrasts with this helion-capture data
and has much the same energy dependence as the
proton capture.

As suggested by the 8-matrix calculation of
Brassard et al. ,' the proton radiative capture in
this region is largely dominated by the tails of
several resonances in the giant-resonance region,
22-25 MeV for y, and 24-28 for y, . States reso-
nating in helion capture and having small proton
widths then would scarcely affect the "B+p yield
curves. Despite these differences the y, and yy
decays in both radiative captures share nearly
equal average branching ratios. Table II indi-
cates rig = 1.75 for proton capture and r2i 1 64
for helion capture (the ratios r» and r» are de-
fined in Table II). Quite possibly, then, helion
capture populates states whose radiative decay
proceeds by relatively simple configurations. In
this view, the capture process occurs via 3p-3h
configurations while the y-decay transition pro-
ceeds through configurations simply related to the
low-lying residual states —e.g. , 1p-1h for a
closed-core ground state. These mediating con-
figurations might be those responsible for most
of the (y, p) and (y, n) strength, even though no
structure is seen in those yield curves.

By contrast, the decays to the second and third
excited states are relatively very much stronger
in helion capture than in proton capture. Table II
indicates that r» «0.05 and r» «0.34 for proton
capture while for helion capture r» =0.79 and

r23 4.73, so that the relative enhancements for
y, and y, are r»/r» ~ 16 and r»/r» —14, re-—
spectively. Gillet" noted that both the 0' 7.65-

TABLE II. Average cross section of radiative capture reactions in C and their ratios.

Reaction Energy
range
(MeV)

Average 90' differential cross section

yo decay yi decay y2 decay y3 decay

iiB(p +)i2C

SBe(3He, y) 2C

B(d, 7) C

20-28 ~

28 35c
2S-35 '
28-33 '

3.8
0. 93
0.11

&0.003

3.0
1.63
0.18

&0.005

=-0.02 b

«0.18
0.087

0.32
0.53

Ratios of cross sections over the energy interval 28-35 MeV

o'[ Be( He po) C] —1j11 8

~[ BH, Vp) C]
2 ~[11B(p + )1zC]

[iiB(p )i2C]
[i B(p ~ ) zC]

o[ B(p, 'Ys) C] ~
i2 ~[11B( )12C]

o[iiB(p ~ ) i2C]
i3 [iiB(p ) 2C]

o.[SBe(3He, y
2i o [9@e(3He ) l2C]

o[ Be( He, y&) C]
o [~Be( He, yo) 2C]

o[ Be( He, y&) C]
o[ Be(~I/e, y ) C]

~Data of Alias et al. (Ref. 7) normalized to those of Brassard (Ref. 6) by factor of 1/1.6.
Data of P. Paul, private communication.
Data of Brassard (Ref. 6).

d This work.
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MeV and 3 9.64-MeV states appear to be com-
plex states not well suited to any 1p-1h descrip-
tion. Brassard et al. found that "B(P,y,} C*
cross sections predicted by a set of pure 1p-1h
wave functions typically exceed the measured
values by a factor of 5—a point which substan-
tiates Gillet's conjecture. Furthermore, the
analysis of Cohen and Kurath" has tentatively
identified the 0' 7.65-MeV state as (2sld}', a
2p-2h state. As was pointed by Blatt, .Moon, and
Kohler, "if these strong y, and y, decays proceed
mainly by 3p-3h-2p-2h or by 3p-3h-4p-4h, then
the configurations responsible for the radiative
decay might well be those with large helion-cap-
ture widths —that is, the 3p-3h components.

The observation of the 28.83-MeV resonance in
both y, and y, decay channels may prompt an al-
ternative view. The ground state might have a
small, but significant 2p-2h admixture (the ground-
state correlation predicted by Aggassi, Gillet, and
Lumbruso" has a squared amplitude of 0.19) and
the 0' 7.65-MeV state might then contain a com-

parable admixtur e of Op-Oh configuration —the
closed p„, core. Such a picture, suggested by a
similar model of Obst, Rauch, and Wahsweiler~
for "Zr, envisions y, and y, decays, particularly
for the common resonance at 28.83 MeV, pro-
ceeding by both 1p-1h -core and 3p-3h -2p-2h
processes. The relative importance of decays via
mediating 1p-1h configurations and decay directly
from 3p-3h to 2p-2h cannot be easily estimated
for either the yp or y2 transitions.

The most striking contrasts provided in Table II
are the relative yo yields of the three radiative-
capture reactions, "B+p, 'Be+'He, and "B+d;
1.0, 0.085, and 0.0033, respectively. These
ratios do not directly elucidate the nuclear struc-
ture of this excitation range since E1 radiation is
forbidden in the case of deuteron capture to the
extent that the isospin of the 1, 1 highly excited
levels is pure. Wu, Firk, and Phillips, "esti-
mate [on the basis of the ratio of (y, n, ) and (y, p,)
cross sectionsj the amplitude of T =0 admixtures
certainly to be less than 0.15 for this excitation
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FIG. 28. Comparison of 0 radiative-capture experiments. The C(n, po) 0 data are those of Suffert and Feldman
(Ref. 44); the N(d, y(}) 0, Suffert's (Ref. 42). O'Connell's ~N(p, y()) 0 data (Ref. 11) have not been normalized by the
factor of 1/1.6 required to achieve agreement with those of Earle and Tanner (Ref. 10). Likewise, Puttaswamy's
(Ref. 23) data (dashed line) have not been norm~lized by the factor of 1/1.6 to correspond to our data (solid line).
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range; this implies that, were all other factors
the same, "B(d,y,)"C would be inhibited with re-
spect to ~Be('He, yo}'2C some 45-fold. The ex-
perimental ratio of average cross sections is
~33 and thus completely consistent with this
generous estimate of isospin mixing. One ex-
pects that, in addition to isospin inhibition, the
reaction "B(d,y,)"C also suffers structural in-
hibition. Whereas the three nucleons of an inci-
dent helion may be captured into 2s-1d orbits to
form 1,1 states, the two nucleons of a captured
deuteron must enter orbits of different parity in
order to populate a state of negative parity.

Another experiment which has bearing on reso-
nances observed here is the triton stripping re-
action ~Be('Li, n)"B, which populates only T =1
states (in a neighboring A =12 nucleus). The tri-
ton stripping data of Glukhov et al ."imply strong
feeding of states of excitation 13.60 and 15.25 MeV
in "Bwhich correspond to excitations of 28.81 and
30.46 MeV in "C (using the 15.21-MeV nuclear
energy shift given by Ajzenberg-Selove34). The
exceptionally close correspondence between these
energies and those extracted for the lowest reso-
nances observed in 'Be(~He, y. ..)"C, 28.82 and
30.29 MeV, implies that these two states of large
three-particle widths in "Bmay be analogs of the
two in "C. This correspondence further substan-
tiates a claim of resonant capture and radiative
decay through relatively isolated states. Un-
fortunately, the Kurchatov group did not have a
beam sufficiently energetic to investigate higher-
lying levels in ' B.

The preliminary "C('He, y,}"0excitation func-
tions of Ventura et al."corroborate our results
except for a difference in normalization. The
principal contrast to the "C('He, y)"0 excitation
functions is provided by those of "N(p, y)"0 and
"0(y, sj,)"N. The third graph of Fig. 28 depicts
the "N(p, y,)"0of O' Connell"; the "0(y, so)"0
results of Wu, Firk, and Phillips" are quite
similar. Both O'Connell's data and the "C('He, y,)-"0data of Puttaswamy" (the dashed line in Fig.
28) are illustrated without being reduced by a fac-
tor of 1.6 discussed earlier, the normalization
difference presumably arising from a different
choice of y peak shapes. O'Connell's total cross
sections are characteristically 160 to 180% of
those of Earle and Tanner. ' The difference in
normalization between our "C data and those of
Blatt, Moon, and Kohler, "probably also stems
from a difference in choice of monochromatic y
peak shape. The 25.22-MeV resonance observed
in helion capture is well matched by the resonance
occurring around 25.1 MeV in the 90' yield curve
of Earle and Tanner" but which appears roughly
at 24.9 MeV in O'Connell's work. It is more dif-
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ISC (3He,yO)
'6p

90' DIFFERENTIAL CROSS SECTION
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'3C( He ayIsII) C

N(p, oyIS II) C

' N(d, a)' C"(IS.II)

I4N(d. a )'2C

20 22 24 26 26 30 32 34 36
E„(MeV)

FIG. 29. Comparison of reaction mciting levels in
0. All yields are relative. The ordinates for sC-

( He, yf 4) 0 and fsN(p, yf g 0 do not have the same
scales as those of sC( He, yo) 0 and ~N(p, yg 0, re-
spectively. The references for these yield curves are
the following: sC( He, y) 0, Puttaswamy (Ref. 23) and
WNSZ; ~N(p, y) 0, 0'Connell (Ref. 11)' 0(p (x+f5 ff)-

0, Caldwell (Hef. 38); fsC(sHe, &yfs ff) 0, Weller,
Van Rinsvelt, and Dunnam (Ref. 35); No},&yfs ff) C,
O' Connell (Ref. '1); N(d, o.yfs ff) C, Browne (Ref. 36);
4N(d, ag C, Chaudir (Ref. 39).

ficult to establish a correspondence between the
24.05-MeV resonance seen in the lower-energy
helion-capture work of Puttaswamy and one in pro-
ton capture, observed at 24.3 MeV by Tanner and
at 24.2 MeV by O' Connell but at 24.00 MeV by Wu,
Firk, and Phillips" [in (y, n )]. Puttaswamy
favors designating two states, one seen at 24.3
MeV by proton capture and one seen at 24.05 MeV
by helion capture. On the basis of Wu's data,
however, we conclude that only one state (E —24.1
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MeV) is responsible for the resonances seen in
('He, y,}, (p, y,), and (y, n, ).

The appearance of resonances at 24.1 and 25.2
MeV in both helion and nucleon radiative capture
indicates that these states may be comprised of a
roughly equal admixture of lp-lh and 3p-3h con-
figurations. We may obtain a rough estimate of
the helion reduced width for the 25.22-MeV state
from a comparison of the "N(p, y, )"0data and
our "C('He, y,)"0data. Using the Breit-Wigner
relation for an isolated level, one obtains for the
ratio of helion and proton widlhs I'„/I'~= 0.075
(0.047), where the first figure is based on Tanner's
normalization, the second on O'C onnell's. If only
the ground-state proton, neutron, and helion par-
tial widths contribute appreciably to the total width
of the state I' = I;+1",+ I;, then the measured value
of r 0.46 Neve implies for rp rh' I'38 0'017
(0.011) MeV and I'~= 0.221 (0.224) MeV. Since
angular distributions imply predominantly s-wave
helion capture and d-wave proton capture, ~y~ ~

=0.259 (MeV)'" and ~y~~=0. 097 (0.078) (MeV)'~.
This helion reduced-width amplitude provides a
benchmark for the detailed calculations to be
presented below.

At higher excitations the proton-capture yields
fall fairly monotonically; helion capture, on the
other hand, exhibits pronounced structure between
the excitation energies of 25 and 29 MeV. The
"C('He, y,~)"0reaction (Fig. 29) has very large
cross sections in this region as does the reaction
"N(p, y, ,)"0,"which appears to have a very
similar yield curve. Its shape, a broad maximum
around 27.0 and 27.7 MeV, is shared with certain
variations by a number of reactions, including

states in "0thus populated would have T =1 since
the 15.11-MeV state of "C has O', T = 1', 1 and has
isospin purity better than 97%." Of course, since
the reaction ' N(d, uy»»)"C is isospin forbidden,
it proceeds via isospin impurities with only 3.1%
of the strength of the allowed '4N(d, ny»»)'~C, 3'

but nevertheless its structure parallels that of the
others. The common diminution of e-particle
yield to the 15.11-MeV state of C below 25 MeV
can be attributed to the Coulomb barrier for s-
wave n particles at roughly 24.7 MeV, but the
penetrability for p-wave u particles rises quickly
enough so that resonating states need not definitely
have a 8' =1' assignment.

Other reactions with interesting stxucture in
this region are "O(y, o'.y»»)'~C" and ' N(d, n&&)-

"C,"the latter selecting only T =0 states, with
one in particular at 27.6 MeV. Weller, Hobex'son,
and Tilley4' assert that their "C('He, n)"C data
imply that T = 0 states exist at 27.6 and 28.3 MeV

and T = 1 levels at 26.9, 27.4, and 28.0 MeV, that
the 27.6-MeV state has 4 =3,"and that these
states have large n widths. None of these other
experiments yield significantly more detailed in-
formation on this region. The large variety of
reactions resonating at the same energies that the
"C('He, y~)»O and "C('He, y,~)"0 reactions peak
does tend to confirm, however, that these reac-
tions proceed via compound nuclear resonances.
The fact that the resonances in these reactions
are clustered within 5 or 6 MeV of the helion
escape threshold is an important clue. At higher
energies, the number of available helion decay
channels increases dramatically. States decaying
primarily by the emission of a helion (or triton,
for example) would have greater decay widths for
the higher excitation energies. Thus, helion-
capture cross sections would dwindle at higher
energies because of the greater escape widths.
States decaying primarily by proton or neutron
emission would not exhibit such behavior since
those escape thresholds are so much lower. This
phenomenon is observed in the several decay chan-
nels of both 'Be('He, y)"C and "C('He, y}'80 and is,
therefore, a strong indication of the structure of
the states being populated; we may be observing a
hallmark of "quasibound" states. A naive esti-
mate of the excitation energy of a 3p-3h state
would indicate E = 3h+ =- 45 MeV. To appear as low
as 25 to 30 MeV, a 3p-3h state must have strong
correlations and thus would almost be bound to
the emission of a single nucleon.

Parker and Cobern ' have x'ecently completed
preliminary investigations of the triton transfer
reaction "C('Li, o. )»N and have found that this re-
action populates "N states of excitation 11.1, 11.7,
12.4, 13.8, and 14.5 MeV which correspond to ex-
citations of 24.1, 24.7, 25.4, 26.8, and 27.5 MeV in
'6Q. Several of these T = 1 levels may well be
analogs of the states populated by the "C('He, y,)-"0reaction.

Other radiative cluster capture experiments have
been conducted corresponding to excitation ener-
gies below 25 MeV ["N(d, y~)»O"'" and "C(u, y,)-
»O~] with one resonance in the giant-resonance
region observed in each reaction, at 22.71 and
21.05 MeV, respectively. On the basis of angular
distributions, Suffert asserts that the state of
21.05 MeV may rather certainly be given the as-
signment 1,1, although this would necessitate
a-particle capture via isaspin impurities. This
hypothesis is not in the least improbable since
Wu, Firk, and Phillips' quote the largest isospin
mixing amplitude (-0.2) in this range, 20& E,& 21
MeV. The assignment of the other resonance is
considerably more problematic. Suffert feels
most confident in assigning it 1', despite the fact
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that the assignment would either break isospin in
the entrance channel for I', I or be in serious
contradiction to Morpurgo's inhibition for MI,
AT =0 radiation. Moreovex, a mox'e recent ex-
periment ' finds the resonance energy higher by
130 keV and 22.84 MeV and thus corresponding
rather exactly to the 22.84-MeV resonance seen
in proton capture. " This new measurement casts
serious doubt upon the conjecture of Gillett,
Melkanoff, and Raynal'4 that this is a 2p-2h state
and responsible fox the interference dip in the
180(y s )l50 12 45 and 15N(p y )160 10» 11 cross
tions. With the more recent resonance energy the
assignment I, I becomes more probable. Al-
though this result contradicts Gillet's model ex-
plaining the structure of the "O giant resonance in
terms of destructive interference between states
consisting mainly of Ip-Ih or 2p-2h configurations,
it does not directly strengthen the position of the
3p-3h model of Shaken and Wang. " Indeed, these
experiments may be seen to imply that 4p-4h and
2p-2h configurations contribute significantly to the
states resonating at roughly 21.0 and 22.8 MeV,
respectively, in (y, p,) and (y, s,).

For a consistent choice of normalization, the
ratio of average y, yields for proton and helion
capture into "0 is 8 = I/12. 5, a value closely
matching the ratio of "C, r, = 1/11.8 (the ratios
R and r, are defined in Table III). If the second-
ary doorway model discussed earlier were to ap-
ply to both of these reactions, then the equality of
these ratios implies that the average helion re-
duced widths of the secondary doorways are equal.

A comparison of the average yields for "N-
(p, y,~}"0and "C('He, y, ,)"0would be interest-
ing, but unfortunately O' Connell" did not indicate
the normalization of his "N(p, y, ,)"0data with
respect to his "N(p, y,)"0data. To obtain a crude
estimate of this normalization, the "N(p, yo)"0
and "N(p, y, ,)"0data of Barnett and Tanner"
have been compared with those of O' Connell at the
overlap point, E,= 24 MeV (Table III}. The aver-
aged branching ratio of y, and y,~ decays is ~1.25
for proton capture while = 10.0 for helion capture.
This glaring contrast highlights the point that the
group of states 25-29 MeV have large deuter on,
helion, , and e widths. One would then expect that
the first four excited states fed by decays y,~ are
comprised of fairly complex configurations. The
investigations of the 0', 0, 6.05-MeV and 2', 0,
6.92-MeV levels by elastic n scattering ~ (to the
higher 4' and 6' members) and u-particle trans-
fer4' experiments indicate that these are the fix st
two members of a 4p-4h rotational band; several
theoretical treatments ~'0 have successfully re-
produced this structure. While early lp-1h treat-
ments" were unsuccessful in predicting the ener-

gies of the 3,0, 6.13-MeV and the I,0, V.12-MeV
states, more recent calculations4'" show that a
mixture of Ip-Ih and 3p-3h configurations can
give the proper energy levels and greatly improve
the theoretical B(E2, 1 -2 ), formerly too small
by an order of magnitude. Brown's later calcu-
lations, "in particular, demonstrated that the I
states at 7.12 and 9.59 MeV have equal admixtures
of Ip- Ih and 3p-3h components. The very strong
"C('He, y,~)"0yield is thus wholly consistent

"N(d, ny»»)"C results which also exhibit strong
peaking in this range 27 &E„&28MeV.

5. R-MATRIX CALCULATIONS

TABLE IH. Average cr'oss sections of radiative cap-
ture reactions in ~O and their ratios.

Reaction

Energy
range
(MeV)

Average 90' differential
cross section (pb/sr)
yo decay y& 4 decays

15N (P ~)$6O

~3C (~He, y) ~60

20-29'
24.5-29 ~

as.e-s5'
24.5-29

s.45
2.S1
0.105
0.184

~ ~ ~

a.9b
0.95
1.85

Ratios of cross sections averaged over the energy
interval 24.5-29 MeV

&["C('He, q„)"O]
~['SN(p, ~,)"O]

o[ N(p, y) 4) 80]
cr[' N(p y )' 0]

g[ ~C(~He, y1 d) 60]
~["C/He, ~,) ISO]

~ O' Connell (Ref. 11) normalized by factor of 1/1, 6.
b O' Connell Puef. 11) normalized by comparison with
N(p p f 2) 0 of Tanner and Barnett (8ef. 10).
0 This work plus data of Puttaswany (Ref. 2S) normal-

ized to ours in region of overlap (1/1.6).

We present here the yield curves and angular
distributions of the reactions "N(p, yo)"0 and
"C('He, y,)"0predicted by an R-matrix calcula-
tion based on the Wang-Shakin wave functions. "
These wave functions, which assume a closed-
core "0 gx'ound state, have J' = I , T= 1 and are
linear combinations of Ip-Ih and 3p-3h configura-
tions. The version of the wave functions used here
differs by a small modification from that presented
by Wang and Shakin; a slightly different energy
has been assigned to the 1,0 1p- Ih basis boson.
Wang and Shakin identified the I, 0 basis boson
with the state 7.12 MeV. Following the suggestion
of Brown and Green4' we have assumed that neither
the 7.12-MeV state nor the 9.59-MeV state is a
pure Ip-Ih state and that the I, 0 basis boson may
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be assigned an energy between these two states.
For simplicity, the space of 1,1 states has been
truncated to include only those with the greatest
y, decay strength. These eight states are linear
combinations of seven 3p-3h and two lp-lh con-
figurations. The ip- lh configurations are in turn
constructed from five l/(l/ ) ' configurations
(J'=1, T=1): ls, ~ lp3/2 ', 1d„,lp3+ y 1d3/Ql p3/2
ld3/, lp„, ', and 2sy/2lpy/, These two ip-lh con-
figurations with unperturbed excitations 24.45 and
22.31 MeV carry most of the electric dipole
strength expected for "0 and represent, therefore,
the primary doorway state discussed earlier. By
using Iachello's interacting boson model, "Wang
and Shakin have demonstrated that the 3p-3h 1,1
configurations have excitation energy consider-
ably lower than 3@co and that they mix strongly
with the 1p-lh primary doorways. They are, then,
the secondary doorways which, to good approxi-
mation, account for the mixing of the lp-lh pri-
mary doorways with the vast number of neighbor-
ing states.

The central assumptions of the present calcula-
tion are:
(1) Since the wave functions have only J' = 1,
T = 1 we may consider those y, decays which are
electric dipole transitions.
(2) Only 1p-1h configurations have nonzero El
matrix elements for y decays to the closed-shell
ground state. This limitation is imposed by the
set of wave functions and severely restricts the
usefulness of this calculation. One expects that
transitions of the form 3p-3h-2p-2h do play an
important role in helion radiative capture, but
Wang and Shakin have not included 2p-2h com-
ponents in the ground-state wave function.
(3) The ground states of "N and "0may be ap-
proximated by the (p», )

' configuration and their
third excited states by (p, ~) '. Thus, the Wang
states are coupled to the neutron and proton
(s,/„d»„and d», }decay channels only by the
lp- lh configurations.
(4) The ground state of "C is considered to be
(p„,} '. Only the 3p-3h configurations are coupled
to the two (the s», and d», channels feeding the "C
ground state) helion decay channels. These are
actually two separate assumptions since, as
Arima" has pointed out, even if "C were to con-
sist of pure (p, /, ) ', other configurations might
also contribute large helion widths.
(5) The states excited in "0have significant decay
widths only for the emission of neutrons, protons,
and helions to the ground states of "0, "N, and
"C and of neutrons and protons to the third ex-
cited states of "0and "N, respectively. The
branching ratios for '60(y, n)"0 and "0(y,p) "N
have been measured by Caldwell, Fultz, and

Bramblett. ~ These indicate that decays to these
one-hole states (ground and third excited states of
"0 and "N) account for some 78% of the total
y absorption cross section. Branching ratios to
the other excited states as well as to other decay
channels (e.g. , o.-particle emission to the 15.11-
MeV T =1 state in "C) are comparatively small.
Triton widths are here assumed, as a matter of
expedience, to be smaller than helion widths.
(6) Helion channels may be treated by an R-ma-
trix formalism in a manner completely analogous
to the treatment of nucleon channels.

The principal parameters entering the calcula-
tions are these:
(1) E„, the resonance energy of state A., is given
by the Wang wave functions.
(2} CB~, the coefficient of the configuration P ap-
pearing in the expansion of the state A, , is also
given by Wang's wave functions.
(3) There are four open nucleon channels (neutron
and proton, s and d wave) leading to the —,

' ground
states of "N and "0 and six open nucleon channels
leading to the —,

' third excited states of these nu-
clei. The value of the wave function at the channel
radius (5 fm for all channels}, which is determined
in optical-model calculation, is used to form a
crude estimate of the reduced width amplitudes
for these channels:

y8i, =s— FR,u„,(R,), in (MeV)~/2,
Sg 1
2m, R,

(2)

where P' and c are the configuration and channel
indices, m, is the channel reduced mass, R, is
the channel radius, and u„,(R,) the nucleon wave
function evaluated at the channel radius. The term
F is the parentage factor representing the prob-
ability that the configuration P' minus the 2s or
id nucleon be the residual state of "0or "N. The
factor F is set equal to 1 for configurations with

p] /2 hole s and for channel s leading to the "0 and
"N ground states. For the configurations with

p3/2 hol es and for ch anne 1s 1eading to the "0 and
"N third excited states, the branching ratios of
Caldwell, Fultz, and Bramblett~ (within the con-
text of Wang and Shakin's wave functions) imply
that I&l=o 37
(4) The El reduced matrix elements of the lp-1h
configurations are estimated from these same
optical- model wave functions.
(5) There are two open helion channels (s and d
partial waves to the state of "C). Their reduced
width amplitudes for each 3p-3h configuration are
taken as free parameters, but we assume the
range of reasonable values to be delimited by prod-
uct of the Wigner limit [~2(h 2/m, R2)] '/' and the
isospin Clebsch-Gordan coefficient. This value
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exact position of these resonances depend upon the
eigenenergies assigned to the 1p-Ih basis bosons.
Since the over-all normalization of the "N(P, yo)-"0A2 coefficient is insensitive to any of the free
8-matrix parameters its relative success in re-
producing the measured A, coefficients consti-
tutes, then, a major endorsement for the sec-
ondary doorway hypothesis: an explanation for
the small variation in the shape of the angular
distributions in a region of very strong inter-
mediate structure. The total cross sections and

A, coefficients appearing in the articles of Barrett
et al. ss and of Sarius and Marangoni' illustrate,
by contrast, the results of Ip-Ih calculations.
The calculated "C('He, yo)"090' excitation func-
tion and A, coefficients are highly sensitive to
changes in helion reduced widths. Their repro-
duction of the data cannot, then, be viewed as
particularly outstanding. One point is, however,
emphasized by this aspect of the calculation. The
model states at 26.0, 27.6, and 28.0 MeV are
predominantly comprised of 3p-3h configurations,
with very small 1p-1h admixtures (unlike the
model states at 24.2 and 25.0 MeV, which are
primarily Ip-Ih and which produces resonances
in both reactions} Even. so, their small 1p-1h
component suffices to mediate the yo transition.
As a consequence of their small Ip-1h compo-
nents, little structure is predicted for "N(p, y,)-
"O in that energy range. The fact that little
structure is seen above E„=26.0 MeV in the
"N(p, y,)"0experimental excitation function,
thus does not necessarily imply that the structure
observed in helion radiative capture cannot arise
from transitions mediated by the same 1p-Ih con-
figurations responsible for most of the radiative
proton-capture strength. This point may apply
in "C also; we cannot conclude from the lack of
structure in "B(p,yo, )"C that the y transitions
in helion capture are necessarily of the form
3p-3h -2p-2h.

6. CONCLUSIONS

Strong resonance structure has been found in the
regions immediately above the helion thresholds
i.n ~'C and ceo These may be interpreted as quasi-
bound states which are predominantly 3p-3h in
nature. Their y deexcitations transitions have
been observed to be predominantly electric dipole

radiation. Evidence for strong E2/Ml contribu-
tions is observed, however, in "O.

These data and the detailed comparison with
calculations based on Ip-1h, 3p-3h wave functions
strongly suggest that 3p-3h configurations may
play a significant role in the intermediate struc-
ture of the "C and "O giant resonance. The reso-
nances and 24.2 and 25.1 MeV in "O, in particular,
may arise from states comprised of Ip-Ih and
3p-3h configurations. Neither the data nor the
calculation exclude, however, the possibility that
the y, decays are proceeding via transitions of
the form 3p-3h -2p-2h, an indication of ground-
state correlations. The 28.84-MeV resonance
seen in both 'Be('He, yo)"C and 9Be(~He, y,}'2C
does indeed lend credence to this view. Since the
relative strength of the decays to the excited
states is much greater than in proton capture,
these data may directly reveal giant resonances
built on multiparticle multihole excited states.

The 8-matrix calculation is premised on a very
restrictive set of assumptions. The use of 1,1
wave functions excludes the possibility of ac-
counting for the large A, coefficient observed
above 26.0 MeV in "C('He, y,)"0. The repre-
sentation of the ground state of "O as a closed
core precludes the hope of evaluating the relative
importance of 3p-3h-2p-2h and 1p-1h-core
transitions in the yo decays. The calculation did,
however, indicate the utility of the secondary
doorway hypothesis for explaining intermediate
structure. lts success in predicting the "N(p, y,)-
'60 A, coefficient is especially notable. The
general features of the "C('He, y,)"0excitation
function and angular distributions are well pre-
dicted by these calculations. A more sophisticated
theoretical treatment, including ground-state cor-
relation and I' and 2' excitations, then, promises
to be fruitful.
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