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Proton capture by '5N above the giant dipole resonance
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The proton capture cross sections to the ground and excited states of ' 0 have been measured at
several angles in the proton energy interval between 18 and 40 MeV. The ground state angular dis-
tribution, which shows a significant E 1-E2 interference effect above 40 MeV, results in reasonable
agreement with semidirect capture calculations. Transitions to final bound and unbound 1p-1h
states in ' 0 having a dominant 1p ~q2 hole have also been measured. Resonances built on these resi-
dual states have been systematically observed above E„=20MeV; the possible interpretation of these
states as giant dipole resonances built on excited states is discussed.

NUCLEAR REACTIONS ' N(p, y„)' O. Measured o.(0) at seven angles and
proton energies between 18 and 40 MeV; deduced Ao and ak coefficients. En-

riched gas target, anticoincidence NaI detector.

INTRODUCTION

Radiative proton capture experiments have proven to
be, at excitation energies above the giant dipole resonance
(GDR), a successful method of investigation of nuclear
structure. The differential ground state (g.s.) capture cross
section should be, at intermediate energies, fairly sensitive
to correlation effects in the g.s. wave function, ' while the
excited state capture cross section recently revealed new
and rather unexpected excitation mechanisms. In the
"B(p,y„)' C reaction different experiments have re-
ported dominant transitions to residual levels at excitation
energies E~ as high as 19 MeV in ' C. Theoretical
analysis ' in terms of a direct capture mechanism is un-
able to reproduce the main features of the experimental
data, and semidirect capture to high lying states is prob-
ably required. Each experimental p,y cross section
shows, in fact, a complex resonant structure ' as a func-
tion of the incident proton energy: The centroid energy
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systematically lies 20—22 MeV above the residual state en-
ergy E„. ' Moreover, the analysis of differential cross
sections reports dominant E 1 absorption with non-
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FICs. 1. Average solid angle for our 40 cm long cylindrical
gas target measured, as a function of detection angle, as
described in the text. The full curve is the result of a Monte
Carlo calculation performed in the experimental geometry, and
the dotted curve is a numerical fit of the data points.
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FIG. 2. Capture photon spectra (a) and (b) to the 1p-1h
(1p ~q2) residual states of ' O. (c) The continuous curve is the fit
obtained as the sum of nine response functions plus a continuous
background.
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negligible E2 interference terms. All these features sup-
port the interpretation of the observed structures as giant
dipole resonances built on the excited 1p-1h states of ' C.
A similar interpretation was recently proposed for the

Al(p, y„) Si cross sections, even though the higher resi-
dual level density in Si makes the data interpretation
more difficult. Since these new E1 giant resonances seem
to be rather systematic, at least in closed shell or subshell
nuclei, their observation in ' O would provide important
confirmation.

In this work the differential ' N(p, y)' 0 cross section
has been measured at seven detection angles in the proton
energy range between 20 and 40 MeV.
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EXPERIMENTAL SETUP AND DATA ANALYSIS

The proton beam from the 45 MeV cyclotron of Milano
University was focused on a 99% pure ' N gas target and
monitored by a Faraday cup. Capture photons were
detected by a 24 cm &C 32 cm cylindrical NaI detector sur-

rounded by a 9 crn thick Ne110 anticoincidence shield, the
whole system being movable between 35' and 135'. The
detection solid angle, 4 msr for a point target, was defined

by a distributed system of lead and iron collimators. Cap-
ture photon pulses were selected through a cascade of an-

ticoincidence gates: Pileup pulses were rejected above and
below the energy threshold, cosmic rays and energy es-

capes by the NE110 shielding, and neutrons by time of
flight discrimination.

The scintillators and the relevant electronics are dis-
cussed in detail in Ref. 10. The gas target was a sealed 40
cm long aluminum cylinder filled with 1.3 atm ' N gas for
a total thickness of 64 mg/cm, corresponding to an ener-

gy spread of about +0.70%%uo. The gas pressure, continu-
ously monitored by a 3% precision manometer, was con-
stant during a whole week run. The entrance and exit
windows, each made of a 13 mg/cm Mylar foil, gave
negligible background due to the small detection solid an-

gle at the target edges.
The effect of the extended target on the solid angle was

determined by measuring the yield of the 15.11 MeV p,p'y
peak from our target, filled with 1.3 atm CH4 gas, and
from an equally thick solid polyethylene target. The ex-
perimental results are displayed in Fig. 1. The dotted line
is a fit of the data, while the continuous curve is the result
of a Monte Carlo calculation. The slight difference at
large angle is probably due to a possible system misalign-
ment at backward angles; the fitted curve has therefore
been chosen for the data analysis.

The capture photon spectrum shows, besides the ground
state transition, several peaks (Fig. 2) corresponding to
p,y„ transitions to final 1p-1h ' O states at 6.1+6.9,
8.9+9.6, 11.6, and 12.6+13.1 MeV, all having a dom-
inant (1p&~2}

' hole configuration. The errors on the ab-

solute cross sections reported in Figs. 3—8 result from the
contribution of counting statistics (-3%%uo), uncertainties
on the detection solid angle (4%%uo), and target thickness
(3'Po). The evaluation of the single peak area from the
overlapped spectra requires a detailed knowledge of the
detector response function, since the results will depend
upon the assumed y line shape. In this work the following
procedure was adopted: The "intrinsic" response function
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F(c),E&) (Ref. 12) and efficiency of our anticoincidence
detector

eff(Er)= JF(ro,Er)der

were computed by a Monte Carlo (MC) code" already
tested with monochromatic photon data in the same ener-

gy interval. The line shape S(co,E&) has been assumed as
the convolution of the intrinsic MC detector response with
a Gaussian function, which simulates statistical fluctua-
tions in light collection and amplification:

I

S(ro,Er)= JF(co',Er)G den'.
os

The statistical variance o., (E&) has been determined as a
function of the incident photon energy by optimizing the
observed FWHM on the well-resolved "B(p,yo)' C and
' C(p, yo)' N transitions. ' The capture photon spectra
(Fig. 2) were then fitted, using the iterative procedure
described in Ref. 5, as the sum of nine peaks plus a con-
tinuous background. The peak energy is given, for each
observed residual state energy e„and detection angle 0, by

MeV

dg/dn (Ep,yc m )

tp, b/sr)

2

eoo +c.m

dO/
(p, b

eoo 120 +c.m.

FIG. 3. Differential c.m. cross sections for proton capture to groups of final states of excitation energy e„ in M. The curves are
fits performed using four Legendre polynomial expansion.
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the approximate relation

E „k—0.99Ey,
Tp(m~ —mp)+B (mg + Tp)

8 —cosO1/ Tp( Tp +2m@)+m„Tp

where mz is the mass of the final nucleus, mp is the pro-
ton mass, and

Ao
(p,b/sr )

1.0

Q.5—

1.2—

ORK

v Ref. ((z)
NELL R ef. (I 7)

8 =mp+mg )
—mg —6~

where Ey is the emitted photon energy and the difference

5 Epegk Ey 0 01Ey

is due to energy escape. The total peak width is also fixed
by the convolution of the computed intrinsic o.MC and sta-
tistical o., contributions. For each peak in Fig. 2 the fit is
determined by the area 2; and by two parameters for the
underlying linear background. A nonzero background,
generally more relevant at forward angles and higher pro-
ton energies, is systematically required to optimize the ob-
served line shape to the response function S(coyEy) and to
get continuity with the lower energy part of the measured
spectra (Fig. 2).

DISCUSSION
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has been reported, as a function of the incident proton en-

ergy Ep and center of mass angle 0, , in Table I for the
ground state p, yp transition and in Fig. 3 for the most irn-

portant p,y transitions. The ground state cross section
shows a forward peaking, due to (E 1,E2) interference
{more pronounced at the higher excitation energies) and a
smooth energy dependence. The p,y data exhibit a more
spread out angular distribution and a resonant behavior.
If the well-known expansion

2L
=Ho 1+ g akPk(cosO, ) (1)

C. FA. k=i

is used and the sum is truncated to multipolarity order
EL &E2 and ML &M 1, the a2 and a

~
coefficients are re-

lated to the main dipole transition and its interference
terms with the other multipoles (E2,M 1), while a4 and a3
are due to the quadrupole strength and to (E1,E2) in-
terference, respectively. Non-negligible electric octupole
E3 absorption would extend expansion (1) to include the
a5(E2,E3) and a6(

~

E3
~

) coefficients; a further contri-
bution should arise in this case to a 2 and a4 from
(E 1,E3) interference and to a ~ and a 3 from (E2,E3) in-
terference. ' The extension to k =5 does not improve the
fits in the angular range of this experiment, but is required
in order to reproduce the strong forward peaking of (y, pp)
data above 60 MeV. ' The ground state cross section has
been computed by the Bologna group in the framework of
self-consistent RPA calculations': The single particle en-
ergies, the bound and scattering wave functions, and the
p-h interaction are consistently obtained from phenomeno-
logical forces. In the calculation, limited to E 1 and E2
transitions only, long range correlations arise from the

FIG. 4. Legendre expansion coefficients of the quoted py0
and ypQ cross sections. The continuous curve and the dotted
curve are the results of a self-consistent RPA calculation (Ref.
14) and of a semidirect interaction model (Ref. 2), respectively.

residual Skyrme 3 interaction, and meson exchange
currents have been accounted for by the use of the Siegert
theorem. Quadrupole absorption is predicted above the
GDR with a high isoscalar peak at about 21 MeV and a
broadly distributed isovector strength at higher energies. '

This quadrupole strength is responsible, mainly through
(E 1,E2) interference, for the behavior of the theoretical
a&, a3, and a4 coefficients' reported in Fig. 4, the change
of slope around 45 MeV being determined by the isovector
component. The overall agreement of the theoretical coef-
ficients with our experimental data (Fig. 4) is fairly good,
at least above the GDR even if the E2 strength seems to
be shifted a few MeV upwards with respect to the RPA
predictions. This calculation does not include the tensor

component in the Skyrme interaction and multipolarity
order higher than E2; since the relative importance of
these effects is expected to increase with the photon ener-

gy, the observed deviation of the RPA prediction from the
experimental data above 60 MeV is not surprising.

At higher energies a direct plus semidirect capture
model using phenomenological single particle wave func-
tions has been developed by the Bochum group: In this
approach initial and final state correlations (CORR) have
been introduced in the shell model wave functions (SM)
through a Yukawa type of interaction, and meson ex-
change currents (MEC) have been included by the use of
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FIG. 5. Ground state photodisintegration cross section yp0 as
a function of the incident photon energy E„. The integrated
cross section has been evaluated down to the threshold using
data of Refs. (17) and (27).

effective two body operators. Tensor correlations, which
are known to enhance photonuclear absorption at higher
energies, have been indirectly accounted for by renormali-
zation of the residual interaction strength in order to fit
the dipole sum rule. The angular distribution coefficients
ak, not explicitly computed in Ref. 2, can be evaluated'
expanding the theoretical (SM + CORR + MEC) dif-
ferential cross sections according to Eq. (1) up to L =3
(the dotted curves in Fig. 4). Reasonable agreement with
experimental (y, po) data is also obtained in the 60—100
MeV range by simple direct reaction models '. The cross
section is, however, strongly dependent upon the assumed
single particle potential, and the magnitude of the (y, n)
cross section cannot be reproduced without the use of ef-
fective charges. The (y, po) cross section, obtained
through detailed balance, is plotted in Fig. 5 together with

the experimental data of Ref. 17. The integrated cross
section up to 100 MeV is 57.8+5. mb MeV (the contribu-
tion above 30 MeV amounts to 8.0 mbMeV); this figure
corresponds to 24%%uo of the classical sum rule and to 18%%uo

of the absorption cross section integrated up to 140 MeV
as evaluated in Ref. 24.

Systematic measurements of the differential ' O(y, no)
cross section have been performed up to 45 MeV. ' The
reported Legendre polynomial expansion coefficients ao„,
a2„, and a3„are, in the 30—45 MeV energy interval, in fair
agreement with the corresponding ak coefficients of Fig.
4; a&„ is lower for neutrons and a4„ is fairly constant
around 0.2—0.3. These values lead to an E2 cross sec-
tion' exhausting approximately 68%%uo of the isovector
E%'SR between 25 and 40 MeV. RPA calculations
reproduce fairly well the general trend of these data and
the cross section magnitude, but predict' considerably
lower E2 strength, and therefore smaller a4„, below 35
MeV. Also the (y, po) cross section gives small negative
a4& in the —0.1—0.0 range for E„=25—40 MeV, suggest-
ing small proton isovector E2 strength in this energy
range, in closer agreement with RPA predictions.

The success of the semidirect interaction models in
reproducing the (y, po) and, to some extent the (y, no) cross
sections up to 100 MeV, confirms the importance of long
range correlations in the photodisintegration of light nu-
clei above the giant dipole resonance region.

The same expansion (1) has been applied to the experi-
mental (p, y„) data; in this case the larger uniformity of
the experimental angular distribution increases the ambi-
guity in the evaluation of the ak coefficients. Since our
data include angles from 35 to 135' only, further con-
straints have been imposed to the fit:
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FIG. 6. Legendre expansion coefficients corresponding to the curves of Fig. 3.
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FIG. 7. The cross section o., =4~30 as a function of the exci-
tation energy E„ for p, y transitions to groups of residual states
in ' 0 of energy e„.

FIG. 8. (a) Energy shift EEL——(E)—e of the centroid exci-
tation energy (E) as a function of the residual energy e in ' C
(Ref. 8) and ' 0. Arrows and error bars report the uncertainty
due to the lack of low energy data. (b) Integrated capture cross
section, above 17.S MeV for py0 and pyl+q and above 30 MeV
for the remaining transitions, for the various residual states in
' 0 as a function of e„.

This procedure introduces, besides the quoted errors, a
further uncertainty on the ak coefficients which can be es-
timated around 5% for a ~, a2, and a3 but which increases
up to 40% for a4.

A quantitative evaluation of the expansion coefficients
for the main transitions to the 6. 13+6.92 MeV and
12.6+13.1 MeV 1evels is reported in Fig. 6. In both cases
the angular distribution shows dominant E1 absorption,
responsible for the larger az values, with non-negligible
(El,E2) interference terms, contained in the a~ and a3
coefficient. Pronounced E2 resonances in the excitation
energy region between 30 and 40 MeV have been, in fact,
recently observed in the ' C(a, y„) cross section. For the
8.87—9.63 MeV levels only the total cross section (Fig. 7)
has been measured with acceptable precision, while the
peak around e =10.9—11.6 MeV was always too weak
for a reliable background subtraction.

In Fig. 7 the total capture cross sections o.T ——4mAO to
the 1p-1h (1p»z) residual states of ' O as a function of
the excitation energy are displayed. The most interesting
feature of these data is the systematic existence of reso-
nances in each channel; this effect has already been ob-
served by different groups ' in ' C and a simple model
has been suggested ' to describe each resonance as a giant
resonance built on the corresponding residual state.

According to this suggestion the shift energy AE& of

each resonance with respect to its background level should
be approximately constant and comparable to the centroid
energy of the giant dipole resonance; the resonances re-
ported in Fig. 7 are instead all in the 33—35 MeV interval.
Nevertheless, one should point out that in ' C a simple re-
lation holds between the average energy

(E)= JE„or (E„)dE /cr;„,

and the residual state energy e„,namely [see Fig. 8(a)]

b,E& (E ) —e„=const, ——
where

o;„,= for (E„)dE„

and o. =4+HO is the total cross section for each py tran-
yx

sition reported in Fig. 7. Unfortunately the fragmentary
measurements' ' of the low energy capture cross section
to excited states, presently available in ' O, make the
evaluation of (E) in this nucleus more problematic. The
average energy shift hE&, displayed for each residual state
energy e in ' O in Fig. 8, has been calculated above 17.5X

20MeV for the pyo using the available 90 low energy data
for the p,y&+z transition, for the remaining transitions,
where low energy points are missing, our data only pro-
vide an upper limit. The corresponding integrated cross
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sections up to 50 MeV are plotted in Fig. 8(b); the in-
tegrated detail balanced cross sections for the inverse y„p
transition can be obtained by multiplying the data points
in Fig. 8(b) at e„=6.5, 9.3, and 12.8 MeV by the factor
K„=117., 106.6, and 148, respectively.

Complete measurements of low energy capture cross
sections are definitely required for conclusions, but for the
moment the present results on ' 0 seem still compatible

with a schematic model of giant dipole resonances built on
excited states where each resonance has an approximately
constant centroid energy shift but a typical structure.
This assumption is supported by the dominant E 1 charac-
ter of the angular distribution, where the relevant interfer-
ence effects also confirm the existence of a complex struc-
ture.
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