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abstract

The ninety degree yield curve for the 12C(p,V)l3N
reaction was examined for proton energies (Ep) between
14 MeV and 24.4 MeV using a 99.9 % pure carbon-12 target
and protons from the University of Washington FN tandem
Van de Graaff. The giant dipole resonance (GDR) for thé
gamma transition to the ground state (Yo) was found to be
centered at Ep= 20,5 MeV wit? awidth ["=1u Mev-and a
maximum cross-section = 3 pb/sr. Intermediate structure
of width [ = 1 MeV was observed at Ep= 17.5 MeV and 23 MeV.
The yield curve was compared to the llB(p,Yo)l?C yield curve,
and the similarities found indicated that valence nucleon
transitions to the ground state play little.part in the
GDR of'l3N.

Yield curves for the transition to the first excited
state (Yl)‘and the sum of the transitions to the second and
third excited states (72+3) are also given‘in the regions
where they can be reliably extracted. No fine strﬁcture
was observed. Measured yields of the 12.71 MeV and 15.11
MeV gamma-rays from the inelastic reaction agree well with

other recent results. Proton decay widths to these states

from compound nuclear states in 13N are given,
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Angular distributions for the (p,Y.) reaction were
measured at six energies in the region of the "pygmy resonance",
Ep= 10 MeV to b MeV, to inspect previously reported fine
structure. Two narrow minima seen in the ninety degree yield
are found to be minima in the integrated cross:sections,

whereas the shape of the angular distribution is relatively

constante.
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I INTRODUCTION

A General

The giant diéole resonance (GDR), the broad peak seen
in photo-nuclear cross-sections, is a phenomenon observed
in essentially all nuclei. Many variations on the two
basic models, the collective model and the independent
particle model, have been used to describe the absorption
process. Both models have beén gquite successful in describing
most features of the giant resonance. This would seem to in-
dicate that the two models are not as different as they at
first appear, and indeed Brink, 1957} has shown that, in some
sense, the models are equivalent.

The collective model, first proposed by Goldhabér and
Teller, 1948? pictures dipole photo-absorption as producing
a collective motion wﬁereby all the protons in the nucleus
oscillate against all the neutrons in the -“nucleus. This is
essentially a quantized hydro-dynamic model, whereby a proton
"fluid" and a neutron ”fluid" vibrate against each other.
This collective model postulates ad-hoc collective variables,
such as density and velocity distributions, in the "continuous™
nuclear medium, rather than dealing with the dynamical variables
of the individual nucleons. |

The energy of the giant resonance varies froﬁ 23 MeV for
light nuclei to 14 MeV for heavy nuclei, and its width varies

from 3. MeV to 8 MeV, In the collective model, the resonant

-la
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energy is a function of nuclear radius, and the width of the
resonance arises from friction experienced by the inter:
pénetrating fluids., The radius and other collective parameters
can be determined from the low-energy spectra (i.e. the moment
of inertia of the nucleus can be determined from transitions between
Llow lying rotational states). The friction term cannot, at
present, be calculated from the microscopic model, and must be
taken from phenomenological systematics. Thus, giant resonarnce
shapes and strengths can be calculated with no free parameters
and, for tﬁose'heavy nuclei where the calculation has been carried
out, reproduce experimental results quitevwell.3 In addition,
the collective model readily explains the splitting of the giant
resonance into two peaks for deformed nuclei. For these nuclei,
the collective model indicates.two primary ques of vibration;;
a low frequency ﬁode along the long symmetry axis, .and a high
fréquency mode along the short axis. The two frequencies correspond
to the energies at which the cross-section peaks. This splitting
is very apparént in such deformed nuclei as holmium.H Recent
developments of .the collective model include a three fluid
picture, where the excess neutrons are treated as a separate
entity.3

The collective model smoothsv over nuclear structure into
* fluids by averaging the collective motion of many nucleons, and
so, should be more applicable to heavy nuclei (A>U0) than to

light nuclei,
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The indépendent particle model (IPM) of the GDR is based
on the shell model, and was first developed by Wilkinson, 1956%
Since the ground states of nuclei are well described by the shell
model, the IPM pictures photo-absorption as exciting a single
nucleon to a more energetic orbital shell. The width of the
giant resonance cannot be accounted for as the'broadening of a
single;partiCle single;hole (lp-1h) state, although calculations
with a finite potential well do show some broadening. Instead,
the giant resonance is often viewed as a coherent mixture of
many - lLp-1lh states.

First estimates of the energy of the GDR using the IPM
were significantly below experimental values, Attempts were made
to remove the discrepancy by introducing non-local or velocity
dependent forces, with little success. The discrepancy was suc=-
cessfully removed by including a repulsive pérticle-holé
interaction. This is simply another way of describiﬁg the
attraction to the nucleons in an unclosed shell experienced
by an excited nucleon. This "repulsion" increases the calculated
energy of the GDR. As Brink has shown% this interaction is a
many body correlation which produces a collective motion of
neutrons against protons,.i.e. the collective model. Theoretical
estimates of the enérgy now agree well with experimental Values%

Intermediate structure in the giant resonance; which is
seen in many nuclei (e.g. 16O and 2881) is viewed according to

the IPM as well-defined shell-model configurations (not necessarily

lp-1h states) . In some cases, such.a well-defined configuration
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in the giént resonance can be identified by the variation in
the ahgular distribution of the photo-nucleons (or of the gamma-
rays in the inverse reaction). This, however, ﬁoints out-a
major difficulty of the IPM of the giant resonance. Angular
distributions throughout the resonance, for the most part, vary
little, if at all. This contradictss the notion of many lp-lh
statﬁ? acting'cohefently, as has been noted by Allas, et. al.,
1964, and Tanner, 1965. As Tanner's analysis indicates, the
GDR should probably be regarded as a single broad resonance,
and thus, the IPM cannot easily -account for its width. Still,
mixtures of single particle wavefunctions are frequently used to
describe the GDR in many theoretical calculations.

An important variation on these fwo models is the schematic
model of Brown and Bolster]_i.i3 This model is again based on the
mixing of lp-lh excitations by the particle-hole interaction.

By making some radical simplifying assumptions, Brown and Bolsterli
show that the coherent effect of the many states can push a

single eigenstate to an energy much higher that the single-
particle excitation energies, and at the same time, endow this
state with essentially all of tﬁe dipole transitioﬁ strength.

This model is simple and elegant, and gives some'insight into the
more detailed particle-hole calculations, but yields realistic

quantitative predictions only with great difficulty.
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B The Dipole Resonance in Mass-13 Nucleil

The mass-13 nuclei.l3C'and 13N have a very simple structure :
a valence nuclebn added to a carbon-12 core. If the additional
nucleon does not cause a major disturbance in the core, the
carbon-12 will remain in its ground state, a closed subshell.
Carbon-12 is a light Un nucleus. The GDR in carbon-12 comes
at an excitation energy Ex= 23 MeV. This concentration of
strength at a high energy is ascribed to the mechanism of the
schematic model, which seems to well describé Un nuclei, with
especially symmetric spatial wave-funétions. Recent results
indicéte the overall structure of the GDR 'in 12C can be mostly
derived from semi-phenomenological lp-lh wave-functions?

- Mass-13 nuclei are among the simplest non-closed shell
nuclei. Theirfstudy»sﬁouid yield some insight into the.structure
of non-closed shell nuclei in general, and in particular. into
how a closed shell nucleus is affected by the addition of a
single nucleon.

"The nuclei 13C and 13N have been well-studied, and many
levels have been documented}i)However, the study of %he GDR,
"and in particular, the single nucleonrdecay of the dipole resonance.
has not been exhaustive. Carbon-13 is a stable isotope, and can
thus be studied directly. The reactions l3C(’Y,p)l,2B and
l3C(Y,n)12C have been examined from photon energies (Ey)
between 5 MeV and 38 MeV by Cook in 1957,1%nd this remains the

most complete study to date.
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Nitrogen#lB is an unstable isotope, 5+ decaying to carbon-13
with a Lifetime of about ten minutes. The present work is an
‘examination of the dipole resonance in 13N’by means of the inverse
radiative proton captufe reaction: lzC(p,Yojl3N . This reaction
is related to the reaction'l3N(7;p?)lzC by the principle of
detailed balance}2(A subscript'O,l,;. on the p and Y indicates
transitions leaving the residual nucleus in the ground state,
first excited state, etc.) In this case, the pfinciple of de-
tailed balance is valid even if time reversal invariance is
violated?—'3 While the proton transition to the.ground state in
general represents the structure of the GDR‘faihhy_w¢11;~distortions
do Occuf¥+ In particular, this mode of decay may'be gquite important
at low energies, but may become less important at higher energies,
where more decay channels are energetically allowed. Thus, the
(Y,p,) cross-sections do not necessafily-reflect the gross shape
of the GDR. Some care must also be taken when interpreting .:
structure in radiative capture reactions. Tanner points out
that such structure may be the result of weak compound nuclear
states interfering with the main broad resoﬁance, and fhus, not
really representative of the GDR? However, even with these
uncertainties, radiaﬁive capture has proved a powerful toél
for studying the GDR.

Until recently, the l2C(p,‘Y)l3N capture reaction has been
rather neglected. Warburton and ‘Funsten were the first to detect

the capture gamma-ray Yo in 1962}5 In 1963, Fisher, et al..

examined the reaction over a wider range:.L6 Both experiments
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were limited by the poor energy resolution of both the proton

beams (300 keV and 800 keV respectively) and the small Nal
detectors ( = 13%). A more recent study by Dietrich was limited

to a sﬁall region about the lowest T.=.3/2 state in 13N.l7

Recent work on the capture reaction has been done at the University
- of Washington in Seattle. Johnson has examined the reaction from
2.8 MeV to 9 MeV].'8 Measday, Hésinoff and Johnsoﬁ have examined

the capture reaction from 9 MeV to‘16 Mev;‘ The.present report
extends this study to 24.U MeV. |

The GDR 'in l3N can also proton-decay to the gfound state

or excited states of 12C. Tﬁus, the proton and gamma-ray cross-
sectioﬁs from the 12C(p,pj and 12C(p,p"Y) elastic and inelastic
reactions might also contain information about the GDR 'in 13N.

In the present study, we also examine the yields of the 12.71 MeV
and 15.11 MeV gamma-rays excited in-the inelastic reacfion.

Proton yields from the elastic and ineléstic reactions for

incident proton: energies between 9.4 MeV and 21.5 MeV have

been measured by Levine and Parker%owho also heasured the lzC(p,b()
decay. Data with a polarized proton beaﬁ havé been taken by

Meyer and.Plattner?]'The neutron decay channel in 13N has been
studied via the 12C(p,n)12N reaction by detecting positrons
from decay of thé ground state of lZN by Rimmer and Fisher.22

The results of Fisher. et. al}§ showed a peak at a proton

energy Ep= 13 MeV, separated from the main resonance near
Ep= 20 MeV. Our results confirm this. This lower peak has some-

times been called a "pygmy resonance", The term "pygmy resonance"

has been applied several ways in nucelar physics. In neutron
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capture spectroscopy, the term applies to broad peaks seen in
53 ,
certain mass regions. When referring to the GDR, "pygmy resonance"
sometimes refers to that part of the dipole resonance with the

H For this report. the

lower -allowed value of isospin (T<:)%
term "pygmy resonance” will refer only to that part of the dipole
resonance at an energy -significantly lower that the main strength

of the resonance.

i

The present repbrt also includes the measurement of six
angular distributions in the region of the pygmy resonance,
and two angular distributiéns at a higher energy. We shall
attempt to view all the data in this report in light of the
following questions:

1) To what extent does the valence nucleon disturb the

| 2C core?

2) Do single-particle transitioqs involving the valence
nucleon contribute significantly to the dipole
resqnaﬁce?

3) To what extent can we identify resonances seen in

other reactions with the GDR?
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II EXPERIMENTAL EQUIPMENT AND PROCEDURE

A General Set-Up

13

The N nucleus has a single valence proton outside the

. . 12
closed shell configuration of C. Thus, the proton binding energy

for 13N is 1.944 MeV (= Q value), a small number when compared

with the proton binding energy of 15,957 MeV for 12C. To study
the full giant resonaﬁce region of 13N by radiative proton
capture, proton energies from 10 MeV to 30 MeV would be required.
Present day Van de Graff accelerators, with a maximum of
approximately 25 MeV, cover most, but not all,.of this region.
A 'study of the giant vresonance through the inverse (p,Y) reaction
has the advantage of exhibiting more fine structure than is
possible when examining the direct (Y,p) or (Y,n) reactions,
because the incident beam of charged particles posseéées far
better energy resolution than any beam of photons,,at present.
Also, the dipole resonance for unstable isotopes, invparticular
l3N, whichvare unaccessible 1in the direct reaction, can be
studied by the capture reagtion. The University of Washington's
FN tandem Van de Graff can routinely achieve an energy resolution
of better than 5 keV for 15 MeV protons, an uncertainty even
less than the energy loss in the target (= 10 keV). '

In general, energy calibration was no problem for the
lZC(P)V)’Spectrae warﬁincident'proton‘engpgies;greater than

Ep= 17 MeV, the 12.71 MeV and lS.ll MeV gamma-rays from the
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inelastic reaction were plainly visible, thus fixing the
energy calibration:. When below these thresholds, an energy.calibra-
tion was done for low-eﬁergy gamma-rays from radioactive sources,
and the gain was then decreased by a known amount, to bring
the capture gamma-rays within:, the energy range of the analyzer.

The signals from the spectrometer were analyzed by a pulse
height analyzer (PHA) and sorted into ACCEPT and REJECT bins, as dis-
cussed in the following section. At the end of a run, the data -
were dumped into an SDS>computer and then stored on magﬁetic tape
for later analysis. A version of the EGG program (see appendix)
had been adapted for use on the SDS computer, allowing an
immediate on-line analysis while the data was being taken.

This is a great aid to the experimenter, permitting him to
further investigate interesting results at once. Final analysis
of all data was done on a time-sharing IBM computer at the

University of British Columbia.



B The Gamma-Ray Spectrometer

The gamma-ray detector used in this study belonged to a
- University of British Columbia group, but resided at the Univer-
sify of Washington Nuclear Physics Laboratory.- A detailed des-~
criptiong of the-spectrometer has been published (Hasinoff. et al..
197325), only a brief account will be given here.

The design of the spectrometer and housing is illustrated in
figure‘l, page 12 . The central NaI(Tl) crystal, a cylinder
25.4 cm. in diameter by 25.4 cm. long, .was manufactured by the
Frénch company Quartz et Silice. The response of the crystal
to a 1.33 MeV gamma-ray-from a collimated source moved alorig its
aXiS.was uniform to +0.75 %. A l'cm, thickness of lithium car-
bonate and wax surrounds the sides and front face of the crystal,
.and provides some absorption of slow neuﬁrons. The anti-coin-
cidence shieldvconsists of NE 110 plastic scintillator, 10.8
cm, thicke.

A schematic of the electronics is shown in figure 2, page 13.
A complete description of the electronics is given by .-
Lim, 197H%6 Note that the anode signal is used for both the
linear signal and the timing. This was found to be simpler
ﬁhénb&Sing‘the dynode signal for the linear pulse, and caused
no loss of resolution.

A gain-stabilizing unit was attached to the power supply

of the crystal's photo-tubes, because the gain of the photo-tubes
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was a non-linear function of the counting rate. With the
stabilizing unit, the gain shift was decreased to about 1 %,
which caused no difficulty in identification of the lines.
The stabilizer window was usually set on the 4.43 MeV gamma-ray
from the first excited state of lZC,

Cosmié ray rejection using the anti-coincidence shield
can be made better than 200 to 1. This specfrometer has achieved
a resolution of 3 % FWHM for 15 MeV gamma rays, -using a collimator
of solid angle 0,035 sr. The yield curve in this report was
taken with a collimator of solid'angle =0,077 sr., half-angle
= 7°, This gave a resolution (FWHM) = 4 %, which was more than
adequate. For the angular distributions, the crystal was moved
back to maximize the range of angles. The data was taken with no
collimator, correspdnding tb approximately the same solid angle,
causing the energy resolution to worsen slightly, to FWHM = 4.5 %
The detector coﬁld be moved betwesen about 42° and 1u40°.
N The angular alignment of the crystal was checked mechanically
before each run. Recently, other members of the lab have tested
the alignment by placing a radioactive point'source in the target
holder. The measured yield was isotropic to within 5 %.

" Most of the data. for the yield curve were taken during a
single run., For'fhié“%ﬁh,'paraﬁfiﬁ was placed in front of the
detector to reduce the neutron background. The parafifin also
significantly attenuates the gamma-rays, as does the front
plastic used in anti-coincidence.

The anti-coincidence shield, which significantly improves

the resolution of the Nal crystal, causes some of the gamma-pays
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to be "rejected". These gamma-rays are stored in a separate bin
as the REJECT spectrum. When.calculating the absolute yield
from the ACCEPT spectrum, a correction for the percentage of
gamma-rays rejected must be applied to the data, in addition
to the various attenuation factors. The former correction, called
the "electronic efficiency”, is a function of the gain of the
photo-tubes on the plastic scintillator, but also depénds on the
size of the collimator and on the energy of the gamma-ray itself.
For the 10" by 10" Nal crystal, appfoximately 100 % of ¥5 MeV
gamma-rays interact, i.e. deposit some energy. Thus, the

electronic efficiency, defined by

# in ACCEPT
# in ACCEPT + # in REJECT

El. Eff. =

for an isolated gamma-ray, need only be folded into the attenuation
factors to give a total cérrection value.

A calculation of the correction factor for the experimental
set-up used in this study has been done. The result is given
in figufe 3 on page 16 . The electronic efficiency is a smooth
fit to three experimental data points. The parrafin attenuation
curve is a theoretical calculation normalized to one data point.
The front plastic curve is a purely theoretical‘calculation,
derived using the plastic's thickness and chemical composition,
and known mass absorption factorsg7 The total correction curve

is seen to vary little as a function of gamma-ray energy. From

Eg= 14 MeV to 25 MeV, this correction varies by less than 5 %.

™
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The absolute uncertainty of this curve is not more than 10 %.
Since the variation with energy was small, a constant correction
at 15.11 MeV, where it is better known experimentally, was
uniformly applied to the data.

The data point fqr the electronic efficiency at 22.4 MeV
was taken at a separate run. There was some discrepancy in the
absolute normalization for different runs , and thus the electronic
efficiency curve given is somewhat in question. For the worst
possible case, the»relative yield curves should be tilted, in-
creasing the yield at 22 MeV by 10 %, and leaving the yield
at 15.1 MeV unchanged. Further studies of the efficiency for
this geometry are being made to remove the possible discrepancy.

A pure carbon£12 target (gg.Q%lZC) was used throughout
this study. The target thickness was measured using the narrow
([ = l.3f.3'keV) T = 3/2 resonance in 13N-at proton energy
Ep=‘lu.23l MeV. The target thickness was found to be 380 Pg/cm2
th %, in good agreement with previous measurements.

For spectrometers of this type, the behaviour of the gamma-ray
line shape in the low energy tail region has not been determined.
The present results have been analyzed by extrapolating the tail
linearly to zero energy at zero counts. The alternative extreme,
extrapolating the tail horizontally, would increase the stated
yields by 12 % at Eg= 24 MeV and by 8 % at Eg= 14 MeV. Combining
this with the uncertainties in target thickness and detector
efficiency, we estimate an uncertainty of_f 30 % in our absolute

cross-saction normalizations.
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111 THE “2C(p,¥) >N REACTION

A Yield and Angular Distributions in the Region

of the Giant Resonance

The ninety degree yield for radiative proton capture on
12C was measured for prbton energies from 14 MeV to 2u,u MeV'.
(excitation energy in 13N from Ex= 14,87 MeV to 24,47 MeV).

" in steps of 100 keV or smaller. The energy resolution of the

beam, including energy losses in the target, was = 15 keV.

The energy resolution of the measured gamma-rays had a full-

width half-maximum (FWHM) = 4 %, .although the resolution worsened
for cases of low yield coupled with a large background due to pile-
up. A typical spectrum is shown in figure U4 on page ‘19.

The gamma-ray from the transition to the ground state (Vo)
was well defined in all the spectra. Gamma-rays from transitions
to the second and third excited xstates at Ex= 3.51 MeV and

3.56 MeV could not be resolved, but their sum (Y.,,,) was always

2+3
visible, except where it overlappad with the prolific 15.11 MeV

or 12,71 MeV gamma-rays from the inelastic scattering reactions.
A significant background was present in the region between Yo

and Y2+3. This background could be somewhat reduced by decréasing
the beam current from — 80 nA to . 40 nA, implying that it was
more pile~up related than neutron rel&ted; However, most spectra
were taken at — 80 nA beam, since the background was still

manageable, and decreasing the beam increased running-time

prohibitively. Most spectra were taken for an integrated current
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of 100 PC’ with a run time of - 20 min/spectrum. Gamma-rays
from transitions to the first excited state in 13N at E_= 2.366
MeV (Yl) could bé discerned above the background gnly in the region
of the giant resonane (E§:> 20.5 MeV) .

The data were fitted in several different ways, using the
EGG fitting program described in the appendix. For the high
energy region (EP > 21 MeV), the capture gamma-rays were well
separafed from the inelastic gamma-rays. In this region, the

three capture gamma-rays (Y?,YI,Y ) were fit, together with

2+3

a forced quadratic background. The background was of the form:

B(x)

B(x) =0 for x > CUTOFF

CUTOFF = xo-B

Bo(x = CUTOFF) 2 for x < CUTOFF

1

where
x = channel number
Xo = channel number of Yo

Bs,B, = parameters

1

Thus, the background is a pure quadratic and goes smoothily
to zero at some péint above or below Y,. This form has the
advantage of restricting the amount of background under the
photo-peak of the ground state gamma-ray Yo, and of not allowing
questionable humps that sometimes appear in a cubic background.

The parameter B, was always allowed to vary, but B was usually

1
fixed at -10.
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At lower energies, the 72+3 or Y, often overlapped with one

1
of the inelastic gamma-rays. Tor these energies, Yo was fitted
either alone or with 71. The fitted region had to be narrowed
such that chi-squared was most.affected by the lines fit, rather
that the background. In all cases, the forced quadratic background
was included in the fit; Whenevervtheiyl was fit, it was necessary
to fix its excitation energy with respeé.tb the Yoo

In overlap regions, the data were fit in several of the above
ways. Results were always consistant within the stated errors.

The 12C(p,'Yo)l3N yield curve is given in figure 5 'on page 222
for proton energy'Ep= 14 sMeV to 24.4 MeV., The absolute nor-
malization of the cross~-section is uncertain by j 30 %. The
relative errors shown include the sfatistical error and the
uncertainty due to background subtraction as caléulated in
the error matrix (see appendix and Bevingtohzs).-

The main part of the dipole strength appears centered at
Ex='20.8 MeV with a width of [ = U MeV. This roughly coincides
with a state seen in proton scattering at Ex= 20.8 MeV, with a
width [M= 1;5 Mev; This state has been assigned a spin and
parity J7E 5/2+, based on the analyéis of polarization cross-
sections by Lowe and Watsoﬁ%g and on inelastically scattered
proton scrdés-sections of Scott et al*o’.O Lowe and Watson state
that assignments of 3™=3/2%ana 1/2" ave aléo allowed. Scott
compares the measured angular distribution for proton decay to

the 15;11 MeV statein l2C
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expt(20.5) —> P, + 0,1 P

- 003 P3 - 0@3 PLl-

+ Oo8P2

1
with angular distributions calculated for decays from states

of Jw

32t —s Po + 0.5 P,

5/27  —— P, +0.8°B, - 0.1 P

and conclude Jﬂ= 5/2+*is indicated. However, the calculated
angular distributions of Scott are based‘on the assumption that
different channel spins contribute equally to the cross-secfions.
This assumption is reasonable in the sense that, in the absence

of a detailed model for the reaction mechanism, we can do no
better. It has, however, a very significant effect on the
calculated angular distributions. Our calculations of the angular
distributions for each channel spin are given in table I on page 24.
We see that no combination of channel spins for J"=5/2+’can
adequately account for the measured values of both a, and a,
(different channel spins do not interfere). Other interference

. effects must be important. A resonance of J"= 3/2+ can easily
account for the large azvalue. The non-zero value of a, indicates
interference with a resonance of J = 5/2 with positive parity,
but this is not unlikely. If this state contributes to the Y,
yield, as seems likely, an assignment of J"= 3/2+'ié‘strongly
indicated. This assignment is not inconsistant with existing
proton scattering data. We cannot rule out the possibility

that two separate resonances are superimposed.
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Table T

Angular distributions for protons scattered inelastically to

+
the J™= 1" state at 15.11 MeV in lzc, calculated in the

channel-spin coupling scheme. J"refers to the compound nuclear

state, L to the scattered proton. S is the channel spin.

JT L s Angular Distribution
3/2" 2 1/2 & (Po + Py
3/2 4 Po
5/2" 2 L/2 6 (Po +1.lu P, +0.86 P)

3/2 6 ( Po * 041 P, = 8,97 P)
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The regidn Ep= 16.5 MeV to 18.5 MeV in the Yo yield probably
contains further structure. Whether this should be interpreted
as two dips or a separate peak is not clear. The high density of
states seen in inelastic proton scattering in this regionlO
would support almost any hypothesis. Angular distribufions in this
region might provide some insight, however these have not yet
been obtained.

Whether the slowly increasing yield down to Ep= 14 MeV
joins smoothly to the pygmy resonance at‘Ep= 10 MeV to 13 MeV
or is a separate bump is another unresolved quesfion. Further
meésﬁreménts in this region gave some indication that the yield
reaches a minimum near 14 MeV, but becauseiof time constraints,
the statistics were rather poor and did not warrant a definitive
sfatement. A broad background seems to underlie the éntire
yield curve.

The sharp peak at Ep= 14,231 MeV is a T = 3/2 state.
This very narrow resonance was found in the llB(BHe,n)l3N reaction,
and also in the mirrof reaction llB(BHe,p)l3C. The anomaly isv
also seen in proton scattering dataL()A spin-parity assignment
of J"= 3/2& was confirmed by the lzC(p,YO) data of Dietrich

17 3L
et al. Szucs et al. have measured the full width and found

I-\
I'\

good agreement with the previous result. The width, spin and

32
1.3 + 0.3 keV, Adelberger et al., 1973, have found

0.82 + 0.2 keV by a coincidence (3He,n7) measurement, in

parity, ML decay width,-dnd"éther information about this state

all indicate that it is the lowest T = 3/2 level in l3N, the
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13 13 .
analogue of the ground state of B -and 0. This resonance
was used to measure the target thickness.

lBN has two narrow T = 3/2 resonances.at E*= 17.86 MeV and

18,46 MeV, These states primarily proton decay to the T =11
15.11 MeV level in 12C, and are seen in the yield of that gamma;
ray (seevsection IV A) . These regions were-examinéd in 25 keV
steps, buf no corresponding structuré was seen in the Yo, yield.
This might indicatefé”many.iartiéle-hole configuration.

" The structure above the main strength of the GDR ‘is quifé
interesting. It might be interpreted as a dip at Ep= 22 ..U MeV
or as a peak at Ep= 23 MeV., Angular distributions were performed
at Ep= 22.4 MeV and 23.2 MeV. The results are shown in figure 6.

on page 27 , together with the fitted Legendre polynomial coeffi-

cients according to the equation:
2
Y(8) =2 (1+ & a, P (cosh))

by the program LEGFIT (see appendix). An asterisk (%) above
- the coefficients indicates the fit was forced to be non-negative
at either forward or backward angles.

At these energies, the yield was taken at only five angies
between 60° and 12u4°. Still, the results are quite striking.
All three capture gamma-rays are strongly asymmetric about
ninety degrees. The Yo and Y2+3 are less asymmetric (smaller al)

at 23.2 MeV that at 22.4 MeV (the Y, is less well defined).

1
The 15.11 MeV gamma~ray from the inelastic reaction is moderately
apisotropic at 22.4 MeV, but becomes very nearly isotropic

at 23.2 MeV.
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The asymmetry in the capture gamma-rays indicates that levels
of opposite parity are interfering. Assuming the dipole resonance
is primarily J“=3/2+, one could hypothesize that the other level
is the 5/2- state at Ep= 22 .4 MeV, seen as a broad shoulder in
the 15.11 MeV and 12.71 MeV yields (see section IV A) and
identified through the analysis of elastic scattering and polariza-

tion cross-sections by Lowe and Watson, 1966?9

This would give
E1-E2 interference in transitions to the ground state, and would
account for the observed angular distributions (see table II1
on page 37 ). However, since E1-E2 interference gives rise
only to odd legendre polynomials, this interference would not
account for a dip in the ninety degree Y, yield. Possible
explanations for this structure are considered in section V.

The Yl ninety degree yield is given as figure 7 on page 29
for prdtoh energies fro.Ep= 19.8 MeV to 24.4 MeV. To simplify
the fitting procedure, the excitation energy of the Yl was always

held fixed with resp=ct to the Yo. At lower energies, this

gamma-ray is lost in a pile-up asséciated background. The giant

resonance in the ylyield is centered near a gamma-ray energy

%g= 19.5 MeV and has a width [F = 2,5 MeV, The yield seems to
increase quite sharply at.Ep= 20.5 MeV, but the error bars
are large, and the actual efféet may not be so dramatic. No
fine structure was detected.

The Y2+3 yield is given as figure 8 on.page'30 from Ep=
19.7 MeV to 24.4 MeV, along with earlier results of Fisher et al.,
1963],'6 at higher proton energies, Tﬁé results of Fisher have

been re-normalized to agree with the present results. At lower

o e Y
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proton enevgies, the Y2+3'over1ays the inelastic gamma-rays,

and cannot be extracted reliably. No fine structure is apparent.
The yield goes through a minimum near EP= 22 MeV. The increase

at lower energies might indicate the presence of the pygmy resonance,

At higher energies, the yield approaches -the giant resonance,

as seen by Fisher.
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B  Angular Distributions in the Region of the

Pygmy Resonance

Radiative proton capture on carbon-l2 in the region E =
9 MeV to 15 MéV was previously studied by Measday, Hasinoff,
and Johnson, 1973%9 Measday found two dramatic dips in the Y.
yield at‘Ep= 10.62 MeV and 13.12,MeV. Their yield is reprinted
as figure 9 on page “33.v The two dips were fit quite well as
narrow resonances of width [' = 200 keV interfering with the
broad Background of the pygmy resonance. However, the ninety
degree yield does not tell us with certainty whether there is a
dip in the total cross-section, or only a rapid variation in the
angular distribution., Also, the decrease in-yield could be due
to a resonance in some competing reaction channel depopulating
the state. To further understand this phenomena, angular distri-
butions were obtained in the region of the pygmy resonance.

Angular distributions were measured at six energies,
indicated by arrows in figure 9. At each energy, the yield was
measured at six angles between 45° and 135°. The angular distri-

butions for Yo are given in figure 10 on page 34. The fitted

Legendre polynomial coefficients defined by the equation:

n
Y8 =4, (1 +.é: a Pi(cose))
=1

i
‘for n = 2 are given at each energy. Where values have been pre-

ceeded by an asterisk (¥), the fit has been forced to be non-

negative. The angular distributions are all peaked near ninety
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degrees. All are slightly asymmetric.

The fitted Legendre polynomial coefficients are plotted in
figure 11 for the fits performed with n = 2 and n = 4. The
values for the Y, angular distributions measured at Ep= 22 .U MeV
and 23.2 MeV have also been included. The errors shown are those
calculated in the error matrix (see appendix). Including the |
third and fourth:order Legendre polynomials does not significantly
improve the fit according to F-tesfzs(with the possible exception
of the Ep= 13.5 MeV angﬁlar distribution) . The truncated angular
region allowed by the experimental set-up does notvwell‘define
the higher order coefficients, which results in very large'errors
for the n = 4 fit, Knowledge of the yield at far forward or
backward angles is necessary to better determine the a., and

3

a, coefficients.,

4y

The Legendre fits with n== 2 were adequafe, overall. As
figure 11 illustrates, the ay and a, coefficiehts'are nearly
constant throughout this region. The only dramatic variation
occurs in the A, coefficient, i.e. the dips do occur in the
ihtegrated éross-section.

Calculated angular distributions for Y. from radiative

proton capture in the channel spin coupling scheme are given
in table II on page 37 for E1l, ML, and E2 radiation, and for
El-El, ML-M1l, E2-E2, E1-E2, and E1-Ml interference terms.
Because the target nucleus has J"= O+, the j-j and L-S coupling

schemes give distributions which differ by only an overall

normalization. Assuming this is dipole radiation, the strongly
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Table II

Calculated gamma-ray angular distributions for the 12C(p,’)’o)
reactionsas a function of 1 and j of the incoming proton in

the channel spin coupling scheme.

L 3 type Angular Distribution

0 1/2 El 2 Po

2 3/2 El 4 ( Po.~ 0.5 P,)

1 1/2 ML 2 P,

1 3/2 Ml 4 ( Po - 0.5 P,)

1 3/2 E2 4 (Po + 0.5 P,)

3 5/2 E2 6 ( Po + 0,57 P, :»0.57 P,)

Interference Terms

1 i type 1 3 type Angular Distribution
0 1/2 E1L 2 3/2 El 2 P,
1 1/2 ML 1 3/2 ML -2 B,
1 3/2 E2 3 5/2 E2 -0.86 ( P, - Slpu)
0 1/2 E1L 1 1/2 ML :2 Py
0 1/2 EL 1 3/2 ML 2 P
2 3/2 E1L 1 1/2 ML _2 Py
2 3/2 EL 1 3/2 ML 2 Py
0 1/2 EL 1 3/2 F2 L.15 By
| 0 1/2 E1L 3 5/2 E2 L.15 Pg
2 3/2 E1 1 3/2 E2 0.69 ( Py -6 ?3)

2 3/2 EFL 3 5/2 E2 6.2 ( Py - 0.4U Py
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negative a, value indicates J"= 3/2" for the pygmy resonance.

This is an expected result, as non-spin-flip El transitions
are favored over spin-flip E1l transitions%3 That the measured

value a2= -0/75 is more negative than the predicted a.=-0.5

2
probably indicates some degree of background, as does the small

non-zero a, value.

1
As the calculated angular distributions illustrate, the
integrated cross-section (which depends only on the A, coefficient)
can be influenced by interfering resonances ohly if they have the
same angular momentum and parity. Interfering levels with the
Séme parity, but different angular homentum‘affect the higher
order even coefficienfs. Interfering levels of opposite parity
introduce odd Legendre polynomials. Thus, if the structure is
caused by two narrow resonances interfering with the broad
pygmy resonahce, our results indicate their angular momentum and'
parity must be JT= 3/2+, to agree with the pygmy resonance.
As noted by Measday et ai., 1973%9 the dip at Ep=‘10.62
MeV coincides with a level seen in the elastic and inelastic

scattering of polarized protons on carbon-12 by Meyer and
Plattner, 19732.l This resonance, at Ex= 11.75 Mev, hasva width
"= 250 keV, and was ascribed J"= 3/2+ by phase shift ‘analysis.
Although sometéf the results of Meyer and Plattner have been
questioned by Measday, this exceptional agreement‘in position,

width, angular momentum and parity of the resonance lends some

weight to the interpretation of the dip as an interference effect.
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We note also that fine structure of approximately this width
was seen in thiscsregion in the yield of the 4,43 MeV gamma:ray
from the inelastic reaction in the earlier data of Adams et al,
1961.3.LL

The minimum at Ex= 1u4.04 MeV, also as noted by Measday,
could perhaps be identified with a level at Ex= 13.96 f .05 MeV
with [ = 150 kev, J"= 3/2+, seen in the elastic scattering data
of LeVine and Parker, 1969.20

The alternative interpretation of the dips beihg caused
by a resonance in some competing reaction cannot be completely
ruled out. A competing reaction would not be expected to -affect
the angular distribution, which is still consistent with our
results. The only channel open at this energy, besides the entrance
channel and radiative decay, is lzC(p,o()gB. This reaction has
a threshold of Ep= 9,5 MeV., Unfortumately, a yield curve in
this region does not exist. LeVine and Parkérzo have examined
this reaction near the T = 3/2 resonance at Ep= 14,231 MeV, but
not at Lower energies. They did note several correlations in the
(p,p') and (p, ') reactions at higher energies. However, the
K decay widths usually never vary as dramatically as would be
necessary to account for the minima in the region of the pygmy
resonance,

The pygmy resonance is often thought to arise from transitions
involving the valence nucleon., »For a valence nucleon dipole
transition to the ground state of 13N to occur, the incoming

proton would have to fall into a d3/2 or SlZ2 shell orbital.
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The measured angular distributions in the region of the pygmy
resonance are consistent with .an incomin 53/2'proton (see table I1),
-although transitions from a many particle-hole state cannot be
ruled out. Some relevant theoretical calculations are discussed

in section V.
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IV YIELDS OF THE 12,71 MeV AND 15.1l1 MeV GAMMA-RAYS

FROM THE INELASTIC REACTION 1°C(p,p'¥)1%c”

The two J'= l+ energy levels in 12C at 12.71L MeV (T = 0)
and 15.11 MeV (T = 1) both have shell model configurations
(p3/2)-l(pl/2)l. When viewed as lp-lh states, with the 12C
core as‘the vacuum, the 12.71 MeV level is symmetric in the spin
component of its wavefunctiony and anti-symmetric in its iso;
spin component, and the 15.1l1 MeV level is anti-symmetric in
spin and symmetric in iso-spin. Together, these levels exhaust
the J"= l+ strength in the lp shell and are well isolated from
the next l+configuration--(sd)2(p)-2.

Tabie ITI on page 42 1lists the known decay widths of
these levels. The 12.71 MeV level alpha decays mainly to the

: +
2.90 MeV first excited state (JW= 2 , T =0) in 8Be, even

though the decay is inhibited by a factor of ~ lOu.
(The 12.71 MeV level is viewed as a lp;lh state, whereas alpha
decay couples to Up-U4h configurations.) Decay to the ground state
in 8Be is prohibited by conservation of parity and angular momentum,
thus gamma decay accounts for the remaining 3 % of the total

width. 85 % of this gamma width is ML radiation to the ground

12
state of C. The total cross-section for excitation of the

level was calculated using a branching ration

[‘Yo/r' = (2.5 + .3) % 37

and assuming an isotropic angular distribution.



Table III

Decay widths of the 12.71 MeV and 15;11 MeV gamma-rays

Energya J"(T)a total alpha gamma-ray decays (%) ‘
width width to to to to *.
[ (eV) ﬂx/r'c%) ground b4 MeV | 7.7 MeV| 12.7 MeV

rﬁx/r ryf/rv r*/*/r‘v Pv'/rv

b b

12.713+.006 17 (0) 14.6+2.8° | 97.1%.3° | 2.4+.3° | 17.4.3° | <10.° | ——

15.109+.004 | 17(1) | 39.4%1.5% | 3.6%2.8¢

95.43.° | 1.5+.3%| L.5+.2% 0.7+.3°

-

35
a) Ajzenberg-Selove and Lauritsen, 1968
b) Cecil et al., 197436
c) Riesman et al., 197037

38
d) Adelburger and Busoletti, 19733
e) Chertok et al., ].973"39
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The 15,11 MeV level is the first T = 1 state in 12C, the
analogue of the ground states of 12B -and 12N. Although the
state is 7.7 MeV above the alpha break:up thres‘hold, alpha decay
is isospin forbidden, and the state decays via gamma emission
almost entirely. The ground state branching ratio is very large
(f‘,y/ "= 92 %), although there is some disagreement on its exact
value (see Riesman et al.?’,7 and Alburger and Wilkinson, 1972\40) .
The 15.11 MeV level could alpha decay via some isospin impurity,
i.e. mixing of the 12.71 MeV and 15.11 MeV levels.’ This mixing
is thought to occur with an amplitude of ~ 11 /3 8,41 Still,
the aipha decay branching ratio of the 15.11 MeV level is probably
‘less tham 2 %. TFor our calculations, we assume I",YO/I" =1

and derive the angular distributions from the a, values given

2
by figure 13 on page 58 .
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A Yield of the 15.1l1 MeV Gamma=Ray

The 15.11 MeV gamma-ray yield curve is given in figure 12
for proton energiesvfrom threshold (Ep= 16,39 MeV) to 2u.4 MeV,
The uncertainty in absolute normalization is f 30 %. Throughout
this region, the 15.1l1 MeV gamma-ray is the most prominent feature
of the spectrum. No background subtraction was necessary when
the 15.11 MeV and 12.71 Mev gamma;rays were fit together. The
yield curve duplicates quite well the recent results of Measday
et al., 1973,1'9 and Ebisawa et al., 1973.42

The narrow T =3/2 resonances in 13y at Ep= 17.86 MeV and
18.46 MeV are clearly seen. These states can proton decay to the
15,11 MeV level, but are prohibited from decaying to the 12.71
MeV level by isospin conservation. (We would estimate

r; /[jp < 50 % for both resonances,) The resonance

12,71 15.11 43,35

at Ep=l7.3 MeV, previously seen by Snover et al., has a
slightly deformed shape, which is presumably a threshold effect.
The most prominent features of the yield are the two well defined
peaks at approximately E§= 19.4 MeV and 20,5 MeV, together with
the broad shoulder at about 22,4 MeV., The yield seems to level
off at about 23.6 MeV. .The yield at these energies would include
contributions from peaks at higher energies, in particular
the resonance seen at Ep= 25.5 MeV in the DWBA analysis of
inelastic proton scattering data by Scott et al., 1967,30 and

i
in agreement with the earlier gamma-~ray data of Measday et al.
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The yield curve was fit in segments with two interfering
Breit-Wigner resonance shapes, using the program of Hasinoff
(described in the appendix) . Results of this fitting are given
in table IV on page 47 . The pairs of values quoted are the
"strong" and "weék” solution discussed in the appendix. The
- brackets indicate resonances fit as interfering pairs. Within
any bracket, all the first solutions or all the.sécond solutions
.are self;consistent (unless otherwise noted) . The third value,
if given, is an estimate of the proton widths assuming no
interference and some reasonable background subtraction.

A non;interfering background is possibly present under some
of the fitted peaks. For the 15.1l1 MeV yield, these are the
19.4 MeV, 20,5 MeV and 22.4 MeV peaks. Rather than treat the
non-interfering background as a free parameter, three special
cases were fit: 1) no non-interfering background, .2) one;half
the maximum possible non~interfering background, and 3) the
maximum possible nonsiinterfering background. For the peaks in
-the lS.ll MeV yield, the maximum background was estimated to be

~— 170 pb/sr. The proton widths quoted are those that seemed
However, the quoted errors include the uncertainty in the back:
gfound subtraction.

The peaks at EP= 17.3 MeV and 17.9 MeV were fit together,
~ but appear essentially non-interfering. The other T = 3/2 |
resonance at Eﬁ= 18.46 Mev, althoqgh clearly discernable, could

not be fit adequately. (One might guess r;,<:]"5 keV.)
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Table IV

3 » .
N found in the yield of the 12.71 MeV and 15.11 MeV gamma-raysf

Ep(MeV) EX(MeV) Jﬂ('I‘)a total proton widths (keV)
width ground 12,71 MeV 15,11 MeVv
r'(keV) state level level
15,27 | 16,02 7/2" 102 F 10 % 7.5° b2 + 10 % S
= 98, ¥ 10 % —_—
lLl'o :_I" 20 % _
17.3 17.9 ? 594 + 5 % 40 50, + 20 %dd c d
4ol I 5 % 1100 % 30 % 46 + 20 %
17.9 18.u46 3/27(3/2) 101 + 30:% 25> 1.8 + 10 %
A?;Jv )
- _ 2.5 + 20 %
18.8 19,3 ? 500 + 100 % | 50° 320 £ 100 %37
3640 .+ 20 cglf T 2
_ 260 + 50 %
19,4 19,83 5/27(1/2) 1000 + 50 % | 175° 21,7 &+ 50 %
1500 + 50 % 230 £ 50 % ?
e b 1_230%50% | -
19,46 19.88 3/2%(1/2) 506 & W% 208P 11.4 + 20 %
| 730 + 2 % ? 32,6 + 20 %
v 30 + 20 %
20.5 20.9 s 1500.F 4 % | 2002 520 + 100 % || 169.% 20 %
‘ - 300 + 100 % 65 + 20 %
: 500 + 50 % 360 + 20 %
22,4 22,6 5/2= F 1300 + 25 % | 50% 240 + 100 % 100 # 50 %/
‘ () ? /| 1000 + 50 %
600 + 50 % 160 + 30 %
* peferences are on the following page.
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References for table 1IV:

a)
b)
c)
d)

| .
1)
)
h)

Given by Ajzenber-Selove ,10 unless otherwise noted
LeVine and Parker 20

We estimate r’po/ r' =10 %

+
Divide by statistical spin factor g(s) = 22 1 >1

Only consistent with PP= 2300 keV for the 19.4 MeV resonance

Assumed from the optical model of Scott et al.30

Estimated, see Lowe and Watson'29

Only consistent with PP= 400 keV for the 20.5 MeV resonance -
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The fit of the peak at E_= 19.4 MeV yielded a width
™ = 500 keV to 750 keV, which would indicate that the major
“contributor is the resonance at Ep= 19.46 MeV (E = 19.88 MeV,
F".= 520 keV) . For the set of interfering solutions given for
the peaks:-at EP= 9.4 MeV, 20,5 MeV, and 22.4 MeV, the upper
values would seem the most believable, being the closest to the
non;fesonant estimates. Note, however, that the second set is
not entirely ruled out. A value of I—b,= 1000 keV.for Fhe
22 .4 MeV peak seems unlikely, but the requirement that the
20,5 MeV state have a width of 400 ReV could conceivably réflect
a contribution from the 19.4 MeV state, if this was the broader
([" = 1000 keV) J"= 5/2-_ievel, rather than the J'= 3/2+‘state,
as suggested. Also, for the 22.4 MeV peak, subtraction of the
- non:interfering background causes considerable uncertainty in
the proton widths, which is included in the stated errors.
Note, however, that if the 22.4 MeV resonance has J'= 5/27,
as suggested in the analysis of the elastic scattering data
by Lowe and Watsmnfg one would not expect to see any interference
effects with the positive périty‘states at Ep= 20,5 MeV and
'19.46 MeV in the ninety degree yield. The spip and parity
assignment of the 20,5 MeV level is based on the optical model
phase shift amalysis of elastic scattering,énd polarization
cross;éections done by Lowe and Watson, and is éupported by the
30

inelastic scattering data and analysis of Scott et al.

The spin assignment was queétioned in section III A, page_23 R
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of this report. The spin and parity of the EP='19.46»state

was determined by Levine and'ParkerFO by optical model phase:
shift analysis of lower energy scattering data;

We note some disagreement in the reported values of the
energies and widths of the two T .= 3/2 states. Snover et al.LL3
report E = 18.42 MeV and 18.97 MeV with ["'=66 + 8 keV and 23 + 5
keV respectively, és given by Ajzenberg,-Selove.lO LeVine and
Parker20 report EX= 18,35 and 18.96 MeV with " = 100 kev
and 15 keV., We give a value of [" = 100 keV for the former
resonance, but this is with no background subtraction. Sohe
background subtraction seems likely, and this would lower oun
value to a better agreement with Snover. Our energy scale was
calibrated using the energy of the lowest T.= 3/2 level, which
is quite well known. Our results give the energy for this
level as 18.456 E 015 MeV, also in agreement with Snover.

Because of our target thickness and the quality of our data

in the region of the 18,96 MeV state, we cannot further comment

on that discrepancy.
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B ‘Yield of the 1l2.71 Mev Gamma=Ray

The 12.71 MeV yield curve is also given in figure 12 on
page U5 for proton energies from 14,6 MeV-to 2U.U4 MeV (Ex=
15.4 MeV to 24.5 MeV) . There is an uncertainty of approximately
E 30 % in the absolute normalization. Above a proton energy
of 16.8 MeV, the 12.71 MeV gamma;ray sikts on the tail of the
15.11 MeV gamma:fay. These spectra were fit with only the
12,71 MeV and 15.11 MeV lines, no othef background was necessarye.
This introduced an additional uncertainty in the relative yield
of the 12,71 MeV gamma:ray due to unéertainty of the low energy
tail of the line shape. To judge the effect of this uncertainty,
the spectra were also fit with only the 12,71 MeV line and a
variable gquadratic backgrouﬁd over a narrower channel region.
" The two fits agreed well: all structufe was reproduced and the
absolute yields overlapped, differing by a maximum of 5 % on the
high energy side (Ep> 21 MeV). B
The yield curve of the 12.71 MeV gamma-ray duplicates quite
well the recent‘results of Measday et al.],'9 and Snovelc'.u5
The peak at EP= 15.2? MeV is identified as the Ep= 15.22 MeV
peak seen in the elastic scattering and reaction data of Levine
and Parker-’ (E, = 15.98 MeV, J"= 7/2%, "= 100 keV). The peak
at EP= 16 .8 MeV and corresponding dip at"Ep= 17.3 MeV were
previously seen by Snover., This structure can probably be

accounted for by the two levels at EP= 16 .5 MeV (Ex= 17.2 MeV,

[T = 500 keV, seen in elastic and inelastic proton scattering
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data by Daehnick and SherrHG) and at E_= 17.27 MeV (Ex= 17.88
MeV, ri= 400 keV, seen by Snover etAal:{3’lD) interfering with
a broad resonant background. The main strength which populates
the 12.71 MeV level lies between 18 MeV and 22 MeV¥., With a bit
of imagination, one can see a shoulder at EP= 18.8 MeV, which
-coincides with a resonance seen by Daehnick and Sherr. One
might also discern two separate peaks corresponding to. resonances
at B = 19.4 MeV (B, = 19.83 MeV, "= 1000 kev, J"=5/27, T = 1/2,
"seen by Daehnick and Sherr and by Levine and Parkefgp) and
E = 20.5 MeV (E,= 20.9 MeV, ['= 1500 kev, T"=(5/2)", seen in
proton seattering by Scott et al°30.and in the present 15,11 MeV \
gamma;fay yield, and that of Measday et alf-ll9 The latter spin
assignment has been questioned in section III, pagei 23, of
this report.) Of course, these identifications are, at best,
marginal. As in the yield of the 15.1l1 MeV gamma;fay, we again
see the broad shoulder at EP? 22,4 MeV,

Once again, the yield curve was fit in segments with pairs
of Breit;Wigner shapes. Results are also given in table IV on »
page U7. The first two values given are the "weak" and "strong"
interfering solutions. The third value, if given, is an estimate
of the non:interfering strength. Either all the first or ali
the second values of éolutions in brackets are Self:consistent.

The peak at EP= 15.3 MeV and the dip at EP= 17.3 MeV were

fit as resonances interfering with a broad resonant background.

For the 15.3 MeV resonance, the strong solution seems unlikely,
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The dip at 17.3 MeV was fit very well as an interfefing resonance,
but could not entirely account for the peak;shape near 1l6.7 MeV.
This peak shape could include interference effects from the
EP= 16.5 MeV resomance (E = 17.2 MeV, [7= 500 keV, seen by
Daehnick and SherTHG). The fitting program was not capable of
handling three interfering resonances, but oné might estimate
the contribution of the 16.5 MeV resonance to be less than that
of the 17.3 MeV resonance, that is r1p;<:50 keV.,

The resénances between 18 MeV and 24 MeV were fit with
three non-interfering backgrounds subtracted: zero background,
one;half the maximum possible background, and the maximum
possible background = 13 ub/sr in this case. The proton widths
quoted are for the fit which gave full widths in best agreement
wifh accepted values, but the quoted errors include the uncer:
tainty due to background subtraction.

Because the 12,71 MéV .and 15.11 MeV states are so similar
in structure, we can-ask to what extent are they populated by

the same compound nuclear states in 13N? Analogue states in‘l3N

Il

(T = 3/2) would be isospin forbidden to decay to the 12.71 MeV

(T = 0) state, However, analogue states must correspond to
execited states in l3B'and l3O. The resonances we are dealing
with are far too broéd to be identified with the low lying
excited states of 13B (no excited states of 13O are known, at
present) . Thus, we assume that the compound nuclear states

we are dealing with :ape T = 1/2 states. (Measday, Clegg and

u9
Fisher ~argue that the broad ( r1= 1000 keV) state at,EX= 26 MeV
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in 13C'and 13y is the T = 3/2 component of the GDR, but this is

at a significantly higher excitation energy.) Since transitions
from these states fo the 12.71 MeV level are not isospin suppressed,
we shall consider those broad compound nuclear levels known to
populate.the 15,11 MeV level and those seen in proton scattering
data to be primarily responsible for populating the 12.71 MeV
state. To some extent, this is the best we can do, since the
yield of the 12.71 MeV gamma-ray contains few well defined resonance
shapes.

The small interfering solution for the 18.8 MeV resonance
is consistant with the non-interfering estimate. The large solution
seems unlikely in that it corresponds to a proton width of the
19.4 MeV resonance of 2300 keV, greater that the full width
usually ascribed to that state ( ['= 1500 keV).

The fitting results show that interference effects could
reduce the resonant contribution of the EP= 19.4 MeV peak
by an order of magnitude., If we identify this as the J"= 5/27°
state seen in proton scattering by Daehnick and Sh.er'rHG and
by Levine and Parker}zo and in agreement with its width, one
would not expect to see interference effects with the positive
parity state at Ep= 29.5 MeV in the ninety degree yield,
In this case, the non-interfering estimate may well be more
accurate, The same may be said of fhe Ep= 22 .4 MeV rgsonance.

It should be emphasized that the 12.71 MeV gamma-ray yield
from EP= 18 MeV to 22 MeV can be fit equally well with a single
broad resonant shape. The proton widths for the 18.8, 19.u4,

20,5 and 22.4 MeV states should be considered an upper limit, at best.
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C Angular Distributions of the 12.71 MeV

and 15,11 MeV Gamma-Rays

Angular distributidns were taken at Ep= 22.4 MeV and 23.2
MeV, primarily to inspect structure in the lzc(p,vo) yield.
The yield was measured at five angles between 60° and 12u°,
Reéults.for the capture and inelastic gamma:fays were given in
section III A, figure 6 on page 27, In addition, the a,
Legendre polynomial cofficient, defined by the equation

Y(8) =A, g 1 +.a2 Pz(cose)j
is given., The stated errors are thos calculated in the error
matrix (see appendix) . Calculated angular distributions for
this M1l radiation are given in table V on page 56 .

The angular distribution of the 12.71 MeV gamma:fay remains

constant at these energies., The value a,= =0.,34 is seen to be

2
consistent with a P3 /2 decay from a J'= 5/2 level. At this
energy, the 12,71 MeV gamma-ray sits on the tail of the 15.11

MeV gamma:ray. It should be noted that the gamma:fay resolution
varies slightly with angle (resolution worsens for backward
angles, where the spectrometer is very near the beam collimators) .
This is a small effect on the 15.11 MeV gamma:fay,'but”theaeﬁrors
on the 12,71 MeV gamma:fay value for azhhave been increased to
account for this inaccuracy.

The angular distribution of the 15.l1 MeV gamma-ray changes

dramatically, from being anisotropic at 22,4 MeV (a2= -0.32 E «01)

to being very nearly isotropic at 23,3 MeV (a2= -0.,05 + .01).
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Table V

' + _+
Angular distributions for 1L —0 gamma-rays for the reaction
lzC(p,p'WO where the intermediate radiation is unobserved.
J refers to the compound nuclear state. Lj refers to the

unobserved protone.

J L. Angular Distribution

J
1/2 s /5=P1/27P3 /2 Po
3/2 S1/27P1/2 Po - 0.5 P,
d3 /2-P3 /2 Po # 0.4 Py
dg 7o=F5 /5 Po - 0.1 P,
5/2 p3/2:d3/2 Po -"0.U4 P,
£5 /o=5 /7 : Po + 0.46 P,
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Once again, the distribution at 22.U4 MeV is consistent with a
5/2- resonance., The distribution. at 23,3 MeV, however, seems
more consistent with either a d5/2 transition from a 3/2 state
or an;,sl/2 transition from a 1/2 state, if populated primarily
through a compound nuclear reaction. This mode of populating
the 15.11 MeV state is implied by the proton scattering data
of Scott et al.',30

The 55° yield for the 15.11 MeV .and 12.71 MeV gamma-rays
in this region was previously studied with this same spectrogﬁ
meter by Ebisawa et al..,L‘L7 This data for the 15.11 MeV gamma:fay
was normalized to the present 90° yield, and the a, coefficient
throughout this regioﬁ was thus extracted., (This work was
done by R, McDonaldJHa) The results are shown in figure 13,

The large error bars result from an uncertainty in the re-

normalization, which will hopefully be reduced by future measure-

mentse.

The value a,= =065 near 19.4 MeV agrees well with the

assignment of Jv=3/2+to that resonance:. The decreased value
of a2near’20.5 MeV only disallows the assignment J = 1/2.
The value of a, is seen to become more negative past E_= 22 MeV,

which agrees with the a.,value at 22.4 MeV from the present studye.

2
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V___DISCUSSION

This study extends recent measurements taken at the
University of Washington,of the 12C(p,‘Yo)l3N reaction from
Ep= 2.8 MeV to 2U.4 MeV. The results have been re:ﬁormalized
and are given in figure 14 on page 60, We estimate a 25 %
uncertainty in the relative normalization of the different sets
of data, and an equal uncertainty in the absolute yield. We
hope to soon make measurements to bettee determine the relative
normalizations.

Johnson has measured the ¥, yield from Ep= 2.8 MeV to 9 MeV%?
He has shown, in particular, that the strong interference effect
near Ep= 5.3 MeV can be explained by a coupled channel calculation
which takes into account the contribution of the JTr=2+ first
excited state of 12C to the ground state wave;function of 13Na
The work of Measday, Hasinoff and Johnson was described in
section ITII B,

The most striking aspect of these results is the height of
the giant resonance (EP= 2Q MeV) relative to the height of the
pygmy (Ep= 12 MeV), The two peaks appear to contain equal
strengths, making the terms "pygmy" and "giant" seem misnomers.
The plotted results are differential cross-sections, and preliminary
results indicate that variations in the angular distribution of
the gamma-fays might enhance the yield near 20 MeV by as much as

25 %; Thus, with the uncertainty in relative normalizations,
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we can state only that the cross-section for the giant resonance

cannot be greater that 150 % of the cross-section Ffor the
pygmy. Even considering the enhancement of low-:energy yields
by transitions to the ground state, méntioned in section I,
this demands an abnormal amount of the dipole strengthic be
found at a very low energy for such a light nucleus.

The integrated cross-sections for the inverse reaction

13N (‘V,po)lzc calculated from this data are:

AE (MeV) / 0 dE (MeV-mb)
7 - 17 11
17 - 241 6

where the ratio of these numbers is uncertain by 40 %. These
numbers are consistent with an earlier calculation by Measday

et al..LE9 whose table we reproduce: -

E —_
Values of ﬁ) o dE (MeV-mb) for photonuclear reactions

Reaction : E (MeV)
17 _ 23,5 32
13
from N(?spo) 12 22 27
Measday 13 (7,n) 21 55 109
49 13
et al. C(7,p) 0 16 6L

Measday?'s 13N (Yspo) integrals include a contribution of ~ 0,9
MeV-mb from the 2.37 MeV first excited state of l3N not included
in our estimate. Even though our normalization is significantly

-lower than Measday's, our integrated cross sectionsto 17 MeV is
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essentially the same., In the present results, the pygmy resonance

is seen to be broader than indicated by the earlier results
used by Measday, which did not extend below EP= 10 MeV, Measday's

1

results for l3C('Y,p) and 3C(‘Y,n) are calculated from the

data of Cook, 195731
The 13N(?,poj12C cross-séction derived from a détailed

balance calculation of the present results is given with the

photo-disintégrafion data of Cook in figure 15, page 63,

together with the theoretical calculations of Albert.et al.?LL

and Jager et alPD The curve labeled‘lBC(Y,n) +v13C(7,pn) +

'13C(7,2n) was calculated from the experimental 13C('Y,n) +‘l36(7,pn) +

12vl3C(Y,2n) results by taking a hypothetical l3C(‘Y,Zn) CrosS=-

section and correcting for the double:ﬁounting of neutrons.

This correction only affects the peak near Ex= 26 MeV, éince

- the (7,2n) threshold is 23.7 MeV. Thisi'cortection has been

criticized by Measday for ignoring the l3C(Y,p')12B* decay to

excited states in boron:iZ, which ean further decay by neutron

emission. Thus, Measday argues, the neutron decay cross-section
could be lower at 26 MeV, and the proton decay.cross;éection

51

higher. Easlea —~ argues that the neutron decay cross-section

should be higher at 26 MeV, on the basis of his schematic model
calculation for 13C using harmonic oscillator waveifunctions.

Easlea's calculations show significant strength for dipol tran:
sitions in the region 10 ; 17 MeV, but only after adding an
-ad:hoc interaction to correctly give the energy of the J'= 2+

excited state of 12C at 4,43 MeV, This procedure has been
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criticized by Measday and others. Figure 15 gives the results

of a similar calcuiatioh by Albert et alfm with a more realistic
Tabakin potential.szand no ad;hoc correction., This calculation
shows some strength below 17 MeV, but does not adequately account
for the pyghy resonance. The 13C calculations of Jager et alfaj
usingrsemi;bhenomenological waye-functions, give better agreement
with our results in the region of the pygmy resonanée, at the
expense of loosing‘strengtﬁ near the Ex= 20 MeV peak. Note that
both calculations support Measday's argument that the 26 MeV
resonance is an isospin T .= 3/2 component of the giant resonance.
Jager gives a table of all shell model configurations

contributing significantly to the dipole states in his model,

The most important configurations (those contributing strength

> 5 MeV-mb) are:

(% core) (370 oy ) g )t

from " (P3 /2) :2 (Pl/z) 2 (d5/2) 1
Jager " (2379 2 0y /) 29)
et al. Kl

(g9 ™ (g 1) (g /)

In the simple ?hell model picture, the ground states of.l3C‘and.
13N would be (IZC core) (pl/z)l, i.e. the valence nucleon,

We see that none of these configurations‘involve excitation of
the valence nucleon, Only the first configuration, which carries

most of the overall strength, is a lp-lh state. Excitation of

(1s) nucleons contribute very little, and a configuration
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(12C core) (d3/2)l, i.e. excitation of the wvalence nucleon,
contributes only 0.05 MeV-mb at Ex= 24,1 MeV, Thus, Jager's
calculation views the valence nucleon as a spectator, even in
the region of the pygmy resonance. Transitions involving the
valence nucleon should be seen most strongly in the inverse
radiative;éapture reaction, which leads us to speculate whether
the peak seen at EP= 23 MeV @Ex= 23,2 MeV) could be identified
with Jager®s J"5T = 3/27,1/2 state at E = 2.1 MeV.

To further support the view that the valence nucleon does
not play an important role in dipole transitions to the ground

state, we compare our measured cross-section for the 12C(p,7°)l3N
reaction to the cross:éection‘for llB(p,?o)lZC measured by

Allas et al?%ﬁn figure 16 on page 66 « The excitation energy
scales have been shifted by 2 MeV, but they have not been dis:
torted. The excitation functions apﬁear guite similar, containing
three bumps in the region of the giant resonance. The energy

shifts are:

E_ (MeV)
12, 25.5 22.5 19.3
13y 23,2 20.8 18.0
AE 2.3 1.7 1.3

The Q value for 12C + p——§>-13N is +2 MeV., We then see that,
to correlate the peaks, we must shift the 12C:excitation energy
scale by U MeV and stretch it by about 20 %, Since the excitation

energies are determined by the shape of the potential well in
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which the nucleons reside, which in:turn arises from the sum

total of nucleon-nucleon interactions, the distortion of the
energy scale by the extra nucleon does not seem improbable,
The Qkvalue for Uy . ——-Ea;zC is + 15,96 MeV, The

question arises whether the bump in the lB(p,‘)’o)‘cross-section

at Ex= 17.5 MeV could be related to the pygmy resonance in 13N,

but cut off by threshold effects. Were this the case, one might

expect to see a bound state "pygmy" resonance in inelastic

54

scattering reactions on lZC. Bergstrom et al, have done

electroexcitation measurements on l3C and 12C. Bergstrom
concludes that the addition of the valence neutron to the

C core causes a major restructuring of the giant resonance
strength. This interpretation seems in conflict with the present

results., However, Dixon, 197395

and lzC(?,po) cross-sections and angular distributions are

12
has noted that the C(7,p)

significantly different, in localized regions. This discrepancy
is caused by proton decays to excited states in l]‘B° Similarly,
we would argue that the re-distribution of dipole transition
strength in l3C'compared to 12C noted by Bergstrom is caused
mainly by transitions to excited states in l2C. Since most of
these ave transitions to the J'= 2° state at E_= U.l MeV, with
a configuration.(lzC.core) (p3/2)-l(pl/2jl, the redistribution
of strengfh for these transitions caused by the presence of a

valence nucleon in the pl/2 shell is not at all surprising.

Our results strongly support the view that valence nucleon

transitions to the ground state from the GDR carry very little
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stfeng#h in the region-Ex= 17 ; 25 MeV ( and perhaps in the region
Ex= 7 - 17 MeV) .

In Bergstrom's data, the pygmy resonance (near EX=-14 MeV)
in l3C’is most visible in the form factor for electron energy
and scattering. angle Ei= 106 MeV, 0 = 75°, In the corresponding
'12C data, a rather broad structure appears betWeen Ex= 9 MeV and
13 MeV., We suggest that this may be the "analogue".of the pygmy
resonance in mass-1l3 nuclei. This is, of course, only-gonjecture,
and at present we cannot rule out the alternative interpretation
that the pygmy resonance involves mainly valence nucleon transitions.

| If the resem]ﬁlance of the llB and 12C radiative capture

cross;éections is more that a coincidence, then the resonance
at EX='23.3 MeV in 13N should have a configuration identical to
the Ex= 25,5 MeV resonance in 12C with a spectatqr proton added.
The comment of Brassard et‘al? that the 25.5 MeV: resonance in
12C is unexplained in the context of lp:ih‘states is very |
interesting in this light.

A good deal of uncertainty exists concerning the possible
resonance at Ex= 23,2 MeV in l3N. A bump at this excitation

56 . 12

. 3
energy was seen by Schiffer et al. in loB(3He,p') C proten.

decay at 0°., In the sam reaction, Kuan et al., 196¢?7

found

no anomaly. Simons et al., 1967;58 found that, if a state exists,
it does not have a strong effect on the polarization of the
scattered proton. They note, however, that this is not entirely

59
unlikely. A peak was seen by Patterson et al., 1966, in the
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150° yield proton decay to the ground state in =~ C. They speculate
that it may be the broad 22.4 MeV level (see section IV) which

comes at E3 = 0,5 MeV, i.e. below the coilomb barrier. The

He
resonance would be distorted by threshol effects, and their

calculations support this possibility. In the lzC(p,n)lzN (B+312C
reaction, Rimmer and Fisher, 1968?0 find small peaks at Ex= 21 MeV
and 23 MeV. 1In this reaction, the 22.U4 MeV state should not be
shifted. The calculation of Jager et al?0 gives a state at
‘232 MeV, primarily of the configuration (IZC core).;p-Ji‘
(p3/2)-2(pl/2)2(25)l, This stafe has Jﬂ=3/2+. However, it has
isospin T.= 3/2, with no lp-lh configuration contributing.
Some lp-lh strength would be necessary to see this state ih
a proton capture reaction. However, Jager also calculates a -
3",1 = 3/2",1/2 state should have E_= 24iL MeV. This state
does have a significant lp;lh contribution, and so the 23.2 MeV
state could be populated via some isospin mixing with the
24,1 MeV state.

Shakin and.Wangﬁl'have shown that including 3p-3h states

in 16O calculations quite successfully explain the intermediate

structure in that GDR. Our results indicate that the 23 MeV

.13 -
resonance 1n N may well be a 3p-2h state, and analogously, the

25,5 MeV state in lZC might be either 3p-3h or 2p-2h. Although
the present reasoning has been by no means rigorous, these

conclusions remain an interesting possibility.
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VI SUMMARY AND CONCLUSIONS

We have measured gamma;rays from the lzC(p,Y)l3N‘reaction
and from the inelastic réactions to the 12,71 MeV and 15.11 MeV
states in l2C,»for proton energies between 10 MeV and 2uU.U MeV,
Intermediate structure was found in the Y. yield in the region
of the giant resonance. We note the similarity between this
yield curve and that of the llB(p,Yojlzc yield. This has
led us to speculate that the valence nucleon in nitrogen:IB
is largely a spectator in the region of the GDR, This possibility
is supported by the theoretical calculation of Jager et al.,

vwho used semi-~phenomenological wave:functions. Jager's results
indicate that the valence nucléon is a spectator even in the
region of the pygmy resonance. Following this line of thought,
we further speculate that the pygmy resonance in the mass;l3

system may have a related "analogue" structure in carbon-12;
We point out structure in electroexcitation data of carbon-12, -
measured by Bergstrom et al., that may correspond to this
"hound state pygmy resonance’ .,

Our measurements indicate that, for the (p,Y.) reaction,
the pygmy resonance carries strength approximately equal to
the GDR. On the basis of angular distribution measurements,

we verify the existence of two narrow minima super-imposed

on the pygmy resonance, and agree in full with the suggestions
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of Measday et al. concerning this structure.

We derive from our data yield curves for the 12.71 MeV and
15,11 MeV gamma:rays from the inelastic reagtion, which agree
well with other recent results. We list proton decay widths
from compound nuclear states in 13N to these states.

The (p,Yl) and (p,Y,,,) vields are also given for the

2+3
regions in which they can be reliably extracted., No fine
structure is seen.

The next step in determining the role of the valence
nucleon in the ﬁass:l3 system might be to compare in detail

lzC(p,Y@) reactions

angular>distributions of the llB(p,'Yo)\and
throughout the GDR., We hope to complete measurement of the
latter quite soon. Extending recent measurements of the
llB(d,’Yo)BN reaction beyond Ex= 23 MeV might also prove
interesting. We further suggest that a theoretical calculation

of the excitation energy distortion caused by the addition of

a valence nucleon would prove valuable.
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APPENDIX

The numerical results presented in this report were, for

the most part, calculated using the following computer programs:

1) EGG -~ fits gamma-ray liné shapes to a giveﬁ spectrum

2) POLFT : fits a Legendre ?olynomial expansion to a
given angular distribution.

3) INTER : fits interfering Breit:Wigner resonance shapes
to a given yield curve.

4) FIND - locates approximately the second solution for INTER.

The first three programs were based almost entirely on the
methods described in "Data Reduction and Error Analysis for the
Physical Sciences" by Philip R. Bevington?8 The author made
only minor changes to each of these programs. The fourth was
conceived and written by this author. A numerical program to
apply efficiency corrections to the data and do a detailed balance
calculation was also weitten, but is straightforward and will

naot be described.

A) EGG

The EGG program will fit up to ten gamma-rays to a given

spectrum. The fitting routines are those described by Bevington.
The program was adapted for use by M. Hasinoff and J. Spuller--

(who named it.)
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The program first accepts two line shépes, creates up to
20 energy bins, and generates a line shape for each bin by
linear interpolation. This allows the user to vary the resolution
of the line shape with energy, or hold it fixed. EGG extrapblates
the line shape to zero energy linearly to zero counts at zero
energy, or with a horizontal slope, or with any slope in between,
as instructed.

The program will fit up to ten gamma:fays simultaneously,
and will vary positions and amplitudés as desired. The program
will also add and vary a variety of backgrounds, including that
described i#n section III. Another useful option allows the user
to hold the excitation energy of any number of gamma;rays fixed
with respect tb the Y,.

The program varies the allowed parameters to minimize the

reduced chi-squared, defined by:

X2=1T ¢ La-yen ),

0%
where 5
gfi’= the variance
v; = data point at xi

y(xi) = fit at Xg

¥ = # of degrees of freedom

In order to minimize )(:2, the program does a Taylor Series

-expansion:
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X=X +2
J

Using the method of least squares, the optimum values for the

parameter increments are those for whlch

T A?(
’()‘;; = q +Z gqaa O(j

This results in 51multaneous llnear equations which can be

solved as a matrix equation

F= da & W

where P and ?Z are row matrices and Ti_ is a ¥ XY square

matrix.

Y %

ﬁk 4 g
k

Yk ; IX
DaJ ak

Equation (1) is solved by matrix inversion, done in this case by

rearrangement. The inverse of the curvature matrix Ez is called

the error matrix € .

€ =X or A E =1

The errors in the varied parameters determined by the error -
matrix (0‘j= e'jj) includes both the statistical error and the
uncertainty caused by relative uncertainties in the other varied
parameters. Thus, the minimization is achieved by following the
downward curvature of the )(2 hyper-éurface in a space having

the varied parameters as co-ordinates.



~75-
The program has been adapted to produce plots of the fit
and the data, which allows the user to see the quality of the

fit. The program can fit a series of spectra from tape, or

pick out individual spectrma.

B POLET

| The POLFT program can presently fit an angular distribution
with Legendre polynomials up to fourth order. The input required
is essentially the angles, yields and variances, together with
the number of polynomials to be used and varied,_and initial
guesses for the coefficients. POLFT uses the same procedure for
calculating errors and minimizing )(2 as described in the
previous section., It can also produce.a phot of the data and
the fit. The program has a wide range of options which were not

used in this studye.

C INTER

This program, adapted by M. Hasinoff, uses the search
technique described in section A. INTER fits a given excitation

function with two interfering Breit-Wigner resonance shapes:

Y (E) Sy, + S

1 denA denB (2)



2 2
.AA AG + AAAG

denA denB (denA denB)2

X[Z cos? {(E- N (E:EG) + _.EA__P_‘L}

L

-2 sinP{%- (E=E;) - E% (E:EAj

where

A, = strength of resonance A
_ 2rin Pout,
= @R[

EA'= energy of resonance A
rh.= full width of resonance A

relative phase between the resonances

_Q
N

rgln = width of incoming chamnel of resonance A

[;out = width of outgoing channel of resonance A

I
denA = E—EA+1 5

and similarly for resonance G.

The program is capable of varying the strength, width,
and centroid energy of each resonance, and the relative phase,
as desired. The program follows the )(2 minimizing procedure

described in section A, and produces plots of the data and the fit.
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An excitation function with two peaks can frequently be
fit with two entirely separate sets of parameters. This is

further described in the following section.

D) FIND

Fitting two interfering Breit;Wigner resonance shapes to
a yield curve frequently results in two sets of solutions.

This type of fitting was first done for the case of a narrow
(T:>) analogue state interfering with a broad (T<:) state, ané
the two solutions have been called the "strong" solution, cor-
responding to a strong analogue state interfering with a weak
background (the Té:‘state), and the "weak" solution, i.e. a
weak analogue state interfering with a strong background. Thus,
the two solutions are characterized by very different ratios

for AA/AG, and usually a variation in the relative phase.

For thisz type of interference, the weak solution has usually
been determined to be the physical solution by comparing resulté
to other available informationsabout the resonance.

We present a simplified picture to explain the origin of
two solutions, and to locate the "other" solution after one has
been found. First, we picture the two Breit:Wigner shapes és
vectors in the complex plane. Then

L= i, =] 2
YE) = |5, e + 5
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where the vectors are obviously derived from equation (2).

The vectors are, of course, energy dependent. In particular

| 2
A ] A
Y(Eg) = 2 P 2
A E-i[7 -ifg
2 2
_ =1 i =1| 2
= ‘ Sy e ) g Sg (3)

with AE = (EG - EA)
The angle ¢ is not actually the angle between the vectors
because the vectors themselves contain imaginary factors.

In fact, §é‘ is oriented along the imaginary axis, and for

¢ =0, §;‘ points at an angle Bl where
sl _ AE _ . I_}‘x/ 2
= arc cos ml = <arc sin denAl

where denAl =AE + ir’A/Z « Then '§i' is in the fourth gquadrant

for & E positive, and the third quadrant for A E negative.
‘F is then the angle which vector -S_;: is rotated from this
initial position. We re-normalize equation (3) such that
vector -S"i' has the norm AA’ We see, then, that for a given

yield and a given strength for resonance G, a strength for resonance

A can be found for any phase angle CF at this energy. The

vector -8_21' traces out an ellipse as § is varied through 2w,
This situation is depicted by the solid lines in figure 17 (a).
Of course a good solution must hold for the yield at all energies.

We now look at the corresponding equation for the yield at
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GEOMETRIC MODEL FOR DOUBLE SOLUTIONS TO
INTERFERING BREIT-WIGNER RESONANCE SHAPES

(a)

({5})\\ vs

‘. <solution for another energy
\\__K—z
||3A‘ s

T 21T

(b)
Figure 17
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energy EAe

point along the imaginary axis and the vector S

Thé situation is similar, but vector §§ does not

A points in a

different direction for ¢ = 0. To determine a solution good

at both energies, we must rotate this system so that §2 overlays

A
§A at ¥ = 0 and also re-normalize §§ |= A, & Again we
can determine a solution for §§ for any value of @ , and the

locus of solutions traces a second ellipse. These are the
dashed Iines in figure 17 (a). We see that the two ellipses
will usually intersect at two points, corresponding to two
solutions for the relative phase ¢ and the strength AA’ for the
same strength AGW

Of course, for both solutions to be good solutions thay must
hold at all energies, i.e. many ellipses must pass through these
two points. In figure 17 (b), we plot strength AA

and for an arbitrary energy. Since

versus ¢ for

the two energies EG and EA

the solution for SA must be periodic in ¢ (period = 2m) for

A
at all. They can be non-intersecting or tangent. However,

any energy, the solutions for S, must cross twice if the/ cross

if one pair of ellipses intersect for a given yield, it seems
plausible that ellipses will intersect for all energies.

A simple program was written making use of this picture.
For the two resonant energies, solutions for the .strength of one
resonance was calculated for values of P between 0 and 2m,
holding the strength of the other resonance fixed at the value

of the first solution found by INTER. The second solution,
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where the strengths of AA are equal for a givenCP » was found
by inspection. These new guesses for AA and q7 were then
supplied to the INTER program.

The program FIND successfully located the other solution
approximately 75 % of the time. Some of the difficulties are
thought to arise from the simplified assumptions made, i.e.

that the values of AG., ,1, PG" EA’ and E_ remain unchanged in

G
the physical situation. The program is being subject to further

tests,
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