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We have measured the cross sections and the analyzing powers for the '
C(p, y)"N reaction for proton

energies from 4.0 to 16.2 MeV. The corresponding range in excitation energies, 13.94 to 25.33 MeV, covers

the region of the giant dipole resonance in '~N. The five-angle angular distributions measured with unpolarized
and with polarized beams at eight energies over this region were analyzed to determine the magnitudes and

relative phases of the transition matrix elements. The analysis included El, M1, and E2 transitions. The
observed El strength exhausts only about 6% of the classical dipole sum rule. The dominant El strength is

compared to a shell-model calculation which includes 3p-3h excitations. A fairly uniform distribution of E2
strength is observed which exhausts about 7% of the total energy-weighted sum rule. Although large
uncertainties on this result could allow the existence of a giant E2 resonance, the most probable values indicate

that no appreciable concentration of E2 strength is observed.

NUCLEAR REACTIONS 4C(P, pp); measured o(E), E=4.0-16.2 MeV; measured
o(6}) and A. (8), E=4.8-13.6 MeV. ~UN deduced T-matrix amplitudes and phases.
Compared E2 strength to energy-weighted sum rule. Compared E1 strength to

shell-model calculation. Enriched targets.

I. INTRODUCTION

Previous experiments have demonstrated the
utility of measurements in the giant resonance re-
gion of nuclei using polarized proton capture re-
actions. ' ' While cross section data alone is usu-
ally not sufficient to resolve ambiguities in the
magnitudes and phases of the various amplitudes
which may contribute to the reaction, analyzing
power measurements may provide additional infor-
mation which can remove these ambiguities. In
particular, it may be possible to determine the E2
(electric quadrupole} cross section' in the region
of the giant dipole resonance. This is important in

connection with establishing the existence and de-
tailed properties of a possible giant electric quad-
rupole resonance (GQR). The present evidence for
the existence of a GQR comes from inelastic scat-
tering of electrons, protons, 'He nuclei and e
particles' from intermediate to heavy mass nuclei.
Recent (o. , a'} data' have indicated that the GQR
becomes quite spread out for nuclei with mass

number A& 40.
In the case of the light nuclei most of the data

relevant to the GQR come from radiative capture
measurements. Generally speaking, these results
fail to show any major concentration of strength.
In "0, for example, the (o., y) measurements"
over an energy range of -8 MeV give -17 of the
isocalar energy-weighted ~2 sum rule, while the

(p, y) results' exhaust about 80% of the isovector
sum. (It should be noted that the sum rule used in
Ref. 4 did not contain the factor of -,'usually in-
cluded in evaluating the quantity (r') . See Sec. V
below. )

In the present experiment we have util. ized the
capture reaction "C(P, y)"N with both unpolarized
and polarized proton beams to determine the &2
strength in "N. It will be seen that our results in-
dicate a broadly spread E2 strength which, when
integrated over -12 MeV, using our most probable
values, accounts for about 7.0/o of the energy-
weighted total &2 sum rule. Within the experimen-
tal uncertainty this amount could range from 2 to
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64%. Our results also reveal the detailed struc-
ture and spin composition of the dominant electric
dipole (E1) giant resonance.

II. EXPERIMENTAL DETAILS

The asymmetry data were measured using the
Lamb-shift polarized ion source' at the Triangle
Universities Nuc lear Laboratory (TUNL). The po-
larization of the protons, determined at 20 min in-
tervals by the quench-ratio technique, ' was found
to be essentially constant during the course of a
run with a typical value of 0.80+ 0.02. The beam
current on target was in the 40-60 nA range.
Measurements were obtained by running the beam
alternately in the spin up and the spin down modes.

The '4C targets used in these measurements
were prepared at Oak Ridge National Laborato-
ries." These targets were made by cracking 9(@
'4C enriched acetylene on thin (0.12 iim)¹i back-
ings. The '4C target thickness was measured to be
about 30 tig/cm' by means of the "C(P,P)"C reac-
tion. Data were taken over the energy range of 2.1
to 2.4 MeV. The yields were normalized to the re-
sults of Harris and Armstrong, "and used to cal-
culate the target thickness. The error on this
number is estimated to be about 25%, coming pri-
marily from the 20% error associated with the ab-
solute cross section of Ref. 11. Since the yield for
the '4C(P, yo)"N reaction is quite small, two tar-
gets were placed in the scattering chamber. This
configuration resulted in an over-all target thick-
ness which was measured to be 60 ug/cm .

A previous preliminary report of this experi-
ment' was based on measurements performed with
a 12.7&12.7 cm NaI crystal which was physically
shielded by lead and paraffin to reduce the back-
ground counting rate. Due to the low counting rate
for the '~C(P, yo)"N reaction under our experimen-
tal conditions, a major problem in this configura-
tion was the cosmic-ray background. In order to
improve the quality of the data the measurements
were repeated with a new detection system in-
stalled at TUNL, which provides improved reso-
lution and efficiency while reducing background and
eliminating cosmic-ray counts.

The new detector consists of a 25.4&25.4 cm NaI
crystal viewed by six RCA-8575 photomultiplier
tubes, as illustrated in Fig. 1. The crystal is sur-
rounded in front and on the sides by an anticoinci-
dence shield of NE110 plastic in the form of a well
7.6 cm thick in front and 12.7 cm thick on the sides
(see Fig. 1)." The shield is viewed by eight
XP1031 photomultiplier tubes. The entire assem-
bly is surrounded by 10 cm of lead, 20 cm of par-
affin doped with Li CO~ (about 50%| by weight), and
cadmium sheet to reduce the background counting
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FIG. 1. Schematic diagram of the detector system.
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FIG. 2. Block diagram of the electronic configuration.
Additional electronics used to measure the accidental
rate are not shown.

rate. The front face of the crystal was positioned
56 cm from the target. The lead collimator used
in the present experiment was designed so that the
back face of the crystal was fully illuminated.
This geometry results in a total angular accep-
tance of 18.

The beam was dumped in a shielded Faraday cup
positioned 3 m beyond the target. The shielding at
the Faraday cup consisted of about 10 cm of lead
and 70 cm of paraffin. To minimize the back-
ground from beam collimators, a single insulated
collimator, set close to the target, was used. The
beam current striking this collimator was moni-
tored and kept at a minimum.

The electronic configuration is illustrated in Fig.
2. The direct anode signals from the photo multi-
pl.iers on the NaI detector were added in a linear
mixer. For the shield, each signal was amplified
prior to mixing. The possibility of spectrum-dis-
torting pileup events was reduced by time clipping
the NaI signal and passing it through a fast linear
gate (of about 250 nsec) prior to processing in a
linear amplifier. The gate was then held closed
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that the efficiency would remain constant at this
value for all y-ray energies for 14-25 MeV.

III. EXPERIMENTAL RESULTS
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FIG. 3. The ~4C(P, y)~~N spectrum for a proton energy
of 11.0 MeV. The two escape peaks are clearly resolved.

for the signal processing time (about 10 (((sec).
The resolution of the system was determined to

be -2.4% under ideal conditions. A spectrum illus-
trating this is shown in Fig. 3. It was found that,
in practice, gain shifts rel.ated to the background
counting rate made it difficult to maintain this res-
olution, a more typical value being about 3-4%.
If the beam was run so that essentially no collima-
tor current could be measured, the resolution im-
proved. By keeping the total counting rate in the
NaI detector below 10' counts per second, good
resolution (3-4k) could be maintained.

The data were stored in two 512 channel spectra,
one of which collected those NaI pulses which were
vetoed by the shield. As seen in Fig. 3, we are
not rejecting an appreciable amount of the escape
peaks in this experiment. Although this could be
accomplished by increasing the amplification of the
shield pulses, in the present case the resolution is
adequate without discarding these pulses. The
cosmic ray rejection efficiency of our system was
found to be about 9'l% under these conditions.

The efficiency of the detector system was deter-
mined by means of the "C(P, y, ) reaction. " A "C
target, about 45 keV thick for 14.2 MeV protons,
was used to measure a yield curve over the 15.07
MeV resonance in "N. On and off resonance angu-
lar distributions were combined to obtain the inte-
grated resonance yield. This yield, along with a
recent measurement of the number of y rays per
proton [(6.83+ 0.22) &&10 '] (Ref. 14) was used to
determine the efficiency of our detection system.
The result of this measurement yielded an efficien-
cy of 26+6% when the peak was summed as de-
scribed below. The absolute cross section for the
' C(P, yQ)"N reaction were determined assuming

The excitation curve of the "C(P, y}"N yield
measured at 8= 90' with an unpolarized beam in
100 keV steps is shown in Fig. 4. These results
are in reasonably good agreement with our pre-
viously reported results, "although the cleaner
spectra of the present experiment result in a re-
duction of background contamination and some-
what sharper structure. The data were converted
from (p, y) to (y, p} cross sections using the prin-
ciple of detailed balance. ~' The peak (y, p) cross
section, when integrated over angle, is 5.0+ 1.3
mb. [The absolute cross section determined as
described above has an uncertainty of s 25/. ] The
previously reported value for this number, ob-
tained in the photonuclear measurements of (y, p)
cross sections, was 4.5+ O. V mb" and is seen to
be in excel. lent agreement with our result.

The angular distributions of unpolarized cross
sections are shown in Fig. 5. In this figure we
have plotted the quantity a(8)ja,. The cross sec-
tion data shown are the composite results of mea-
surements with the polarized beam and separate
measurements with an unpolarized beam. The
quantity ao will be defined below. The asymmetry
measurements are presented in terms of the quan-
tity o(8)A(8)/a„where

A(8) =

and N, is the number of counts obtained for spin up
measurements, and N is the number in the spin
down case. The error bars represent the statisti-
cal errors associated with these quantities includ-
ing the error in the beam polarization P.

IV. ANALYSIS OF DATA

Since the y ray peak corresponding to (P, yQ) is
well. resolved and essentially free of background,
the spectra were readily processed by simply sum-
ming the region shown in Fig. 3. The conversion
of these sums to absolute cross sections has been
previously discussed. The angular distributions of
cross sections were fitted using a least squares
criterion by an expansion in terms of Legendre
polynomials

c(c)=, ( f—' Q, l (cccc)
@=i

with the proper statistical errors, geometrical
correction factors (Q,) resulting from the finite
detector size, "and center of mass corrections
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FIG. 4. The excitation curve for the C(p, yo) SN reaction at 6)» =90'. The error bars represent the statistical er-
rors associated with the data points.

taken into account. Similarl. y, the product of the
analyzing power and the cross section was fitted by
an expansion in associated Legendre polynomials

&(II)&(tI) = Q b.&a&a'(8) .
k=&

In this procedure the normalization is taken so
that a, is set equal to 1.0. The geometrical factors
Qk, the depolarization effects due to the azimuthal
angular range, and the center of mass corrections
were taken into account.

The results of the least squares fits to the data
are shown vs the solid lines in Fig. 5. The result-
ing a and b coefficients are presented in Table I
for the eight measured energies. The normalized
X' values were used to determine the highest order
terms which should be included in our fits. The

data were fitted including one, two, three, and
four terms (i.e., up to and including P~ and P,', re-
spectively). The normalized y.

' values obtained
from these fits indicated that in all cases [with one
possible exception (see below)] the inclusion of
terms having order greater than three was not sta-
tistically justified. In some cases terms of order
three (see Table I) were not required. Since, in
the present case, finite b~ coefficients could come
only from E2-&2 interference, their absence is
not surprising.

If we compare the values presented in Table I
with those previously reported in Ref. 3, we find
basic agreement, within the error bars, for mea-
surements made at corresponding energies. The
notable exception to this is at &~ =4.83 MeV, where
the previous data were apparently contaminated by
the background. It is also interesting to note that
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FIG. 5. The normalized cross section and cross section times ~~~lyzing power data as a function of energy and angle.
The error bars represent the statistical errors associated with the data points. The solid lines are a result of the fits
discussed in the text and summarized in Table I.

there is, both in the data of Ref. 3 and in the pres-
ent results, some suggestion of higher order
multipoles in the analyzing power measurements
at &p =11.0 MeV. This is manifested in the rate of

fall of the A(0)a(8) curve from 90' to 110'. In both
measurements this rate exceeds the value obtained
by fitting through b4 only. However, data at more
angles having better statistics would be required to

TABLE I. Thea and b coefficients obtained by least squares fitting the data of Fig. 5 as
discussed in the text. Entries of 0.0+0.0 indicate that the g values implied that these terms
were not required to fit the data.

(MeV) a~/a 0 a2/a a3/a 0 b3

4.83
5.65
8.7
9.0
9.95

11.0
12.2
13.6

-0.03 + 0.10
—0.08+ 0.06

0.21+ 0.05
—0.18+0.17

0.25+ 0.05
0.11+0.03
0.27+ 0.06
0.26 + 0.06

-0.36+ 0.08
-0.24+ 0.11
-0.50+ 0.11
-0.57+ 0.15
-0.47+ 0.10
-0.65+ 0.07
—0.71+ 0.13
-0.77+ 0.15

-0.25+ 0.14
0.0 +0.0
0.0 +0.0

-0.30+ 0.25
0.0 + 0.18
0.0 + 0.12
0.0 +0.07
0.0 +0.0

0.03+ 0.04
-0.09+ 0.07

0.01+0.05
-0.02+ 0.08

0.05+ 0.05
0.02 + 0.03

-0.07 + 0.05
0.02 + 0.05

0.07+ 0.03
0.03+ 0.05
0.23+ 0.04
0.31+ 0.06
0.22+ 0.04
0.05+ 0.02
0.28+ 0.04
0.23+ 0.03

0.07+ 0.03
0.03+ 0.06
0.04+ 0.05

-0.16+ 0.06
0.03+ 0.05

-0.06+ 0.03
0.07+ 0.05
0.03+ 0.04
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quantitatively evaluate this effect.
The resulting a and b coefficients can be related

to the amplitudes of the various transition matrix
elements. In the present case, states in "N which
decay to the —, ground state by electric dipole (El)
radiation must have J' =-,"or;". Since the target
spin is zero, the excitation of these states requires
incoming protons having a j of &' or —,'+, respec-
tively. These two proton configurations are labeled
as sg/2 and d, /, and the transition matrix elements
will be referred to as s,~, (El) and d, y, (El). At
this point our approach is to introduce the mini-
mum number of additional states having different
J"values necessary to account for our data. Once
a state is determined to be necessary, we will al.—

low it to decay whenever possible, with the re-
striction that it do so via E1, M1, or &2 radiation.
Since there are finite a, and b, coefficients, we
must have states present which decay via E2 radi-
ation. The possible J"values are & and —,

' . If we
choose —,', we would, in general, have finite a,
coefficients, in contradiction to our data. It would

be possible to have both —; and 2 states present
with amplitudes and phases which just cancel the

a, and b4 coefficients. This would seem unlikely to

occur at al. l of our measured energies. The choice
of ~ gives a~ and b4 identically zero, which is con-
sistent with the results of our data. The existence
of & states in "N also allows for the possibility of
M1 decay. The associated T-matrix element will
be denoted by P, g, (Ml). Although additional Ml
strength could originate from & states, this has
been neglected. A single-particle shel. l model cal-
culation using bare nucleon g factors favors the

~3/2 Pg/2 transition over the ~i/2 to pl/2 transi-
tion by a factor of 10 for 4 T = 1, and by a factor of
5 for 4T =0 transitions. Our ability to account for
the data without introducing additional states of
different J would appear to justify these assump-
tions. It is now a straightforward problem to ex-
press the u and b coefficients in terms of the
transition matrix elements (their amplitudes and

phases). This amounts to evaluating the angular
momentum coupling coefficients.

The expressions for the a and b coefficients of
the present problem in terms of these transition
matrix elements [s,g, (E1), d~y, (El), P, y, (E2), and

P, y, (M1)] and their relative phases are given be-
low"."

a, =s, ~~(E1) +2d, ~,(E1)'+2p~~2(E2)'+2p, ~2(Ml)',

a, =2.0s, y, (E1)p,y, (M1)cos(s, p, ) —2.0p, ~, (M1)d, y, (E1)cos(p„d)

+ 3.464s, ~, (E1)p~ ~,(E2)cos(s, p2) + 0.693d3 y, (El)p, y2(E2)cos(d, p2),

a, = —2.0s, y, (E1)d,~,(E1)cos(s, d) —p, y, (M1)' —d, y, (E1)'

+ 3.464P, y, (E2)P, ~,(M1)cos(P„P,)+P, y, (E2)',

a, = —4.157d, ~2(E1)p, g2(E2)cos(d, p, ),

b, = -1.0s, ~,(E1)p,y, (M1)sin(s, p, ) —4.0p, y, (M1)d, y2(E1)sin(p„d)

+ 1.386d~y, (El)p3g2(E2)sin(p2, d) —l.732s, ~,(E1)p~ yz(E2)sin(s, p, ),

0, = —s,g, (E1)d3y, (El)sin(s, 8),

b, = —1.386d3y, (E1)P,y, (E2)sin(P„d),

wh~~~ (s, P) =4'. —0 (P, d) =4 —0 (s d) =e. —0,
and P~ and Q~ refer to the P, y, (M1) and P, g, (E2)

1 2
matrix elements, respectively.

The equations emphasize a fundamental differ-
ence between the present experiment and previous
similar experiments. This is the fact that, since
we have a spin zero target, the analyzing power
will be identically zero if we form a single state of
definite J'. This is distinctly different from pre-
viously reported results, ' where pure E1 radia-
tion from a state of definite J", which was formed
by two L values, produced a large analyzing power.
The large analyzing powers obtained in the present
experiment indicate that, in genera, l, the J' values

are not pure at a given energy of the giant dipole
resonance region of "N.

The unknowns of this problem are the four am-
plitudes and the three phases [the p(E2) and p(M1)
phases are either taken to be equal or to differ by
180' in our analysis]. '0 Therefore, since one
phase can be chosen arbitrarily, there are only
two parameters required to describe the phases
[say (P~ —y, ) and (P, —P,)]. We are, therefore,
left with the problem of having six unknowns and
seven equations.

The procedure used to find the solutions to these
equations which agree with the experimental co-
efficients of Table I was as follows. The ampli-
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tude parameters were stepped in increments of
0.025 over their full allowed range (consistent
with all of the equations}. The two phase angle
differences were stepped in increments of 5.0
over the full range of 0 to 360' and the two p
phases were allowed either to be equal or to differ
by 180 . Each solution was checked by the com-
puter to see if the calculated a and b coefficients
were within the error bars of the experimental
values. In addition, the value of X' was calculat-
ed for each solution. The resulting solutions at a
given energy were plotted as shown in Fig. 6,
where we have plotted the percentage of the cross
section (i.e., the fraction of a,}due to each transi-
tion amplitude as a function of the percentage
which is due to d, »(E1) for each measured energy.
The phase differences are also shown. The result
which corresponds to the solution which has the
best g' value is indicated. As readily seen in
this figure, the solutions display a "smear" due
to the errors in the experimentally determined
coefficients.

In the procedure of requiring that each solution
reproduce all of the coefficients within their er-
rors, we are omitting some solutions which may
have g' values less than some of those obtained.
However, our best y,

' values are all less than 1—
and for X'& 1 we have not missed any solutions
with the present criteria. At one energy (E= 9.0
MeV) we found that the best g' value was slightly
greater than 1. To investigate this we performed
our calculations again, allowing each calculated
coefficient to deviate from the experimental val-
ues by the number of standard deviations equal to
the smallest X' value previously found. No new
solutions having better X' values were found.
Finally, in regions in which a small island of
solutions was found (see Fig. 6), a finer grid step
of 0.01 was used to assure us that the full range
of solutions had been found. No significant new
solutions were found when this was done, a re-
sult which helped assure us that we had taken suf-
ficiently small steps in finding solutions.

As indicated in Fig. 6, there are two best y'
solutions at E~ =4.83 MeV. One of these has a
small d, &,(EI) strength, but considerable p», (E2)
strength (36.1%). The other is almost pure
d, &,(E1). In general, the El strength from s«,
and d», amplitudes, respectively, does not show
any apparent systematic behavior as a function of
energy. We do observe that from 10 MeV up to
14 MeV the s«, (E1) strength accounts for about
50$p of the cross section.

The p~&2(E2) strength is of special interest since
it could indicate the possible existence of an E2
giant resonance4 in this energy range. At 5.65 MeV
we see two basic solutions, one of which allows a

large E2 strength (about 87 /o). Since the statistics
on the 5.65 MeV data are especially bad, and since
the 87 /0 result at this energy is so anomalous, we
feel that this result should be ignored. At the
higher energies, however, the maximum E2
strength is typically only about 2-6% of the cross
section. More will be said about the implications
of these results later.

The p, &,(MI) strength must be finite at only two
of the eight energies. The cross section at 4.83
MeV is at least 21% p», (MI) for the solution with
appreciable E2 strength, although it can be es-
sentially zero for the solution dominated by
d, &,(EI). At 11 MeV the smallest value for this
strength is 4.5%. At the other energies the
p, &,(MI) strength could be essentially zero. At
these energies we could have acceptable solutions
if the M1 decay were omitted. However, our re-
sults at 4.85 and 11 MeV indicate that a blanket
assumption' that the M1 strength will be negligible
may not always be valid.

The relative phases between the various ampli-
tudes appear to be quite energy dependent. The
spread in the allowed values shown in Fig. 6 re-
flects the error in the experimentally determined
coefficients. In the case of (P, —P~} the best y'
value varies as a function of energy between 220'
and 350'. A much broader range of values is seen
in the case of p~ —p~ for which the best g

' value
varies from 65' to 330' over the energy region
studied. As indicated in Fig. 6, the solutions
which correspond to the best X' values are, with
the exception of the 5.65 MeV case, all consistent
with (t}»= f».

V. SUM RULES AND CONCLUSIONS

The p, &,(E2) strength displayed in Fig. 6 can be
used to evaluate the percentage of the energy-
weighted E2 sum rule observed in this experiment.
The sum rule for E2 radiation can be written
either for a change of isospin (n, T = 1), for no
change (hT = 0), or for both. Since the present
experiment allows for both, we shall compare
the observed strength to all three sum rules.
The appropriate sum rules are":

» ' dE=—2.4x10-4 z/g mbMeV '

=54.5 mbMeV ',

ET=0: ~' ' ' dE—= 2.4x 10 mbMeV 'Z'
E ' A'

=47.7 mbMeV ',
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Total s' ' dE= 2—.4&10 'ZA'~' mbMeV '
E2

TABLE II. The percentage of the energy-weighted E2
sum rules observed in this experiment.

=102.2 mbMeV ' . % of Sum rule
Sum rule M inimum Maximum Best y2

l.2—

l,0—

~maximum value

gg best X
minimum value

0.5-

E

~04-
5l

b
03-

0.2-

0.1—

0.0
14 l6

I ','m&ihh%$
l8 20 22 24

Ex(MeV}

FIG. 7. The &2 cross section found in the present
experiment presented as 0(y,P). The minimum, max-
imum, and best g values are shown. Note that the E„
=14.7 MeV region has two best g2 values.

In order to integrate the E2 strength of Fig. 6,
the percent cross sections were first converted
to absolute cross sections and then, using the
principle of detailed balance, to (y, p) cross sec-
tions. The maximum value, minimum value, and
the value of the E2 strength which corresponded
to the best X' value at each energy was used to
construct a histogram over the energy range of
the experiment as shown in Fig. 7.

The results of integrating these three strengths
are presented in Table II as the percentages of
the three sum rules. In the case of the maximum
values we find that if we use the maximum values
of Fig. 7 we obtain 64% of the total energy-
weighted E2 sum rule. The histogram of Fig. 7
does not include the 85% result at 5.65 MeV.

The result of this experiment allows for an E2

ET =1
DT =0
Total

3.9%%uo

4.5%
2.1%

120%
137%
63.8%

13.2% (52.6%)
15.1% (60.1%)
7.0% (28.0%)

strength in the region of "N from 14.3 to 23.3 MeV
which exhausts a maximum of 64% of the total en-
ergy-weighted E2 sum rule, a, minimum of 2.1%
and a most probable value of 28% or 7%. This
latter most probable result is double valued due
to the fact that there are two solutions which have
the best X' value at 4.83 MeV (36.1% and 1.6%,
respectively). If we assume that a similar amount
of E2 strength would be found in the neutron chan-
nel, then the most probable value would exhaust
about 56 or 14% of the total energy weighted E2
sum rule. Since the higher value here arises from
an isolated solution at one energy, it is less cred-
ible than the lower value. Hence we conclude that
the "most probable value" should be taken to be
14%. While these results allow for the existence
of a "giant" E2 resonance, the "most probable
value" indicates that no appreciable concentration
of E2 strength is observed in "N over the energy
region studied.

A similar procedure can be applied to the E1
strengths. In this case, if we use the s, »(E1}
plus the d&, ( lE} strengths and construct a histo-
gram following the procedures used in the E2 case,
we find that the best it' values yield f oz, (y, p)dE
=13.2 MeVmb. The classical dipole sum rule"
can be written as

VI. E1 STRENGTHS AND THE SHELL MODEL

In the past, a large number of shell-model stud-
ies (as well as studies involving other nuclear mod-
els) have been employed to describe the properties
of the giant dipole resonance (GDR) region. These
shell-model calculations have been based on a par-
ticle-hole description in which the states that make
up the GDR differ from the ground state in that one
particle has been excited to the next available ma-

oz, (y, x}dE= 60 —MeV mb =224 MeVmb,J NZ

so we see that we have observed only about 6% of
the E1 sum rule in the present experiment. The
result obtained above compares well with the value
of 14.9 MeV mb obtained in Ref. 16 for the inte-
grated photoproton production cross section for
ground state transitions up to 24.6 MeV.



13 GIANT RE SONAN C E RE G ION OF ''N STUDIE D B Y

J T
'/2 "21

I if Iif l I
f

I II I I I I I flf I I
2~

I I I I I I I I I II I I II I I I 4

0.20

E
~ 015-
X

z 0.10-
W
K
V)

0.05-

0.0
25

20—

2 ]

I 3
2 2 3

&Jll J I I al I I L . .JIII, II/

'l4C (p y)15N

810b "

b 10

I s 1 i I i I )

14 16 18 20 2 2 24
E„(MeV)

FIG. 8. The results of the shell-model calculation of
E1 reduced strengths are shown along with the 90' yield
curve for the 4C(P, yo) N reaction. The upper lines
indicate the existence of eigenstates at these energies
with the quantum numbers shown —some of these states
have negligible E1 strength and therefore do not appear
on the lower part. The vertical lines of appreciable
strength are labeled to ~~ke their identification (J",T)
convenient.

jor shell of opposite parity. A representative cal-
culation of this type has been reported by Gillet
and Vinh Mau. ' A study along similar lines has
been performed for the A = 15 GDR by Fraser,
Garnsworthy, and Spicer." It should also be noted
that Divadeenam and Keller predicted elastic
proton widths of the A = 15 GDR using the doorway
state mechanism and diagonalizing in the configu-
ration space of the above mentioned particle-hole
description.

The present shell-model calculation differs from
the previous attempts in that a much larger con-
figuration space has been included. In addition to
the usual 1p-1h excitations, most 3p-3h excitations
have been included as well. No such calculation
has been previously reported in the GDR region.

The six lowest shell-model orbitals have been
included in the present calculation. No attempt
has been made to calculate the absolute binding
energies. The calculated spectrum, as shown
in Fig. 8, has been normalized to the E„=11.7
MeV, J'= —," analog state in "N. The relative
single-particle energies adopted are —36.8,
—20.8, —10.2, —6.7, —7.8, and —2.0 MeV for
the Os, &„Op,&„Op,&„Od,&„1s,&„and Og&,
orbitals, respectively. A modified surface delta
interaction (MSDI) has been chosen for the two-
body residual interaction. " The choice of such
a simple Hamiltonian is not felt to be a serious
drawback since it has been found that most rea-
sonable two-body interactions produce results of
essentially the same quality. " The present MSDI
parameters are taken to be: A, = 0.77, A, = 0.95,
B,=2.50, and B,=0.37—all expressed in MeV."
The configuration space for the J'= &', —,", T
= —,', —,

' states includes all possible 1p-1h excitations
as well as all 3p-3h excitations with the exception
that only one hole is allowed in the Os, » shell and
only one particle in the Od» shell. Only 1K&v ex-
citations are considered. The (J', T) = (-,', 2)
ground state of "N is described by Op-Oh and
2p-2h excitations, but again with the previously
mentioned restrictions regarding the Os», and
the Od», shells. These restrictions have been
applied in order to make the matrix sizes man-
ageable.

The usual effective charges a~=N/A and e„
= —Z/A have been used in calculating the reduced
E1 transition probabilities in order to take account
of the recoil of the nucleus. No attempt was made
to remove the spurious states from the calculated
eigenstates. It has, however, been shown by
Easlea' that the spurious components are negli-
gible in the GDR region.

The results of the calculations of the ground
state E1 transitions are shown together with the
90' yield curve of the present experiment in Fig.
8. Although the experimental cross section in Fig.
8 is not directly comparable with the calculated
E1 reduced strengths, a necessary condition to ob-
serve a resonance is that it has a reasonably large
radiative width. Indeed, there is a striking cor-
relation between the calculated strength function
and the measured cross section. It also appears
that the agreement is better than obtained in pre-
vious lp-1h calculations. (One should remember
that the widths on the high energy side of Fig. 8
will be enhanced by a factor of E„'.)

The present calculation indicates that large El
strengths are concentrated in a relatively few
states with mainly 1p-1h character, although they
are more spread out than suggested by previous
1p-1h calculations. The strength of the T= ~, E1
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resonances is found to be much more spread out
than the T=-,' strength which starts around 16 MeV.
The distribution of E1 reduced strength for the
T = -,' states is predicted to be 21, 55, and 24% in
the region below 15 MeV, in the region from 15-
26 MeV, and in the region above 26 MeV, respec-
tively. The corresponding percentage numbers
for the T=-,' states are 1, 74, and 25. It is also
clear that the calculation predicts a general inter-
mingling of J'= —," and —," states, a result which
agrees with the analysis of Sec. IV. Therefore,
it does not seem very meaningful to discuss the iso-
spin-spin splitting of the diff erent states in this case.

An energy-weighted sum of the present shell-
model results for the E1 reduced strengths gives

B(E1)(E& E;)= 44-.2 MeV e'fm'.
By=15 6 Mev

The classical sum rule" expressing the same sum
yields a value of 55.5 MeV e'fm'.

In order to obtain a more stringent test of the
present wave functions, it would be desirable to
calculate the proton widths in the GDR region. An

effort to combine the large shell-model codes with
codes to calculate the particle widths in the door-
way state formalism is underway in this laborato-
ry.
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