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Photoneutron studies of E1, M1, and E2 excitations in ' C
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The angular distribution for the "C(y,no)"C reaction was observed in the energy region 6.5 to 9.3 MeV
and at angles of 90' and 135'. The photoneutron measurements were analyzed in terms of a multilevel R-
matrix formalism. The "C(n,n)"C reaction channel was explicitly included in this analysis. The effects of
potential capture were directly observed in the photoneutron spectra. The ground-state radiative widths for
resonances in this energy region were deduced from the R-matrix interpretation of the results. The ground-
state transition probabihties for E1 excitations at 7.69 and 8.19 MeV were found to be in good agreement
with the predictions of the weak-coupling model.

NUCLEAR REACTIONS C(y, np) C Eexc = 6.5- 9.3 MeV, measured a'(8),
8=90, 135" deduced I „p.

I. INTRODUCTION

There have been numerous theoretical and-ex-
perimental studies of low-lying levels in "C. The
theoretical studies fall into two broad categories,
the weak-coupling approach' and the more de-
tailed shell-model calculations. The weak-coup-
ling model' 4 has been successful in describing
the essential features of the "C(n,n)"C reaction
below a neutron energy of 5 MeV. The most not-
able of these calculations is the work of Lovas, '
who used the Feshbach formalism and Reynolds
et al. ,' who used the coupled-channel approach of
Tamura. ' In fact, Reynolds et al. provided a de-
tailed description of both the observed cross sec-
tions and polarizations in the ' C+n system. Un-
fortunately, the studies of electromagnetic tran-
sition rates in the mass 13 system have not
been as successful. These transition matrix
elements have been computed using bound-state
shell-model wave functions. Barker' used a
weak-coupling approach, while Jager et al.' took
into account all 1 I~ configurations. Kissener
et at. ' improved upon the work of JKger et al. by
incorporating into the bound-state calculation an
8-matrix theory to account for nuclear decay. Of
course, the most detailed calculation in the 1-p
shell nuclei is that of Cohen and Kurath. ' These
models differ rather markedly on predictions of
the strengths of low-lying E1 excitations. For
example, for the 8.19-MeV El excitation in "C,
the weak-coupling model' predicts a value which
is an order of magnitude greater than that of the
full shell-model calculations. '

Although there have been numerous experimental
studies" "of the "C(y,n)"C reaction, the values
of the ground-state radiative widths for the El ex-

citations at 7.69 and 8.19 MeV remain uncertain.
The difficulties in extracting I ~, unambiguously,
in "C arise from the effects of large direct photo-
neutron reaction processes and a strong level-lev-
el interference. Moreover, these strong interfer-
ence effects have led to the questionable specula-
tion that there is a new resonance" in "C at 7.88
MeV.

Consequently, we observed the "C(y,n, )"C
cross section with high resolution in the photon
energy range 6.5 to 9.3 MeV and at angles of 90
and 135'. The results were interpreted in terms
of a multilevel R-matrix analysis which was de-
veloped specifically for photoneutron studies. The
(n, n) reaction channel was explicitly included in
the analysis so that the "C(n, n)"C reaction was
simultaneously described. The ground- state ra-
diative widths for the E2 excitation at 7.56 MeV,
the E1 resonances at 7.69 and 8.19 MeV, and the
Ml resonance at 8.89 MeV were deduced from the
analysis. It was found that the El excitations are
reproduced remarkably well by the weak-coupling
model.

H. EXPERIMENTAL METHOD

The differential cross section for the "C(y,n, )"C
reaction was measured using the photoneutron fac-
ility at the Argonne high-current electron Linac.
The operating mode of the Linac was selected to
produce 10.0-MeV electron bursts of 35-ps dur-
ation, 200-A peak current, and at a rate of 800 Hz.
The electron pulses were converted to bremsstrah-
lung in a 0.15-cm thick Ag foil. The "C sample
(90.V% enrichment) was irradiated with brems-
strahlung. The sample was in the form of powder
and encased in a rectangular, thin-walled (0.8 mm
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thick) Al holder of dimensions: 5.0-cm along the
photon beam axis x 1.0-cm thick x 4.0-cm high.
The photoneutrons traveled through two 11-m
flight paths which were at angles of 90 and 135'
with respect to the electron beam axis. The neu-
tron energies were determined with high resolu-
tion (9.5 keV at E„=1.5 MeV and 34 keV at 4.0
MeV) using the time-of-flight method. The neu-
trons were detected in 2.5-cm thick NE110 plastic
scintillation counters. The differential cross sec-
tion was determined relative to the well-known
cross section for the photodisintegration of the
deuteron. The final cross sections are shown as
the points in Fig. 1. The main features of the
spectra are (1) a relatively large nonresonant
cross section, (2) well-defined resonances at 7.56
and 8.89 MeV, and (3) a strong level-level inter-
ference pattern near 7.9 MeV. Except for the nar-
row resonance at 7.56 MeV, which was barely vis-
ible in the early photoneutron work, ""the pres-
ent observation at 90' is in excellent agreement
with the previous measurements. Background ef-
fects were estimated by replacing the "C target
with an identical "C sample. The background was
found in this way to be &10/q of the foreground at
all energies. Since the first excited state in "C
occurs at 4.44 MeV, there is no ambiguity as-

sociated with nonground-state neutron transitions
in this work.

III. PHOTONEUTRON PROCESSES IN i3C

The photoexcitation processes of "C are sum-
marized in Fig. 2. AnE1 photon can excite ' or
&' resonances in "C. These levels subsequently
decay by emitting an s„,or d», neutron, respec-
tively. An Ml photon excites —,

' or & resonances
which decay to the ground state of "C by py/2 or
p3/2 neutrons. E2 photoexcitations are & or
and decay by p», or f„,neutrons. All of these
photoexcitation processes are explicitly included
in the analysis. No multipolarities of order higher
than E2 were considered. This restriction sim-
plifies the analysis since the d„, and f„,neutron
channels are ruled out. We note that the well-
known E„=2.08-MeV, &' resonance is absent from
the present data since it would require an E3 or
M2 photoexcitation. In the energy region of the
present work, there are no known —,"or —,

' reson-
ances. However, the nonresonant components of
the sy/2 and p3/, amplitudes were retained in the an-
alysis. The expression for the photoneutron dif-
ferential cross section was determined from the
table of Carr and Baglin":

= " ([2IU. I'+2IU, I'+41U. (M»l'+41U, (E»I'+41U. , I'+6IU, I']

+(U,*„[4U~» (M1) —4U~ +6.928U~ (E2)]+U~*, [4U~ —4U~, (Ml)+1.386U~ (E2)+12 471', .]}
xPi (c os 9)

+(-21U~» I'+ U~~„(Ml)[-2U~ „(Ml)+6.928U~ (E2)- 6.928U~, ]

+U~~, [-4U~ (Ml) —6.928U~ (E2) + 6.928U~ „]+Uq, (E2) [2U~ (E2)+ 1.714U~ ]~5/2

+ 3.429 1U& I' —4U,* U~ }P,(cos8)

+(U~ [-5.543 U~„—8.314U~ (E2)]—6.928U,* U~ }P,(cos8)
\

+ [-3 4291U~ I' 13 714U~+ (E. 2) Uq ]P~(coss)),

(gag) are the co)lision matrix elements for the (y, n) channel. These matrix elements will be de-
scribed in the following section.

IV. THE R-MATRIX ANALYSIS

The application of the 8-matrix theory to photoneutron reactions was discussed in detail in Ref. 15. Only
the elements essential to the present analysis will be discussed here. From Ref. 15, the collision matrix
for the photoneutron reaction is given by

8 x+1 '& "2 n'"&2'=-« ' &QAi &i'&~&",'&~+ "
I 2z" 1 ~

t
(2&+1) "'(+y&. &IIIf'Il(f, e"'&.o, )v „)-, (2)f (Jf) l
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open in this energy range and since the neutron
scattering cross section is +10' times greater
than the photoneutron. cross section, then Eq. (2)
provides a complete representation of the photo-
neutron reaction.

The phase shifts were parametrized in terms of
the R-function R, J in the following manner

&, ~= —Q, +tan '(P, R~/I l—R, ~(S, —b, ~)]j,

0

b

I I

6= F55

I, I i I i I i I i I

where Q„S„P„andb«are the hard-sphere
phase shifts, shift factors, penetration factors,
and boundary condition constants, respectively.
The R function is given by

2

E, —E +Ror J+Rii JE ~

Xl J
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FIG. 1. High-resolution spectra for the 3C(y, go)
reaction at angles of 90' and 135'. The curves represent
the results of an R-matrix analysis of the data.

3/2, 5/2

where J is the spin of the excited state and Jf is
the ground-state spin of "C in this case. The first
term of Eq. (2) is due to internal capture or that
component that arises from capture inside the
channel radius. The second term is due to extern-
al capture. Outside the channel radius, the initial
neutron-nucleus state is described by the -scatter-
ing wave function. H~ is the electromagnetic oper-
ator for either El, M1, or E2 radiation in the
present case. The contribution from the external
capture term is due to the long-range nature of the
electromagnetic interaction. The ~» are the phase
shifts which describe the neutron-nucleus scatter-
ing. Since only the photon and neutron channels are

where the last two terms describe the contribu-
tions from distant levels and y,«' are the reduced
widths. The most recent set of R-function para-
meters" were used in the present analysis. The
results of this R-function analysis of Ref. 16 are
in excellent agreement with the total cross section,
angular distributions, and neutron polarizations
below a neutron energy of 4 MeV. These para-
meters are summarized in Table l. The final
state wave function C~ «& in Eq. (2) was taken to bef(1f
a Whittaker function

cf2 ~~a W, (k&r)

f ~ R f W(kR)y(f f)
cf f

where ef, is the reduced width of Lane and Thom-
as~7

fcf

y / (@2/MR 2
)

1/ 2
fcf fcf

and kf is the wave number corresponding to the
binding energy of the neutron in "C. The 6„~ was
adjusted in order to fit the observed photoneutron
cross section. This quantity is defined by the
amount of nonresonant potential capture in the
"C(y,n, )"C reaction.

We now focus attention on the internal capture

I/2, 3/2

l/2+, W

TABLE I. R-function parameters for the 2C(n, n) C
reaction and the present analysis. [Note that the d5/2
and fv/2 parameters are not necessary for the {y,n) chan-
nel. ] Channel radius, R= 4.61 fm.

l2 0+
C El I2 0

l3 l/2

FIG. 2. Photoneutron processes in C. The labels lJ
on the neutron decay branch refer to the orbital angular
momenta and total spins of the neutrons relative to the
~2C nucleus.

Sg /2

PS /2

P3 /2

fs/2

@AlJ
(MeV)

-1.887
4.20

-1.267
4.940
2.930
3.510
2.810

~VJ 2

(MeV)

0.666
0.080
0.050
0.010
0.165
0.968
0.006

Rog J

0.0245
0.09
0.261

0.250

0.0

Rgg J
(Mev )

0.0
0.05
0.05

0.0

0.0

br

0.0
-0.2
-0.18

-1.0
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component in Eg. (2). The I'» ~ and I'», ~ are
pry~ ~

the neutron width and internal capture width, re-
spectively. A„ is the transformation which re-
lates the internal wave function to the real wave
function for a given resonance.

(Mey) Yale
T'„(MeV)

ANL Present work

TABLE III. Comparison of the values of I'„deduced
from the present analysis with those from R-function
analyses of elastic n- C scattering results.

where

$ ~„=Q [(S, ,—6
& ~,) +i P&, c]&& & ~, c&& & ~,c

7.69

8.19

8.89

3'
2
3+
Y
fw

2

0.15

0.20 0.24

0.15
/

1.11 1.15

0.17

0.17

and the sum is taken over all reaction channels.
The internal capture widths were determined by a
least-squares fit to the data. The R-matrix analy-
sis is compared with the observed differential
cross section in Fig. 1. The data are well de-
scribed by the R-matrix interpretation. The de-
duced parameters are given in Table II. The width
for the & level was chosen to be approximately
~0 of the energy resolution of the time-of-flight
spectrometer. The width of this level is known"
to be small and without question smaller than 2
keV. However, for the present work we wish to
extract the ground-state radiative width I ~ and
no error is introduced by this arbitrary choice as
long as it is much smaller than the resolution
function. In order to obtain the curves in Fig. 1,
a triangular resolution function was folded in with
the R-matrix calculation. This resolution function
has a large effect upon the 7.56 MeV resonance.
The effect of the resolution broadening is insig-
nificant for the remaining spectrum.

The parameters that were allowed to vary in the
present analysis were the (I „,)"', (I'„~)"', and
ey / 2» Although, in principle, the magnitude of
(I'„~)"'can be determined from the reduced widths
in Table I, a better fit was obtained by allowing
them to vary. In Table III these widths are com-

TABLE Q. R-matrix parameters for 3C(y, no) C re-
action: R=4.61 fm, eg/2-=-0. 524.

pared with those obtained from R-function analy-
ses"'" of neutron elastic scattering. The neutron
widths were deduced from the reduced widths with
the following expression

where P, is the penetration factor and kR is the
neutron wave number evaluated at the resonance
energy. The widths for the d3/2 resonances are in

good agreement with the present work. However,
the width of the p„, level from Ref. 16 seems
rather broad. Our result is in better agreement
with the Yale R-function analysis" for that reson-
ance. One possible explanation for this disagree-
ment is that the R-function analysis of Ref. 16 was
performed primarily for angular distribution data
for the "C(n,n)"C reaction below E„=4 MeV,
whereas that of Ref. 19 and the present work ex-
tended to approximately 5 MeV.

V. RESULTS AND DISCUSSION

The collision matrix, Eq. (2), can be written in
an equivalent manner in the level representation"

U««&= fe-i+& g I ~/2&1 &/2+($1' )~/2]
rt1 L lr ~r

+U„„(HS),

2
3'
2
3+
2

2

2
3+
2

Er)
(MeV)

7.534

7.636

8.151

8.861

11.000

11.000

g )i/2

(MeV)i /2

0.045

0.412

1.053

0.412

1.414

1.414

)i/2

(eV)1/ 2

0.346

2.068

1.664

-2.258

-2.966

-2.280

where U„„(HS) is the hard-sphere capture compon-
ent. From the above expression it is clear that
ground-state radiative widths depend upon both the
internal capture width and the resonant component
of external capture or the channel capture width

&I"„I. The amplitude for channel capture is given

by the expression

8 (2+ 1) &/2 yg+ &./2
'y

Skv„. (22+1)( l

This width was chosen to be 0.1 of the energy resolu-
tion spread at this energy.

"These resonances were arbitrarily placed here in
order to account for the effects of distant levels. The way in which the integral in the above equation
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TABLE IV. Deduced ground-state radiative widths for
the ~SC {y,no) C reaction.

{MeV)
j-& {eV)

Present work Darmstadt

7.56

7.69

8.19

E1

8.89 M1

5w

2
3'
2
3+
2

1

0.11 + 0.015

0.6 ~0.1
7.0 + 0.9
5.4 ~0.5

0.1150+ 0.0062

3.36 + 0.46

is computed was given in the Appendix of Ref. 15
and will not be discussed further. Then I'~ is giv-
en by

1/2+ (gp )1/2 ~2

This 1 ~ is the quantity" that would be determined
from a traditional area analysis of the data, i.e.,
this I ~ governs the peak height of the resonance
in the (y, n) cross section. The final results are
given in Table IV. For the 7.56-MeV, E2 excita-
tion, we have extremely good agreement with the
inelastic electron scattering results. " However,
for the 8.89-MeV M1 excitation, the results of the
present experiment disagree with the Darmstadt
value" for the M1 component of the transition
strength. The errors in our experimental values
of F~ mere estimated by taking extreme cases for
the effects of distant levels in the (y, n) channel.
In addition, me fixed the Darmstadt value for I"~
for the M1 excitation in our analysis and readjusted
all the other parameters. We found no combination
of the other parameters that would give a reason-
able fit to the photoneutron cross sections. The
origin of this discrepancy remains unknown. How-
ever, in the inelastic electron scattering process,
the —,

' resonance can be excited by both EO and M1
transitions. Unfortunately, in Ref. 21 there was
no discussion of the method for unraveling the M1
radiative width from the F.O transition rate,

The deduced 1"„,are compared with theoretical
predictions in Table V. The results for the E1
excitations are in remarkably good agreement

with the early calculations of Barker' and in dis-
agreement with the recent shell-model calculations
of J5ger et al. ' and Kissener et al.' Kurath" pre-
dicted the total strength for these two resonances
and the results are in fair agreement with the pres-
ent measurement. The Cohen-Kurath results over-
estimate the M1 transition rate for the 8.89-MeV
resonance, but they are in fair agreement with the
E2 transition.

It is surprising that the more detailed models
underestimate the amount of El strength in the
V.69- and 8.19-MeV resonances. This present
work provides additional evidence that the essen-
tial features of these resonances can be explained
in terms of the weak-coupling model. This result
was suggested in the work of Fukuda, "but the ob-
served strength for the lower energy resonance
was more than five times greater than the present
observation. Of course, this is the magnitude of
discrepancy one would expect from a traditional
area analysis of these strongly interfering reson-
ances.

It is noteworthy that the Lane reduced width for
+& 0~/2 0 524

p
is near the value obtained"

for "Q+n, 05,2, =-0.59. This implies that "C is
nearly as well represented as a "C core plus a
neutron as "O can be described by a '6O core and
a neutron.

VI. CONCLUSIONS

The differential cross section for the "C(y,n, )"C
reaction was measured with high resolution
throughout the photon energy range 6.5 to 9.3 MeV.
These results were. interpreted in terms of a
multilevel, multichannel R-matrix analysis and the
ground-state widths were extracted. The F~ of the
F.2 resonance at V.56 MeV was found to agree well
with the inelastic electron scattering results,
while that of the M1 resonance at 8.89 MeV does
not agree. The radiative widths for the two
strongly interfering E1 excitations at 7.69 and
8.19 MeV were found to be in excellent agreement

TABLE V. Comparison of the deduced internal capture widths with theoretical predictions.

Present eV
{Mev) 9gZ experiment Barker J'ager et a/. Kissener et al.

7.56
7.69
8.19
8.89

E2
E1
E1
M1

0.11+ 0.015
0.6 +0.1
7.0 +0.9
5.4 +0.5

0.71
5.49

0..60
0.53

1.54
0.89
6.13

0.18

3.78b

13.87-14.78

~References 9 and 22.
"only the integrated strength from both El excitations is quoted.
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with predictions of a weak-coupling model, while
the strength ot the 8.19-MeV resonance is in
clear disagreement with the more sophisticated
shell-model calculations. The direct component
of the interaction was found to be large, indicating

a need for calculations which include the single-
particle nature of "C.

This research was performed under the auspices
of the United States Department of Energy.
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