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Photoneutron time-of-flight spectra from the ' C(y,no)' C reaction were measured as functions of
laboratory angle over the excitation energy region from 10 to 28 MeV. Angular distribution coeffi-
cients and differential cross sections were extracted as functions of excitation energy between 10 and
23 MeV. The angle-integrated ground-state cross section indicates that ground state transitions
dominate the T & giant dipole resonance region below 13 MeV, but only contribute about 50% of the
strength in the neutron channel in the rest of the giant dipole resonance region. The results support
a mechanism of dominant E1 absorption in the energy region from 13 to 23 MeV where an average
value of a2 ———0.5 indicates pI~2~d3/2 single-particle neutron transitions. Angular distribution in-

formation suggests that much of a prominent resonance at 11.3 MeV (with an integrated cross sec-
tion of about 1.03 MeVmb} is due to an M1 transition from the ground state of ' C. If this is the
case, there is little fragmentation of the M1 strength in ' C brought about by the presence of valence
neutrons. When combined with the observation of the lack of a pygmy E1 resonance below the gi-
ant dipole resonance region, these results suggest that a model of ' C as a ' C "core" with two
valence, weakly coupled, neutrons is inappropriate. Below an excitation energy of about 19 MeV,
there is reasonably good quantitative and qualitative agreement between the present data and the re-
sults of a recent shell model calculation.

I. INTRODUCTION

In the last few years, a series of photonuclear measure-
ments has been aimed at studying the nuclear photoeffect
in those light nuclei with one or two valence nucleons (or
holes) associated with a nuclear "core." Examples are ' C
(Refs. 1), ' N (Refs. 2 and 3), ' 0 (Ref. 4), ' 0 (Refs. 5),
and Mg (Refs. 6). To some extent the results of these
experiments suggest that a weak coupling model can be
used with standard shell model calculations to describe
the observed photoabsorption cross sections in these nu-
clei.

There is relatively little experimental information re-
ported on ' C, which might be considered as a ' C core
plus two valence neutrons. The presently available data
include electron-scattering work, elastic neutron
scattering from ' C (Ref. 10), polarized-neutron capture
into ' C (Refs. 11 and 12), and a very recent ' C(y, n„,)

measurement. ' Limited availability of separated-isotope
' C in the quantities necessary for photonuclear measure-
ments (typically quantities of several moles) and the
natural radioactivity of the sample are the primary
reasons that the photoabsorption cross sections of ' C
have not been measured for all the major deexcitation
channels.

Several shell model calculations have attempted to
describe the 2 =14 system. ' ' The calculated shape of

the total photoabsorption cross section from a recent
particle-hole shell model calculation by Assafiri and Mor-
rison' was found to be in reasonable agreement with the
' C(y, n„, ) cross section of Pywell et al. ' This agree-
ment indicates that the (as yet unreported) photoproton
cross section does not contribute in a major way to the to-
tal absorption cross section, except possibly in the region
from 25 to 27 MeV.

Since ' C (with ground-state isospin T=1) is a light
non-self-conjugate nucleus, one should be able to observe
the isospin splitting of the giant dipole resonance (GDR).
Based on the evidence presented in Refs. 1—6, part of the
T& component could be expected to form a pygmy reso-
nance at an energy below the GDR. It is in this region
that transitions through single-particle states might be ob-
served as identifiable resonances.

The ground state of ' C is J =0+, T=1. Electric di-
pole (E 1 ) excitation will populate J =1, T= 1 (the "T
lower" or T&) and J =1, T =2 (the "Tupper" or T&)
states in the GDR of ' C. Because T& states may not de-
cay to the J = —,', T = —,

' ground state of ' C (the transi-
tion is forbidden by isospin selection rules), all neutron
transitions to the ground state of ' C must come from the
excited T& states in ' C.

From the recent ' C(y, n, , ) measurement, ' the only
significant structures observed below an excitation energy
of 14 MeV were a shoulder near 13 MeV and a well de-
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fined peak at about 11.3 MeV. However, this peak might
be composed of transitions to a 1+ state (i.e., not part of
the E 1 GDR) since it has been seen in a 180 electron-
scattering measurement [in which the magnetic dipole
(M 1) mode is preferentially excited ]. This finding has
raised some interesting questions.

Does the 11.3 MeV peak observed in the neutron chan-
nel' arise from M 1 transitions to a 1+ state? The first
indication of a 1+ state near 11.3 MeV was reported by
Kaschl et al. ' in a ' N(d, He) measurement. It has also
been identified in a neutron scattering measurement of
Lane et al. ' If the resonance is indeed an M 1 transition,
then how much M 1 strength does it have and is this M 1

resonance fragmented due to the presence of two valence
neutrons?

This paper reports on the measurement of the angular
distributions of the ground-state photoneutrons in the en-

ergy region 10—28 MeV. This new information provides
an indication of the multipolarity of the peak at 11.3 MeV
and the absorption process leading to formation of T&
states in the continuum.

Comparison of the present single channel (y, np) results
with the (y, n«, ) measurement can lead to an understand-
ing of the decay processes in the GDR region. Moreover,
a single channel measurement permits the investigation of
specific multiparticle-multihole (mp-mh) interference ef-
fects, such as the possibility of a second doorway state, as
recently reported for ' C. '

For each of the samples used, eight neutron time-of-
flight spectra were recorded simultaneously, using 10 m
flight paths spread over an angular span from 48' to 139'
in 13' steps. Each of the eight neutron detectors sent a
"stop" signal to an independent time-to-digital converter
(TDC) which was part of a standard CAMAC data ac-
quisition system. Each TDC was started by a fast pulse
generated by the photon beam striking a detector placed
near the sample. The time calibration of the time-of-
flight systems and the determination of the relative effi-
ciencies of the neutron detectors were obtained as previ-
ously reported. '

III. DATA REDUCTION

The reduction of data from the series of photoneutron
time-of-flight spectra to yield a total ground-state cross
section and the anisotropy coefficients was accomplished
by the following steps.

Initial corrections for dead time and natural and sample
background were performed on the time-of-flight spectra
before they were converted into neutron energy spectra in
the center-of-mass frame. The neutron energy spectra
were then corrected for detector efficiency and converted
to the excitation energy scale.

Legendre polynomials up to second order were fitted to
these energy spectra and the normalized angular distribu-
tion coefficients a; (i =0, 1,2) were obtained using the fol-
lowing expression:

II. EXPERIMENTAL DETAILS

The measurement of the cross section and neutron an-
gular distributions for the ' C(y, np)' C reaction was car-
ried out using the photoneutron time-of-flight angular
distribution facility at the electron linear accelerator labo-
ratory of the National Research Council of Canada. Be-
cause this facility has been described in some detail else-
where, ' only some of the features most relevant to this
experiment will be described here.

Since the first excited state in ' C is at 3.09 MeV, the
highest 3.09-MeV-wide region of the tip of the neutron
energy spectrum corresponds unambiguously to ground-
state transitions. Consequently, photoneutron time-of-
flight spectra were measured in 3 MeV intervals between
13.5 and 28.5 MeV.

The ' C sample was in the form of calcium carbonate
(CaCO&) powder of activity 52.98 Ci. This is 11.9 g or
0.85 moles of ' C. This sample was sealed in an alumi-
num cylindrical tube of length 102mm, diameter 44 mm,
and wall thickness 1.2 mm. This thin wall caused negligi-
ble neutron or photon attenuation. Inactive calcium car-
bonate powder in an identical container was used to mea-
sure the background. Samples of D20 and 820 were used
to monitor and measure the photon distribution. These
samples were in cast acrylic plastic tubes of the same
outer dimensions as the aluminum containers but
machined to a wall thickness of 2 mm. In order to ensure
that all the photoneutron samples received the same
amount of photon flux, a computer-controlled sample
changer was used to cycle the samples in and out of the
photon beam with a period of typically 1—2 min.

Yield (E„)= g A;P; (cosg)
i =0

and

a;=A;/Ap .

The coefficients a; were extracted as functions of excita-
tion energy using a weighted least-squares technique. '

The total angle-integrated cross section was obtained by
dividing 4mAp by the (measured) bremsstrahlung distribu-
tion scaled to the relative number of nuclei of ' C and H
exposed to the photon beam. The scale of the cross sec-
tion was determined relative to the deuterium cross sec-
tion, calculated by Arenhovel et al. for Er less than 10
MeV and by Partovi for E& greater than 10 MeV.

IV. RESULTS AND DISCUSSION

The total angle-integrated cross section for the
' C(y, np)' C reaction is shown in Fig. 1(a). Shown in
Figs. 1(b) and 1(c) are, respectively, the normalized angu-
lar distribution coefficients a& and aq, extracted from
second-order Legendre polynomial fits.

The data presented in this figure were obtained from
four independent measurements of the reaction at brems-
strahlung end point energies 13.5—28.5 MeV in steps of 3
MeV. Because of the very low photon flux near the tip of
the bremsstrahlung beam, the data lying in the energy re-
gian within 300 keV of each of the end points contained
too few events to justify a Legendre fit and were discard-
ed. This resulted in three 300-keV-wide gaps where no us-
able data are available. Legendre fits to higher orders
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FIG. 1. Present results (full circles) for the ground-state pho-
toneutron reactions in ' C: (a) the total angle-integrated cross
section; (b) and (c) the normalized angular distribution coeffi-
cients a ~ and a2, respectively, as functions of energy. Also
shown in (b) and (c) are comparisons with results from Ref. 12
(open diamonds). Good agreement is seen between the two sets
of data.

(i.e., I'3 and I'4) were attempted but no decrease in the re-
duced X values of the fits was observed, and there was an
increase in the error estimates for the a~ and a2 coeffi-
cients. This effect was attributed to the relatively large
statistical uncertainties (of about 10%) on the measured
data points. Insufficient statistics were accumulated for
the last two end point energies (25.5 and 28.5 MeV) to jus-
tify the extraction of meaningful angular distribution
coefficients. Hence, no a~ and az values are reported for
energies above 22.2 MeV.

A. The ground-state cross section

Considerable structure is observed in the ground-state
cross section [see Fig. 1(a)]. In particular, a sharp peak at
11.3 MeV is suggestive of a resonance of single-particle
character. There is evidence of a shoulder near 13 MeV.
Three broader peaks are seen at 15.5, 18.2, and 21.8 MeV.

The pronounced and narrow resonance centered at 11.3
MeV has been observed in the total photoneutron mea-
surement' where an integrated strength of 1.1+0.1

MeVmb was reported (after removal of the underlying
E 1 GDR tail). The present results show a value of
1.03+0.06 MeVmb (with a similar background subtrac-
tion). This is excellent agreement. Both experiments
measure the cross section for the same reaction at this ex-
citation energy, since only the ground-state neutron chan-
nel is open for decay by particle emission. The observed

agreement is encouraging in that these experiments em-
ployed entirely different techniques, one using quasimono-
chromatic photons produced by in-flight positron annihi-
lation and a 4n neutron detector consisting of BF3 tubes, '

while the present measurement used kinematically-
selected monochromatic segments of bremsstrahlung radi-
ation with a multiangle. neutron time-of-flight spectrome-
ter.

As is discussed in the following, other measurements
have detected an even parity state at this energy suggest-
ing a possible M 1 character for the absorption mecha-
nism. Analysis of the anisotropy coefficients measured in
this experiment supports this hypothesis (see the follow-
ing).

The two peaks at 15.5 and 18.2 MeV seem to be distort-
ed. This might be caused by interference of mp-mh states
with the primary 1p-1h states in the GDR. Such effects
have been noted previously for ' 0 (Ref. 24) and, recently,
for ' C near an excitation energy of 20.6 MeV. ' In the
latter case it was apparent that interference with a 3p-2h
secondary state caused a distortion in the shape of the pri-
mary 2p-1h state at this energy. There was also a corre-
sponding effect on the az coefficient causing the values to
deviate towards zero. There is some indication that this
effect is seen in the az values measured in this experiment
near 17.5 MeV.

The shoulder near 13 MeV is seen more clearly in the
'"C(y, n„,) measurement. ' When compared to the total
photoneutron cross section, the lower ground-state cross
section suggests the possible presence of a single-particle
state which can decay to the first ( —,

'
) or second ( —,

'
)

excited state in ' C as well as (in the present case) to the
ground state; 1 excited states in the '"C GDR cannot de-
cay to the J= —,

' (third) excited state in ' C. This is con-
sistent with the observation of Mordechai et aI. in a
' C(t,p) measurement. They made a tentative J= (1 ) as-
signment to a state at 12.96 MeV.

The present observed peak at 21.8 MeV is seen, but less
clearly, in both the (y, ln) and (y, 2n) data of Pywell
et al. ' This suggests that at 21.8 MeV there exist J=1
states of both isospin T& and T&. There is no evidence
in the ground state cross section measured in this work
for the peak seen at 26 MeV in the total photoneutron
cross section measured by Pywell et al. ' (see Fig. 3).

The integrated cross section between 10.4 and 28.0 MeV
(excluding the 11.3 MeV peak) was found to be 42+0.3
MeVmb, exhausting 20+0.2% of the classical Thomas-
Reiche-Kuhn (TRK) dipole sum rule value of
206MeVmb for ' C. On the other hand, the total pho-
toneutron cross section [including (y,np) and (y,2n) chan-
nels] of Ref. 13 exhausts about 60% of the TRK sum rule
between 8 and 36 MeV.

The present measurement shows no evidence of an E 1

pygmy resonance. This is contrary to the observations in
other light nuclei having two valence neutrons outside a
core, such as ' 0 (Ref. 5) and Mg (Ref. 6).

B. Angular dcstnbutions

As already noted, an attempt was made to fit the
present data, to third-order Legendre polynomials, but for
several energies the cross section extrapolated to 0' be-
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came negative and no improvement in the reduced 7
values was observed. It was concluded that within the
statistical uncertainty of the data, there is no detectable
amount of E2 absorption in the energy region presently
studied.

The angular distribution coefficients can be expressed
in terms of single-particle transition matrix elements and
phase shifts. The angular distribution coefficients for ' C
in terms of the E 1 and M 1 matrix elements and phase
shifts are presented in Table I. The channel spin represen-
tation has been used, and E2 matrix elements have not
been included.

From Table I, it is apparent that a detailed analysis of
the angular distribution coefficients is impossible without
information on the relative phase shifts involved, or mea-
surements of photoneutron or photon polarization. How-
ever, the relations in Table I show how the Legendre coef-
ficients depend on the E 1 and M 1 transition matrix ele-
ments, and a qualitative analysis of the variation of these
coefficients with energy can indicate the nature of the ma-
trix elements involved.

1. The ai values
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coefficients, which represent the
amount of E 1-M 1 interference (assuming negligible E2
absorption here) in the photoabsorption matrix elements
for the reaction, are seen in Fig. 1(b) to be zero over most
of the energy region studied. However, a dramatic devia-
tion from the zero value is observed in the region of the
11.3 MeV peak. This suggests the presence of M1 ab-
sorption strength interfering with the dominant E1 ab-
sorption process. An expanded plot of the data in this re-
gion is shown in Fig. 2. The variation of a& with energy
in this region shows a transition from (large) positive
values of about +0.4 to (large) negative values of —0.4,
occurring with the zero-crossing point at 11.3 MeV, the
energy center of the resonance. This behavior is charac-
teristic of the interference of a narrow resonance (Ml)
with an underlying broader one (E 1) where the relative
phase between the two resonances is changing by m radi-
ans across the narrow resonance. Small nonzero a ~ values
are also found in the energy regions of 16.5—18.0 MeV
and 20.0—21.0 MeV, indicating small amounts of M1

TABLE I. Angular distribution coefficients for ' C given in

terms of the E1 and M1 single-particle matrix elements and
relative phase shifts. The matrix elements are expressed in the
form El(l,J,s) and M1(l,J,s), where l is the orbital angular
momentum of the emitted particle, J is the angular momentum
of the intermediate excited states, and s is the channel spin. 5; s

are relative phase shifts.

Ao=3E1(011) +3E1(211) +3M1(110) +3M1(111)

A
&
= —7.3E 1(011 )M 1( 1 1 1 )cos5&

—5.2E 1(211)M1(111)cos52

A2 ———1.5E 1(211) —3M 1(110) + 1.5M 1(111)
+4.2E 1(011)E1(211)cos53

FIG. 2. An expanded scale plot of the data presented in Fig.
1. Near 11.3 MeV, the a i coefficient is seen to change sign sug-

gesting M 1-E 1 interference for which the relative phase angle
is changing rapidly over a narrow energy region.

strength, or possibly, strength due to other higher order
multipolarities.

The indication that the 11.3 MeV peak is due to a M1
transition from the ground state of ' C is consistent with

the observations of Kaschl et al. ,
' the results of the 180'

electron-scattering measurement of Crannell et al. , and

the neutron scattering work of Lane et al. ' In the latter
reference it was suggested that, between 11 and 12 MeV,
there are broad E 1 states underlying the narrow 1+ state
at 11.3 MeV. This is consistent with the present data
which show an underlying background of about 1 mb in

the E1 GDR tail between 10 and 12 MeV. The present
experimental results give an integrated cross section of the
11.3 MeV peak of 1.03+0.06 MeV mb (after removing the
GDR tail).

Crannell et al. reported an electromagnetic transition
width (I z ) of 6.8+1.4 eV for this 11.3 MeV peak, while

Pywell et al. ' gave a width of 12+2 eV for the same
state. The present measurement yields a width of 11+2
eV, in agreement with the result of Ref. 13. The broader
widths measured by using real photons are most likely due
to the presence of both E1 and M1 absorption while the
180 electron-scattering work of Crannell et al. measured
the width due only to M1 transitions. Under this as-
sumption the measured photon width (I r ) can be com-

pared in terms of effective integrated cross section
strength over the 11.3 MeV peak as in Table II. Thus, the
ratio of M 1 strength to the total (M 1 plus E 1) cross sec-
tion is

=0.36+0.12,0.6+0.2
1.6S+0.12
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Experiment
Integrated cross section

(Mevmb)

180 electron
scattering (Ref. 9)

Present results
(m1)

(E1+M 1)
0.6 +0.2
1.65+0. 12'

'Peak area, 1.03+0.06; underlying GDR tail, 0.62+0.06.

TABLE II. The measured photon width (T~ ) compared in

terms of effective integrated cross section strength over the 11.3
MeV peak.
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indicating that more than one-third of the strength of this
peak is due to M1 transitions. Furthermore, the ratio of
the M1 to E1 cross sections is about 0.56+0.18 at this
energy.

To set this value into perspective, a comparison can be
made with the M 1 and E1 strengths reported recently by
Snover et al. for several states seen in the ' N(p, yo)' 0
reaction. This radiative-capture experiment has deter-
mined I z values for 1+ states at 16.21 and 17.12 MeV in

XQ
' 0 to be 3.7 and 6.72 eV, respectively. A nearby 1 state
at 17.27 MeV was observed to have a width of I z

——61
Xp

eV. Therefore, near excitation energies of 17 MeV in ' 0,
a ratio of M 1 and E 1 absorption strength of about 0.17 is
found. This is considerably less than the present observa-
tion of an M1/E1 ratio of about 0.56 near 11.3 MeV in
the ' C nucleus.

Since the a ~ values are seen to be near zero in the ener-

gy region between 14 and 23 MeV, it is reasonable to con-
clude that little additional M1 strength is present. Thus,
it appears that the M1 strength near 11.3 MeV is not
fragmented. This is quite different from the observed
fragmentation of the Ml strength in other light, non-
self-conjugate nuclei when one to two nucleons (or holes)
are added to a "self-conjugate core" (such as ' C, Ne,
and Mg).

2. The a& values

In the energy region of 13 to 23 MeV, the az coefficient
shows an "average" value of about —0.5. This average
value is in agreement with the special case of (i) no M 1

strength, (ii) no E2 strength, and (iii) pure d-wave neu-
tron emission after E 1 absorption (p~/p +d3/p transitions
in this case; see the expressions for /Io and Az in Table I).
However, the az value is not constant at —0.5, indicating
such simplifying assumptions are not generally applicable.

We conclude that the main structures observed in the
ground state cross section, except a component of the
peak at 11.3 MeV, comprise the T& component of the
electric dipole GDR and that this cross section is com-
posed largely of transitions resulting in d-wave neutron
emission.

-.C. Comparison with ' C( n, yo) results

Shown in Fig. 3 is a comparison of the present mea-
surement with the results of Wright. ' This neutron-
capture work was performed using the polarized neutron
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FIG. 3. A comparison of the present measurement (full cir-
cles) with the neutron capture work of Wright (Ref. 12) (open
diamonds; converted by application of detailed balance). Excel-
lent agreement is seen between the two sets of measurements in
the region of overlap. Also shown is the total photoneutron
measurement (open circles connected by a continuous line) of
Pywell et al. (Ref. 13). Good agreement is found between the
present measurement and that of Ref. 13 for excitation energies
below 13 MeV.

beam at the Triangle Universities Nuclear Laboratory; the
results have been converted for comparison with photonu-
clear cross sections by the application of the principle of
detailed balance. Excellent agreement is found in the en-
ergy region of overlap.

The angular distribution coefficients a~ and az ob-
tained from third-order Legendre fits by Wright' are also
in good agreement with the present results [see Figs. 1(b)
and (c)] which were obtained from second-order Legendre
fits.

The az values of Wright' in the excitation energy re-
gion between 15.4 and 20.3 MeV are zero within the quot-
ed uncertainties, with the exception of 17.7 MeV where a3
has a value of +0.135+0.046, indicating the possible
presence of E2 strength.

D. Comparison with the ' C(y, n, , ) cross section

Also shown in Fig. 3 is a comparison between the
present ground-state and the total photoneutron' cross
sections. It is seen that the two measurements are in ex-
cellent agreement up to 13 MeV (taking into account reso-
lution effects on the 11.3 MeV peak). This indicates that
in the region from 11.3 to 13.0 MeV, 100% of all transi-
tions proceed to the ground state of ' C, even though
non-ground-state transitions are kinematically possible.
The dominant reaction mechanism here seems to be the
excitation of the single-particle transitions involving the
p &&& neutrons.

As already discussed, the integrated area under the 11.3
MeV peak (after removing the E 1 GDR tail) of the
present work is 1.03+0.06 MeVmb, again in excellent
agreement with the results of Pywell et al. ' of 1.1+0.1
MeVmb. The difference in magnitude of the 11.3 MeV
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peak is attributed to the different energy resolution at that
energy. The resolution of Ref. 13 at 11.3 MeV is 3'50 keV,
while the present energy resolution at the same energy is
about 150 keV. Between 13 and 18 MeV it is seen that
only about one-half of the total photoneutron cross sec-
tion results in transitions to the ground state. The dip in
the average (singles) neutron energy observed by Pywell
et al. ' supports this.

A valley is seen in the ground-state cross section, but
not in the total photoneutron cross section, between 16
and 18 MeV. In this energy region, transitions to the first
two (bound) excited states near 3.5 MeV in ' C are possi-
ble and could account for this difference. Also, the (y, 2n)
channel has opened up at 13.12 MeV, but the measured

(y, 2n) cross section of Ref. 13 shows no appreciable
strength up to about 19 MeV.

In the energy region of 18 to.27 MeV, it is again seen
that transitions to excited states are preferred. A peak at
26 MeV was observed in the total photoneutron cross sec-
tion but not seen in the present ground-state data. This
supports the interpretation of Pywell et al. ' that the
peak at 26 MeV is a T & state, since neutron emission to
the ground state of ' C from T& excited states in ' C is
forbidden by isospin conservation. However, because the
ground-state cross section is not zero (about 1 mb) in this
region, some T & strength is still present at this energy.
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FIG. 4. The present ground-state results (full circles) are
compared with the bound-state shell model calculation (solid
line) of Kissener et al. (Ref. 15) for the ground-state cross sec-,

tion. The scale of the calculated cross section has been reduced
by a factor of 2 to facilitate comparison with the present mea-
surement. The calculation reproduces the gross structure of the
cross section but not the positions of the peaks.

E. Comparison with theory

A comparison of the present ground-state measurement
with the total photon absorption shell model calculation
of Kissener et al. ' is shown in Fig. 4. The scale of the
calculated cross section has been reduced by a factor of 2
to facilitate comparison with the experiment. It can be
seen that the gross structure of the ground-state cross sec-
tion is reproduced but not the positions of the peaks. The
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FIG. 5. Fair agreement is found between the present mea-
sured T& strength (full circles) and the predicted (solid line)
cross section of Assafiri and Morrison (Ref. 17). In general, the
calculated strength is greater than the measurement.

V. SUMMARY

The present data suggest that nearly 100% of the pho-
toneutron transitions proceed to the ground state of ' C
below about 13 MeV. Above this energy, only about one-
half of the T& GDR strength is in the ground-state neu-

calculation was performed in the framework of the
bound-state shell model combined with R-matrix theory.

The predicted distribution of the T& strength from a
recent particle-hole shell model calculation by Assafiri
and Morrison' is shown in Fig. 5 together with the
present data. This calculation ("set No. 3") was carried
out under a dipole approximation using the residual
nucleon-nucleon interaction of Cooper and Eisenberg
with a well depth of 50 MeV.

Fair agreement is seen between the prediction of the
T & cross section and the present measurement. The mag-
nitude of the calculated strength is seen to be higher than
the measured values in some energy regions. This is ex-
pected since, although the ground state transitions are ex-
clusively T &, they do not necessarily exhaust all the T
strength in the GDR region. Transitions to T& excited
states in ' C are not measured in this experiment. Howev-
er, the comparison with the total photoneutron cross sec-
tion data' also shows the calculation to be too high in re-
gions below 21 MeV. Little analysis of the theoretical
predictions can be carried out for the energy region above
21 MeV until the photoproton cross section is available
[the threshold for the ' C(y, p) channel is 20.8 MeV].

Jager et al. ' have predicted the locations of the strong-
est T =1 dipole states in ' C to be at 15.2, 18.2, and 21.8
MeV. This is in excellent agreement with the present
(T =1) ground-state cross section which displays peaks at
15.5, 18.2, and 21.8 MeV. These authors also predicted
small amounts of T =2 strength near 21.8 MeV. This is
in agreement with the observation that a resonance at 21.8
MeV is seen in both the present (T = 1) measurement and
the (y, 2n) (mostly T =2) cross section. '3



324 P. C-K. KUO et al. 31

tron channel. There is no evidence of an E1 pygmy reso-
nance below the GDR region. In other light nuclei, addi-
tion of a neutron to a closed (sub)shell, as in ' C and ' 0,
and the subtraction of a proton in the case of ' N, appears
to be the muse of pygmy E1 resonances lying at energies
below the GDR. Similarly, the addition of two neutrons
in the case of ' 0 is accomplished by the appearance of a
pygmy resonance. Yet in the case of ' C there does not
appear to be a distinct E 1 pygmy resonance.

The only significant structure seen below the G-DR is a
sharp peak at 11.3 MeV. The present experiment shows
that this is a dipole state exhibiting an a2 coefficient
differing distinctly from the local average, and that there
is even-odd multipole interference in this energy region
and not elsewhere, as shown by the finite value of a|.
Furthermore, there is no evidence for E2 excitation in the
energy range from 15 to 20 MeV since the a3 coefficient
reported in Ref. 12 remains zero. There are strong indica-
tions of E 1-M 1 interference at 11.3 MeV. It is likely
that a major contributing amplitude is M 1, with the other
strength being of an E1 character. Our results cannot
rule out the possibility that the local change in az is due
to E 1 strength involving a different neutron angular
momentum than the rest of the E 1 cross section, interfer-
ing with a weak M1 transition. However, inelastic elec-

tron scattering and neutron scattering experiments also see
M 1 strength which dominates at 11.3 MeV. The simplest
interpretation is that the 11.3 MeV peak has a large com-
ponent of M 1 strength, possibly as much as 36%%uo of the
total photoabsorption cross section. However, we mnnot
rule out the possibility that we are observing a weak M 1

transition through its interference with a strong E 1 tran-
sition.

It is useful to recall that strong M 1 transitions occur to
states in ' C at 15.11 MeV, in ' C at 15.1 MeV, and in ' 0
at 13.7, 16.2, and 17.1 MeV. Indeed, strong compact M 1

transitions appear systematimlly in the light nuclei.
These systematics encourage us to assign spin and parity
of 1+ to the 11.3 MeV state of '"C we see in the (y, no)
cross section.
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