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The C(7, p) B reaction cross section has been measured from threshold to 29.1 MeV using
bremsstrahlung photons. A contribution from the C(7, pn + d) B reactions is included, and is
significant only at the highest energies measured here. The main features of the cross section are a
weak resonance at 22.5 MeV and a dominant, broad resonance at 25.6 MeV. The integrated cross
section up to 29.1 MeV is 17.9 + 3.2 MeVmb. We deduce that essentially the entire cross section
results from decay of T& dipole states. In combination with the previously reported photoneutron
cross section an estimate of the total photoabsorption cross section for C is obtained. The T&
and T& components of the photoabsorption cross section (up to 30 MeV) are estimated to carry
strengths of 88 + 12 MeVmb and 37 + 8 MeVmb, respectively. An isospin splitting of the giant
dipole resonance of 8.4 + 0.5 MeV is obtained. Comparisons of several shell-madel calculatians are
made with the data, and general agreement is found. A comparison of photoabsorption cross sections
for ' ' C and ' ' 0 shows dramatic redistribution of dipole strength as neutrons are added to
the care nuclei.

I. INTRODUCTION

This paper reports the first measurement of the
4C(7, p) cross section. It forms the last of a series of

measurements investigating the nuclear photoeffect in
light nuclei that consist of a closed shell or subshell cou-
pled to one or two nucleons or holes. The measurements
around isO are now complete, and the following reac-
tions have been measured: the (p, 1n) and (7, 2n) cross
sections for i N [1—3], 0 [4], and 0 [5,6]; the (7,np)
cross section for isN [7], i70 [8], and sO [9); and the

(7,p) cross section for i70 [10], and isO [5]. The mea-
surement reported here completes the data from the car-
bon isotopes: the (p, 1n) and (y, 2n) cross sections for
sC [11], and i~C [12]; the (7, np) cross section for isC

[13]and i4C [14]; and the (7, p) cross section for isC [15].
There are relatively few photonuclear data for i"C; the

(7, 1n) and (7, 2n) cross sections have been measured by
Pywell et al. [12], the (y, np) cross section by Kuo et al.
[14], and the (n, pp) cross section by Wright et al. [16].
The (7,nq q) cross section [sum of (7, 1n) and (7, 2n) cross
sections] shows significant strength around 15 MeV (the
so-called "pygmy" resonance) which may be associated
with valence-neutron excitations, particularly since the
(7, np) cross section accounts for most of the observed
strength. The i~C(7, nq q) cross section is unusual in that
the strength in the pygmy region is higher than that in

the main giant dipole resonance (GDR) region. Shell-
model calculations [17—20] predict that the main GDR
strength, which results from core excitations, dominates
the photoabsorption cross section. We expect the (7, p)
reaction to provide localized strength in the region of the
main GDR, at around 25 to 27 MeV. If this strength
is not found, the role of core excitations in the photoab-
sorption process in i4C must be reexamined.

According to the weak-coupling model [21], the
photoabsorption cross section for C should contain
strength due to single-particle excitations of the two
valence neutrons, forming the pygmy resonance, and
strength arising from core-nucleon transitions, forming
the main strength of the GDR. The observation of the
pygmy resonance in the C photoneutron cross section
[12,14,16] is consistent with these expectations. The

C(p, p) cross section represents core transitions, so that
comparison with the i2C(p, p) cross section should di-
rectly show the effect of the two valence neutrons on the

C core, and provide a test of the weak-coupling hypoth-
esis for the GDR states.

The nucleus C has a ground-state isospin To ——1,
so that E1 excitation can populate states with isospin
T = Tp ——1 (the T& states) and T = Tp + 1 = 2 (the T&
states). The relative strengths and the energy distribu-
tion of these isospin components of the GDR have been
discussed by several authors [22—26]. Several groups have
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made shell-model calculations of the total photoabsorp-
tion and partial cross sections, and of the T~ and T&
components of the GDR [17—20]. To test these predic-
tions, it is necessary to identify the isospin components
of the photoabsorption cross-section features. This re-
quires knowledge of the various particle decay channels.
Together with the C photoneutron cross-section data,
the present measurement assists in this identification.

II. EXPERIMENT AND ANALYSIS

The C(y, p) cross section was derived from the
yield of induced P activity from residual ~sB. Ac-
tivation yield curves were measured as a function of
bremsstrahlung tip energy using the University of Mel-
bourne 35-MeV betatron. The ~sB nucleus decays 92.1%
of the time to the ground state of ~sC with a maximum

P energy of 13.44 MeV and a half-life of 17.4 ms [27].
The ~4C(p, d) and ~~C(y, pn) reactions lead to residual
~2B, which is also a P emitter, with a half-life of 20.4 ms
and an end-point energy of 13.37 MeV, decaying 97.1%
of the time to the ground state of C [28]. Decays of
~B could not be distinguished from those of 3B, so

that above the (p, d) and (p, pn) thresholds (23.49 and
25.71 MeV, respectively), the reported cross section is
that for the ~ C(p, p+ pn + d) reactions. The high end-
point energy of the P spectra allowed detection of the
activity using NaI detectors in the experimental arrange-
ment described below and shown in Fig. l.

The sample consisted of 7.8 + 0.2 g of "C (and
1.5 + 0.1 g of ~~C impurity) in the form of enriched el-
emental carbon powder, encapsulated in two rectangu-
lar containers of size 48 x 50 x 6 mm with 0.0025-rnm-
thick copper walls. The two containers were separated by
48 cm and placed at an angle of 45' to the incident beam
direction, as shown in Fig. 1. Each container was ob-
served by two large NaI detectors 6.3 cm from the beam
axis, placed so that the detector face was perpendicu-
lar to the beam direction. The two detectors associated
with the upstream target were positioned in a horizontal

Sr cess trahlung
Seam

FIG. 1. Experimental arrangement of the samples and de-
tectors.

plane, while those associated with the downstream sam-
ple were in. a vertical plane. Shielding was arranged to
ensure that the two detector systems were independent.
The reasons for the use of two samples and separate de-
tector systems will be discussed below.

Each detector was surrounded by up to 2 mm of cad-
rnium to attenuate background resulting from thermal
neutron activation. The cadmium shielding was also
placed on the front face of each detector to attenuate
the intense Aux of bremsstrahlung photons produced
in the sample by electrons from the P decay of ~4C

(Qp- ——157 keV) [27]. Photomultiplier-tube pileup was
thereby reduced to acceptable levels. General shielding
around the detectors was provided by 20 cm of steel.

The activity was induced during the 50 Hz, 2-ps-long
beam burst from the betatron, and counted for a period
of 12 ms starting 4 ms after each beam burst. The pho-
tomultiplier tubes were electronically desensitized during
the beam burst to maintain their stability. Long term
gain stability was further improved by using analog gain
stabilizers. These stabilizers were referenced to a peak
in the spectrum of weak Co sources, which were sit-
uated near each pair of detectors. These sources, and
weak 8 Y sources, also provided a means of calibrating
each spectrum.

The bremsstrahlung beam was collimated to a diam-
eter of 33 mm at the position of the downstream tar-
get. The bremsstrahlung Aux was measured using a
thin-walled transmission ion chamber, placed upstream
of the samples. This chamber was intercalibrated against
a replica P2 ionization chamber [29].

At each betatron energy, a pulse-height spectrum was
accumulated from each detector, and recorded together
with the measured fiux and the system live time. The
recorded P spectra were integrated over an energy range
of 3.7 to 11.5 MeV; a lower limit of 3.7 MeV was chosen
to eliminate background arising from long-lived activity
induced in the NaI crystals by thermal neutrons, and to
minimize other low-energy machine-induced background.

Nineteen independent yield curves were measured
at bremsstrahlung tip energies ranging from 20.7 to
29.5 MeV in 100-keV intervals. Each curve took about
nine hours to complete, and was done under computer
control of beam parameters. A reference yield point was
taken at a standard energy (27 MeV) after every ten
points, as a check of reproducibility.

Several measurements were made to determine the
magnitude of potential sources of background. The
room and cosmic-ray background, measured carefully,
accounted for 17% of the detected activity at 28 MeV.
Measurements were made of the yield with no sample
in the beam, and were found to be negligible. Further
yield measurements were made using a sample of ~2C

graphite and copper foil that was twenty times the thick-
ness of these materials present within the ~ C target.
These measurements determined that the contribution
from the C impurity and the casing to the measured

C target yield was small (-1% at 25 MeV and -0.5%
at 28 MeV). Furthermore, since this yield was zero below
21 MeV, it was concluded that background contribution
due to beam scattering from the sample was negligible.
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At energies below the photoproton reaction thresh-
old of 20.83 MeV, the measured C-sample yield was
nonzero, indicating a, significant source of background
due to the C sample itself. This background origi-
nated from activation of the detectors by neutrons pro-
duced in the sample via the i4C(y, n) reaction, for which
the threshold is relatively low (8.18 MeV). This back-
ground photoneutron yield was derived as a function of
bremsstrahlung tip energy from the i4C(p, n) cross sec-
tion of Pywell et al. [12], and normalized to the yield
measured in this experiment below the i4C(y, p) reac-
tion threshold. This estimated background, amounting
to &19'%%uo of the i C-sample yield at 25 MeV and +4%% at
28 MeV, was subtracted from the measured C-sample
yield.

An aberration of the University of Melbourne betatron
produced a small energy-dependent shift in the direc-
tion of the bremsstrahlung beam. At high energies, pho-
tographs showed that the most intense region of the beam
shifted at most by 3 mm. This shift produced changes
in the solid angle subtended at the active region of the
target by opposing detectors. A shift in the beam posi-
tion would also result in a diA'erent average path length,
and hence average energy loss, for P particles within the
sample. This would afIect the number of particles exit-
ing the target, and distort the yield measurement. The
detector geometry described above, and in particular the
use of thin samples placed at 45' to the beam, minimized
the eA'ects of beam shift. These efF'ects were further re-
duced by normalizing the yield curves from each detector
system to a common relative efFiciency and then aver-
aging the yields of opposing detectors. The yield-curve

shapes determined separately for the horizontal and ver-
tical detector systems were in good agreement, except
above 28 MeV where they difFered by up to 4%. This
discrepancy could not be resolved, and so after normal-
izing the horizontal detector-system yield curve to that
from the vertical (for which we determined the absolute
efficiency), the average of the yields from the two systems
was taken for further analysis. The final yield curve may
be in error by up to +2%% in the region above 28 MeV.

The absolute detection efFiciency was determined by
measuring the activation yield for the isC(y, p)i~B reac-
tion. We assumed that the shapes of the ~B and 8
P spectra are nearly identical, and hence that the differ-
ence in the detection efFiciencies of B and B activity
was negligible. This assumption was justified in view of
the near-equality of the half-lives, Qp, and log ft val-
ues of the iz isB decays [27,28]. The measured activa-
tion yield was normalized to that used by Zubanov et
al [15.] in deriving their isC(p, p)i~B cross section, also
measured in this laboratory. We used a 5.062-g sample of
i C graphite powder (with a 0.323-g 2C impurity), en-
capsulated in a rectangular container identical to those
of the i4C samples for this normalization. This sample
was irradiated in the same position as occupied by the
downstream i4C sample. Seven yield curves were mea-
sured with bremsstrahlung tip energies ranging from 17.0
to 29.5 MeV in 0.5-MeV intervals. The yields from the
two opposing detectors were averaged, and a small con-
tribution from the i~C impurity was subtracted. The
resulting yield-curve shape was found to match precisely
that obtained in the earlier measurement [15] made in
this laboratory.
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FIG. 2. The C(p, p+ pn+ d) reaction cross section. The horizontal bars represent the bin widths used in the analysis
and indicate the energy resolution of the data. The error bars on the data points represent statistical uncertainties only; there
is an additional systematic uncertainty of +16% in the absolute cross-section scale.
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The absolute yield was analyzed using the variable-bin
Penfold-Leiss method [30] to produce the cross section
shown in Fig. 2. The cross section around 28 MeV may be
in error by up to +0.7 mb, due to the uncertainty in the
yield in the region above 28 MeV (see above). In addition
to the statistical uncertainties in the cross section, there
is a systematic uncertainty of +16% in the absolute scale.
This arises from an uncertainty of +13% in the absolute
scale of the isC(y, p) cross section of Zubanov et al. , the
uncertainty of +2% in the mass of the i4C sample, and a
statistical uncertainty of —+1% in the normalization of
the isC(p, p)i~B activation yield measured here to that of
Zubanov et ar. The energy calibration was determined by
observation of breaks in several well-known photoneutron

yields. The energy scale has an uncertainty of +50 keV
at 21 MeV, increasing to +200 keV at 29 MeV.

III. RESULTS AND DISCUSSION

A. Cross section

The C(p, p)isB cross section is shown in Fig. 2; it
includes the contribution from the C(p, pn+ d) B re-
actions. The present cross section is compared with the
available photonuclear data in Fig. 3. Figure 4 shows the
energetics of i4C photoreactions; various reaction thresh-
olds and relevant states are indicated.

The present cross section features a peak at
22.5 MeV, and the dominant structure centered at
25.6 MeV. Significant strength continues above 27 MeV

with evidence of a broad structure centered at 28 MeV.
The dominant structure at 25.6 MeV is also seen in the
(p, 2n) cross section. In this energy region a substantial
dip is evident in the i4C(p, ln) cross section.

It should be noted that strength from the (y, pn) reac-
tion channels is included in both the photoproton and the
(y, ln) cross sections. We can obtain an estimate of this
contribution, for which the difference of the (p, ln) and
(y, no) cross sections is an upper limit. In the region of
the (p, pn) threshold (25.71 MeV), the (y, ln) cross sec-
tion is dominated by strength from the (p, no) reaction.
As the (p, ln) cross section rises above the (p, pn) thresh-
old, the average single-neutron energy falls, and then re-
mains low [12], indicating that high-lying states in isC
are populated preferentially. The low average neutron
energy suggests that the other open channels [(y, nn)
and (y, nd)] do not make a significant contribution to
the (y, ln) cross section in this region, and that the ob-
served rise in the (y, ln) cross section may be associated
with the (p, pn) reaction. Then, the difFerence between
the (y, ln) and (p, no) cross sections is a fair estimate of
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FIG. 3. Photouuclear cross section data for C: (a)
n(p, p + pn + d) [present work] (solid circles) aud o(p, 1n)
[12] (open squares); (b) n(7, 2n) [12]; aud (c) o(p, n&o&) =
o(p, 1n)+ cr(y, 2'n) [12] (open squares) aud o(p, no) [14] (sol'id
circles).
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FIG. 4. Energetics of photoreactions in C.
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the (p, pn) cross section. This estimate yields a (y, pn)
cross section of 2.5 mb at 28 MeV, which would account
for the strength above 27 MeV and the broad structure
at 28 MeV in the present work. There are no data for
the C(p, d) reaction, but we expect the cross section to
be small [31,32].

The strength from the (p, p) reaction represents
transitions almost entirely from the i C core. Elec-
tric dipole excitation of protons from the core will form
only 3p—1h states of J;T = 1;(1,2) and configuration
(irp3/Q) (7r2s—ld) (vpi~2) . We then expect only a few
major transitions to contribute to the cross section. The
observation of only a few structures in the present cross
section is consistent with this expectation.

Comparison of the photoproton cross section with the
(y, ln) and (p, 2n) cross sections of Pywell ef al. [12]
and the (p, no) cross section of Kuo ef al. [14] may al-
low determination of the isospin character of the features
observed in the present cross section. These assignments
are discussed below.

this resonance had a T = 1 character, then neutron de-
cay would be favored over proton decay; the number of
T = z states available in isC is far greater than is avail-
able for proton decay (the ground and first excited states
of isB), and the penetrabilities for neutron emission are
greater. However, if this resonance had a T = 2 charac-
ter, then neutron decay would be isospin forbidden to all
states in isC except the lowest T =

2 state at 15.11 MeV
(23.29 MeV excitation in 4C). This state is neutron un-
stable, and decays strongly to states in i~C (Ref. [27]).
Consequently, the transition strength to this state would
appear in the (p, 2n) cross section rather than the (7, In).
The absence of this major peak in the (p, In) and (y, no)
cross sections and its presence in the (p, 2n) cross sec-
tion (see Fig. 3) is consistent with an isospin assignment
of T = 2. Furthermore, the sharp rise of the (7, 2n) cross
section at 24 MeV is consistent with the opening of the
15.11-MeV state in C.

8. Stre, ctaste above 27 MeV

The Structure at 22.5 MeV

The 22.5-MeV resonance observed in the present mea-
surement is reported here for the first time [27]. There
is no clear evidence of a peak at 22.5 MeV in the (y, In)
and (y, 2n) cross sections of Pywell ef al. [12], nor in the
T&-selective (p, nii) cross section of Kuo e$ al. [14] (see
Fig. 3). The bump evident in the (7, nii) cross section at

21.9 MeV is too low in energy to correspond to the fea-
ture observed in the present work. The location of this
bump is possibly even lower than observed by Kuo et al. ;
their energy calibration seems to require a shift towards
lower energies to match the structure in the (y, no) cross
section derived by detailed balance from the isC(n, po)
cross section of Wright et al. [16] (see Fig. 3 of Ref. [14]).

This resonance occurs well below the (7, d) and (y, pn)
thresholds, implying that it belongs to the (y, p) cross
section. Energetically, only the T =

2 ground state
of 38 is accessible for proton decay of this resonance,
whereas neutron decay is possible to the many T =
states accessible in isC (see Fig. 4). If this resonance had
a T = 1 character, neutron decay would be favored over
proton decay by the larger number of open channels and
the higher penetrability of these channels. Consequently,
this structure would be evident in the photoneutron cross
section. 1f the resonance had a T = 2 character, neu-
tron decay to any of the energetically accessible states in
i C would be isospin forbidden; isospin-allowed neutron-
decay channels open at 23.29 MeV with the opening of
the first T = —state at 15.11 MeV in C (see Fig. 4).
The photoproton channel would then represent the only
isospin-allowed mode for decay of a T = 2 state in C at
this energy. Given that this structure is evident in only
the photoproton cross section, an assignment of T = 2 is
favored.

2. The mein structure at about 25.6 Me V

The dominant feature of the (y, p) cross section is a
broad ( 2 MeV) resonance centered at 25.6 MeV. If

The high-energy region of the present cross section ap-
pears to be dominated by strength from the (p, pn) reac-
tion channels (see above). Although the (p, pn) reaction
can carry both T = 1 and T = 2 strength, comparison
of the (p, pn) and (p, 2n) cross sections suggests dom-
inant T = 2 strength. The (p, np) channels represent
the first isospin-aHowed modes for sequential two-nucleon
decay of T = 2 states in C; isospin-allowed decay of
T = 2 states via the (y, 2n) reaction only becomes avail-
able at 28.3 MeV with the opening of the 15.10-MeV
T = 1 state in i2C. Above the (y, pn) reaction thresh-
old (25.71 MeV), the (p, pn) cross section rises suddenly
while the (p, 2n) cross section falls sharply. This obser-
vation is consistent with an isospin assignment of T = 2.

B. Integrated cross section

The C(y, p + pn + d) cross section integrated to
29.1 MeV (the upper limit of the present measurement)
is 17.9+ 3.2 MeV mb. Extrapolation to 30 MeV yields
21+4 MeV mb, which is to be compared with the strength
of 108 + 11 MeV mb obtained from the (p, ni i) cross
section of Pywell et aL [12]. The sum of these in-

cludes the (p, pn) reaction contribution twice; the in-
tegrated strength (to 30 MeV) of the (p, pn) cross sec-
tion estimated above is 4 MeV mb. Subtraction of this
strength from the above sum yields a good estimate of the
total photoabsorption cross-section strength for i4C of
125+&5 MeV mb. This estimate represents strength from
all the major reaction channels but excludes strength
from the (y, n) and (y,sH) channels, the only other open
channels below 30 MeV, which may be expected to in-
dividually contribute no more than a few percent of the
total absorption strength [32].

Table I presents the integrated cross sections (to
30 MeV) for 4C 4 5N, and 0. The

integ-

ratedd photoproton cross section for C is smaller than
that for C and is consistent with the systematic
trends noted previously, i.e., with increasing neutron ex-
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TABLE I. Integrated photonuclear cross sections (to 30 MeV) for the carbon, nitrogen, and

oxygen isotopes.

Nucleus
J'o(p, n...) dE,

(MeV mb) (TRK units)
Jo(p, p) dE~

(MeV mb) (TRK units)
Sum

(TRK units)

12C
13C
14'

43
96

108

0.24
0.50
0.53

72
42'
17'

0.40
0.22
0.08

0.64
0.71
0.61

14N
15N

113 0.54
0.41

25
70~

0.12
0.31

0.66
0.72

16O
17O
18O

58
96"

143j

0.24
0.38
0.54

105
22
31'

0.44
0.09
0.12

0.68
0.46
0.65

'Reference [32].
Reference [11].

'Reference [15] (extrapolated from 28 MeV).
Reference [12].

'present data (extrapolated from 29.1 MeV); an estimated contribution (see text) of 4 MeV mb

from the (p, pn) reaction has been subtracted. The (y, d) cross-section strength is neglected.

Reference [1].
x Reference [36].
"Reference [4].
'Reference [10].
' Reference [5].

cess the strength carried by photoneutron channels in-
creases while that carried by photoproton channels de-
creases, thereby maintaining a nearly constant total ab-
sorption strength. The integrated photoabsorption cross
section far i4C (to 30 MeV) exhausts 61%af the Thamas-
Reiche-Kuhn (TRK) sum. This compares well with those
for the neighboring nuclei.

00 = 0'dE and 0 y = cT E dE. (3)

Far i4C (Tp ——1) this expression gives a separation energy
of 8.6 MeV. Fallieros and Goulard [25] and Hayward et
al. [26] have derived expressions for the relative strengths
of the T& and T& components. These can be expressed in
terms of the ratio of the energy-weighted integrated cross

C. Isospin distributions

The relative strengths and the energy distributions of
the isospin components of the GDR have been discussed
by a number of authors [22—26]. Akyiiz and Fallieros
[24] give for the separations of the mean energies of the
isospin components of the GDR

E& —E& ——V(Tp + I)/A,

where the symmetry potential U = 60 MeV, and where
the mean energy E is defined by Leonardi [33] as

Oo
)0' ]

where

sections o'&i/o i. For i C, Fallieros and Goulard predict
a ratio of 0.37 and Hayward et a/. predict a similar value
of 0.32.

We estimate the two components of the (p, tot) cross
section as follows. On the basis of the mass af 48, the
lowest T = 2 state in i4C lies at 22.5 MeV. Hence we
take all the strength in the (p,tot) cross section below
22.5 MeV to be T&. Above this energy, we have de-
duced above that essentially the entire strength in the
present cross section, i.e. , (p, p) and (p, pn), is T& [the
(p, d) strength, which is T&, is neglected], and have iden-
tified the main peak at 26 MeV in the (y, 2n) cross sec-
tion as T&. Significant T& strength, however, is present
in the (p, 2n) cross section. All the strength in the (p, 2n)
cross section up to 23.3 MeV (corresponding to the open-
ing of the first T =

&
level in isC) is T&. The (p, 2n)

cross section at 23.3 MeV is 2 mb, and it is reasonable
to assume that this T& strength extends to higher en-
ergies, providing underlying strength to the main peak
at 26 MeV. We have assumed that the T& component of
the (y, 2n) crass section above 23.3 MeV is represented
by a Gaussian of width 3 MeV centered at 23.3 MeV,
and matching the (p, 2n) cross section at that energy.
The range of uncertainty of this T& component has been
estimated by varying the width of the Gaussian from 1.5
to 6 MeV. It should be noted that all the T& strength
present in the (y, 1n) cross section (up to 30 MeV) is car-
ried by the (y, pn) reaction; all the other open channels

[(y, n), (p, nn), and (y, nd)] are T& selective. Uncertain-
ties in the present analysis arise from the estimates of
the (y, pn) cross section and the underlying T& strength
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in the (p, 2n) cross section.
Our estimate of the T& component of the 4C GDR is

shown in Fig. 5(a) and represents the sum of the cross
section obtained in the present experiment and the T
part of the (p, 2n) cross section. The T& component,
also shown in Fig. 5(a), is the difference between the
estimated (p, tot) cross section and the T& component.

Properties of the estimated isospin components (ex-
trapolated to 30 MeV) are given in Table II. An isospin
splitting of 8.4+ 0.5 MeV is obtained, which compares
well with the value of 8.6 MeV obtained from Eq. (1).
Akyuz and Fallieros [24] use a symmetry potential U,

a'p (MeV mb)
a g (mb)
E (MeV)

88+ 12
4.81 + 0.60
18.3 + 0.4

37+ 8
1.38 + 0.29
26.7 + 0.1

TABLE II. Some properties of the T( and T& distribu-
tions (up to 30 MeV). The uncertainties are estimated b
considering the uncertainties in the absolute scales of the pho-
toneutron and photoproton cross sections (+10% and +16%,
respectively), in addition to a range of acceptance of T& and
T& strength discussed in the text.

modified for a collection of dipole states, of 60 MeV.
Leonardi [33] suggests smaller values of U for light nuclei.
It is interesting to note that estimates of isospin splitting
in ~sN [2] and 1 0 [10] support a value of U smaller than
60 MeV, whereas those for 1sC [15] C, and 0 [5]
support a value of U close to 60 MeV.

The ratio o &/o &
derived from the present data is

0.22 + 0.05. Although this ratio is obtained from distri-
butions estimated up to 30 MeV, we do not expect that
the strength at higher energies will significantly aA'ect

p
(b)

I
I

I
/

I I — i' w! I

I I I

(a)

C
O

~ 20-

6—
E

O

u 4—
G&

N
N
O 2—

(c)

(b)

20—

10—

C
O

u 4—

10
I

—1' I

1 5 20 25 30 35
Photon energy (MeVl

22 24 26 28 30 32 34
FIG. 5. The total absorption cross section for C (data

points/solid curve) and its T& (dashed curve) and T~ (dash-
dotted curve) components obtained from (a) present estimate
derived from the available photonuclear data, (b) a calculation
by Kissener et al. [18], and (c) a calculation by Assafiri and
Morrison [19].

FIG. 6. Comparisons of (a) the present C(7, p+ pn+ d)
cross section with the C(p, pp) cross section calculated by14

Goncharova et al. [20], and (b) the ' C(p, 2n) cross section
[12] with the C(p, nIs yy) C cross section calculated by
Goncharova et aL [20].
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this value. This value is in poor agreement with the pre-
dictions of Fallieros and Goulard [25] and Hayward et al.
[26] of 0.37 and 0.32, respectively. Both of these model
predictions take nuclear dynamic effects into account, al-
though several approximations are made in calculating
these. The predictions depend on the isovector radius,
which is a function of the neutron and proton rms radii.
It is assumed that the proton and neutron rms radii are
the same. For i4C, where the neutron excess is relatively
large, this assumption is likely to break down. The neu-
tron radius of C is unknown [27], but in the case of isO
the neutron radius exceeds the proton radius by 5%%uo [34].
The i4C neutron radius would have to exceed the proton
radius by 8% to bring the prediction of Hayward et al.
into agreement with the value derived from the present
data.

Kissener e$ al. [18] to calculate partial neutron-decay
cross sections to the ground state and several excited
states in C, and the proton-decay cross section to the

B ground state. As discussed above, the dominant res-
onance at 25.6 MeV can decay to the B ground state, or
to the neutron-unstable 15.11-MeV state in isC, so that
the resonance strength is shared between the (p, p) and

(p, 2n) channels. The (p, 2n) channels also carry signifi-
cant strength from the decay of T& states in i4C, and this
underlies the structure at 25.6 MeV. Figure 6 compares
the calculated i4C(p, ps)isB and i C(p, ni5 ii)isC cross
sections with the i4C photoproton and i4C(y, 2n) cross-
section data. We see that the calculations are in good
agreement with the observed branching of the major T&
strength.

D. Comparison with theory
E. Systematic trends

In recent years several groups have made shell-model
calculations [17-20] of the C photoabsorption cross sec-
tion and the distribution of strength between the T&
and T& isospin components. The calculations share the
same basis (and use similar single-particle energies) and
differ mainly in the form of residual nucleon-nucleon
interactions used. All predict significant T& strength
near 15 MeV and a large amount of T& strength spread
throughout the GDR region, in agreement with our de-
duced T& distribution, but all appear to concentrate
more T& strength in the main GDR than is observed.

The calculation by Vergados [17], using the Kuo-
Brown interaction, places the dominant T& strength at

23.5 MeV, several MeV lower than the observed GDR.
Kissener et al. [18], in a calculation using the Cohen-

Kurath and Gillet's CAL interactions, predict the dom-
inant T& component near 26 MeV. Their results are
shown in Fig. 5(b) and can be compared with the present
photoabsorption cross section and isospin components;
there is good agreement in shape and strength distribu-
tion. However, the calculation predicts no counterpart
to the T& state seen at 22.5 MeV in the present data.

The calculation of Assafiri and Morrison [19],using the
residual interaction of Cooper and Eisenberg, is also in
good agreement with the data [see Fig. 5(c)]. It places
the main T& component near 27 MeV. It also predicts
a T& state near 22 MeV that may be the shell-model
counterpart to the resonance seen in the present data at
22.5 MeV: the predicted and observed states correspond
in excitation energy; they carry a similar fraction of the
total T& strength (5%%uo and 3%, respectively); and they
both lie several MeV below the main T& strength. The
main difference between the calculation of Assafiri and
Morrison [19] and that of Kissener e$ al [18] is in th. e
form of residual nucleon-nucleon interaction used. The
interaction of Cooper and Eisenberg includes the isospin-
exchange term, whereas the Cohen-Kurath and Gillet's
CAI interactions do not.

Goncharova eg al. [20] extended the earlier work of

We may now make some general comments on the ef-
fects, on the El strength, of adding one or two neu-
trons to the assumed semi-closed-core i2C and closed-
core i O nuclei. The data presented in Table I show
that as neutrons are added to a i C or isO core (or pro-
ton holes added to a 0 core), the integrated photoneu-
tron cross section increases markedly, its strength more
than doubling with the addition of two particles or holes.
Conversely the integrated photoproton cross section de-
creases sharply, by more than a factor of two. As noted
above, the fraction of the TRK sum exhausted by the
total absorption cross section integrated to 30 MeV is
relatively constant.

Figure 7 shows the photoproton, photoneutron, and to-
tal absorption cross sections for the carbon and oxygen
isotopes. The spreading of the E1 absorption strength
with increasing neutron number is clearly seen, together
with the changes in the distribution of this st;rength be-
tween the two major decay channels.

The addition of a single neutron to a core of C or isO
leads to the formation of a smaller resonance (the pygmy
resonance) below the main GDR. This strength can be
associated with valence-neutron excitations, which are
T& in nature. This is supported by the observation that
the pygmy strength in isC is accounted for by neutron
decay to the ground and first excited states of i2C [5],
and in i70 by neutron decay to the ground state of isO
[8]. The gross features of the main GDR strength, i.e. ,

its shape, width, and location, have not changed signifi-
cantly. These observations are generally consistent with
predictions of the weak-coupling model [21]. However, a
small change in the location of the main GDR strength
is observed and is discussed below. Furthermore, a res-
onance at 20.7 MeV in isC (assigned T~) [15) has been
formed possibly by fragmentation of transition strength
from the C core by the valence 1pi~q neutron.

The addition of two neutrons to the ~C or 0 core
changes the cross-section distribution more significantly.
The C and 0 nuclei show a greatly enhanced strength
in the region of the pygmy resonance. The cross-section
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strength in the low-energy region is much greater than
is expected from a weak-coupling model. In addition,
in the case of ~sO the main GDR strength seems more
disrupted, again not expected on the basis of the weak-
coupling picture; the present measurement shows that
the main GDR features in 14C are disrupted less than
they are in 1 O. These observations suggest that unlike
the addition of a single neutron (as for ~sC and 170) the
addition of two valence neutrons has significantly per-
turbed the core.

The total absorption cross sections for the carbon iso-
topes show that the energy at which the major dipole
strength occurs increases from 22 MeV for 12C to 24 MeV
for rsC and to 25.6 MeV for ' C. It is possible that the
energies of the pays~ (2s—Id) transitions that are mainly

responsible for this absorption strength increase with iso-
tope number as a result of changes in ground-state de-
formation. For the oxygen isotopes, such deformation
changes have been linked with systematic trends in the
GDR structure [10]. For the carbon isotopes, Mairle and
Wagner [35] show that ps~2-shell closure is consolidated
at the expense of p~~2-shell occupancy as the neutron
number increases. This decrease in p&g~-shell occupancy,
from 0.7 in 2C to 0.4 in C and to 0.3 in ~4C, is linked to
decreasing nuclear deformation from a value of 6 = —0.3
for 12C to —0.1 for 1 C. Consideration of the dependence
of the nondegenerate Nilsson levels on deformation shows
the energies of the pe~2 —+ (2s—ld) transitions increase
from ~2C to 4C, as does the energy of the main GDR
strength.

12C 160

20—

10—

13 170

O

10
CD

0

14( 18p

10—

10 20 10 20 30

Photon ener gy (MeV)

FIG. 7. Comparison of the photoneutron (dashed curve), photoproton (solid curve), and total photoabsorption (solid curve)
cross sections for the carbon and oxygen isotopes. The cross sections for C and 0 are taken from an evaluation of Fuller
[32]. The photoneutron data sources are C, Ref. [11]; C, Ref. [12]; 0, Ref. [4]; 0, Ref. [5]. The photoproton data sources
are C, Ref. [15]; C, present data; 0, Ref. [10]; 0, Ref. [5].
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IV. CONCLUSION AND SUMMARY

We have reported the first measurement of the i C
photoproton cross section, and have obtained an estimate
of the total photoabsorption cross section for i4C [the
sum of the photoneutron and photoproton cross sections,
with a small correction for double inclusion of (T,pn)
strength].

Essentially the entire i C(p, p) cross section [and
the i4C(p, pn) cross section, which is included above
25.71 MeV] results from decay of T& states. The T& and
T& components of the i4C GDR have been obtained from
the available photonuclear data. The relative strengths
of the two isospin components are not in good agree-
ment with theoretical predictions. The observed split-
ting of the median energies of the isospin components is
8.4+ 0.5 MeV, in agreement with predictions of Akyiiz
and Fallieros, and suggests a value for the symmetry po-
tential of about 60 MeV.

Shell-model calculations of the total photoabsorption
cross section for i4C by Kissener et al. [18) and Assafiri
and Morrison [19] compare well in shape and isospin dis-
tribution with experimental results. However, the place-
ment of strength in the pygmy region relative to that in
the GDR is not in good agreement with experiment; there
is too little strength in the pygmy or too much in the
GDR region. The C(y, po) 8 and C(7, nip ii) C
partial cross sections predicted by Goncharova et al. [20]
reproduce well the decay of the main T& state observed
at 25.6 MeV.

This measurement completes the set of photonuclear
cross sections for the carbon isotopes. Our results con-
firm the trends seen for other nuclei in this series of
measurements. As particles or holes are added to the
i~C or isO core nuclei, the integrated cross section for
the neutron-decay channels increases at the expense of
the proton-decay channels, and the total photoabsorp-
tion cross section remains essentially constant. The ad-
dition of one, then a second, neutron to the core of i~C or
isO spreads the cross-section strength over an increased
energy range. The behavior is similar in both the carbon
and oxygen series, with the appearance of a pygmy reso-
nance with the addition of the first valence neutron, and
the gross redistribution of the absorption strength with
the addition of the second valence neutron.
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