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Strong spin-isospin mode, & =1, &~ =1 analog states at 4.5 MeV in ' B were studied by
the reaction C(e, e'n ) B at the electron energy E~ =200 MeV. The photoprodnction
cross sections at seven angles ranging from 30' to 150 were obtained with use of virtual-
photon theory and an experimentally determined real-to-virtual photon ratio. The results
are compared with theoretical calculations and also with the available data on inelastic
scattering from the 19.5-MeV T =1, Tg =0 analog complex in C.

PACS numbers: 24.30.Cz, 25.30.Cg, 27.20.+n

The photoproduction of pions near threshold
and its inverse process, the radiative capture of
stopped pions, preferentially excite spin-flip
states in a nucleus through the dominant Kroll-
Ruderman term, o e (0' is the nuclear spin and e

is the photon polarization vector). Of special in-
terest is the possibility of using these reactions
to study the spin-flip states in the giant-reso-
nances region —the so-called spin-isospin modes
predicted by the generalized Goldhaber- Teller
model. ' In eon. trast to the well. -known giant-reso-
nance isospin modes' which have been extensively
studied throughout the periodic table by photonu-
elear reactions and electron scattering, experi-
mental studies of the spin-isospin modes are
rather limited, most of the presently available da-
ta coming from the radiative capture of stopped
pions. ' However, this reaction has the serious
limitation that the momentum transfer is re-
stricted to a single value (q -0.6 fm '), and there-
fore no information can be obtained about the mul-
tipolarities of the excited states. The inverse re-
action, namely the photoproduetion of charged pi-
ons, can be a more versatile tool to study the spin-
flip giant resonance states since the momentum
transfer can be varied to map out the form fac-

tors of the excited states. ' The photoproduction
of charged pions excites the T =1, T,=+1 spin-
isospin analogs in the residual nucleus (for a T
= T, = 0 target nucleus). The fact that the photo-
pion reaction probes only the T =1 states is a
unique feature which distinguishes it from other
reactions such as electron scattering or pion in-
elastic scattering which are sensitive to both T
=0 and T =1 states or their isospin-admixed
states.

The purpose of this paper is to demonstrate
the usefulness of photopion reactions with varia-
ble momentum transfer to obtain spectroscopic
information about the spin-isospin analog states.
We report here on angular distribution studies of
emitted pions in the reaction "C(e,e'm')"B* lead-
ing to the 4.5-MeV T=1, T, =1 analog complex
in '2B.

Strong excitation of these states was previous-
ly observed in (m, y) (Ref. 2) and (y, m ) experi-
ments at a single fixed momentum transfer. ~

The T, = 0 analogs which correspond to these
states are located at about 19.5 MeV in "C. In-
elastic electron-scattering studies" together
with particle-hole shell-model form-factor cal-
culations' indicate that these states are dominant-
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FIG. 1. The pion energy spectra from '
Q at 0=50

a.nd 130'. The solid curves are least-squares fits to the
data using virtual-photon spectrum shapes (Ref. 8), with
the lower lines representing the background due to tran-
sitions to the ground and 0.95-MeV states in ' B.

ly M2 and M4.
In the present experiment a 200-MeV electron

beam from the Tohoku University electron linac
impinged on a graphite target of thickness 150 mg/
cm'. Energy spectra of the emitted pions were
measured at seven angles ranging from 30 to
150' in steps of 20' using a double-focusing mag-
netic spectrometer with a 33-channel detector
telescope array in its focal plane. Each channel
consisted of three Si(Li) solid-state detectors
operating in triple coincidence. System resolu-
tion was 0.6 MeV at all angles except 130' and
150' for which it was 1.0 MeV. The energy spec-
tra at 0 = 50 and 130' are shown in Fig. 1.

The absolute scale on the double-differential
cross section was obtained by an auxiliary elas-
tic electron-scattering measurement on the "C
target, For each transition the pion spectrum re-
flects the virtual-photon spectrum shape, and the
experimental data have been fitted with virtual
spectra corresponding to transitions to the ground
and 0.95-MeV states as mell as the 4.5-MeV com-
plex states in "B(see Fig. 1). At pion energies
above the 4.5-MeV end point, the data are consis-
tent in shape and strength with the experimental
cross sections of Shoda et al.' for the transitions
to the ground and 0.95-MeV states, thus implying
that the contributions from other excited states
below 4.5 MeV are small. In addition, the shapes
of the spectra at pion energies below the 4.5-MeV
end point are consistent with small contributions
from transitions to states above 4.5 MeV. The
pion contribution from the quasifree process "C

+ y -"B+n+ m' was estimated using a Fermi-gas
model' to be at about the 10% level.

The electroproduction resu1. ts were converted
to the equivalent photoproduction cross sections
by use of a virtual-photon spectrum with shape
given by Dalitz and Yennie' and intensity deter-
mined experimentally in separate measurements. '

The photopion cross sections thus obtained are
shown in Figs. 2 and 3 where comparisons are
made with the available theoreticaI calculations.
The error bars are due to the propagation of
counting statistics only. Systematic errors, in-
cluding those associated with the absolute calibra-
tion, the virtual spectrum uncertainties, and the
neglected contributions from other excited states,
are estimated to be about 20%.

In Fig. 2, the experimental results are first
compared with the shell-model calculations of
Haxton. " These calculations employ nuclear
wave functions derived from the work of Dubach
and Haxton" (D-H) in which the "C positive-pari-
ty states are generated in a full 2$~ shell-model
basis and the negative-parity states in a full Ã~
basis. Using the D-H wave functions, Haxton"
finds that the calculated (e, e') form factors for
the dominant T = 1, J = 4, 2 states near 19.5
MeV in "C, when compared with the data of
Flanz, ' are too large in magnitude even though
the correct shapes are reproduced. In order to
reach agreement in magnitude, he finds that the
4 and 2 theoretical form factors must be re-
duced by factors of 0.7 and 0.5, respectively.
Using these reduction factors, Haxton obtains
the theoretical photopion cross sections shown in
Fig. 2. For the photoproduction amplitude he
uses the simple threshold partial conservation of
axial-vector current operator proportional to the
Kroll-Buderman term 0' E. The pion final-state
interaction is included by means of a second-or-
der optical-model potential employing w-nucleon
phase shifts, two-nucleon absorption terms, and
Pauli-b1ocking and Lorentz- Lorenz corrections.

The shell model calculations of Singham" with
the same D-H wave functions but with the full
Blomqvist-Laget (B-L) photopion production am-
plitude" are shown in Fig. 2 together with the
Helm-model calculations of Nagl and Uberall. "
The nuclear structure input to the latter calcula-
tions is in the form of the transition charge den-
sity which is parametrized to the e1.ectron-scat-
tering data of Yamaguchi et a/. ' for the 19.5-MeV
complex in "C, and the full photopion production
amplitude of Berends, Donnachie, and Weaver'
is used. The pion final-state interaction is in-
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FIG. 2. Photopion cross sections compared with the
shell-model calculations using the a. ' E production am-
plitude (Ref. 10).

FIG. 3. Photopion cross sections compared with the
shell-model calculations (Ref. 11) using the full Blom-
qvist-Laget amplitude (Ref. 12), and also with the Helm-
model calculations (Ref. 13).

eluded by means of an optical potential with pa-
rameters determined to fit pion atomic and scat-
tering data. The shapes of the differential cross
sections predicted by the two models are in rea-
sonable agreement with each other and with the
experimental results, and they are consistent
with the dominant presence of M2 and M4 states
at the excitation energy of 4.5 MeV in "B.

Since the Helm-model calculations make explic-
it use of the electron scattering data, their agree-
ment with the photopion data as shown in Fig. 3
indicates that the form factors of the T,=1 ana-
log states as obtained in the present (y, m') exper-
iment and the form factors of the T, =O states as
obtained in inelastic scattering are consistent
with each other. This conclusion is further sup-
ported by the fact that the same reduction factors
in the shell-model calculations are needed to ob-
tain agreement with both (e,e') and (y, m+) experi-
ments. The relatively large magnitude of these
reduction factors, on the other hand, clearly in-
dicates that the D-H wave functions in their pres-

ent form incompletely describe the negative-pari-
ty states in the 19.5-MeV region of "C and their
analogs. It will be of interest to investigate
whether the presence of more complicated config-
urations than those included in the D-H wave func-
tions can explain the phenomenologically deter-
mined reduction factors.

The electron-scattering data on ' C by Flanz
seem to indicate several 4 states in the neighbor-
hood of 19.5 MeV and there is evidence from pion
inelastic-scattering" results showing isospin
mixing among them. In our study of the analog
states in "Bwith about 0.6 MeV resolution, we
are unable to determine whether there are one or
more M 2 or M4 states. Their isospin char aeter,
however, is uniquely determined to be purely T
=1. For a full understanding of the relationship
between the 4.5-MeV complex in "Bstudied here
by the photopion reaction and the 19.5-MeV com-
plex in "C studied by (e,e') and pion inelastic
scattering, it will be interesting to investigate
whether the strengths of the T =1 components in
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the admixed states in "C sum uy to the pure T = 1
strength in the analog in "B. This would serve
as an additional verification of the isospin mixing
in the 19.5-MeV complex in "C.

The present experiment has demonstrated the
usefulness of photopion reactions as a spectro-
scopic tool to study the pure T =1, T,=1 spin-
isospin mode analogs, emphasizing the comple-
mentary nature of these reactions to inelastic
electron-scattering experiments which probe the
T, =O analogs. The presence of strong T =1, T,
=1, M2 and&4 analogs at 4.5 MeV in "Bob-
served in this experiment is consistent with the
inelastic electron-scattering results'" in the
19.5-MeV region in ' C.

The authors gratefully acknowledge the support
of the National Science Foundation and the Japan
Society for the Promotion of Science through the
United States-Japan Science Cooperative Pro-
gram.

We would like to thank Mr. M. Pauli for his
computational aid. Two of us (E.J.W. and K.M. )
express our deep appreciation to the staff of the
Laboratory of Nuclear Science of Tohoku Univer-
sity for the warm hospitality extended to us dur-
ing our stay.

~H. Uberall, Nuovo Cimento Suppl. 4, 781 (1966). See

also T. W. Donnelly and N. LoIudice, Nucl. Phys. A179,
569 (1972).

J. P. Perroud, in I'hotopion Nuclea~ I'hysies, edited
by P. Stoler (Plenum, New York, 1979), p. 86.

F. Cannata, B.A. Lamers, C. W. Lucas, A. Nagl,
H. Uberall, C. Werntz, and F. J. Kelly, Can. J. Phys.
52, 1405 (1974). See also K. Shoda, H. Ohashi, and
K. Nakahara, Phys. Rev. Lett. 39, 1131 (1977).

N. Paras, A. M. Bernstein, K. I. Blomqvist,
G. Franklin, M. Pauli, B. Schoch, J. LeRose, K. Min,
D. Rowley, P. Stoler, E. J. Winhold, and P. F. Yergin,
Phys. Rev. Lett. 42, 1455 (1979); P. Stoler et al. , to be
published.

~A. Yamaguchi et al. , Phys. Rev. C 3, 1750 (1971).
J. B. Flanz, Ph.D. thesis, University of Massachu-

setts, 1979 (unpublished).
T. W. Donnelly, Phys. Rev. C 1, 833 (1970).
R. H. Dalitz and D. R. Yennie, Phys. Rev. 105,

1598 (1957).
W. M. MacDonald, E. T. Dressier, and J.S. O'Con-

n.ell, Phys. Rev. C 19, 455 (1979).
W. C. Haxton, private communication.
M. K. Singham, private communication.
I. Blomqvist and J. M. Laget, Nucl. Phys. A280, 405

(1977).
A. Nagi and H. flberall, private communication.

' F. A. Berends, A. Donnachie, and D. L. Weaver,
Nucl. Phys. B4, 1 (1967).

W. Cottingame et a/. , in Proceedings of the Eighth
International Conference on High Energy Physics and
Nuclear Structure, TRIUMF and University of British
Columbia, Vancouver, British Columbia, Canada, 13-
17 August 1979 (to be published).

Limits to the Fusion of 310-Mev '60 with Ti

P. Gonthier, H. Ho, ' M. N. Namboodiri, L. Adler, J. B. Natowitz,
S. Simon, K. Hagel, R. Terry, and A. Khodai

Cyclotron Institute, Texas A L M University, Co/lege Station, Texas 77843
(Received 24 March 1980)

Limits to the fusion of 310-MeV 0 with Ti were probed with both singles and coinci-
ence measurements of the heavy products and the emitted light particles. The upper
limit to compound nucleus formation is found to be in accord with recent dynamic calcu-
lations, but the principal mechanism reducing the compound nucleus cross section below
that predicted by critical distance models is not an increase in strongly damped process-
es, but the prompt emission of energetic light particles.

PACS numbers: 25.70.Bc, 25.70.Hi

Measurements of yields, energy distributions,
and angular correlations for heavy ion-heavy ion
and heavy ion-light particle coincidences have
been used to probe the limits to fusion in the reac-
tions of 310-MeV "0with Ti. The cross section
for evaporation-residue-like products is found to
be 1130+80 mb in excellent agreement with the

cross-section predictions of critical distance
models with no saturation. ' This result is in
accord with previous measurements on similar
systems. " However, the cross section for
formation of equilibrated Zn compound nuclei is
much lower, ~314 mb. Although this latter cross
section is in reasonable agreement with recent
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