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olis interaction admix such 2-qp to 0-qp states ap-
preciably. (ii) Only if the Fermi level is near to
the level in question can it contribute strongly.

In our calculations of the Pt and Hg isotopes ad-
ditional contributions have been calculated and
are found to be small. This is obviously because
in these nuclei the 2-qp states (vi»» and mh»»)
are the only high- j levels near the Fermi surface.
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Energy and medlar distributions of photopions from ' C, leading to low-lying residual
states in '-8, have been measured via the (e, e'7t+) reaction at F, = 195 MeV, The shape
of the patterns agrees with the theoretical estimates deduced from other electron scat-
tering data and also with shell-model calculations. A comparison of the absolute value
shows the importance of correct estimation of the pion wave. The result demonstrates
that photopion experiments can provide a promising method for studying spin-Qip-type
electromagnetic transitions in nuclei,
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where h and p, are the momenta of the incident

It is well known that the photopion production
from a nucleon is caused mainly by a spin-flip-
type transition, the leading term of the amplitude
of this transition being proportion33. to (T ~ c, where
a is the intrinsic spin operator of nucleon and e
is the photon polarization vector. ' When only the
leading term is applied to express the photopion
cross section of complex nuclei, the cross sec-
tion is given in the impulse approximation by

photon and the outgoing pion, respectively, m, is
the pion rest mass, e'=~, f '=0.08, J=-{2J
+1)"', J and M are nuclear spin and magnetic
quantum number with suffix i or f denoting the
initial or final state, Xespectively, v' is the iso-
spin raising and lowering operator, q=R- p„ is
the nuclear recoil momentum, r„ is position vec-
tor of a component nucleon, I J,M;) and I J&lvlt)
are the initial and final nuclear states, respec-
tively, and Qs means summation over the pho-
ton po j ari z ation 2p3

As shown by Fqs. (1) and {2), photopion cross
sections on complex nuclei are expressed in
terms of the matrix element K of the nuclear
spin-flip-type charge-exchange electromagnetic
transition of a momentum transfer q. On the ba-
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sis of the relation between the isospin operators
v' and v„% can be related to the electromagnet-
ic transition between the isobaric analog states
and the ground state in the target nucleus. Uber-
all and co-workers" proposed a method to esti-
mate photopion cross sections from the electron
scattering data after rotation in isospin space so
as to change the isospin operator in Eq. (2) from

to 7 3. They cal cul ated the photopion cross sec-
tion of "C by this method using parameters ob-
tained by the Helm model fitted to the electron
scattering data which have been studied particu-
larly well. The present report discusses the ex-
perimental results for the reaction "C(e,e'm')"B,
making a comparison both with their estimate
and with shell-model calculations. ' '

Energy and angular distributions have been
measured for positive pions emitted from the re-
action "C(e,e'm') using a 195-MeV (total energy)
electron beam from- the Tohoku University linear
accelerator. Emitted particles were momentum
analyzed with a 169.7' deflecting magnetic spec-
trometer and detected with a 33-channel detector
array on the focal plane. Each channel is com-
posed of a triple coincidence system of Si(Li) sol-
id state detectors along the direction of the inci-
dent particles in order to reduce background
counts. Pions were discriminated from back-
ground positrons by the discriminator bias set-
ting as shown in Fig. 1. All charged nuclear par-
ticles were stopped in the first detector of the
coincidence system. The target was a natural
carbon plate of thickness 184 mg/cm'. The angle
between the incident electron beam and the target
plane was adjusted for best pion energy resolu-
tion. The overall energy resolution in the experi-
ment was 0.52-0.46 MeV full width at half-mmi-
mum (FWHM) at detection angles with respect to

Here T, is the pion kinetic energy. In the frame-
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the incident beam of 0 = 30 -110, and 1.6 and
1.4 MeV at 0 =130' and 150, respectively. The
pion counts were corrected for decays that occur
during passage through the apparatus. The effect
of the bremsstrahlung produced at the target was
neglected since it is small in the case of light
nuclei.

The pion energy distributions for the (e,e'm')
reaction are shown in Fig. 2. The error bars
show statistical errors only. On the basis of the
virtual-photon theory, ' the interaction between a
high-energy electron and the nucleus can be de-
scribed by means of a virtual photon; the pion en-
ergy distribution leading to a residual state is
expressed in terms of the (y, m) cross section and
the virtual-photon spectrum N„,(E„E~) associat-
ed with an electron of energy E, as
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FIG. 1. An example of pulse height distribution from
a Si(Li) solid-state detector in triple coincidence. An
arrow indicates the disciminator bias setting.
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FIG. 2. Pion energy distribution in C(e, e'm+) B.
Solid curves are the theoretical estimates derived from
Kqs. (8) and (4) and the Helm model using the electron
scattering data {Refs. 2 and 3). Dashed curves are the
theoretical result with a nuclear shell-model and pion
wave with Coulomb correction (Ref. 5). Arrows indi-
cate the maximum energy of pion leading to the ground-
and first excited residual states.
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work of the laboratory system, T, is determined
from the photon energy E ~, the residual energy
E~, the threshold value, and the detection angle
of the pion. When photopions lead to several re-
sidual states, the pion energy distribution is giv-
en by Eq. (3) summed over these states:

d +(a e' w)(T & &E m)

dQdT,

(v&I( 'Y) R)~ (E E )av e~ y
&z

In the present experiment, scattered electrons
e' were not detected. In this case the result re-
lates to the electrons scattered into all direc-
tions. As is well known, electron scattering is
extremely strong in the forward direction. There-
fore the result can be approximated with the case
of scattering into the same direction as incidence
(8 =0') where the momentum transfer to the nu-
cleus is equal to the case of the real photon. The
virtual-photon spectra were calculated in the dis-
torted-wave Born approximation by Gargaro and

Onley. ' On the light nuclei, their result shows
no remarkable difference from the result calcu-
lated in the plane-wave approximation.

The solid curves in Fig. 2 are the pion energy
distributions calculated from Eq. (4). In this cal-
culation, the (y, m+) cross sections were obtained
by the same method as in Refs. 2 and 3, and the
virtual-photon spectrum was calculated in the
plane-wave approximation. ' The result was
smeared out corresponding to the energy resolu-
tion of the experiment.

Recently Furui' calculated the (e, e'w') cross
sections in the one-photon exchange approxima-
tion; a nuclear shell model normalized properly
was used and the Coulomb correction for the pion
was taken into account. The result is shown by
the dashed curves in Fig. 2.

In order to measure the photopion angular dis-
tributions, the energy distributions of pions pro-
duced in the (e, e'm') reaction have been measured
at angles 8= 30 -150 in steps of 10' or 20'. The
pion energy distribution within about 1 MeV of the
maximum energy pions contributes only to the re-
action leaving the residual nucleus in its ground
state since the first excited state is at 0.95 MeV.
Therefore the (y, m') cross sections for the resi-
dual nuclei "Bbeing left in its ground state (1')
were obtained from the (e, e'm') spectra using
Eq. (3) with the virtual-photon spectrum. Simi-
larly the (y, m') cross sections for the first excit-
ed residual state (2') were calculated from the
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FIG. B. Pion angular distributions in C(y, m+) ]3 at
E& ~ 194 MeV leaving the ground state (open circles)
and the first excited state (closed circles) in B. Solid
curves and dashed curves are the theoretical estimates
by the Helm model using electron scattering data (Hefs.
2 and 8) and by the shell model (Ref. 4), respectively.

pion energy distributions corresponding to this
state and the ground state. The contribution from
the ground-state transition was subtracted by ex-
tending the spectrum from the uppermost energy
region. The photon energy effective in the pres-
ent analysis is about 194 MeV. The absolute val-
ue of the experimental (y, w') cross sections was
checked with the measurement of the H(e, e'm') re-
action cross section using a I,iH target at E &=180
MeV and 8= 30'; the cross section of H(y, m') was
calculated from this result by the same method
as for "C. The result is 7.28+ 0.45 p, b/sr and is
in good agreement with the previous result. '

The experimental angular distributions are
shown in Fig. 3 together with the estimate calcu-
lated by the method of Uberall and co-workers"
and that from the shell-model theory' which was
calculated for E ~

= 200 MeV and assumed approxi-
mately equal in the case of the present energy.
The experimental data at 8 = 130 and 150 possi-
bly include a contribution from the second excited
state (E„=1.67 MeV) in "Bbecause of poor ener-
gy resolution; this contribution is about 35%%uo of
the data, if the ratio of the theoretical cross sec-
tions~' for the first and second excited states in
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TABLE I. Comparison of cross sections of the C(y, x+) B reaction re-
lating to the ground and first excited residual states. 8 is the most proba-
ble value of the ratio (da/dQ) „,/(da/dp), h, . a~„, is calculated from
O,h, multipled by R.

Residual state
Ground state

(J'=1')
First excited state

(E&= 0.95 MeV, J = 2+)

8
o,h, (pb)
(r ~~ {pb)

B
&tb.or (~b)
0 ~q {pb)

Helm model theory'
0.56 + 0.03

27.04
15.1 + 0.8

Shell-model theory~
0.14+ 0.01

99.9
14.0+ 1.0

1.42 + 0.13
16.55

28.5+ 2.8

0.48+ 0.04
59.5

25.6 + 2.4

~Refs. 2 and g. bRef. 4.

"Bis used.
Table I shows the most probable values of the

ratio between the experimental and theoretical
angular distributions in the range of angles mea-
sured. The theoretical cross sections are ob-
tained by integrating the theoretical angular dis-
tributions, and experimental ones are estimated
from the theoretical cross sections multiplied by
the ratio mentioned above; both results are also
shown in Table I. The present data are in better
agreement with the theory based on electron scat-
tering than with the shell-model theory. The
overestimate of the absolute value in the shell-
model theory as shown in Table I is similar to
the cases for other processes such as electron
scattering, muon capture, and P decay. The
former theory is close to a surface-production
model, because the nuclear transition density of
the Helm model is concentrated on the nuclear
surface; in contrast to that, the latter is a vol-
ume-production model.

The absorption and distortion of photopions in
nuclei was calculated by Cannata et al. using an
optical potential. ' They found that s-wave pion
production is suppressed andP- or d-wave pro-
duction is enhanced in the theoretical cross sec-
tions calculated from the electron scattering da-
ta. If the photopions are emitted after dipole pho-
toabsorption in "C, the pions leaving "Bin the
ground state (l+) and the first excited state (2+)

should be emitted as mainly s wave and as main-
lyP or d wave, respectively. This prediction by
Cannata et a/. qualitatively improves the agree-
ment between experiment and the Helm model
estimate (see Table I). The pion spectra calcu-
lated by $brui' with the Coulomb correction for

the pion agree well with the present experimental
result as shown in Fig. 2. This also suggests the
importance of correct estimation of the pion
wave.

As shown in Eqs. (l) and (2), studies of photo-
pion production will give information about spin-
flip-type electromagnetic transition strengths to
the upper isospin state (b, T =1). These transi-
tions are usually weak in nuclear reactions and

difficult to measure, because the corresponding
interaction is of second order and a large back-
ground arises from strong transitions to the low-
er isospin states (AT =0) which have a high level
density. The present result indicates that photo-
pion experiments can provide a good method of
deducing the spin-flip-type electromagnetic tran-
sition strengths in nuclei without suffering from
the large background. A more precise calculation
of pion absorption in nuclei would, however, be
useful in a more detailed interpretation of the
present experimental results.
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Three resonances in C + ' C with E (J") f . +, . +

ported. Together 'th l' d

8.8 6, 11.2 8+ +

r wl. ear ver data, these r ~ ~ ~

. ( +), and 18.75(10 ) are re-

d lb
d, esonances fit xn a rotational band in M A

mo e ased on the rotation-vibr— ibration coupling is proposed to account for these data~ ~

g

Several recent experiments' ' have provided
new information on spins and parities of reso-
nances in "Mg at high energies of exitation. In
thhe present experiment, we investigate the reac-
ion "C("C,n)"Ne in the range 6.85-E, ~~ 15

MeV and report three resonances at E, =8.85
11.2 , and 13.75 MeV to which we assign definite

c,m,

J' values. Combining these results with the data
from previously reported measurements' and the
results of other authors "' ' we tt twe a empt a uni-
fied picture of the resonances in "Mg.

The present experiment was performed using
the Model FN tandem accelerator of the Centre
d'Etudes Nucleaires Bruyeres le Chatel. n par-
ticles from the reaction "C("C,o.)"Ne were mo-
mentum analyzed in a split-pole magnetic spectro-
graph and detected in position-sensitive dete te ec ors.

e excitation functions of four + groups leading
to, respectively, the ground state and the 1.63-,
4.25-, and 4.97-MeV states in ' Ne were meas-
ured at 10 and 20' using a 30-pgjcm' carbon tar-
get. In addition, the ground-state excitation func-
tion was measured at 'l. 5 lab using a 50-pg/cm'
target. From the correlated maxima in the exci-
tation functions of transitions leading to na, tura, l-
parity states in "Ne and the relative small fa ness o

e excitation function at very forward angles,
energies around E, ~ = 8.85, 11.2, and 13.75 MeV
were selected as likely candidates for resonances
and ground-state n angular distributions were
measured on and off these energies. For a nar-
row, noninterfering resonance of spin J=L, the
angular distribution follows the form

o(e) =AI. 'PJ cos&i'

or else (equivalently)
&max = 2&

o(0) = Q &&p, (cos0) (l even).
l=p

(2)

The comparison of the angular distributions at
E, ~ =11.2 and 13.75 MeV with the P,'(cos8) and
P»'(cos9) shapes, respectively, is shown in
Fi . 1'ig. ; the agreement is quite satisfactory.

The measured angular distributions were sub-
sequently submitted to a y'(l~„) analysis using
expression (2). The values of y' plotted vs the
maximal degree of polynomials used are shown
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FIG. 1. The 11.2- and 18.75-MeV angular distribu-
tions compared with the P8 (coso) and P (cos6) shapes,
re spec tively.
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