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Isovector 0+ ~0 Transition Observed in the Reaction l60(p, n)i6F
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The angular distribution for the reaction '60(p, n)'6F(0 ) has been measured at E& =35
MeP between 0 and 140 (lab), or momentum transfer 0.34-2.0 fm . This is the first
observation of an isovector 0+-0 transition, corresponding to a pure longitudinal spin
response, at large momentum transfers. Distorted-wave Born-approximation calcula-
tions with the MBY interaction give a reasonable account of the observed cross sections
except at 1.4(q (2.0 fm i. This discrepancy might be due to the effects of the pion field
in nuclei.

PACS numbers: 25.40.Ep, 21.10.Jx, 27.20.+n

An isovector excitation of a particle-hole (p-h)
state coupled to J"=0 from a 0' ground state is
of particul. ar interest since it carries the sim-
plest pionlike quantum numbers. Experimental
studies of such excitation (or deexcitation) have
been limited so far to onl. y low momentum trans-
fers. More specifical. ly, 0' - 0' transitions have
been investigated experimentally in three cas-
es' ' "N(O, T =1)-" (00', T=0); q + "0(0+-,T
=0)-"N(O, T =1); and "Ne(0', T =1)-"F(O,T
=0). Axial-vector and pseudoscalar currents are
responsibl. e for these first-forbidden transitions
in nuclear weak processes. The ratio of the
muon-capture rate to the P-decay rate is hoped to
give the pseudoscalar coupling constant in a way
less sensitive to nuclear structure uncertain-
ties. ' " Recentl. y Kubodera, Delorme, and Rho'
pointed out the importance of the two-body meson-
exchange effects in the timelike component of the
axial-vector current. They found that the meson-
exchange effects enhance the P-decay rate by a
factor of 4. A recent measurement of the "N P-
decay rate agrees with the predicted enhance-
ment. '

Many authors have emphasized the importance

of nucleon internal excitation in isovector mag-
netic excitation of p-h states with unnatural par-
ities."" Experimentally observed "quenching"
of Gamow- Tell.er strengths, g factors, magnetic
multipole transitions, etc. , has been suspected
as evidence of such an effect. However, many
other expl. anations remain possibl. e for the quench-
ing. The intermediate nucleon-hole and 4 -isobar-
hole excitations"'" reveal themsel. ves in the re-
normalization of spin-isospin operators. The
spin-isospin response is transmitted by p-h in-
teractions of a form which contains the l.ongitudi-
nal. (a q) as wel. l. as the transverse (o &&q) spin re-
sponse. The pion field in nuclei, expected to be
larger than the free value, is known to affect the
longitudinal response significantly. ' " There-
fore, experiments which are sensitive to the
longitudinal spin density are expected to provide
crucial tests of the pion field in nucl. ei. The ad-
vantage of 0' - 0 transitions, compared with 0'
-1' transitions and other unnatural. parity transi-
tions on which most of previous experimental
studies have concentrated, is that the transverse
contribution vanishes. On the other hand, this
unique feature of 0'- 0 transitions makes it im-
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possible to study them in (e,e') experiments as
a result of the transverse character of one-photon
exchange. Thus hadron scattering and charge-
exchange reaction studies for isovector 0'- 0
excitations are expected to provide unique infor-
mation, which otherwise would be difficult to ex-
tract in a pure form, on pion-exchange currents
at large momentum transfers.

Unfortunately, virtually nothing is known about
isovector 0' - 0 transitions in hadron scattering
or charge-exchange experiments. The 0, T = 1
state in "0 has not yet been observed in (p,p')
work because of its weak excitation and large
background. Al. though the (p, n) and ('He, t) re-
actions on "0 have been studied by several auth-
ors, ' "no angular distribution has been meas-
ured at reasonably high incident energies for the
0 state of "F. This is because of the small
cross section of the 0'- 0 transition and the dif-
ficulties in resolving the four low-lying states in
"F. In this work we report the first angular dis-
tribution measurement of the isovector 0'- 0
transition "0(p,n)"F(0 ) at an incident energy
of 35 MeV, where a number of unnatural parity
states have been observed. "" High-resolution
time-of-flight facilities enabled us to resolve
clearly the low-lying states of "F. The measure-
ment covers a wide range of angles, between 0'
and 143 (c.m. ), corresponding to momentum
transfers between 0.34 and 2.0 fm '.

The experiment was performed with use of a
35-MeV proton beam from the azimuthall. y vary-
ing field cyclotron and the time-of-flight facilities
at the Cyclotron and Radioisotope Center, Tohoku
University. We have utilized a beam swinger
system, and measured angular distributions of
emitted neutrons between 0' and 140' (lab) from
a target made of 3.5-mg/cm'-thick Mylar foil of
natural isotope abundance. The overall time
resolution for a y flash was 0.9 nsec, which cor-
responds to 60 keV for the most energetic neu-
trons over a flight path of 30 m. The errors in
the absolute cross sections are estimated to be
-2010. Further details of the experiment have
been given elsewhere. "

A sample energy spectrum of neutrons leading
to the first four states in "F is shown in Fig. 1.
An energy-independent background comes from
the "C(p,n)"N reaction. A peak-fit code gives
us excitation energies of 0.0, 0.19, 0.42, and

0.72 MeV for these states, in good agreement
with those listed in Hef. 17. Figure 2 shows the
angular distributions for the ground state and the
first-excited state. The solid curves in Fig. 2
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FIG. 1. Neutron energy spectrum for the reaction
' O(p, pg)

' F at g»b=40 measured with 35-MeV protons
at a neutron flight path of 30 m. The ordinate is com-
pensated for the variation of the detector efficiency
with respect to neutron energy. Energy per bin is 25
keV.

are distorted-wave Born-approximation (DWBA)
predictions calculated by the code DWBA-70,
which includes knockon exchange contributions. "
A set of effective interactions of Bertsch et al.
(M3Y)" were used in the calculations. The I.S
interaction does not contribute to the 0 cross
section, and is omitted in the calculations. Op-
tical-potential parameters of Fabrici et al."are
used for protons. Those for neutrons are self-
consistent potential parameters derived by Carl. -
son, Zafiratos, and Lind. " Pure vp, g, -ms, y,
transitions are assumed for the ground state and
the first-excited state as suggested by random-
phase-approximation calculations. "" The s,~,
proton in "F is unbound. Instead of using an un-
bound wave function for the s,~, proton, we as-
sumed it to be bound by 0.05 MeV in a Woods-
Saxon potential with standard geometry (r, =r, ,
= 1.25 fm, a, = a, , = 0.65 fm, V, , = 6 MeV).

The spin sequence of 0, 1, 2, 3 for the low-
est four states of "Fwas proposed by DeMeijer,
van Royen, and Brussaard" on the basis of the
Coulomb displacement energies. These assign-
ments have been favored in many experimental
works. "" On the other hand, Otsubo et al.~ sug-
gested an inverted order for the 0 and 1 states
on the basis of the n-p angular correlations in
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FIG. 2. Differential cross sections for the peaks
corresponding to the ground state and the 0.19-MeV
state in '6F. The curves are DWBA predictions calcu-
lated with the M3Y interaction. The error bars stand
for statistical uncertainty and that of background sub-
traction. The curves are normalized to the data at
~cm =22.

the reaction "N('He, n)"F(p)"0, with 4, meas-
ured to be —0.514+ 0.059 for the ground state of
"F. However, this large A, value is unlikely
since (1) the decay mainly involves s,~, proton
emission, and (2) the ground states of "N, 'He,
andn have spins 1, &, and &, respectivel. y. As
one can see in Fig. 2, there is a slight difference
in the (p,n) angular distributions for the ground
state and the first-excited state, the first maxi-
mum of the latter being shifted forward by -10
relative to the former. This difference has been
reproduced by the present DWBA calculations
with the spin sequence of DeMeijer, van Royen,
and Brussaard. We should add that the angular
distribution for the first-excited state is more
similar to the "C(p,n)"N(2. 37 MeV, 2') angular
distribution obtained at the same incident ener-
gy. This is what is expected for the 1 state,
since both the 0'-1 and &

- &' transitions are
almost pure p, ~, —s,~, transitions induced primar-
il.y by the central part of the interaction.

The cal.culated cross sections are too large by
a factor of 3 for 1, and by a factor of 2 for 0 .
The larger discrepancy for 1 in the cross-sec-
tion magnitudes may be attributed to the presence

of the E1 giant resonance. The use of a weakly
bound wave function for the s,y, proton, instead
of an unbound wave function, may be responsible
for the overestimation of the calculated cross
sections for both 0 and 1 . Furthermore, pure
vp, ~, -ms, ~, transitions were assumed in the pres-
ent analysis. The other configurations ignored
here possibl. y introduce suppression of the cross
sections. In particul. ar, Bertsch has pointed out"
that the 0 cross section can be sensitive to a
small. configuration admixture. In Ref. 5 it is
shown that the transition strength for the operat-
ors 0 r and v p can vary by as much as a factor
of 4 depending on the interactions used to calcu-
l.ate the configuration admixture. The 0 cross
section at the first maximum is expected to scale
as the transition strength of the v r operator. '
Therefore there can be a strong suppression of
the cross section within current models. In ad-
dition, contributions from higher-order reaction
processes as seen for the 4 state" are also pos-
sible, although they are expected to be small for
0".

In spite of various ambiguities in the structure
and reaction models it is clear that the overal. l
angular distribution shape for the 1 state is
reasonably reproduced by the cal.cul. ation, where-
as the present analysis fail. s to reproduce the
second maximum in the 0 angular distribution.
Results calculated with different effective inter-
actions" "could not reproduce this second max-
imum either. The tensor interaction gives neg-
ligibl. e contribution to the 1 cross section, whil. e
it is almost as important as the central interac-
tion for 0 . It is suggested that the effects of the
pion field in nuclei as discussed earlier show up
in this momentum transfer region of the pure
longitudinal transition, although various ambigu-
ities in the DWBA analysis make it difficult to
draw a positive conclusion at this moment.

In conclusion, we measured the (P,n) angul. ar
distribution of the 0'- 0 transition in a mo-
mentum transfer range 0.34-2.0 fm '. This is
the first measurement of a pure longitudinal iso-
vector transition at large momentum transfers.
Such a measurement is hoped to give unique in-
formation on the pion field in nuclei. The DWBA
cal.culation with the effective interaction of
Bertsch et al. seems to give a reasonable account
of the measured cross sections except at large
momentum transfers. It is possible that the dis-
crepancy observed in the large-momentum-trans-
fer region is due to the effects of the pi.on field in
nuclei, although more definite concl. usion awaits
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further detailed analyses of the present data.
The authors are indebted to Dr. G. T. Garvey,

Dr. R. Madey, Dr. M. Hynes, Dr. G. Bertsch, and
Dr. H. Toki for their helpful discussions.
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Isotopically resolved nuclear fragments (Af, &~}, 3~Zf ~14, produced by protons in
the energy range 80 ~E;„,. ~350 GeV incident on krypton and xenon targets have been stud-
ied at the Internal Target Laboratory of the Fermi National Accelerator. A power-law
dependence, isobaric yield ~A~ ', was found to describe the data over a broad range of
yields. The particular value of & is a signature for the fragment formation mechanism.

PACS numbers: 25.40.Rb, 13.85.-t, 21.60.Ev

It is well known" that nuclear fragment produc-
tion is associated with collisions yielding high-
multiplicity final states. The existence of a limit-
ing fragmentation region for energies greater
than approximately 10 GeV incident energy estab-

lishes fragment production as a distinct high-en-
ergy phenomenon. ' A central question concerns
the nuclear state which emits the multiply charged
heavy fragments. Previous workers using elec-
tronic techniques have focused attention on-the
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