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High resolution study of isovector negative parity states in the 'O(*He,?)'°F reaction at
140 MeV/nucleon
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The isovector transitions from the ground state (g.s.) of °O to the negative parity states in 'F, i.e., the J* = 0~
g.s., the 0.193 MeV, 1~ state, the 0.424 MeV, 2~ state, the 0.721 MeV, 3~ state, and the 4~ “stretched” state at
6.372 MeV, were studied by using a high resolution '°*O(*He,¢)!°F reaction at 140 MeV/nucleon. With the help
of high energy resolution, these states were, for the first time, clearly resolved in a charge exchange reaction at an
intermediate energy, which favorably excites spin-flip states. Angular distributions of the reaction cross sections
were measured in the laboratory frame from 0° to 14°. Parameters of phenomenological effective interactions
were derived so as to reproduce these angular distributions in distorted wave Born approximation (DWBA)
calculations. The angular distribution of the 0~ state could be reproduced well at 6., < 10°. The empirical
values, however, are larger by a factor of 2-2.5 in the larger angle region, where the contribution of the so-called
“condensed pion field” is expected. The high resolution also enabled the decay widths of these states to be

measured.

DOI: 10.1103/PhysRevC.79.024314

I. INTRODUCTION

The long range terms of the nucleon-nucleon interaction are
mediated by means of one-pionexchange [1]. It is predicted
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that the effects of pion exchange are mainly reflected in
the momentum transfer dependence of the spin-longitudinal
response which is inaccessible by electro-magnetic probes.
It has been suggested that at a momentum transfer g larger
than 1 fm~! there should be an enhancement of the spin-
longitudinal response, relative to the spin-transverse response
[2]. Therefore, it is of considerable interest to measure the
nuclear response for a J” = 0~ transition, since it carries
the intrinsic spin-parity of the pion and it is a pure spin-
longitudinal transition [3].

The 0~ excitations are expected as a component of the giant
spin-dipole resonance. They can be seen in charge-exchange
(CE) reactions as well as proton inelastic scattering (p, p’) as
a broad bump. However, it usually overlaps with the J* = 1~
and 2~ components and it is therefore difficult to study the 0~
component separately [4,5].

Excitations of discrete 0~ states are expected in the CE
as well as the (p, p’) reactions starting from the ground state
(g.s.) of the spin-saturated target nucleus '°0 with J™ = 0%
and 7, = 0 where 7} is the third component of the isospin
T and defined by (N — Z)/2. The 0~ states with 7 = 0 and
T = 1 can be excited in the '0( p, p’) reaction, while the 0~
state in '°F having 7 = 1 can be excited in CE reactions. On
the other hand, AL = 0 spin excitations like M 1 and Gamow-
Teller (GT) transitions that are usually strong at around 0°,
are suppressed in these reactions on the spin-saturated target
nucleus 1°0.
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Using the '°O(p, p’) reaction, excitations of the 0~ states at
10.96 MeV (T = 0) and 12.80 MeV (T = 1) were studied at
65 MeV [6],200 MeV [7], and 400 MeV [8]. In Refs. [6,7], the
authors report that the angular distribution did not agree with
the theoretically predicted cross sections and analyzing powers
atg > 1 fm~'. Recently, the '°O(p, p’) reaction was measured
at £, = 295 MeV [9]. About 20 % enhancement of the cross
sections for the 12.80 MeV, T =1, 0~ state at ¢ > 1 fm~!
was found relative to the values calculated in a distorted
wave impulse approximation (DWIA). This enhancement was
reproduced by a further DWIA calculation using random-
phase-approximation response functions including the effect
of the A isobar excitation that can cause pionic enhancement.

The 0~ g.s. of °F is the isobaric analog state of the T = 1,
12.80 MeV 0~ state in '°0. The 0~ transition to this state
can be studied in (p, n)-type charge-exchange reactions on
a '°0 target nucleus. The other spin-dipole components, the
193 keV, J™ = 1~ state and the 424 keV, J™ = 2~ state can
also be observed simultaneously. The 3~ state also exists at
721 keV close to these states. We refer to these states as
quartet states. It should be noted that high energy resolution
is required to study these states. In addition, a 4~ state can be
observed at 6372 keV. As will be discussed, it is expected that
these states have almost pure shell-model (SM) configurations.
Therefore, a more consistent analysis of angular distributions
can be performed.

Results of '°0O(p, n) measurements to study these low-
lying spin-dipole states have been reported in Refs. [10,11].
However, in order to achieve the necessary energy resolution,
the measurements were performed at low incident energies of
35 MeV [10] and at 79 MeV [11]. It is reported in Ref. [10]
that the measured cross sections of the 0~ state in the large
momentum transfer region of 1.4 < g <2.0 fm~! were much
larger than the values calculated by DWBA. The authors
concluded that the disagreement might be due to the effect of
the pion field in nuclei. However, at 79 MeV [11] the measured
cross sections were smaller compared to the calculation. The
different conclusions at different energies suggest that the
reaction mechanism is responsible. At low incident energies,
the reaction mechanism may not be predominantly one step
which makes the results of the simple DWBA calculations
questionable and interpretation of the results difficult. In
addition, for the measurement at 79 MeV [11], the energy
resolution was not sufficient to separate the low lying states
clearly and a rather critical peak fitting analysis to be applied,
which introduces additional uncertainties. Sterrenburg et al.
have reported the results for the '®O(*He,r) reaction at
81 MeV [12]. However, at this low incident energy of
27 MeV/nucleon, it is expected that the reaction mechanism
is complicated, which usually hinders the extraction of any
decisive conclusion.

The high resolution capability of the Grand Raiden spec-
trometer [13] made it possible to overcome these difficul-
ties. We performed a high energy-resolution '°O(*He,?)'°F
experiment at 140 MeV/nucleon. At this incident energy we
believe that the reaction proceeds mainly by a simple one-step
mechanism, since good proportionality was found between
the cross sections at 0° and the values of reduced Gamow-
Teller transition strength, B(GT) [14]. We used a lateral and
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angular dispersion-matched beam to obtain the required energy
resolution needed to resolve the low-lying quartet states and
the 4~ state at higher excitation energy. It is expected that the
measurements of angular distributions for various J states are
helpful for a better understanding of effective projectile-target
interaction because each term of the effective interaction
contributes to the cross sections differently in transitions to
different J states. The measured cross sections for these
negative parity states can be compared with calculated DWBA
cross sections using optimized effective interactions.

The high energy resolution also allowed to observe the peak
widths caused by the particle decay. By assuming a Breit-
Wigner function for the peak shapes, we studied these widths
for the low-lying quartet states.

II. EXPERIMENT

The 'O(*He,t)'°F experiment was performed at RCNP by
using a 140 MeV/nucleon *He beam from the Ring Cyclotron
[15]. The WS beamline [16] designed to realize the full
dispersion matching, was to transport a *He beam onto the
target. In order to achieve the required energy resolution and
the horizontal scattering angle resolution, we realized lateral
and angular dispersion matching conditions described in
Ref. [17]. These matching conditions were achieved by using
the faint beam method [18] in the beam tuning procedure. A
polyethylene terephthalate (PET) film, which includes carbon,
oxygen, and hydrogen, was used as a 'O target. Since
the reaction Q-values of '°0 and '>C are —15.4 MeV and
—17.4 MeV, respectively, no contamination peaks from 'C
are expected below E, = 2 MeV in !°F (see Fig. 1). Natural
carbon contains 1.1 % of '*C. We verified that excited states
in >N do not affect us by a measurement using a polyethylene
target. Other possible contributions from oxygen isotopes, 'O
(Q = —3.3 MeV) and '30 (Q = —2.2 MeV) should be very
small because their natural abundances are 0.04% and 0.2%,
respectively. We used a target with 3.3 mg/cm? areal density
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FIG. 1. Measured '®O(*He,r)'°F spectrum at 0° up to an excitation
energy of about 7 MeV. Major states in '°F are indicated by their
excitation energies and J” values. Several low-lying states in '’N are
also observed.
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as a compromise between the conflicting requirements of high
energy-resolution and a sufficiently high counting rate.

Outgoing tritons were momentum analyzed by the Grand
Raiden magnetic spectrometer. The horizontal and vertical
angular acceptances were £20 mr and £40 mr, respectively,
defined by a rectangular aperture installed at the entrance of
the spectrometer. For the 0° measurements the *He*" beam,
having about half the magnetic rigidity (Bp) of the tritons, was
stopped in a Faraday cup placed inside the first dipole magnet
of the spectrometer. For the measurements at 3°, the beam
was stopped in a Faraday cup installed downstream of the first
quadrupole magnet of the spectrometer. At angles larger than
6°, a standard Faraday cup in the scattering chamber was used.

The tritons were detected by two multiwire drift-chambers
(MWDC) [19] placed along the focal plane with an angle
of 45° relative to the central ray of the spectrometer. Each
MWDC consisted of two anode wire planes, with one set of
wires stretched vertically and another set of wires tilted at an
angle of 48.2° with respect to the vertical direction. Two AE
plastic scintillation detectors were installed downstream of the
MWDCs. They were used for particle identification and the
generation of fast timing signals to provide trigger signals.
Data were taken from 0° to 14° in the laboratory frame, which
corresponds to the momentum transfer range of 0 and 2 fm ™.
The spectrum up to 7 MeV excitation energy measured at 0°
is shown in Fig. 1.

To achieve a good angular resolution in the vertical
direction, the over-focus mode [20] of the Grand Raiden
spectrometer was used. This together with angular dispersion
matching, allowed the precise measurement of the scattering
angles in both horizontal and vertical directions. The kinematic
effects [18] in the horizontal as well as vertical directions can
deteriorate the spacial resolution. Owing to the good angular
resolutions, these effects were corrected. The higher-order
aberrations of the spectrometer were minimized by using
multipole magnets and were further corrected by the software.
After these corrections were made in the offline analysis,
a good energy resolution of 65 keV (AE/E = 1.5 x 107%)
was achieved. The spectra of the low-lying quartet states at
laboratory angles 0°, 6°, and 12° are shown in Fig. 2(a), 2(b),
and 2(c), respectively. As can be seen, good separation of all
peaks are realized.

To obtain the optical model (OM) potential parameters
needed in the DWBA calculations, the *He elastic scattering
cross sections for '°0 were measured in the laboratory angular
range of 7° to 24°.

III. ANALYSIS AND DISCUSSION

The spectra were analyzed by peak deconvolution soft-
ware to obtain peak intensities as well as widths [21]. The
experimental peak shape of the strongly excited and well
isolated 2N g.s. without particle decay width observed in
the same spectra from the PET film target was used as a
reference. The intrinsic peak width I was derived by assuming
a Breit-Wigner function. In order to obtain the absolute cross
section accurately, the total detection efficiency of the MWDCs
of about 80 % to 88 % was taken into account. The live time
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FIG. 2. Measured spectra of low-lying states in '°F at 0°, 6°, and
12°. All states are clearly resolved.

ratios of the data acquisition system were about 96 % at 0° and
3°, and almost 100% at larger angles.

The measured angular distributions of the cross sections
for the low-lying quartet states, i.e., the 0~ g.s., the 1~ state
at 0.193 MeV, the 2~ state at 0.424 MeV, and the 3~ state at
0.721 MeV, as well as the stretched 4~ state at 6.372 MeV are
shown in Fig. 3. These angular distributions were analyzed in
the framework of DWBA calculations by using the simple and
well used code bw81 [22]. The wave functions of the 0, 17,
27, and 3~ states for the DWBA calculation were obtained by
using the code OXBASH [23]. The WBP interaction [24] was
used and the SPSDPF model space was included. Transitions
up to 1hw were taken into account. Almost pure (251, pl_/lz)
configurations were calculated for the transitions to the 0~ and
1~ states. Similarly almost pure (ds;, pf/lz) configurations
were obtained for the transitions to the 2~ and 3~ states. It
was assumed that the 4~ stretched state has a pure (ds», pg/lz)
configuration. The one-body transition densities for different
transitions are summarized in Table 1.

The OM potential parameters for *He were obtained by
fitting the measured angular distribution of the differential

TABLE I. Deduced shell-model one-body transition densities for
different configurations of the 0, 17, 27, 37, and 4~ states. For
details of the calculations, see text.

0" 1~ 2" 3= 4
(ds)2,p3)) 0.119  —0.193 —0.133 1.0
(ds3/2.P35) 0.058 0.030  —0.029  —0.037
(2512:P32) 0.001  —0.032
(ds2,p12) —0.980 0.990
(d3)2.p1)5) 0.082 0.007
(2s12.p1)5) 0.998  —0.989
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FIG. 3. The measured cross sections for transitions to the 0=, 17, 27, 37, and 4~ states in '°F. The results of the DWBA calculations are
represented by solid lines. Longer and shorter dashed, dot-dashed and dotted lines show the contributions of the 7, o7, LSt, and Tt terms of
the effective interaction, respectively. For details of the calculations, see text.

cross sections of the *He elastic scattering data by using
the code ECIS88 [25]. The resulting Woods-Saxon OM po-
tential parameters are V = 22.08 MeV, rgp = 1.54 fm, ag =
0.74 fm, W = 42.66 MeV, r; = 0.89 fm, and a; = 0.96 fm. In
Refs. [26,27] at an energy very similar to the present experi-
ment, i.e., at 150 MeV/nucleon, reported potential parameters
were rather different from each other. It was found that the
volume integrals of the present OM potentials were consistent
with those given in Ref. [26]. For the outgoing tritons,
following the argument given in Ref. [28], the well depths
were multiplied by a factor of 0.85, while keeping the same
geometrical parameters.

In the present analysis, we applied a simple form with
a one-range Yukawa potential derived by Schaeffer [29] for
the effective projectile-target interaction of the composite
particle *He. The effective projectile-target interaction was
described by isospin (t), spin-isospin (o t), LS-isospin (L St),
and tensor-isospin (7't) components. Contributions of the ©
and o T components are expected to be larger than the others
at small momentum transfer region (e.g., in Fermi and GT
transitions) while the 7Tt and LSt terms become stronger at
relatively larger momentum transfer region [1]. The form of
the interaction is given by

Vert = {Vry(r/Rr) + Vor (o1 - GZ)Y(r/Ror)
+ V(L - S)Y (r/RE)

+ Ve SuY (r/ Rro)l(n - 1), ()
where Y represents the Yukawa potential and S, is the tensor
operator defined by

_3(o1-1)(02-1)

Sip = 2 01 - 02. (2)

In Fig. 3(a)-3(e), DWBA calculated cross sections for the
low-lying quartet states and the 4~ state are compared with
the measured values. The contribution from each term of
Eq. (1) is shown separately.

For the ranges of the Yukawa function inthe 7,07,and Tt
terms (i.e., R;, Rs¢, and Ry;), values of 1.415 fm, 1.415 fm,
and 0.878 fm [29] were used, respectively. For the spin-orbit

part, the potential range RS of 1.2 fm was used following
Ref. [28]. The strengths of the effective interactions, V;, V.,
V7., and VTLS were treated as free parameters and optimized
to reproduce the measured cross sections by the procedure
described below.

The potential depths and ranges of the effective interactions
determined in the present analysis are summarized in Table II.
Due to the unnatural parity characteristics, strong contributions
from the o7 and Tt terms are expected for the excitation of
the 0~ state [28]. Therefore, a good fit of the 0~ cross sections
were given priority resulting in the V,, and V. strengths of
—2.3 MeV and —3.3 MeV/fm?, respectively. The V,, value is
smaller than the values of —3.0 MeV previously reported for
the A = 13 system [30], and —3.9 MeV and —4.2 MeV for the
A = 11 system [31], but larger than the value of —2.1 MeV for
the A = 208 system [32]. The present value of V7, is larger
than those given in these references (—2.5 MeV/fm? [31] and
—2.0 MeV/fm? [32]).

As seen in Fig. 3(a), the DWBA calculation for the 0~
state reproduces the experimental angular distribution well at
Oem < 10° (g < 1.2 fm’l), but not so well at larger angles.
In this region where the contribution of the 7't term is larger,
the pion effect is expected. Therefore, the validity of this term
was carefully examined using the stretched 4~ state, since it is
known that the 7't term dominates the cross sections for high-
spin states of unnatural parities [28,33,34]. It should be noted
that the strength of the 7't term has not been well determined
at 140 MeV/nucleon, simply because it is not well examined.
As shown in Fig. 3(e), the calculated 4~ cross sections well
reproduce both the shape of the measured angular distribution

TABLEII. The parameters of the effective interactions.
The ranges are from Refs. [28,29]. The depths are from the
present analysis. For details, see text.

T ot LSt Tt
R, 1.415 1.415 1.2 0.878
Vy 1.0 —-2.3 —1.3 -33
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as well as its maximum value using the V. value determined
here. From this comparison we suggest that the obtained Tt
strength is realistic.

As written above, the SM wave functions for the 0—, 17,
27, and 3~ states all consist of a main configuration and other
residual configurations (see Table I). In order to examine the
effect of ambiguity in the wave function of the 0~ state,
calculations using all the configurations [(2s;,2, pl_/lz) and
(d3)2, p3_/12)] and only the main [(2sy,2, pl_/l2)] configuration
were compared. At the small g region, in which the o7 term
contributes strongly, the calculated cross sections including
all configurations were larger than the values using only the
main configuration by a factor of 1.3. On the other hand
at the third maximum peak seen at 6., = 13°, where the
pion effect is expected, the difference was less than 5%.
It should be noted that such ambiguity is not expected for
the stretched 4~ state, since in principle pure wave function
can be assumed. For the 17, 27, and 3~ states, the peak
values using all the configurations differ from those using
only main configurations by factors of 1.4, 0.7, and 0.9,
respectively.

As mentioned above, in the 0~ angular distribution mea-
sured by the (p, n) reaction at 35 MeV [10], a second peak
that was not predicted by the DWBA calculation was observed
at a momentum transfer ¢ larger than 1.4 fm~!. A possible
contribution of the condensed pion field was suggested. In the
present (*He,t) measurement at a higher incident energy of
140 MeV/nucleon, where the reaction mechanism becomes
simpler, a peak was also observed in the corresponding g
region (0., > 12°) [see Fig. 3(a)]. Unlike in the (p,n)
reaction at 35 MeV, the existence of the peak was reproduced
by the DWBA calculation. However, the measured cross
sections at the peak region were larger by about a factor of
2-2.5. As mentioned above, cross sections larger by about
20% were also observed in the recent '°O(p, p’) measurement
at £, = 295 MeV [9]. This was attributed to the presence of a
pionic enhancement in nuclei. The larger cross sections in our
measurement may also suggest a pionic enhancement. How-
ever, as we will discuss below, since the DWBA calculations
for other J states could not always reproduce the experimental
cross sections well, we should avoid the conclusion that there
is a contribution from the condensed pion field.

The other parameters of the effective interactions were
obtained as follows. The V, strength of 1.0 MeV was
determined from the empirical ratio of the GT and Fermi unit
cross sections, the R? value of 5.2 [35], where neglecting the
distortion effect R? is defined by |V / V: |2. The VrLs strength
of —1.3 MeV was determined by reproducing the measured
cross sections for the 27 state together with the obtained V.
and Vr, values.

The calculation for the 2~ state shows quite good agree-
ment, as shown in Fig. 3(c). The magnitude, but not the shape,
of the measured cross section for the 3~ state was reproduced
by the calculation as shown in Fig. 3(d). The cross sections for
the 1~ state [Fig. 3(b)] was not well reproduced, although the
Bonﬁguration of the 17 state is expected to be similar to the

g.s.

Up to now, the parameters of the effective LSt term in
the (*He,r) reaction are not well known. In Ref. [28], a strong
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FIG. 4. Result of the DWBA calculation for the Fermi transition
from the *°Si g.s. to the IAS in *°P [36] using the phenomenological
effective interaction. Without the LSt contribution, the measured
cross sections were better reproduced.

spin J dependence of the VS strengths of more than one
order of magnitude was suggested at lower energies. In order
to examine the validity of the LSt term, DWBA calculations
for a Fermi transition using the obtained V'S and V, strengths
were compared with the measured cross sections. For this
purpose, the Fermi transition in the 3°Si(*He,)*°P reaction
at 140 MeV/nucleon [36] is used. The measurements were
performed in the laboratory angular range of 0° to 5°. A
self-supporting "Si target with 2.4 mg/cm? areal density was
used, which includes 3.1% of *°Si. In Fig. 4, results of the
calculations are shown together with the measured values.
Only with the 7 contribution, the experimental decrease in
cross section as a function of the scattering angle was well
reproduced. By including the LSt term, however, a maximum
of the angular distribution appeared at 6., =~ 3°. This fact
may suggest that the LSt term with only one range and the
fixed V5 value might not be realistic and more sophisticated
multirange calculations are needed. However, for simplicity,
we performed the optimization within the framework of
one-range interaction in the present analysis.

The poor reproductions of the angular distributions of the
17 and 3~ states can also be attributed to this LSt term,
because relatively strong contributions are expected from this
term as shown in Fig. 3(b) and (d). It should be noted that even
by changing the V1 strength from —5 to +5 MeV, the 1~ and
3~ angular distributions were not reproduced.

By using the peak deconvolution software, the intrinsic peak
widths I of the low-lying quartet states were extracted. The
I' values from the 0° and 6° spectra are shown in Table III.
From the difference of I values for the 27 states at 0° and
6°, we estimate that the uncertainties in these values are
16 keV. Within this error, consistent results were obtained
from the spectra taken at both angles. The obtained widths
for the 0~ and 1~ states also agree with the results given in
Ref. [12] as shown in Table III. For the 3~ state in the 0°
spectrum and the 0~ and 1~ states in the 6° spectra, the I'
values could not be determined reliably because of the poor
statistics and relatively weak strengths [see Fig. 2(a) and 2(b)].
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TABLEIII. The measured peak widths I" for the low-lying states
in '°F nuclei. Corresponding values reported in Ref. [12] are also
shown.

E. (keV) JT I (keV)

at 0° at 6° Ref. [12]
g.s. 0~ 18(16) ~25
193 1~ 87(16) ~95
424 2- 16(16) ~0(16)
721 3~ 12(16)

IV. SUMMARY

A 1%0O(*He,t) experiment was performed at an incident
beam energy of 140 MeV/nucleon using the high energy reso-
lution Grand Raiden spectrometer. By applying the dispersion
matching technique using the WS beamline and the Grand
Raiden spectrometer, an energy resolution of 65 keV was
achieved. The scattering angles were measured precisely by
applying the angular dispersion matching and the over-focus
mode procedures. Owing to the high energy resolution, the
low-lying states were clearly resolved for the first time at
intermediate energies. Angular distributions of cross sections
for the discrete spin-dipole states, the 0~ ground state, the
1~ state at 0.193 MeV, and the 2~ state at 0.424 MeV, were
measured together with the 3~ state at 0.721 MeV and the
stretched 4~ state at 6.372 MeV in the angular range of
Ohap = 0° to 14°. In addition, the decay widths were obtained
for the 07, 17,27, and 3~ states. The optical model potential

PHYSICAL REVIEW C 79, 024314 (2009)

parameters of *He on 'O were determined by fitting the
measured cross sections for elastic scattering.

The measured cross sections were compared with the
results of DWBA calculations. As a result of the shell-model
calculations, very pure configurations of the wave functions
for all negative parity states were obtained. The parameters of
the effective interactions V., V7., and VrLS were determined
in order to reproduce the measured angular distributions of
the 0~ and 2~ states. The obtained value of V,;, = —2.3 MeV
lies between the values suggested in the previously published
papers, while Vy, = —3.3 MeV is larger than the previous
results. The 4~ angular distribution was used to validate the
Tt term because a strong tensor contribution is expected for
that distribution. The newly determined V,LS value, however,
seems to be ambiguous.

In the larger momentum transfer region of the 0~ state, the
experimental cross sections were larger by a factor of about
2-2.5 compared with the calculated ones. This difference may
suggest the contribution from the pionic enhancement. In order
to extract a decisive conclusion, however, more elaborated
DWBA calculations are needed.
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