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Abstract. We measured the differential cross sections of the 16O(p,d) reaction populating
the ground state and several low-lying excited states in 15O using 198-, 295- and 392-MeV
proton beams at the Research Center for Nuclear Physics (RCNP), Osaka University, to
study the effect of the tensor interactions in 16O. Dividing the cross sections for each
excited state by the one for the ground state and comparing the ratios over a wide range
of momentum transfer, we found a marked enhancement of the ratio for the positive-
parity state(s). The observation is consistent with large components of high-momentum
neutrons in the ground-state configurations of 16O due possibly to the tensor interactions.

1 Introduction
Tensor interactions play important roles in atomic nuclei. The tensor interactions are essential to
explain the observed quadrupole moment [1] as well as the binding [2] of the deuteron. Besides the
deuteron, earlier theoretical [3] studies had also pointed out the importance of the tensor interactions to
the binding of 3H and 3,4He; these predictions were later confirmed by experiments [4] which showed
the existence of D-wave components. For nuclei heavier than 4He, no direct experimental evidence
of the tensor interactions has been reported thus far, although ab-initio calculations [5] have predicted
essential importance of the tensor interactions for binding nuclei up to mass number A = 12.

Here, we present a brief report of a direct search of the tensor-force effect in 16O using the one-
neutron transfer (p,d) reaction, which has been reported [6] very recently. The tensor interactions
mix large orbital angular momentum states, giving rise to high momentum components [7] through
D-wave mixing in the relative coordinate of two nucleons in finite nuclei. In fact, theoretical cal-
culations [8] have predicted enhanced momentum distributions at around 2 fm−1 due to the tensor
interactions. In this work, we measured the cross sections of the one-neutron pickup reaction at mo-
mentum transfer around 2 fm−1 by observing the ground state as well as excited states in 15O. We
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found strong relative enhancements of the cross section to the positive-parity excited state(s), the 1
2
+

and/or 5
2
+ states that could be made by D-wave mixing, at high momentum transfer.

2 Experiment

The experiment was performed at the WS beamline of the RCNP cyclotron facility. Proton beams
at Ep = 198, 295 and 392 MeV were provided by the RCNP ring cyclotron, and bombarded a self-
supporting windowless thin ice target [9] placed in a scattering chamber. The deuterons produced in
the one-neutron pickup reactions were momentum analyzed by the Grand Raiden spectrometer [10]
and detected by two multi-wire drift chambers and two 10-mm thick plastic scintillation detectors
placed at the exit focal plane. To cover momentum transfer at around 2 fm−1, we measured the
outgoing deuterons at several finite angles from 5◦ to 25◦. For details of the experiment, see Ref. [6].

3 Results and Discussion
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Figure 1. Typical excitation energy spectra for the 16O(p,d)15O reactions at 10◦ deuteron scattering angle, with
proton beams at (a) 392 MeV and (b) 198 MeV. (c) Ratios of the intensities of the 3

2
− (open symbols) and

the positive-parity ( 5
2
+ and/or 1

2
+) (filled symbols) excited states to that of the ground 1

2
− state as functions of

momentum transfer. The black (blue) symbols represent the data taken at 10 (15) deg scattering angle. The dashed
(dash-dotted) curve represents the calculated ratios, for 10-deg scattering angle, of the 1p3/2 (1d5/2) and 1p1/2,
obtained by zero-range CDCC-BA with finite-range correction using the Dirac phenomenological potentials.
The dotted curve is the ratio of squared momentum wave functions for D- and P-wave components, constructed
mainly from Gaussian basis functions with small length parameters that yield large tensor-interaction matrix
elements.

Figure 1(a) and (b) show the excitation energy spectra for the reactions at 10◦ deuteron scattering
angle, with proton beams at 392 and 198 MeV. Several peaks corresponding to the ground state and
the excited states of the residual nuclei 15O were clearly observed. For reference, the level scheme
is shown at the top of the figure. We note that although the 5.183-MeV, 1

2
+ and the 5.240-MeV, 5

2
+

states in 15O were not resolved in the present experiment, this should not alter our conclusion. Since
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the ground 1
2
− and the 6.176-MeV excited 3

2
− states in 15O can be assumed to be neutron p1/2 and

p3/2 hole states, one expects such states to be relatively strongly populated through direct pickup of a
neutron. It is, however, surprising that the positive-parity ( 5

2
+ or 1

2
+) states are also strongly populated

in the 16O(p,d)15O reaction at high energies, which may indicate contributions from the sd-shell.
To examine the relative strength of the excited states, we divided the cross sections for the excited

states by that of the ground state. The ratios thus obtained were plotted against the averaged momen-
tum transfer as shown in Fig. 1(c). The black (blue) symbols represent the data for 10◦ (15◦) scattering
angle. The filled symbols represent the ratios (denoted by R+) for the positive-parity ( 5

2
+ and/or 1

2
+)

states, while the open symbols represent the ratios (denoted by R−) for the negative-parity, 3
2
− state.

The filled and open triangles, with statistical errors (< 3%), are the data obtained in the present work.
The contributions from the 12C contaminant (< 2%) were estimated and subtracted. Other data were
taken from the previous measurements with proton energies between 45 and 800 MeV [11, 12]. Notice
that the ratios for the positive-parity states increase drastically by a factor of over 30 from q transfer
0.3 fm−1 to 3.0 fm−1, whereas the ones for the negative-parity states only triple.

We performed theoretical calculations to determine R− and R+ at 10◦ to understand the relative
strengths. The dashed (dash-dotted ) curve in Fig. 1(c) show the calculated R− (R+), obtained with the
Continuum-Discretized Coupled-Channel method with Born Approximation to the transition operator
V̂tr, i.e. CDCC-BA [13] calculation. We made zero-range approximation with finite-range correction
to V̂tr, and used nucleon-nucleus distorting potentials based on the Dirac phenomenology [14]. In ob-
taining the calculated R−, we have adopted the shell-model spectroscopic factors of 1.68 and 3.7 [15]
for the p1/2 and p3/2 states respectively. The calculations are qualitatively consistent with the experi-
mental data at q ≥0.8 fm−1, indicating that the ratios of the 1p3/2 and 1p1/2 states can be understood
within the present shell-model framework.

The calculations using the shell model that include two-particle two-hole (2p-2h) configuration
reproduced the experimental data at proton energy below 45.34 MeV. The reported sum spectroscopic
factors were as small as 0.15 and 0.02 for the 1d5/2 and the 2s1/2 states respectively [11]. Assuming
only the 1d5/2 orbital and the spectroscopic factor of 0.15, we calculated R+ as shown in Fig. 1(c).
The calculated ratio remains constant from q =1.0 fm−1 onwards, and underestimate the experimental
data at large momentum transfer by an order of magnitude. This result is expected since it is well
known [16] that the conventional shell model does not supply enough high-momentum components.
To estimate possible contributions from multi-step processes, we performed a two-step CDCC-BA
calculation for the reaction at 200-MeV proton energy populating the 5/2+ state, taking into account
the inelastic channel via the 3− state in 16O. The contribution from this process was found to be only
0.5% of the one-step cross section, which is insufficient to explain the discrepancy.

Recently, theoretical calculations using the Tensor-Optimized Shell Model incorporating the Uni-
tary Correlation Operator Method (TOSCOM) have been performed for 4He [17] and 9,10,11Li [18]. In
those calculations, the authors included 2p-2h configurations, which contain high-momentum compo-
nents generated by tensor interactions, in the ground state. Hence, to examine possible contributions
from the tensor interactions in the ground-state configurations of 16O, we consider the Gaussian basis
wave functions in Ref. [17]. We calculated the squared momentum wave functions for the D-wave
and P-wave components. The dotted curve in Fig. 1(c) was obtained with the amplitudes of squared
momentum wave functions relevant for He and Li isotopes [17, 18]. The corresponding ratio of the
momentum amplitudes for the two P waves (with similar wave functions) is obviously momentum
independent and thus is consistent with the observation as well as the CDCC-BA calculation. This
marked difference between the D and the P waves indicates that the ratio of momentum amplitudes is
the essential ingredient for the observed momentum transfer dependence. Hence, the strong enhance-
ment of the relative cross section for the positive-parity state transition is qualitatively understood by
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the inclusion of high-momentum wave functions expected with tensor interactions. Although other
correlations such as the pairing correlations of like nucleons are expected to be smaller than the tensor
correlations at around 2 fm−1 [8], they cannot be ruled out by the present experiment. To confirm
whether or not the observed enhancement of the positive-parity states is due solely to the effect of the
tensor interactions, reaction analysis using the wave functions of 16O obtained with TOSCOM as well
as experiments that can discriminate tensor correlations from the other correlations are anticipated.

4 Summary
In summary, we have measured the differential cross sections of the 16O(p,d) reaction populating the
ground states as well as several low-lying excited states in 15O at RCNP, Osaka University using the
proton beams at 198 MeV, 295 MeV and 392 MeV to search for a direct evidence on the effect of the
tensor interactions. By considering the ratio of the cross section for each excited state and the one
for the ground state over a wide range of momentum transfer, we observed a marked enhancement in
the ratio for the 1

2
+ and/or 5

2
+ state(s) in 15O. The result indicates relative increase of high-momentum

neutrons in the initial ground-state configuration with neutron(s) in 1s1/2 and/or 1d5/2 orbital, and is
consistent with the enhancement of the high momentum component expected by a model that includes
tensor interactions explicitly.
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