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Abstract. Values of the proton analysing power, deuteron vector analysing power, and the
deuteron-proton spin correlations in the pd → 3 He π0 /3 H π+ reactions at 350-360 MeV
per nucleon were obtained by using polarized beams and target at ANKE-COSY. Data
were also obtained on the deuteron-proton spin correlation and proton analysing power
at small angles at 600 MeV per nucleon. By combining the extrapolated values of the
spin correlations to the forward or backward directions with published measurements of
the deuteron tensor analysing powers, the relative phases between the two non-vanishing
amplitudes were evaluated.

1 Introduction
Two-body pion production in the interaction of protons with few-nucleon systems is of interest, both
from the point of view of studying the reaction mechanism, and from that of determining the structure
of light nuclei. The success of microscopic models with explicit Δ-excitation for two-nucleon systems suggests that these models should be tested in the three-nucleon case, where production of Δ is
intimately linked to 3N forces. The phenomenological approach, using impulse approximation with
pp → dπ+ cross section, as input was successful near the reaction threshold but only partial progress
has been achieved at higher energies [1].
In general six invariant amplitudes are required to describe the pd → 3 He π0 reaction and these
amplitudes will be functions of the angle between the incident proton and outgoing pion in the c.m.
frame. The number of independent functions reduce to two at threshold or in the forward/backward
directions. These may be written as [2]

F(d p → Heπ ) =
3

0

1
 )u p .
uτ p ·(A + iB × σ
2

(1)

Here  is the deuteron polarisation vector, p and k the proton and pion centre-of-mass momenta
and
√
u p and uτ the initial and ﬁnal fermion spinors. The amplitude should be multiplied by a 2 factor if
the pd → 3 H π+ reaction is being considered.
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If only the two amplitudes A and B are retained, the unpolarised c.m. diﬀerential cross section,
deuteron tensor analysing power, and vector transverse spin correlation become
dσ
dΩ
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whereas iT 11 and T 22 , as well as the proton analysing power Ay , must all vanish.

2 Spin correlation coefﬁcients

Cx,x

The pd → 3 He π0 and pd → 3 H π+ reactions have been studied experimentally over many decades and
a wealth of data on the diﬀerential cross sections and analysing powers has been collected for these
processes. However, the double polarisation observables have been explored far less and information
on the spin correlations is still very scarce. The ANKE spectrometer [3] equipped with an internal
polarised target together with the polarised deuteron beam of COSY synchrotron (Jülich, Germany)
oﬀer a unique opportunity to conduct measurements of the transverse spin correlation coeﬃcients in
these reactions.
Two double-polarisation experiments have been performed at ANKE with a polarised deuteron
beam and a polarised hydrogen target, at the beam energies of 363 and 600 & 1115 MeV per nucleon. The data at the two lower energies were analysed to obtain the spin correlations in the
pd → 3 He π0 reaction, and the results have recently been published [4].
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Figure 1. Transverse spin correlation coeﬃcients C x,x and Cy,y in the
p → 3 H π+ reactions at 363 MeV per nucleon [4].
p → 3 He π0 and d
d
In the Cy,y case the (red) inverted triangles were obtained through 3 He
detection and the (blue) circles through 3 H detection. The shaded area
indicates the systematic uncertainties in the measurement.
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The spin correlations at 363 MeV/n are presented in Fig. 1. Both 3 He and 3 H production processes
could be investigated at this energy and the results in the angular range of 60 − 140o covered by the
both reactions are completely compatible. The ANKE detector acceptance is limited by the size of
the gap in the analysing magnet D2 and is concentrated around φ = 0◦ and 180◦ regions. This leads
to a better deﬁnition of the Cy,y coeﬃcient as compared to C x,x .
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Figure 2. Transverse spin correlation coeﬃcients Cy,y (magenta
p → 3 He π0 reaction
circles) and C x,x (open squares) measured in the d
at 600 MeV per nucleon [4]. The systematic errors are below 0.03.
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Since a clean selection of tritium by the energy loss in the scintillation hodoscope is no longer
feasible at 600 MeV per nucleon, only data on the pd → 3 He π0 reaction are shown at this higher
energy. The C x,x and Cy,y coeﬃcients measured at small angles are presented in Fig. 2.
The deuteron tensor analysing power T 20 was measured in the forward/backward directions at
Saclay [5] and the values interpolated at 726 MeV are T 20 (0◦ ) = −1.01 ± 0.01 and T 20 (180◦ ) =
−1.10 ± 0.06. However, it is easily shown from Eq. (2) that the corresponding spin correlation in the
forward or backward direction is bounded by

2


√
Cy,y ≤ 94 1 − T 20 / 2 − (T 20 )2 ,
(3)
√
from which one sees quite generally that |Cy,y | ≤ 1/ 2.
Using the forward value of T 20 measured at Saclay, Eq. (3) shows that |Cy,y (0◦ )| ≤ 0.56 ± 0.01 to
be compared to the value −0.27 ± 0.03 deduced from extrapolating the combined data of Fig. 1 to the
forward direction. The error bars are larger in the backward direction where one ﬁnds from the data
of Fig. 1 that Cy,y (180◦ ) = +0.46 ± 0.04 compared to the upper bound from Eq. (3) of 0.50 ± 0.04.
The change in sign of Cy,y between the backward and forward directions is signiﬁcant. If the phase
angle is deﬁned by φ = arg (B/A) then, in the forward direction, cos φ = 0.49 ± 0.05 whereas in the
backward direction cos φ = −0.90 ± 0.10. The change in sign of Re(A∗ B) could be due to structure in
either amplitude. The Saclay data indicate that this is likely to be caused by the B amplitude because
B(180◦ ) seems to have a zero in the vicinity of T d = 650 MeV [5].
The deuteron tensor analysing power bound of Eq. (3) provides little real constraint at 1.2 GeV.
Using the Saclay value of T 20 (0◦ ) = −0.66±0.02 one ﬁnds that |Cy,y (0◦ )| < 0.68±0.01 to be compared
with the extrapolated value of Fig. 2, Cy,y (0◦ ) = −0.10 ± 0.08. These mean that in the forward
direction the A and B amplitudes at 600 MeV per nucleon are almost completely out of phase, with
cos φ = 0.14 ± 0.12.

3 Vector analysing powers
In addition to the spin correlation parameters, the proton and deuteron vector analysing powers can
also be extracted from these data [4]. At 363 MeV/n, Ayp can be compared to the data of Ref. [6] and
to the high statistics ANKE measurement with a polarised proton beam and a deuterium cluster-jet
target (see Fig. 3). Despite the smooth behaviour of the diﬀerential cross sections with angle, the
rich structure in Ayp indicates that many partial waves with diﬀerent phases contribute actively at this
energy.
Since the tensor polarisation of the deuteron beam was vanishingly small, the deuteron vector analysing power Ady could also be extracted from the data by looking at the dependence of the
counting rates on the vector polarisation of the beam. The results obtained from the combined
dp → 3 He π0 /3 H π+ data are shown in Fig. 4. It is perhaps signiﬁcant that the abrupt change in
Ady occurs at θπcm ≈ 80◦ , which is close to the deep minimum in Ayp .
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The available statistics in the 600 MeV/n case is very limited. The uncertainties in the corresponding deuteron vector analysing powers are very large and these data are not shown. However, values
of the proton analysing powers could be extracted for small angles by exploiting the polarisation of
the hydrogen in the target and these data are presented in Fig. 5. These results for θπcm < 40◦ are
signiﬁcantly larger than those of the lower energy data shown in Fig. 3.
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Figure 3. TRIUMF data on the proton analysing power Ayp in the
pd → 3 He π0 reaction at 350 MeV [6] (magenta triangles) are
compared to ANKE results at 353 MeV [4] (blue open circles). We do
not include here the 9% systematic error that is mainly associated
with uncertainties in the COSY beam polarisation. Also shown are
the ANKE values at 363 MeV per nucleon [4] deduced from
measurements with a deuteron beam incident on a long cell ﬁlled with
polarised hydrogen gas (black crosses). The shaded area indicates the
systematic uncertainties in the deuteron beam measurements.
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Figure 4. Deuteron vector analysing power Ady measured in the
dp → 3 He π0 /3 H π+ reactions at 726 MeV [4] The data are presented
in terms of the c.m. angle between the proton and pion. The shaded
area indicates the systematic uncertainties in the measurement.
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Figure 5. The proton analysing power Ayp for the dp →3 He π0
reaction at 600 MeV per nucleon [4] extracted from data obtained
with a polarised hydrogen target. Systematic uncertainties, which
were dominated by those in the target polarisation, were below 5%.
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