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Abstract. New data on the production of single neutral pions in the pd — *He 7° reaction are presented. For
fifteen proton beam momenta between p, = 1.60 GeV/c and p, = 1.74 GeV /¢, differential cross sections
are determined over a large fraction of the backward hemisphere. Since the only previous systematic
measurements of single-pion production at these energies were made in collinear kinematics, the present
work constitutes a significant extension of the current knowledge on this reaction. Even this far above the
production threshold, significant changes are found in the behaviour of the angular distributions over small
intervals in beam momentum.
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1 Introduction

In contrast to other meson production reactions in proton-
deuteron fusion, most notably the - and (77)°-channels,
the production of single, neutral pions in the reaction
pd — 3He ¥ is considerably less well-studied in the energy
region around the n-production threshold. Early measure-
ments of the cross section (see Fig.[I)) and tensor analysing
power of the pd (dp) — 3Hen® and pd — *Hr T reactions
in collinear kinematics with the SPES4 spectrometer at
SATURNE [34] revealed strong structures in both observ-
ables for backward pion production (with respect to the
direction of the incident proton in the c.m. frame) around
pp = 1.70 GeV/c. It is important to note here that, since
there is only one isospin amplitude, the cross section for
pd — 3Hwt should be twice that for pd — 3He 7%, though
deviations of the order of 10% have been reported in the
literature [TL2].

Apart from a single measurement of dp — 3Hen®
at pq = 3.5 GeV/c [§], angular distributions in the 7-
threshold region have so far remained largely unexplored.
Nevertheless, the extensive database of cross sections for
collinear production, combined with the similarities of the
3He detection in the reactions pd — 3Hen and pd —
3He 7%, have made pd — 3Hen® a prime candidate
for luminosity determinations in fusion reactions [6Gl[7].
There is, thus, a twofold motivation for extended stud-
ies of differential cross sections of the pd — 3He 7% reac-
tion. These will permit an exploration of the variations
close to cos¥’, = —1 in the vicinity of the n-production
threshold as well as the establishment of a new database
for future experiments, that does not rely on an extrap-
olation to collinear kinematics. Data obtained in parallel

—+— SATURNE: SPESIV (1986)

SATURNE: SPESIV (1985)

do/dQ / (nb/sr)
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Fig. 1. Differential cross sections of the reactions pd — 3He 7°
and pd — SHn' (scaled by an isospin factor of 0.5) at
cos¥ro = —1 [3l4]. The curve represents a fourth order poly-
nomial fit to the combined database.

to the WASA-at-COSY experiment on 7n-production away
from threshold [8] allow a detailed study of the cross sec-
tions for single-pion production over a large part of the
backward hemisphere.

2 Experiment

The 7° data were obtained at the WASA facility located
within the Cooler Synchrotron (COSY) of the Forschungs-
zentrum Jiilich in the same experiment as that designed
to study 1 production [8]. Beam protons were steered to
collide with pellets of frozen deuterium so that the heavy
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3He ejectiles were emitted near the forward direction in
the laboratory frame. The WASA Forward Detector al-
lows the energy and the polar and azimuthal angles of the
3He nuclei to be reconstructed in multiple layers of plastic
scintillators and a proportional chamber, respectively. De-
tailed information on the experimental setup can be found
in Ref. [9]. Fifteen evenly spaced proton beam momenta
were used between p, = 1.60 GeV/cand p, = 1.74 GeV/c,
with a resolution of Ap/p ~ 1072 [10]. Utilising the so-
called supercycle mode of the accelerator, data can be
taken at eight different beam momentum settings, with
multiple repeats one after another, thus minimising sys-
tematic differences between the individual measurements.
In practice, two such supercycles were employed in this
experiment. The measurement at p, = 1.70 GeV/c was
repeated in both supercycles and an additional single-
momentum measurement was made at 1.70 GeV/c to al-
low systematic effects between the two supercycles to be
investigated.

3 Analysis

The 3He nuclei produced near the forward direction are
identified in the WASA Forward Detector by means of
their energy loss. From this energy loss, a first value of the
kinetic energy T3y, can be estimated by comparison with a
Monte Carlo simulation of the 7° production reaction. By
measuring also the polar and azimuthal scattering angles
¥ and ¢ in the Forward Proportional Chamber, the four-
momenta of the 3He nuclei are fully determined so that
a missing-mass analysis can be performed. The analytic
relation between the precisely measured polar scattering
angle (A9 2 0.2°) and the kinetic energy of *He nuclei was
exploited in order to carefully monitor the energy calibra-
tion (see Fig. [2).

WA

d?N/(d9 dT) / (0.001 GeV x 0.1°)*

0.65 0.7
Toue | GEV

Fig. 2. Production angle of ®He nuclei in the laboratory
frame displayed as a function of its kinetic energy. The two-
dimensional plot represents data (with color indicating the
event yield) whereas the grey line follows from applying four-
momentum conservation to the pd — *Hen® reaction.

For the study reported here, only the >He in the fi-
nal state was used, even though the detector system was
also capable of measuring photons from the decay of the
79, A missing-mass analysis allowed the angular distribu-
tion of single-pion production to be derived from the final
state momentum spectra binned in cos ¥%,. An example of
such a final state momentum spectrum, with a bin-width
of Acos¥?, = 0.016, can be found in Fig. Bl The back-
ground, largely associated with two-pion production and
single-pion production with a poorly reconstructed energy
due to the breakup of 3He nuclei in the scintillator mate-
rial, is subtracted using a fit of the type

f(z) = @09 (b 4 cx + da?), (1)

where z is the 3He c.m. momentum. The fit is made out-
side the peak region. The effect of nuclear breakup of the
3He within the detector is accounted for in a Monte Carlo
simulation using an extension to GEANT3 [I1], originally
developed for the work in Ref. [12]. A fit of a Gaussian to
the background-subtracted data is used to define a +3¢
environment around the peak position. The event yield
within a certain bin in cos ¥}, is then defined as the inte-
gral of the background-subtracted data in the £30 inter-
val.
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Fig. 3. Spectrum of the final state momentum p3y, of SHe
nuclei in the centre-of-mass system for —0.856 < cosv., <
—0.840 at a laboratory beam momentum of p, = 1.70 GeV/c.
Black upward triangles represent data. The blue dashed line is
a fit of the type given in Eq. () to the spectrum, excluding
the peak region. Grey downward triangles show the data after
subtraction of the background fit. The 7° peak is fitted by a
Gaussian distribution (continuous red line) and compared to
a Monte Carlo simulation of the pd — *Hen? reaction (red
shaded histogram). The nominal peak position for a beam mo-
mentum of p, = 1.70 GeV/c is indicated by the upright, solid
black line.

As no information is available on the angular distri-
bution of single-pion production, the product of accep-
tance and reconstruction efficiency (for simplicity called
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below the acceptance A(cos:,)) is first derived from a
Monte Carlo simulation of ¥ production, assuming that
the events are uniformly distributed over phase-space. The
angular distributions found in the experiment are cor-
rected for the acceptance by bin-wise multiplication with
A1 (cos¥%,). A polynomial fit of fourth order to these dis-
tributions is subsequently used to weight the Monte Carlo
simulations. This procedure is repeated until there is con-
vergence of A(cos¥%,), when the angular distributions are
determined. This method was applied separately for the
measurements at all 15 beam momenta.

Examples of the resulting acceptance as function of
cos¥’, are displayed in Fig. @] for the measurements at
1.60 GeV/e, 1.70 GeV/c and 1.74 GeV/e. At very large
negative values of cosd},, the beam pipe in the detector
limits the acceptance, whereas for the smallest value of
97, the polar production angle ¥sy, exceeds the geomet-
rical coverage of the Forward Detector. On average, the
angle-dependent acceptance A(cos%,) is of the order of
40%. This relatively small value is due mainly to the nu-
clear breakup of the 3He ions in the scintillator, leading to
either a misidentification or a poorly reconstructed kinetic
energy.

-0.6

-1 -09 -08 -07 -05 -04

cosﬁrp

Fig. 4. Product of acceptance and reconstruction efficiency
A(cos9%y) for the pd — *Hen” reaction as function of the
c.m. production angle for beam momenta of p, = 1.60 GeV/c
(blue, short-dashed line), p, = 1.70 GeV/c (red long-dashed
line) and p, = 1.74 GeV /c (black, solid line).

4 Normalisation

Since the data reported here were taken in parallel to
those used to investigate 1 production in pd-fusion, the
same normalisation methodology can be applied [8], and
this is briefly summarised. A first relative normalisation
is derived from the ratio of protons elastically scattered
off the target deuteron at a certain beam momentum and
the reference momentum p, = 1.70 GeV/c. The luminos-
ity for the measurement at p, = 1.70 GeV/c is obtained

by normalisation to the measured pd — 3Hen total cross
section [I3]. The statistical uncertainty of the luminos-
ity determination is of the order of 2% but an additional
systematic normalisation uncertainty of =~ 16% needs to
be considered. For more information on the normalisation
procedure, the reader is referred to Refs. [8[14].

5 Results

The angular distributions of single-pion production in proton-

deuteron fusion are converted into the differential cross
sections shown in Fig. Bl using the luminosities previously
derived [8l[T4]. Apart from the normalisation, the two main
sources of the remaining systematic uncertainty, shown by
the grey histogram in Fig. B are minor imprecisions in the
determination of the polar production angle (with a pos-
sible offset of £0.04°) and the distribution of residual gas
within the WASA scattering chamber. However, a com-
parison with the available data for collinear production
reveals a good agreement, especially if the normalisation
uncertainties of both the present data and those from the
Saclay experiments [3l[4] are taken into account. To show
this more clearly, the combined normalisation uncertainty
is incorporated into the error bars of the grey circles in
Fig.

The data shown in Fig.[Blcan be well fit with the fourth
order polynomial

n=4

d

é = Z an(cos¥io + 1)" (2)
n=0

and the values of the parameters a,, are to be found in
Table[dl for the fifteen different beam momenta. Error bars
are not shown because they are very misleading in view
of the very strong correlations between the parameters.
Nevertheless, the parametrisation of the data with Eq. (2]
gives a good description of our results that can be used in
the normalisation of other experiments.

For all the data above about 1.66 GeV/c there is clear
evidence for a minimum in the differential cross section
close to cos¥’, = —1. However, the fit parameters of Ta-
ble[dlshow that at lower momenta there may also be a min-
imum but that it is in the unphysical region of cos 9%, <
—1. The minimum therefore moves somewhat with beam
momentum from cos?¥’, ~ —1.1 at p, = 1.62 GeV/c to
—0.93 at 1.74 GeV/c. In contrast, the maximum seen in
Fig. B hardly moves from its position at cos¥;, ~ —0.61.

In general, six independent helicity amplitudes are re-
quired to describe completely the pd — *He w° reaction.
These reduce to two, A and B, in the forward and back-
ward directions and the magnitudes of these, |A|? and
|B|?, can be deduced from the Saclay measurements of
the differential cross section and deuteron tensor analysing
power T [4]. At 9%, = 180° both |A|* and |B|? show min-
ima for proton beam momenta around 1600 to 1650 MeV /c.
This behaviour, which causes rapid variations in T5g, must
clearly be linked to the moving minima seen in our data
shown in Fig.
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Fig. 5. Differential cross sections of the pd — *He7° reaction in the backward hemisphere for the different values of the beam
momentum p, noted in each panel. Green upward triangles represent the present data, yellow empty boxes a measurement at
pp = 1.604 GeV/c [3], the blue filled box a measurement of pd — *Hnxt at p, = 1.697 GeV/c (scaled by an isospin factor of
0.5) [3], red downward triangles the measurements of dp — *Hen® at pg = 3.276 GeV/c and pq = 3.392 GeV/c [4], and the
black empty circles the measurement of dp — 3Hen" at ps = 3.50 GeV/c |5]. In addition, the grey filled circles represent the
values of a fit to the combined database shown in Fig. [l at the appropriate beam momentum. In the last case the error bars
are composed of the statistical uncertainty of the fit as well as of the normalisation uncertainty of both the present experiment
and the literature data. Black solid lines represent fits of the type given in Eq. (2). Normalisation uncertainties of the individual
datasets are not displayed. The grey histograms represent the systematic uncertainties, other than normalisation, of the present
measurements.
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Table 1. Values of the parameters a, obtained from fits to
our data using Eq. (@) for the different beam momenta.

Dp ao a1 az as (2} X2/ndf
GeV/c nb/sr
1.60 7.99 548 -1566 4124 -6096 14.0/16
1.61 10.83 358 -122 -1447 1910 12.2/17
1.62 11.63 231 523 -2585 2117  16.4/19
1.63 12.65 190 645 -2464 1608 16.0/20
1.64 14.25 171 793 -2918 2294 19.9/21
1.65 15.25 114 1024 -3053 1968  28.0/22
1.66 18.47 10 1787 -5147 3886 17.3/23
1.67 17.92 49 1067 -2433 960 12.5/25
1.68 18.38 -30 1610 -3776 2155 27.4/26
1.69 24.43 -188 2612 -6461 4528  32.7/27
1.70 2443 -200 2392 -5601 3680 35.8/28
1.71 25.04 -203 2316 -4978 2807 36.1/29
1.72 24.67 -188 2199 -4779 2743 16.2/30
1.73 2770 -254 2259 -4434 2255 27.5/31
1.74 2747  -285 2621  -5545 3230 25.8/32

It may also be relevant that the proton analysing power
in the pd — *He 7 reaction at fixed pion angle of 9%, =
170° shows an extremely rapid variation with the proton
beam momentum in the 1600 MeV /¢ region [I5]. There is
therefore much structure in large angle pd — 3He 7° data
near the n threshold and it is tempting to wonder whether
this is more than an accident.

The amplitude for the pd — *Hen reaction near thresh-
old is anomalously strong [I6l17] and might be an indi-
cation of the formation of a quasibound jHe state [18].
There might therefore be an extra S-wave contribution
caused by 7 production followed by the transmutation
n3He — 3Hen? that will interfere with a direct mecha-
nism. However, using data on 7~3He — 3H7 [19], it seems
that this two-step approach may be too small to explain
the backward minima. However, there is no valid reason
to retain only the *He ground state in the intermediate
state. Further theoretical work will be needed to explore
this interesting region.

6 Summary

Measurements of the differential cross sections of single-
pion production in proton-deuteron fusion have been here
reported for fifteen different proton beam momenta be-
tween 1.60 GeV/c and 1.74 GeV/c. These data, which
cover a large part of the backward hemisphere, are a sig-
nificant extension of the current database that contained
only detailed information for collinear production. Despite
the data being taken far above the 7° production thresh-
old, where the excess energy is limited by 426 MeV <
Qo < 494 MeV, there are important changes in the an-
gular distributions with increasing @ ,o. In particular at
the lowest energy the large angle minimum is at an un-
physical point but it becomes observable with rising @Q 0.
This and other phenomena [4l[I5] seem to occur close to
the threshold for n production. It will require much more
theoretical work to see if this is more than a coincidence.

Irrespective of the interpretation of the observed angu-
lar distributions, the new data will be a valuable tool for
normalising the cross sections for other meson production
reactions in proton-deuteron fusion. These data, which are
parametrised in Eq. (2)) and Table [l will avoid having to
rely on any extrapolation to collinear kinematics.
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Appendix

Table 2. Values in nb/sr of the pd — *Hen® differential cross sections shown graphically in Fig. Bl from beam momenta of
1600 MeV/c to 1670 MeV/c. The bins in z = cosv), have width 0.016 and the values quoted are the centres of these bins.
Statistical uncertainties are given.

z 1600 1610 1620 1630 1640 1650 1660 1670
-0.976 | 204£1.0 195+£10 176+09 183+£09 203+1.0 204+£1.0 20.0+11 20.1+1.0
-0.960 | 28.1+£1.2 247+£10 226=£10 205£09 205+1.0 203+09 21.7+1.0 21.2+£09
-0944 | 34112 31.3+£11 241+£10 2524+10 2484+1.0 2274+09 227+1.0 232+£1.0
-0928 | 399+13 333+11 291+£11 279+£10 298+11 278+1.0 26711 266=£1.0
-0912 | 442+13 403+11 347+£11 3214+£10 3494+11 297+1.0 302x1.1 283+£1.0
-0.896 | b3.4+14 459+12 405+£12 370+£11 381412 357+11 326+1.2 325+£1.1
-0.880 | 58.8+ 1.5 51.2+13 421+£12 406=+11 413+12 391+11 383+12 342+1.1
-0.864 | 63.0x£1.5 555+£13 474+£13 4514+12 462+13 439+12 410x+13 404+1.2
-0.848 | 66.6 £1.5 58.1+13 503£13 49712 489+13 491+13 469+13 426+1.2
-0.832 | 69.2+16 61614 554+£13 5494+13 5414+14 506+1.3 498+14 453+1.3
-0.816 | 75.1+16 649+14 59.1+£14 560%+13 583+14 554+13 52614 479+1.3
-0.800 | 77917 69.8+£15 61.3£14 59.1%+13 59.7+14 574+14 55314 526+£1.3
-0.784 | 814£17 704+£15 640+15 62014 619+14 603+£14 60015 56.8+1.3
-0.768 | 83.0+1.7 T759+£15 647£14 64714 681+15 64014 65015 58.6+14
-0.752 | 854 £1.7 782+£15 68515 668+14 683+15 665£15 66615 61.4+14
-0.736 | 91.7+18 T786+£15 T28+£15 700*x14 741+15 70.7+15 684+16 654+14
-0.720 | 90.5£18 803+£15 73115 71.1+14 732+£15 705+£15 7T44+£16 685+14
-0.704 | 93618 836+16 762+15 T34+14 T76£16 72715 T64+16 70715
-0.688 | 96.2+18 856+16 T75.6=x15 748*+14 779+16 78315 740x16 T2.0+£1.5
-0.672 | 939£18 865+£16 76415 Tr0x15 796=+£16 782+£15 78216 T44£15
-0.656 | 924+18 883+£16 7T85£15 77.2£15 790+16 79415 77416 T7.0£1.5

-0.640 8§75+16 781%+15 T768+15 79716 80.1+£15 77616 T752£15
-0.624 — — 73+15 766+14 82516 T794+£15 T82£16 T7T9£15
-0.608 — — 77015 T785+15 833+16 82.7+£16 803+16 T63+1.5
-0.592 — — — 724+14 82716 818*+15 774+£16 76.0+1.5
-0.576 — — — — 795+£1.6 789+15 782416 T7.8+£1.5
-0.560 — — — — — 76.4+£15 T7.6x15 T42+14
-0.544 — — — — — — 73215 T747+14
-0.528 — — — — — — — 70.2+14

-0.512 — — — — — — — 676+ 1.4
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Table 3. Values in nb/sr of the pd — *Hen® differential cross sections shown graphically in Fig. Bl from beam momenta of
1680 MeV/c to 1740 MeV/c. The bins in z = cos¥), have width 0.016 and the values quoted are the centres of these bins.
Statistical uncertainties are given.

z 1680 1690 1700 1710 1720 1730 1740
-0.976 | 19.0+£1.0 21.0£1.0 21.6£06 228+10 2144+12 241+1.1 226=+1.1
-0.960 | 199+1.0 202+£09 198£05 199+10 19.7+11 203+09 202+£1.0
-0.944 | 202£1.0 21.7£09 195+£05 200+£10 21.3+£1.0 199+£09 172409
-0928 | 234+£1.0 232+£09 201£05 200£09 21.1+1.0 193+09 18.8+£0.9
-0912 | 248+1.0 235+£09 21.9£05 21.0£09 223+1.0 199+09 19.0+£1.0
-0.896 | 289+1.1 27.7+£1.0 23.6+£06 239+10 23710 21.5£09 21.5+1.0
-0.880 | 31.2+1.1 282+£10 255£06 248+1.0 253+11 21.7+09 221+£1.0
-0.864 | 38.1+1.2 319+£11 285406 30.14+11 290+11 240x+1.0 256+£1.0
-0.848 | 384+12 336+11 324£06 31.1+11 303+11 273+1.0 274+1.1
-0.832 | 424+13 399+£12 36.1£07 363+12 345+12 293+1.1 291+1.1
-0.816 | 469+1.3 441+12 379£07 3924+12 382+13 322+1.1 313+1.1
-0.800 | 48.2+13 479+12 408=£07 438*+13 409+13 346+11 364+1.2
-0.784 | 534£14 503+£13 432+£07 461+13 449+13 39.0+£12 376+12
-0.768 | 57. 714 543+£13 466=+07 468+13 47514 429+12 405+£1.2
-0.752 | 623£15 553+£13 502+£08 500+£13 51.0+14 457+£12 463+1.3
-0.736 | 63415 594+£14 53.8+£08 540+14 55715 48513 486+1.3
-0.720 | 68.8+ 1.5 623+£14 56508 579+14 559+14 51.3+13 516+14
-0.704 | 69815 666+1.4 588+08 624+14 596+15 53.6=+£13 534+14
-0.688 | 69.5+1.5 68.8+14 60008 61.1+14 608+15 554+13 5H7.8+£14
-0.672 | 71.1£15 682+14 60.8+08 658+15 636+15 57013 59.8+14
-0.656 | 75.2+1.6 68714 620£08 652+15 629+15 584+13 58.6+14
-0.640 | 75.7£16 698+14 609+£08 68715 656+15 589+£13 59.7+14
-0.624 | 76,516 689+14 63.2£08 662+14 652+15 604+14 605+£14
-0.608 | Tr. 716 68.8£14 62508 649+14 65415 599+13 605+£14
-0.592 | 749+£15 677+£14 622+£08 66714 634+15 595+£13 605+14
-0.576 | 79.1+16 681+£14 61508 683+14 639+15 60713 58.6+14
-0.560 | 75616 659+1.3 59.1+08 636+14 63514 578+£13 56.8+14
-0.544 | Tr2+16 646+£13 594+£08 634+14 61.3+14 584+13 56.0£1.3
-0.528 | 73.7£15 635+£13 564+£07 600+£13 580+13 588+13 520+1.3
-0.512 | 70.1£1.5 604+£12 549+£07 604+13 558=+13 56.3+£13 509+12
-049 | 66.4+14 61512 51.1£07 556%+13 55613 51.7+1.2 485+1.2

-0.480 53.0+1.2 49.7+0.7 524+12 50.7£12 47.7+£11 431+£1.1
-0.464 — — 442+06 462+11 47v3+£12 439+11 402=%1.1
-0.448 — — — 40.8+1.0 414+11 403+£11 372£10
-0.432 — — — — 35.8+1.0 36.0+1.0 30.6+0.9

-0.416 — — — — — 274+£09 259408
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