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The p + p — w+ + d reaction is studied at excess energies between 0.275 and 3.86 MeV.
Differential and total cross section were measured employing a magnetic spectrometer withtmearly
acceptance in the center of mass system. The measured anisotropies between 0.008 and 0.29 indicate
that thep wave is not negligible even so close to threshold. The data are compared to other data
offering no evidence for charge symmetry breaking or time reversal violation. sTave andp-wave
contributions at threshold are deduced. [S0031-9007(96)00602-3]

PACS numbers: 13.75.Cs, 25.40.Ve, 21.30.Cb, 25.40.Qa

Threshold meson production reactions are characterizesthich was derived from barrier penetration for the re-
by large momentum transfer370 MeV/c for p + p —  versed reaction. In Eq. () = p,/m, andp, denotes
7" 4+ d~ and dominans wave in the exit channel with the pion momentum in the center of mass system &nd
strong overlap at short distance. Both favor heavy mesoits angular momentum. The charged and neutral particle
exchange. Recently, this reaction close to threshold hasduced reactions yield, = 0.24 and 0.184 mb, respec-
again attracted theoretical interest. Horowitz [1] claimstively. A part of this discrepancy was cured by new data
that thes-wave production should be increased by heawy[8] for #* + d — 2p in the ranged.215 = n = 0.518.
meson exchange in addition to pion rescattering onlyHowever, if we fit the existing world data body (published
The need for such an additional cross section resultafter 1967) of charged particle reactions including the data
from the use of a modern value of the-NN coupling of Ref. [8] with Eq. (1) forn = 0.8, a value ofay =
constant which reduces the fraction of the cross sectiof.22 mb is obtained. In this analysis all data (including
due to the pion rescattering. His work is along similarthe ones of Rose [6]) were corrected for Coulomb effects
paths as forp + p — p + p + #° [2,3]. In contrast, by commonly applying Reitan’s results [9]. A part of the
Niskanen [4] claims that inclusion of th& isobar will  discrepancy may result from the fact that the momenta
produce a larges-wave cross section. However, theseranges of the two data sets are different. The neutron
findings are not based on data for the reaction of intereshduced reactions cover only the pion momentum range
but on data fromn + p — #° + 4 [5] and from time up to n = 0.32 which is dominated bys-wave produc-
reversedw ™ + d — 2p [6]. Moreover, inconsistencies tion while the other data are mostly dominatedgbwave
were recently found between these two reactions at smationtributions. The aim of the present study is, therefore,
pion momenta [5]. As the Coulomb force does notto measure cross sections fpr+ p — 7" + d close
affect the first reaction either in the entrance or in theto threshold { = 0.22) over the full angular range. To
exit channel, the data from the second reaction wer¢he best of our knowledge no complete data for this re-
corrected for some Coulomb effects. The validity ofaction exist belown = 0.85. A few differential cross
these correction procedures is questionable [5]. Usuallgections measured over a smaller angular range at some-
the data were expressed in terms of the Gell-Mann and/hat higher energies than the present ones are reported in
Watson model [7] Refs. [10] and [11].
The experiment was performed at COSY in Jilich with
olp+p—umt+d-= Zamzfﬂ, (1) proton beams between 789.75 and 800.5 MeV This
‘. corresponds to excess energies of between 0.275 and
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3.36 MeV, respectively. The pion production threshold 0.1
is at 788.85 MeVYc. Proton beams were focused onto the

target point of a 3Q2DQ magnetic spectrometer. It has

a =25 mrad acceptance in the horizontal direction and

up to a*=100 mrad acceptance in the vertical direction.

The beam spot had dimensions of less than 2 and 1 mm

(FWHM) and divergences of 1.8 and 3.8 mrad in the or
two directions, respectively. Its momentum spread was
measured to be\p/p =4 X 107* and it had a duty
factor of 10%. The target was a cell [12] containing
liquid hydrogen, with 6 mm in diameter and a thickness
of 4.4 + 0.2 mm for the 801 MeVc run and2.2 + 0.1

mm for the other runs. The windows made from Mylar
were of 2 um thickness each. In order to suppress beam-
halo events an annular scintillator with a 3 mm diameter
inner hole was used in front of the target cell as a veto
counter.

The deuteron tracks were measured in the focal-plane
area of the spectrometer by two stacks of multiwire drift 0
chambers (MWDC) which allow measurements both in
the horizontal and vertical direction. A track resolution
of 0.2 mm was achieved. The spectrometer operated in
the point-to-parallel mode in the vertical direction and in
the dispersive image mode in the horizontal direction. The
magnetic field was set to a central momentum which cor- -0.1 : J
responds approximately to the mean momentum of the re- 0.9 1 1.1
coiling deuterons. The emerging deuterons have emission p,/p
angles up to 40 mrad and momenta up to 775.4 MeV Ko
Thus the beam protons have magnetic rigidities very clos€IG. 1. Density distributions of emerging deuterons as func-
to those of the deuterons and an enormous background eéiens of momentum parallelp) and perpendiculafp ) to the

isted therefore in the focal plane area. This backgroung€am axis. The magnetic spectrometer was set to a central
momentump, = 730 MeV/c. The upper part shows the raw

was strongly suppressed as follows: Behind the MWDC'jat4 with the only constraints applied on-line by the hardware.
in the focal plane was a trigger detector consisting of fourrhe lower part shows the same data set after applying the con-
layers of scintillator paddles. By using pulse-height dis-straints off-line as discussed in the text.
crimination of the signals from the first layer the number of
recorded protons was suppressed. An aluminum absorber
with thickness sufficient to stop deuterons was mountedour times the experimental resolution on the reconstructed
between the third and the fourth layer. The detectors ipion mass. The resulting deuteron-momentum distribution
the last layer acted as a veto counter, while the first threef this procedure is shown in the lower part of Fig. 1.
layers operated in coincidence. In addition, pions from thélhe distributions obtained in this way were projected onto
reaction were detected in coincidence by another annulahe axis parallel to the beanp{), which corresponds to
scintillator with a 5 mm diameter hole located behind theintegration over the azimuthal angle, and then transformed
target. The pion detector and the scintillators of the thirdnto the center of mass system. At low deuteron momenta
layer served as delayed stop and start detectors, respdor the higher beam momenta, data suffered from detector
tively, for a time of flight (TOF) measurement over a flight acceptance limits. They were excluded from the present
path of approximately 18 m through the spectrometer. Adata analysis. Differential cross sections were deduced by
permissible intensity of X 10° protons per spill limited normalizing the count rate to target thickness and to the
the total event rate. At this rate there was no measurableumber of incident protons which was measured during
dead time in the fast trigger system nor in the data acquieach run by counting scattered protons with calibrated
sition system. scintillator detectors. For the two higher beam momenta
From the measured tracks momentum vectors of théhe geometrical acceptance of the spectrometer is truncated
deuterons at the target were reconstructed. The proceduirethe horizontal direction by the side yokes of the dipole
applied to the raw data yields the distribution shownmagnets. This missing acceptance can be deduced from
in the upper part of Fig. 1. In order to suppress thethe data itself by the following prescription. All events
background events further, we applied a gate on deuterorg the present reaction are on the surface of a rotational
in the TOF spectrum. Further background remainedellipsoid. If p) is transformed by the Lorentz boogt
which was rejected by applying a gate with a width ofthe ellipsoid transforms into a sphere. The surface of this
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sphere can be plotted as a function of the azimuthal andABLE I. Deduced parameters in Eq. (2) and the applied

polar angle ¢ and co®) yielding a rectangle with the Coulomb correction factors. The errors include statistical errors

same area as the sphere surface. The missing area is ta@;@ uncertainties in the measurements of the beam current
| y

f h h Th d lar distributi pically 5%), and target thickness and a 20% systematical
rom such a graph. € measured angular distrioutiongyq in 4, from the acceptance corrections. For the two largest

after acceptance corrections are shown in Fig. 2. Thenomenta a 10% systematical uncertainty due to the acceptance
distributions become flatter for decreasing beam momentaorrections has to be added additionally.

The data cover 75% (for 801 Mé&¢) up to 100% of the

c.m. angular range and are, therefore, ideally suited to 1 Ao (1b) 4> (pb) Coulomb correction
extracts- and p-wave contributions to the cross sections.0.062 82 =04  0.066 * 0.25 0.74
Absolute cross sections are fitted using the relation 0.09 129 =09 1.1 =06 0.79
0.13 21.8 = 1.6 27 £ 0.7 0.85
_ 0.18 284 = 2.1 5212 0.89
4mldo/dQ) = A + APalcodOcn)], () o5 S7h33 0 33427 0.91

whereP,[co9®.,)] denotes the Legendre polynomial,

the total cross section, andh, the p-wave contribution
to the cross section. The fitted values & and A, present data seem to be a smooth continuation of the earlier

are compiled in Table | and the corresponding curves aréata for the charged-particle induced reactions towards

shown in Fig. 2. threshold. They agree well with the neutron induced data.
The measured values of total cross sections are plotted Anisotropies f,/A,) obtained from the Legendre poly-

in the upper part of Fig. 3 as a function pftogether with  nomial fits are shown in the lower part of Fig. 3. Other

all data published after 1967, to the best of our knowledgedata presented in the figure are for the same reaction [13],

Data for the same reaction are from Refs. [13] and [14]),

for pion absorption transformed assuming time reversal T
invariance (Refs. [6,8,15—18]) and for+ p — #° + d g
reactions assuming isospin symmetry from Ref. [5]). All 'g
data with two charged particles in the exit channel were 2 10
. g E
corrected for Coulomb effects employing the results of S ]
Reitan [9] which are almost identical feandpwave. The 5
g 1
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FIG. 3. Upper part: Total cross section deduced from the
present measurement for the+ p — 7+ + d reaction (full
dots) as a function of the relative pion momenta. Also
shown are other data for the same reaction (full symbols
[13,14]), pion absorption transformed assuming time reversal
invariance (open symbols [6,8,15-18]), amd- p — 7° + d
reactions assuming isospin symmetry (open star [5]). The
results obtained from the present fits [Eq. (1)] are shown as
22— curves; dashed curve: charged particle reactions witg 0.8
-1.0 -0.5 0.0 0.5 1.0 without the present data; full curve: charged particle reactions
0)) with n» = 0.5 including the present data. Lower part: The

anisotropy deduced from the present experiment is compared
FIG. 2. Measured differential cross sections fgr (pion  with earlier results. Symbols are as in the upper part, additional
momenta divided by the pion rest mass) indicated in the figurelata [19] are shown as hourglasses. The curves are predictions
next to the appropriate data set. The curves show the Legendfeom the barrier penetration model without interferences when
polynomial fits. applying the same parameters as in the upper part.
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from the time reversed reaction [8,18] and the isospiris true for the anisotropies which do not need to be
related reaction [5,19]. It should be mentioned that theCoulomb corrected. Thus these findings are consistent
Coulomb correction applied cancels in this ratio. Thewith isospin symmetry and time-reversal invariance in
presently deduced anisotropies agree with the data in thée pionic sector. The deduceswave contribution to
overlap range indicating again isospin and time reversahe cross section at thresholdds = 0.182 = 0.006 mb.
invariance to hold good. This value is smaller then the so far accepted value of
As stated above old Coulomb corrected data yield val9.27 = 0.04 mb [21] but identical to the one recently
ues ofay = 0.22 = 0.01 mb anda; = 0.79 = 0.0l mb.  found by Hutcheoret al. for the isospin related reaction
The corresponding cross sections are shown as a dashigd. The corresponding value for the wave is a; =
curve in Fig. 3. For this fit all data witlp =< 0.8 were  0.93 = 0.06 mb. The presently measured anisotropies
taken into account. It was found that only two partialare consistent with the barrier penetration model Eq. (1)
waves contribute in this range in agreement with earlieindicating a very smali-wave amplitude in thppchannel.
findings [13,20]. The curve definitely overpredicts theFor largern values there is a notable discrepancy between
present data as well as the+ p — #° + d data. Ifthe data and the model without considering interferences.
present data are added to the data sample, the new fit yieldfiese differences allow the determination of the ratio
ap = 0.195 = 0.003 mb and ay = 0.840 = 0.008 mb.  of the partial wave amplitudes @nd d wave in thepp
However, they? values obtained indicate poor fits. The channel) except for the phases. From presently measured
first fit yields xy?/nie. = 17.4 and the one including anisotropies one can deduce that piewave contribution
the present data?/nre.. = 16.2. Inclusion ofd waves to the cross section is still 30% gt ~ 0.2 and decreases
yields slightly worse fits. Also assuming an energysmoothly to zero towards threshold.
dependence ofay similar to Refs. [21,22] does not  This work was supported in part by BMBF, Germany.
improve the fits significantly. The values contributing
most to the largey? values are those with large
values { > 0.5). When these data are excluded from
the analysis, a value of?/ns.. = 0.9 is obtained for
the data including the present ones with coefficients *Also at National Accelerator Center, Faure, South Africa.
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