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Total and Differential Cross Sections for x+ +d = p+ p below 21 MeV
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Absolute total and diAerential cross sections for the reaction z++d p+p have been measured for
pion energies from 3.7 to 20.5 MeV. Evidence for p-wave strength was observed for all energies. Using
detailed balance and corrections for Coulomb efTects, the measured diAerential and total cross sections
were found to be consistent with recent measurements for the reaction n+p d+z, off'ering no evi-
dence for charge-independence breaking. The measured total cross sections for energies below 30 MeV
are in disagreement with predictions by Blankleider and by Vogelzang, Bakker, and Boersma.

PACS numbers: 25.80.Ls, 25. 10.+s

The reaction zNN NN is of fundamental signifi-
cance in nuclear physics inasmuch as the long-range
component of the nucleon-nucleon interaction is mediat-
ed by the production and absorption of virtual pions.
While high-quality data exist for the total and
diA'erential cross sections for energies above 19 MeV, the
only published data for the z + +d p+ p reaction
below 19 MeV are the total cross sections measured by
Rose' using a bubble chamber. So few events were ob-
served that the errors on the total cross sections were
large, the smallest being approximately 8%. No
diflerential cross sections have been published. The lack
of data is mainly due to the difhculty in developing pion
beams with sufficient purity and intensity at these low

energies.
Recently, data taken at TRIUMF by Hutcheon et al.

were published for the reaction n+ p d+ z, which
can be related to z++d p+p by detailed balance and
charge independence. Their measurements of the total
and diAerential cross sections, normalized by phase-shift
predictions for the np pn cross sections measured
simultaneously, correspond to measurements with in-

cident pion energies from less than 1 to 7 MeV. Their
results generally indicated that Rose's measurements ap-
peared to be high, but no conclusions concerning
charge-independence breaking were made due to the
large uncertainties in Rose s data. The Ritchie et al.
z++d p+p measurements above 19 MeV have
much smaller uncertainties than the Rose measurements,
but the 12-MeV gap between the TRIUMF work and
those cross sections occurs where the cross section should
reach a minimum, so determining the consistency of the
two data sets is di%cult. The new TRIUMF diAerential
cross sections also indicated that the angular distribu-
tions remained anisotropic even at the lowest energy.

We report here the results of measurements of the to-
tal and diff'erential cross sections for n++d p+p for
energies from 3.7 to 20.5 MeV based on absolute mea-

surements of the beam flux, removing the necessity of
normalizing to some other reaction, as was the case in
Ref. 2. The salient aspects of the experimental pro-
cedure are reviewed here; a more detailed discussion ap-
pears elsewhere. The experiment was performed at the
low-energy pion channel at the Clinton P. Anderson
Meson Physics Facility using pion beams with energies
at the center of the target of 3.7, 5.0, 9.6, 15 ~ 2, and 20.5
MeV. The purity of the pion beam was enhanced by the
use of a crossed electric- and magnetic-field velocity
filter 1.5 m in length, which separated pions from the
muons and electrons. The energies of 3.7 and 5.0 MeV
were obtained with the 9.6-MeV beam by inserting
graphite and aluminum degraders directly in front of the
target.

A deuterated scintillator 0.119+ 0.001 cm thick
wrapped in 0.0254-cm-thick aluminum foil was used
both as the target and to count the beam particles. As-
sayed by infrared and nuclear-magnetic-resonance tech-
niques, the deuteron areal density was (5.57 ~ 0.12)
X10 ' deuterons/cm . Pulse-height sampling was used
to continuously monitor the beam composition during
data collection and to determine the pion fraction of the
beam, which ranged from 0.49 at the lowest energy to
0.69 at 20.5 MeV. The uncertainties in the determined
pion fractions, generally less than 4%, are entirely due to
uncertainties in the shape of the pulse-height distribu-
tions associated with the electrons, muons, and pions.

The incident beam flux was adjusted to limit the in-
stantaneous rates in the target scintillator to under 10 /s
to minimize pileup. Dead-time corrections were made by
means of four separate scalers fed with discriminator
logic signals with widths of 15, 40, 60, and 100 ns. Ex-
trapolation of the sealer values to 0 ns eA'ective width
yielded the value of the beam flux with uncertainties
much smaller than the uncertainty in the pion fraction.
At 3.7 MeV the extrapolation included an exponential
term to account for double counting of pions that
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TABLE I. Parametrization of diA'erentia1 cross sections
measured in this experiment as described in the text. T is the
mean pion beam energy; the standard deviation for the beam
energy distribution is given in parentheses. Statistical uncer-
tainties for ao, a2, and I are given in parentheses. Uncertain-
ties for the total cross sections (T are given in parentheses and
include normalization and systematic uncertainties.

T
(MeV)

3.7(»)
5.0(8)
9.6 (4)

1S.2(3)
20.5 (5)

(mb/sr)

0.62(7)
0.68 (3)
0.62(3)
O.67(2)
0.79 (4)

(mb/sr)

0.19(12)
O. 24(7)
o.22(s)
o.s1(4)
o.s2(8)

1 =ay/ao

O.31(22)
0.35(12)
O. 36(9)
O.77(7)
0.66 (12)

tot
(mb)

3.9 (5)
4.3(2)
3.9(2)
4.19(1S)
4.9(3)

stopped in the target, with the decay muon producing a
second count; This fraction was determined to be (11.4
~0.2)%; a correction was made for the shorter path
length in the target based on computer simulations
which resulted in a 1% effect in the cross-section results.

The two reaction-product protons were detected in

coincidence with three pairs of the plastic-scintillator
F. -BE telescopes described in Ref. 3. The solid angles,
determined entirely by the hE counter on one member of
each pair, were 9.95+ 0.03, 9.20~0.03, and 9.17 ~ 0.03
msr. The energy resolution of the telescopes was more
than adequate to separate the deuterium events from the
carbon-absorption events; the background from the latter
was determined to be negligible near the deuteron peak.
Corrections measured previously for nuclear interac-
tions of the protons in the detector material were ap-
plied; these varied from 4% to 23% with absolute uncer-
tainties of less than 1%. At most energies, several con-
figurations of the detectors were used to provide checks

on systematic errors or to increase angular coverage.
The measured center-of-mass differential cross sec-

tions, presented elsewhere, were fitted using the form
do'/d0 =aoPo(cos(8, ))+a2J 2(cos(8, )). The pa-
rameters obtained are presented in Table I. Even at 3.7
MeV, the cross sections remain anisotropic, consistent
with the findings of Ref. 2, though the uncertainty in a2
measured here is large. Using this form to fit the angu-
lar distributions, the total cross section is equal to 2zao,
these are also given in Table I. The total cross sections
are compared to the data of Rose and of Ritchie et ai. in

Fig. 1. Although Rose's large uncertainties overlap our
measurements, the tota1 cross sections determined here
have much smaller uncertainties. The results at 20.5
MeV for both the total and diA'erential cross sections are
also slightly higher than the measurements of Ref. 3, but
are nearly within uncertainties.

With appropriate Coulomb corrections and the appli-
cation of the principle of detailed balance, the total and
differential cross sections obtained here can be compared
to the TRIUMF results for n+ p d+ ~ . The
Coulomb corrections, calculated by Reitan, range from
4. 1% at 20.5 MeV to 9.7% at 3.7 MeV, and represent a
source of uncertainty in assessing the level of charge-
independence breaking for these reactions. Our Cou-
lomb-corrected cross sections agree within errors with
the n+p d+z measurements, as seen in Fig. 2. The
two sets provide a precise determination of the energy
dependence for energies from threshold to 20 MeV.

The data shown in Fig. 2, which includes the results of
Refs. 2 and 3, were fitted by the Gell-Mann and Wat-
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FIG. 1. Total cross sections for z++d p+p measured in

this work and from Refs. 1 and 3.

FIG. 2. Total cross sections for z++d p+p measured in

this work and in Ref. 3, and those for n+ p d+ z reported
in Ref. 2. The cross sections for x++d p+p have been
corrected for Coulomb eFects using the calculations of Ref. 7.
Also shown are predictions from Refs. 10 and 11, as discussed
in the text.
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son threshold formula, crp~, d =ari+ pri . The values
a =174~ 3 and P =982 ~ 38 pb were obtained with a
reduced g per degree of freedom of 1.2. The value for P
is in excellent agreement with the predictions of the
coupled-channels Faddeev-type treatment of Blankleid-
er, who found P to be approximately constant with ener-

gy at approximately 1000 pb. The value obtained for e
in those calculations was energy dependent, decreasing
rapidly with energy from 140 pb near threshold. The a
and P values obtained in this analysis disagree outside
quoted uncertainties with those obtained from the TRI-
UMF data alone, a=184+'5 and P =781+ 79 pb. The
disagreement in a is probably not significant because of
the large uncertainty in the Coulomb corrections at
lower energies. The disagreement in P is probably due to
the larger energy range covered in our fit, as well as to
the shortcomings of extrapolating the threshold formula
to higher energies.

Estimating the degree of charge-independence break-
ing requires a detailed model for predicting the cross sec-
tions for the two reactions. A simple estimate can be
made, however, by fitting the Gell-Mann and Watson
formula separately to the Coulomb-corrected cross sec-
tions obtained here and those obtained in Ref. 2. The a
values agree within the 9.3% uncertainty in the fit to the
data; we thus infer that there is no charge-independence
breaking demonstrated above the 10% level.

Also shown in Fig. 2 are predictions for the total cross
sections by Blankleider and Afnan ' and Vogelzang,
Bakker, and Boersma, ' ' an example of approaches based
on perturbation theory; their "standard 1" (VBB1 ) and
"standard 3" (VBB3) calculations are used for compar-
ison here. No Coulomb corrections have been applied to
the calculations, which did not explicitly include
Coulomb efrects. ' ' It is seen in Fig. 2 that neither of
these calculations provides a successful quantitative
description of the energy dependence of the total cross
section. While VBB3 describes well the cross sections
observed in Ref. 2, as noted there, as well as our data
below 10 MeV, it consistently underestimates our data
above 10 MeV, as well as the data of Ref. 3. VBB1,
which was very successful at energies above 20 MeV,
also falls well below our data.

As noted in Ref. 2, at low energies the ratio I =aq/ao,
given in Table I, is also equal to R/(1+R), where R is
the ratio of the p-wave to s-wave strength. The values of
I obtained from our data without Coulomb correction
should be directly comparable to the results of the TRI-
UMF data since the Reitan calculations indicate that the
s- and p-wave corrections are nearly identical. While the
absolute normalization uncertainties cancel in I, the sta-
tistical errors in ao and a2 result in considerable uncer-
tainty in the ratios, as seen in Fig. 3. Our results agree
within uncertainties with the new TRIUMF measure-
ments as well as with Ref. 3. Though the ratio is known
far too poorly in the energy range of this study to make
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FIG. 3. a2/ao ratios for the data reported here and in Refs.
2 and 3. The curves shown are from calculations by Blankleid-
er in Ref. 9 (solid) and by Vogelzang, Bakker, and Boersma
(VBB3) in Ref. 11 (dashed).

'C. M. Rose, Phys. Rev. 154, 1305 (1967).
2D. A. Hutcheon et al. , Phys. Rev. Lett. 64, 176 (1990).
3B. G. Ritchie et al. , Phys. Rev. C 24, 552 (1981).
4B. G. Ritchie et al. (to be published). Tables of cross sec-

tions may be obtained upon request to the authors.
~R. L. Burman et al. , Nucl. Instrum. Methods 131, 29

conclusive comparisons with the predictions of Refs. 9
and 11, the entire data set shown in Fig. 3 indicates that
VBB3 is more successful in describing the ratio.

In conclusion, absolute measurements of the total and
diA'erential cross sections for the reaction z++d p+p
at energies below 21 MeV have been made to typical ac-
curacies of about 5%. Some p-wave strength appears to
exist even at 3.7 MeV, consistent with similar observa-
tions by Hutcheon et al. The Coulomb corrections of
Reitan bring the two sets into excellent agreement, so
that within the measurement uncertainties there is no
evidence of charge-independence breaking in the zNN

NN reaction at very low energies. Both the Faddeev
and perturbation-theory predictions typified by Refs.
9-11 fare poorly when compared with the measurements
reported here and in Refs. 2 and 3. Our data and those
of Hutcheon et al. together provide an accurate deter-
mination of. the energy dependence of the total and
difterential cross sections from threshold up to about 20
MeV, where earlier sets of high-accuracy data begin.
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