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Identification and Analysis of the np = drl Cross Section near Threshold
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It is demonstrated that existing np dX data show a strong signal for the two-body reaction np dg
near its threshold. The cross section is much larger than that for the analogous x threshold production,
but is in accord with a model where production is dominated by the S~~ 1V (1535) resonance. The
Abashian-Booth-Crowe enhancement Spic is a prominent feature of the data. It is shown that the
np dX+QQ process at 1.9 GeV/c, which contains most of the 2tt production, is almost isotropic, in con-
trast to theoretical models.

PACS numbers: 25. 10.+s, 13.75.—n, 25.40.Ve

Pion absorption and production in nuclei has been ex-
tensively investigated and most theoretical models have
been tested in the simplest such process pp tr+d.
Though the z is the lightest hadron, x% interactions are
rather weak at low energies, only becoming strong as the
P-wave d, resonance is approached. It is therefore of in-

terest to consider another member of the pseudoscalar-
meson octet, the ri. The field of ri-nucleus physics has
been opened up at LAMPF using tr 3He ri H. ' As
stressed in Ref. 2, the threshold riN system is dominated

by an inelastic S-wave resonance, the S~~ N*(1535).
Thus, in contrast to the tr case, the low-energy ri-nucleus
interaction is very strong.

ri production via dp Heri has been studied at
Saclay with a tensor-polarized deuteron beam. The
most remarkable feature found was that the near-
threshold amplitude is similar in size to that of the
analogous dp Hetro reaction despite the much
greater momentum transfer. Theoretical estimates
suggest that the ri reaction may be dominated by a 3N
mechanism whose eff'ect is nontrivial to evaluate. The
2N sector is naturally much simpler. It is our purpose
here to demonstrate that data on np dri already exist
and to extract the near-threshold cross section.

There is only one threshold np dg amplitude

fnp dn gOpn
' &3 &

where go is the isoscalar threshold amplitude, p„ the
neutron center-of-mass (c.m. ) momentum, and eq the
deuteron polarization vector. The integrated cross sec-
tion is

~q ~np dg &pd pn IgOI ~

Although near threshold the deuteron c.m. momentum

pg is small, the laboratory (lab) counting rate is sig-
nificant as the deuterons are confined to a small cone.
This was precisely why dp Hey could be observed
under analogous conditions.

Data were taken over ten years ago on the np dX
reaction at Saturne I at Saclay with a 1.88-GeV/c neu-

tron beam. Figures 1(a)-1(d) display the deuteron
momentutn (pq) spectra at four lab angles, where each
spectrum reffects the superposition of eight different
magnet settings. The neutron momentum p„had a
FWHM of = 135 MeV/c, mostly induced by the deute-
ron Fermi motion (neutrons were produced by stripping
a primary 3.76-GeV/c deuteron beam on an 18-cm
beryllium target). However, the central value is be-
lieved to be correct to ~5 MeV/c. At low pq the
np dtr reaction, with c.m. backward deuterons, is well
resolved in spite of the large p„spread. The peak width
is mainly due to the energy loss in the 10-cm liquid-H2
target. For c.m. forward deuterons, np dtr must con-
tribute to the upper end of the spectrum but the corre-
sponding structure is unresolved, being much more
aff'ected by the beam spread. The Abashian-Booth-
Crowe (ABC) anomaly, an enhancement in the trtr mass
spectrum close to its threshold, ' is clearly in evidence at
both ends of the spectra. Its study was, in fact, the
motivation of the experiment.

An even more prominent structure is the sharp central
peak at 1.5' [Fig. 1(a)]. We contend that this is due to
the np dri reaction. The harder part of the neutron
spectrum extends beyond the tl threshold of 1.976 GeV/
c." In the frame of the primary deuteron, this corre-
sponds to a moderate Fermi motion of =96/y„=43
MeV/c, and almost 10% of neutrons should be above
t 9, 12

However, the best evidence for our hypothesis is that
the peak is centered close to pq =1533 MeV/c, correlat-
ing with q's produced at rest in the c.m. , rather than at
py =1476 MeV/c, corresponding to the maximum miss-
ing mass m, „=513 MeV/c for the nominal beam
momentum. Furthermore, the peak is quite smoothed
out at 6' [Fig. 1(b)], although m, „ is only = 30 MeV/
c smaller. The only singularity which can induce such a
fast variation is that of the g threshold.

An approximate q cross section can be derived analyti-
cally from the data assuming c.m. isotropy near thresh-
old. The rate for point counters should be of the form
da „=(1/4tt) cr„d 0 *P„dp„, with P„ the neutron lab
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d(pd ) /dp = 300 MeV/c, all with smooth dependences
on p„. Hence, d cr„/d nd dpd = 960P„(rT„/pd*). If
rT/pq was constant, the central peak in Fig. 1(a) would

merely reflect the neutron Fermi distribution. With
P„=(1.8 ~0.2) X 10 (MeV/c) ' at threshold, the
signal height of =6 pb/sr(MeV/c) [Fig. 1(a)] would
correspond to cr„/pd* = 3 p b/(MeV/c)

To go further we must model the g, x, and multipion
contributions and then determine their effect at all four
angles simultaneously through a Monte Carlo (MC)
simulation. No coherent kinematical description of the
total widths of the four spectra seems possible as pub-
lished. In fact, the pd values of the raw data for the
largest momentum setting at 12' were smaller by = 60
MeV/c. Using the raw data we could restore consistency
at the price of a = 1.5' angular shift (perhaps due to an
error in the stray-field evaluation). For the neutron
beam, we used a P„distribution deduced from the Paris
wave function' since at high momenta direct measure-
ments are not precise enough.

At all four angles the rr 's and also the 2rr threshold
are distinctly seen at low pd. This means that, within a
given angular bin for this kinematic region, the correla-
tion between pp and m~ is not washed out by the mea-
surement errors; the variation of m~ with p„ is, in fact,
negligible here. Direct evaluation of the cross section for
these low m~ would be possible. However, in order to
describe the whole pd spectra, we choose to postulate
empirical production laws, with free parameters to be
fitted against the overall data.

For the rr we used cross sections deduced from n+d
pp. ' For the ABC anomaly ' XApc we used a sim-

ple parametrization, hinted at by the data, of the type
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(Mev/c)

. . . . . , . . . .. , . . .. ... , .. . ,4
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with @2, the Lorentz-invariant rrn'd phase space, p the
n momentum in the xx system, and aApc a free parame-
ter. The MC trial procedure yielded

momentum probability. Hence

dG'yI = Pn 2
d pd

1 pn 3 g ~yl

2Ã d pd pd

and, with the Lorentz factor y, in the lab

d o„ 1 ) dp„cr„
d Qd dpd 2ry d(p~ ) pd*

(3)

At the q threshold, y=1.29, pd =1530 MeV/c, and

FIG. 1. Differential cross section of np dX at a central
neutron momentum of 1.88 GeV/c. The shaded areas corre-
spond to the MC simulations of the g, xx, and xxx contribu-
tions according to the parametrizations de6ned in the text.
The x production is taken from the charge-related data of
Ref. 13.

aABc 60 ~ 10 MeV/c. (6)

The MC simulation describes the data over a much wid-

er domain than could have been expected on the basis of
the isorropic ansatz. At all four angles [Figs. 1(a)-
1(d)] it reproduces well the heights and widths of both
the low- and high-momentum ABC peaks. At 1.5' the
relation between the low- and high-momentum ABC
peaks follows mainly from charge symmetry, but this is
far less relevant for the larger-angle data. At 12' the
ABC c.m. production angle 8* has typically cos 8
=0.6 for the slow pg peak but cos 8*=0.1 for the fast
one. We have therefore very strong evidence, from both
the four spectra and the relative heights of the slow-to-
fast peaks, that the lo~-mass xx production is isotropic
to within 10%-20%. This is compatible with neither
the double-baryon-excitation model' nor the baryon-
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a„/pd C„S„(pd ) =C„(1+pd /a„) (7)

At 1.5' the multipion effect is well fitted by a straight 3z
phase space,

exchange model' and should provide an important clue
to the dynamical origin of the effect.

In the simplest final-state interaction model, ' the
above value of aAac [Eq. (6)] would correspond to the
very large xm scattering length of 3.3+ 0.6 fm, which is
close to that deduced ' for pd HeXAac from the
original work on the ABC anomaly. ' That is, the shape
of the x~ mass spectrum is similar in pd and np reac-
tions. However, there is no sign of a massive xz scatter-
ing length in the extensive data on the peripheral xp

xirp reaction. '7 The ABC enhancement must there-
fore involve the production dynamics, though we not that
the zx decays of the Y, y, and q' also show strong devia-
tions from phase space to low masses. '

We turn now to the central pd region. Even though a
bump is observed at 6' and persists at 9', there exist too
few fast neutrons in the beam to give rise to any sig-
nificant tl production at these angles. The lack of fast
neutrons also means that the central bump at 1.5' can-
not be uniquely identified with ri production since the
rise begins already at pg =1350 MeV/c [Fig. 1(a)l.
Focusing on 1.5', we have tried different multipion dis-
tributions, enriched at high m~ but with no singularity at
the rl mass. The sharpness of the peak is never repro-
duced and its position is systematically too low in pd.
Therefore, the only realistic hypothesis is that the central
region must be made up of i1 production plus some
multi-z background.

In a form similar to that used in Ref. 4 for dp Hert
near threshold, we take o„as proportional to pd tem-
pered by a shape factor S„,

direct proof that the 3x terms do correspond purely to 3x
production.

Our first attempt at fitting the g on the basis of Eq.
(7) with no shape factor resulted in much too broad a
central peak. The introduction of S„ leads to a good
description of the typical triangular form displayed by
the data. The fit gives

a„=60 ~ 20 Me V/c, (10)

The errors quoted so far are essentially due to the a„-C„
correlation, marginally to the multipion and P„ass mup-

tions, and negligibly to statistics. However, the max-
imum g cross section of Eq. (7) (at pd a„/K3) is much
less affected by the correlation since it depends upon the
product C„a„. We find a„'" 110+20 pb, which is al-
most big enough to be seen in the np total cross section.

There remains some uncertainty associated with the
1.5' shift introduced into the analysis. Without access
to all the original data books, it is impossible to be sure
of the validity of the shift. If one insists on the small-
angle data being 0, then this reduces o.„by a factor of 2
with little change in the other parameters. This ambi-

guity can only be resolved by further experiments.
From Eqs. (2), (7), and (11) it follows that the iso-

scalar threshold amplitude

with negligible infiuence from the shape assumptions
made for the continuuin productions. This is marginally
less than the 80 MeV/c found for pd Herl.

For S„ 1, the fit leads to C„=3 pb/(MeV/c), in

agreement with our simplistic estimate. Since pd values
higher than a„are strongly suppressed by S„, for a„=60
MeV/c the normalization is boosted by =2. The fit
gives

C„=6~ 2 pb/(MeV/c) .

dcr3
C3 4'3F3 ~go[ 0.10~ 0.02 fm (12)

which contributes weakly at other angles. An extra term
with a strong angular dependence is required in order to
keep the 1.5' accord. We choose a form in terms of the
transverse momentum pd& pd* sin8d .

d 0'3~
C3~C 3~pj|. .

dQd dm3„

The fit with the two 3z terms is very satisfactory. How-
ever, we note that the rise from about 3m is not quite
fast enough, as is best demonstrated at 6' by a lack of
MC events for pd-1200 MeV/c.

The first merit of the overall fit, performed simultane-
ously at all four angles, is to show that there exists at
least one solution for the deconvolution of the data set in

terms of meson production. The corresponding total
cross sections o2, a.3, and F3, for neutron momenta
around 1.9 GeV/c, are, respectively, 650, 25, and 70 pb.
Although the quality of the fit is impressive, there is no

Laget and Lecolley considered only one-pion exchange
and their estimate for ~go~ falls well below the value of
Eq. (12). Germond and Wilkin included p exchange
and predict 0.06 ( ~go~ (1.4 fm, where the wide range
is due to uncertainty of the S~~ couplings, especially the
relative x/p sign. Agreement with Eq. (12) is satisfacto-
ry even without the 1.5' shift.

Much uncertainty would be removed by measuring the

g~ amplitude in the isospin-1 channel pp ppri.
'

Despite the x/p sign ambiguity in the Germond-Wilkin
model, if the amplitudes interfere destructively for
np dq then they should be constructive for pp d*q.
Even in this case the cross section is likely to be an order
of magnitude smaller.

We have shown that even with a limited neutron
beam, a fairly precise np drl threshold amplitude
could be extracted from the data. A recent precision
measurement of np dx leads to a threshold coef-
ficient C, a Jpd* =0.66 ~ 0.02 pb j(Me Vjc). Despite
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the lower momentum transfer, this is much smaller than

our value of C„and reinforces the argument of the rela-
tive strength of low-energy ri and tr interactions.

Our large value for go is in good agreement with a
model where the S~~ resonance is excited by a combina-
tion of p and h exchange. Combined with g-h mixing
and the final state it could give rise to significant
charge-symmetry breaking in reactions such as np

Ch . Much intermediate-energy nuclear physics may
be dominated by this resonance.

The np dri reaction could prove to be a source of ri's

for decay studies. Though the yield is much higher than
for dp Herl, neutron beams are less intense and the
main gain is reduction in uncorrelated noise. Further-
more, it would not have the same precision in tagging the
ri's. ' The same drawback exists in quasifree production
via dp (or pd) dp, ri with a spectator proton, unless
the spectator is also detected. A single-arm dp dp, X
experiment was carried out at Saturne I at =3.82
GeV/c. Though a fast rise was observed, the investiga-
tion was not extended to the top of the ri peak.

Another important result is that the reaction np
dXAac is almost isotropic in the c.m. for p„=l.9

GeV/c, which is far above threshold. Its cross section
between the tttt and trtrtr thresholds is 500~ 50 pb, i.e.,
=

& of the multipion production.
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