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Measurement of the neutron-neutron scattering length ap,
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The neutron-neutron scattering length a,, is determined from the low energy part of the neutron
spectrum of the reaction #~d—>nny with pions at rest. Since neutrons are detected in coincidence
with the photon, the kinematics is completely determined. We obtain a,,=—18.7+0.6 fm, in
agreement with a result of a previous experiment based on the analysis the photon spectrum.

I. INTRODUCTION

Since 1954, when Phillips and Crowe' performed the
first measurement of the reaction #~d—nny and demon-
strated that the neutron-neutron interaction at low ener-
gies is attractive and a bound dineutron does not exist, the
determination of the low energy neutron-neutron scatter-
ing parameters continues to be a controversial and debated
issue. The controversy arises from the observation that
the analysis of the four most recent kinematically com-
plete experiments for the deuteron breakup process
nd—pnn yields an average value of a,,=—16.8+0.4
fm,>~> while our own, hitherto most precise experiment
on m~d—nny, yielded a,, = —18.5+0.4 fm.® The debate
centers on the difference between a,, and the Coulomb
corrected proton-proton scattering length ap,. Such a
difference would, of course, signal charge symmetry viola-
tion, which is expected on the basis of p-w mixing’ or,
more fundamentally, on the basis of the mass difference
between the u and d quarks® and appears also in the *H-
3He binding energy difference. A typical prediction is
|app | — |@pn | =—0.9 fm,” which is supported experi-
mentally by our measurement of a,, and the “recom-
mended” value of a,,=17.3+0.2 fm,’ but in disagree-
ment with the nd— pnn value.

Further points which have stimulated the discussion are
the following:

(i) There is a significant difference between the average
value of a,, taken from kinematically complete experi-
ments for nd—pnn and other reactions involving three
hadrons in the final state such as *Hd—’Henn or
SHt—*Henn (a@,,=—16 to —17 fm) or from the
kinematically incomplete experiments (@,,=—18 to —24
fm).

(ii) There is a difference between neutron pick-up
(@pn=—16.7£0.5 fm) and proton knock-on processes
(@pn = —20.7%2.0 fm) studied in different kinematical re-
gions of nd— pnn.

(iii) The latter difference is interpreted as evidence for
three body forces,'® which, in turn, would also resolve the
discrepancy between the 7~ d—nny, and nd—pnn data,
i.e., only #~d—nny yields a,, directly.

(iv) Though the reaction 7~ d—nny seems clearly pre-
ferred since only a photon is present with the two neu-
trons in the final state, a measurement of the photon spec-
trum, as in our previous experiment, does not completely
determine the kinematical situation.

(v) In radiative pion capture the consequences of the
various assumptions entering the theoretical model needed
to extract a,, from the data were evaluated and the uncer-
tainty is included in the error quoted,® while this was not
done for the hadronic reactions.

(vi) The only other w~d—nny experiment'' with a
reasonably small error in the result obtained
apyn=—16.711.3 fm from an analysis of the nn-angular
correlation and the neutron energy spectrum taken in
coincidence with a photon.

Though we felt that we had convincingly argued in
favor of using 7~ d—nny over purely hadronic reactions,
if the nn-scattering parameters are to be determined, and
furthermore our previous experimental result properly de-
fended, we could not resist trying the alternative approach
to a precise measurement of the photon spectrum as
pioneered by Haddock et al.'"'? We report here a mea-
surement of the neutron spectrum taken in coincidence
with a photon. The analysis of this spectrum yields
apn=—18.740.6 fm and thus clearly supports our previ-
ous result from the photon spectrum.

The essential difference between the two methods can
be illustrated with the help of Fig. 1, where kinematical
contours are plotted for neutron versus photon energy.
Though the photon energy (k) is uniquely related to the
relative momentum of the two neutrons in their center-
of-mass system (p), the most relevant range for the deter-
mination of a,, (p <25 MeV/c) is compressed into the
last 0.62 MeV of the photon spectrum below the endpoint,
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FIG. 1. Kinematical regions accepted by this experiment.

The scatter plot shows Monte Carlo generated events accepted
by the pair spectrometer (resolution 720 keV FWHM) and the
corresponding time of flight of the coincident neutron.
Kinematical loci for different photon-neutron angles are also
shown.

as is evident from the relation
pl=m,(Q —k)—k?/4,
Q=m,—(m,—m,)—By3=136.05 MeV .

As we showed in our earlier paper, if a,, is to be deter-
mined from the photon spectrum, one needs excellent en-
ergy resolution, a precise knowledge of the response func-
tion, and good stability of this response. On the other
hand, for a coincidence experiment, if one restricts the
photon-neutron angles to small values near back to back
emission, neutrons with energies between 1.5 and 4.0 MeV
all fall into the interesting region. Thus a moderate time-
of-flight resolution and typical angular resolution suffice
to give high resolution on the computed photon energy.
Under the experimental conditions reported below, we ob-
tained an equivalent photon energy resolution of 80 keV
[full width at half maximum (FWHM)] compared to 720
keV (FWHM) with our earlier pair spectrometer measure-
ment. This apparent advantage, however, is more than
outweighed by the difficulties arising from the neutron
detection. An accurately measured neutron counter effi-
ciency is needed for low neutron energies. In addition,
high background levels appear because of the low counter
detection thresholds. These difficulties are clearly re-
ferred to and described in detail in the work of Haddock
et al.'>'2 A rapid variation or large uncertainty of the
neutron counter response in the range of 1.5—3.0 MeV
neutron kinetic energy would cause a serious problem be-
cause the enhancement in the neutron spectrum due to the
n-n—final state interaction is centered around 2.2 MeV.
Figure 2 shows the sensitivity to a,, in the region. Thus
our present result must be viewed as a check of the
7~ d—nny technique for the extraction of a,, with a
completely different experimental setup and, consequent-
ly, with systematic errors which are drastically different
from our previous experiment.
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FIG. 2. Monte Carlo generated time-of-flight spectrum for
events accepted within our apparatus for two different values of
the neutron-neutron scattering length. The dashed curve shows
the spectrum without final state interaction.

II. EXPERIMENTAL DETAILS

The experiment was carried out in the wE1 area of the
SIN meson factory. A pion beam of 220 MeV/c momen-
tum was brought to rest after proper degradation in a 8
cm long liquid deuterium target with a diameter of 6 cm.
Photons from pion capture in deuterium were detected in
either a pair spectrometer or an array of lead-glass
Cerenkov counters, as shown in Fig. 3. The pair spec-
trometer, which has been described in detail elsewhere,® 13
exhibits a resolution of 720 keV at the photon energy of
the 129.4 MeV calibration line from the reaction
7~ p—ny with pions at rest. Its acceptance is 2.66x 107>
with a 2.5% radiation length gold converter. The lead-
glass detector consists of 49 modules, each with dimen-
sions 5.5%5.5X 11 cm® and was placed 385 cm from the
target. This detector has also been described previously.'*
It has an energy resolution AE /E of 50%, a measured ef-
ficiency of 83% at 130 MeV, and thus an overall accep-
tance of 6.6 10*. Both detectors are insensitive to neu-
trons; charged particles are vetoed by scintillation
counters covering their front. The pair spectrometer pro-
vides sufficient information so that one can reconstruct
the origin of the photon in the target-beam plane and thus
reject background from the beam defining scintillators
and the target walls. For the lead-glass detector data this
contribution has to be obtained from empty target data.

A double layer of ten plastic scintillators (NE110) with
dimensions 10X 100X 5 cm® was used as the neutron
detector. Each bar is viewed by a photomultiplier tube on
each end so that the vertical position of the neutron can
be determined from the time difference (3.5 cm FWHM);
the average flight time with respect to the pion arriving in
the target can be measured with the sum of the photomul-
tiplier signals (2 ns FWHM). The procedures necessary to
set and maintain a constant detector threshold have been
described by Tran et al.'* These methods rely on '*’Cs,
88y, and *°Co ¥ sources and the known conversion of pho-
ton to proton light yields. We set the threshold at 540+ 70
keV proton energy. The neutron counter efficiency curve
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FIG. 3. Experimental setup used at SIN. Only the boundaries of the magnetic field region of the pair spectrometer are shown; the

yoke is omitted.

is given in Fig. 4. It was determined in a separate experi-
ment at the Lausanne University neutron generator.!® A
neutron beam of 2.6 MeV (14.1 MeV) was defined by
detecting the *He (*He) recoil nuclei from the reactions
d(d,n)*He [t(dn,n)*He] with 150 keV deuterons produced
in a Van de Graaff accelerator. Subjecting the neutrons to
a single scattering on free protons in a scintillator, the re-
gion between 0.5 and 2.2 MeV (4 and 8 MeV) was also
covered. In this case the pulse height in the scintillator
ensures scattering on free protons, while the time of flight
and the scattering angle determine the neutron energy.
The flux is obtained from the number of recoils and the
known n-p cross section at low energy. A Monte Carlo
program accounted for the number of neutrons scattered

{ SIN
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FIG. 4. Neutron counter efficiency vs neutron energy. The
circular data points were measured with the Lausanne neutron
generator; the triangular data points were obtained with pion
capture in hydrogen and deuterium at SIN (see text). The solid
curve represents a polynominal fit to the data points used in the
analysis, whereas the dashed-dotted curve includes a correction
for neutron scattering in the counters (see text).

out of the acceptance. Comparing the number of incident
neutrons predicted by the Monte Carlo program to those
actually detected gives the neutron counter efficiency.
Another point on the efficiency curve was obtained using
the 7~ p—ny reaction, where an 8.8 MeV neutron can be
tagged with the 129.4 MeV photon detected in the pair
spectrometer. Three further points were determined from
the two neutron events for 7~d—nny reaction; these will
be explained below. In the 7~ p-—ny case the number of
detected neutrons was corrected for the probability that
the neutron interacts in the hydrogen target or its walls
(17%).

In Fig. 5 we show the raw neutron time-of-flight spec-
trum taken in coincidence with a photon detected in the
pair spectrometer. It comprises the data of 66 h of run-
ning time with a primary beam intensity of 3 10® 7~ /s.
The hardware trigger in this run was given by the pair
spectrometer only. In the analysis first all events with a
photon reconstructed from multiwire proportional
chamber data (see Refs. 6 and 13) were selected. The his-
togram of Fig. 5 then contains only the fraction, where a
single neutron was detected in one of the front row neu-
tron detectors with a time of flight within a 400 ns wide
time window and valid neutron counter pulse height in-
formation. Only the first layer of the neutron detector
was considered, because the scattering corrections of the
first layer introduce too large an uncertainty for the treat-
ment of the second layer data.

The time-of-flight window extends to unphysical times,
i.e., flight times faster than valid for a photon and slower
than valid for the lowest energy detectable neutrons. It is
from these regions that the random background extending
into the signal region is determined. This background has
a time independent component from accelerator induced,
but nonlocalizable background sources and a component
from the degrader and the target correlated with the 50
MHz microstructure of the beam, i.e., a 20 ns repetition
time. The data for the lead-glass detector were taken with
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FIG. 5. Raw neutron time-of-flight spectrum taken in coin-
cidence with a photon in the pair spectrometer. The dashed
curves show the contribution from random coincidences deter-
mined from the data below O and above 240 ns neutron time of
flight. The structure in the random contributions reflects the 50
MHz rf of the SIN accelerator (separation between consecutive
beam bursts 20 ns).

a lower pion intensity (7x10° s~!) and during a period
when the SIN accelerator ran with a 60 ns repetition cy-
cle. The random background for these data was therefore
about a factor of 2 smaller. Otherwise the neutron data
were treated the same way.

The fact that we required only one neutron counter
present in the coincidence leads to a small correction of
the efficiency curve shown in Fig. 4, because when a neu-
tron scatters from one detector into another with recoil
protons detected in both the event is rejected. Below 1.6
MeV these cases are not detected, because the detector
threshold is too high. At higher energies, the scattering of
the neutrons from one detector to another can be account-
ed for by looking at those events in which the time-of-
flight information of two counters is the same. These
events form the majority of the two neutron events and
are easily distinguishable from the two other contributions
appearing in a two dimensional histogram of ¢, (time of
flight in the first counter) vs ¢, (second counter). The
band of the two neutron events from =~ d—nny
(t;+1t,=2t;=296 ns) crosses the double scattering band
(t;=t,;) perpendicular near t, =t,=t,, while the random
two neutron events contribute a small background spread
evenly over the whole histogram. Due to the energy
dependence of the correction and due to differences in the
amount of background encountered from one run to
another, we first calculated a global efficiency, including
those events which involve scattering and then determined
a correction to this efficiency from the collected data
themselves. Results are shown in Fig. 4 (dashed-dotted
curve). A check of this correction is given by the 8.8
MeV point (neutrons from the reaction 7~ p—ny), which
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was obtained rejecting events with more than one neutron
counter firing. The background conditions for this point
were nearly identical to the running conditions of the
7~ d—nny experiment.

After background subtraction, 40000 (90000) events
remain from the pair spectrometer (lead-glass) data sam-
ple, which were compared to the theoretical models for
the extraction of a,.

The small sample of true two neutron events (600 with
a separation of at least one counter in between), however,
allowed an autocalibration of the neutron counter efficien-
cy. Since the direction and energy of one neutron deter-
mine the kinematics completely, the three-momentum of
the second neutron can be predicted. The observed fre-
quency distribution can be compared to the expected one
taking into account neutron scattering in the target, there-
by yielding the efficiency. The photon energy has been
used to eliminate a large fraction of the random coin-
cidences with a cut on the reconstructed Q value. Due to
the limited statistics the data had to be grouped into three
time intervals (90—135 ns, 2.6—6.0 MeV; 135—170 ns,
1.6—2.6 MeV; 170—220 ns, 1.0—1.6 MeV) with typical er-
rors on the efficiency between 10% and 20%. These are
plotted as triangles in Fig. 4.

III. ANALYSIS AND RESULTS

In our previous paper we discussed in detail the similar-
ities and differences between the various theoretical treat-
ments'®~2! of the reaction 7~d—nny. In particular, we
have shown that all the corrections from higher partial
waves, pion rescattering, etc., which are important at
lower photon energies and higher relative neutron-neutron
momenta, are negligible, if one limits the analysis to ener-
gies above 130 MeV (p <35 MeV/c). Here only a,,
determines the shape of the spectrum. This is why we
determined a,, from a fit to the time-of-flight spectrum
in the range 100—179 ns. The upper limit was chosen to
avoid the region where the neutron counter efficiency
varies rapidly. The particular theoretical ansatz used in
the Monte Carlo simulation is due to de Téramond,?° with
a deuteron wave function determined from Reid soft-core
potentials and a Yamaguchi parametrization of the n-
n—{final state interaction. Event sets generated for dif-
ferent values of a,, are subjected to the geometrical ac-
ceptances of the relevant detector setup, multiplied by the
neutron counter efficiency, and finally the time of flight is
smeared with the experimental resolution. Furthermore,
the tiny variation of the pair spectrometer acceptance
with energy®!?® is considered as well as neutron scattering
in the target. The latter effect is important. Typically
20% of all neutrons scatter at least once. However, since
about 6 times as many neutrons are removed from the
solid angle of the detector than are scattered into it, only
3% of the events in the spectrum arise from single
scattering. However, if this effect is neglected, the result
for a,, would be altered by 2 fm.

Figures 6 and 7 show the time-of-flight spectra and the
curves obtained from a fit of the Monte Carlo simulation
to the data. Figure 6 includes all events from both data
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FIG. 6. Corrected neutron time-of-flight spectra (random coincidences eliminated) taken in coincidence with a photon in the pair
spectrometer (left) and the lead-glass Cerenkov detector (right). The solid curves show the best fit to the data (in the region between
the vertical lines) corresponding to a,, = —18.4+0.8 fm (left) and a,,= —18.8+0.5 fm (right ).

sets, while the pair spectrometer data in Fig. 7 are subject-
ed to a further cut on the measured photon energy. Only
events above 130 MeV are included. This cut has no ef-
fect on the result from a,,, except on the statistical error.
The results are summarized in Table I. The principal
contribution to the error is of statistical nature. The most
important error source on the experimental side is the
neutron counter response. The errors given correspond to
a different parametrization of the efficiency curve that in-
creases the chi square by one unit. Similarly, the error of
the random background subtraction was included. The
influence of the detector threshold was determined from a
Monte Carlo simulation of the neutron counter efficien-
cy. 1S

The theoretical uncertainties are given to indicate the
sensitivity only. The error of 0.24 fm for pion rescatter-
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FIG. 7. Neutron time-of-flight spectrum taken in coincidence
with a photon in the pair spectrometer with a measured energy
above 130 MeV. The dashed line represents the fit to the data
with g, = —18.3+1.1 fm.

ing corresponds to the change obtained in a,,, if pion re-
scattering is completely neglected. Since the different
theoretical treatments are in good agreement with each
other, however (see Ref. 6), the true uncertainty is more
likely to be around 0.05 fm. Similarly, the sensitivity to
the deuteron d-state admixture given in Table I corre-
spond to the case where no d state is retained. In our cal-
culation we use 7% d state. Typically, the d-state contri-
bution for alternative deuteron wave functions varies by
+2% around this value. Hence, again, a negligible error
arises from this quantity. An uncertainty of 0.02 fm was
obtained for the shape of the deuteron wave function from
a comparison of the two parametrizations Reid soft core??
and McGee.?*

Since the two data sets are statistically independent, we

TABLE 1. Summary of results.

Data set a,, (fm) X?/np
Pair spectrometer —18.4+0.8 1.1
(statistical)
Lead-glass array —18.8+0.5 1.1
(statistical)
Final result® —18.7+£0.6
Systematic errors Aa,, (fm)
Shape of neutron counter
efficiency curve 0.26
Threshold setting (+70 keV) 0.20
Absolute time of flight (+0.5 ns) 0.12
Subtraction of background 0.16
Geometrical acceptance (y) 0.10
Theoretical uncertainties Aa,, (fm)
Pion rescattering 0.24
Deuteron d state 0.30

aWeighted mean of two data sets (statistically), systematic ef-
fects, and theoretical errors added in quadrature.
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quote the mean value of a,,=—18.7+0.6 fm as our final
result. The statistical error of the mean has been in-
creased by adding in quadrature the systematic errors,
which are identical for both data sets.
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