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In a complete experiment on the reaction ~H(n, 2u)H we have observed neutron neu-tron
and neutron-proton final-state interactions. The analysis by a three-body calculation
with separable potentials gives a«= —14.5+ 0.8 fm for the So neutron-neutron scattering
length and r~=2.7+ 0.5 fm for the effective range.

During the last years several experiments have
been performed on three-particle reactions with
two neutrons in the final state. The commonly
used formalism to extract the 'So neutron-neutron
scattering length was that of the simple Watson-
Migdal approximation. ~ However, the only infor-
mation from this model is the relative depen-
dence of the breakup amplitude on the internal
energy of a single two-particle subsystem, which
is assumed to dominate the final state. Now ex-
act three-body calculations with separable poten-
tials using integral equations of the Faddeev type
are available. ~3 These calculations include all
the coherent and incoherent breakup amplitudes.
Contrary to the Watson-Migdal model, the three-
body calculations also give absolute values of the
cross section. The results of the kinematically
complete measurement on the reaction 'H(n, 2n)H
presented here were analyzed by both the three-
body calculations described in Ref. 3 and the Wat-
son-Migdal approximation. '

The experiment was performed to improve ear-
lier results from the same reaction' and to ob-
serve simultaneously the neutron-neutron and
neutron-proton pairs at low relative energies in
the final state. This procedure allows the simul-
taneous fit to the ratio of the two differential
cross sections and to the energy dependence of
these along the kinematically allowed curves.
The advantage of this method is that only ratios
of neutron cross sections are needed which in si-
multaneous measurements can be determined
with much higher precision than absolute values.
Though the cross section is actually produced by
many coherent amplitudes, in this paper we still
use the language of the Watson-Migdal model in
order to distinguish between different kinemati-
cal situations in the final states.

The experimental arrangement is shown in Fig.
1. A target of C6D6 was bombarded with 18.4-
MeV neutrons. This target, labeled DO (4x4 cm,
NE 230), served simultaneously as a fast scintil-
lator. The scintillation caused by the proton
from deuteron breakup gave the start signal for
three neutron time-of-flight spectrometers and
the proton energy as an additional kinematic con-
straint. The stop signals came from the neutron
detectors DA, DB, and DC, respectively (Ne 213,
7.5 cm long, 10 cm diam each).

Three triple-coincident spectra were obtained.
DO-DA-DB coincidences correspond to the strong
neutron-neutron final-state interaction because
of the small internal energy of the n-~i pair. DO-
DA -DC and DO-DB-DC coincidences correspond
to the strong neutron-proton final-state interac-
tion because of the small internal energy of the
n-p pair at nearly identical kinematic conditions.
The maximum enhancement from the ~-n final-
state interaction would be obtained by choosing
equal azimuthal angles y& = y~ besides 0& = 0~.
However, this would require the detectors DA
and DB to be placed behind one another without
protective shielding. The curves of relative en-
ergies between the particles strongly interacting
in the final state, E„„and E„~, show minima
which extend down to about 40 keV.

The experiment was performed on line with a
PDP-9 computer. Within 6 weeks of measuring
time a total of 2800 true n;n and 840 true rl, p-
events were collected. Figure 2 shows the two-
dimensional neutron time-of -flight spectrum
which was obtained for the case of the strong neu-
tron-neutron final-state interaction (DO-DA-DB
coincidences). We only present events where the
corresponding proton energies were in the kine-
matically allowed region and where the contents
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FIG. 1. Experimental arrangement. 18.4-MeV neutrons, produced by the reaction H(d, n) He, bombard a scintil-
lator of deuterated benzene, D&. The neutrons from deuteron breakup are detected in BA and DB, DA end Dc, or
BB and DC, respectively.

of the cell were more than one. The solid lines
are the limits of the kinematically allowed region

I'~

in&
FIG. 2. Two-dimensional time-of-Qight spectrum

from the reaction H(n, 2n)H. t„& is the neutron time of
flight between the detectors &0 and D&, t» that be-
tween Do and DB. All cells with more than one event
are presented.

from a Monte Carlo simulation of the experiment.
In order to obtain a one-dimensional represen-

tation of the data, the measured events between
these lines were projected on the curve for a
point geometry. Figure 3(a) shows the resulting
densities of events along the ar,c of this curve.
Figure 3(b) gives the corresponding representa-
tion of the data with strong neutron-proton final-
state interactions (DO DA DC coin-cid-ences).

To analyze the data, the calculated relative
probability of each Monte Carlo event was multi-
plied with the reaction probability from the exact
three-body theory for the corresponding geome-
try and kinematics. Then for both eases the
same projection procedure was carried out for
the simulated data as described above for the
measured data. This was done in the range of
the So neutron-neutron scattering length: a„„
= —8.0 fm to a„„=—24.0 fm and the effective
range between x„„=1.0 fm to x„„=4.0 fm. In a,ll
three-body calculations the triplet and singlet
scattering parameters were kept fixed at the
following values: a„~'= 5.42 fm, x„~'= 1.75 fm,
g„~'= —23.68 fm, and ~„~'=2.67 fm. A simulta-
neous minimum X fit to the two experimental dis-
tributions with the same normalizing factor gave
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FAG. 3. Iiepresentation of (a) the n nfinal-st-ate interaction data and (b) the n Pfina-l-state interaction data, pro-
jected on the kinematically allowed curves for a point geometry, versus the are length along these curves. The
upper solid lines show the theoretical distributions for a~=-14.5 fm and r~=2.7 fm.

a„„=-14.5+0.8 fm and v.„„=2.7 +0.5 fm. The re-
sulting theoretical distributions are the upper
solid curves in Figs. 3(s) and 3(b). The regions
where the curves are dashed were not included in
the analysis, ma, inly because of the uncertainty
of the efficiencies of the neutron detectors for
small neutron energy.

When the shape of the "neutron-neutron data"
[Fig. 3(a)] was fitted alone it was found that this
distribution was practically independent of x„„.
On the other hand the fit to the distribution of the
"neutron-proton data" [Fig. 3(b)] alone showed
sensitivity to x„„but practically not to a„„. The
minimum X' fit to the shape of the distribution of
Fig. 3(a) alone gives a„„=—15.0+0.9 fm.

The result of the analysis of the same data by
Watson-Migdal approximation is a„„=—15.2 +0.9
fm. The difference to the value given earlier
(a„„=—16.0 ~1.0 fm) is due to several improve-
ments in the Monte Garlo simulation of the ex-
periment and the inclusion of higher neutron-neu-
tron relative energies in the analysis. The abso-
lute value of the neutron-neutron scattering length
obtained from our analysis by the three-body cal-
culation is about 1.5 fm smaller than the weighted
mean of the results from the experiments ana-
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lyzed with a Watson-Migdal or Born approxima-
tion and the overlap of the mean statistical er-
rors is poor.

Details of the application of the three-body cal-
culation and a comparison with the results from
other experiments will be published elsewhere.
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