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Abstrael: Newron-nentron quasilree scattering has heen studied in the deuleron break-up reaction
H(n. nn)p at E, = 14.1 MeV. Two coplianar and symmetric configurations have been investigated
in a kinemalically complete experiment where the delection of the spectator particle was not possihle.
The experimenial cross sections are compared with ““exact’” calculalions derived from Faddeev-type
equations solved with S- and P-wave nticleon-nucleon separable interactions. These calculations
agree both in shape and magnilude with the differential cross seclion for the ¢, = —40, = 40°
configuration (7" = 0). A1, = —8, = 30° (E™" = 180 keV). however, the absolute valuc of
the mcasured ¢ross seclion is too high and an observed siruclure in 1he shape of the differential
cross seclion is in sharp conflict with the now available “cxact™ calculations.

E NUCLEAR REACTION 2H(n, 2n)p. £ = 14.1 McV. measured o(£,, E,. . ;).

1. Introduction

In recent years, the three-nucleon system has been extensively studied both
experimentally and theoretically. One major reason for this development is that,
after the pioneering work of Faddeev '), one can calculate exactly the various
properties of the three-nucleon bound and scattering states if a two-nucleon inter-
action model is given as an input.

The purpose of studying the nucleon-deuteron break-up reaction is essentially
the following:

(i) A systematic analysis of the most important reaction mechanisms, in particular
the well-known final-state interaction (FSI) and quasifree scattering (QFS) processes.

(i) A quantitative comparison between experiment and “exact™ calculations.

(iil) The determination of the nucleon-nucleon low energy scattering parameters.

The nucleon-deuteron system has been studied in many complete experiments
nsing incident protons at energies between 10 and 50 MeV, detecting two particles in
coincidence at a variety of anglés. Kinematically complete neutron-deuteron ex-
periments have been less frequent, suffering from high background rates and low
statistical accuracy. There are over 20 publications which arc speeifically set up to
study p-p or n-p QFS below 50 MeV [ref. 2)]. On the other hand, there is only one
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preliminary measurement in the vicinity of n-n QFS at 14.1 MeV [ref. 3)]. Therefore,
our measurement will be filling an important gap in this domain.

A kinematically complete measurement of the *H(n, nn)p reaction with the
detection of the two outgoing neutrons is very long and difficult to perform, but has
the advaniage of excluding Coulomb interaction. Therefore, low encrgy experimental
cross sections can be compared directly with theorctical predictions based on Faddeev
equations. These theoretical predictions do not take thc Coulomb intcraction
rigorously into account and most of them are restricted to S-wave nuclcon-nucleon
interactions.

Our purpose in this paper is (o show that a neutron-neutron quasifree scattering
experiment is technically feasible. The results are compared with several recent models
bascd on “exact” solutions of Faddcev equations. We have measured the fivefold
diffcrential cross section for the *H(n, nn)p reaction at two different symmetric
kinematical configurations enhancing neutron-neutron quasi-free scattering. The
first configuration, , = —@, = 40°, coiresponds to a zero minimum energy of
the spectator proton (exact QFS point) and the second one, 8, = -0, = 40°
(E, = 180 keV), corresponds 1o the configuration chosen by Slaus er af. %) in their
preliminary measurement,

In sect. 2, we describe the kirrematics of the experiment and the calculations based
on Faddeev-like equations. Sect. 3 is devoled 1o the description of the experimental
procedure and data analysis. Finally, conclusions are drawn in sect. 4.

2. Theory
2.1. KINEMATICS

The three momenta of the final state bodies in the reaction a+b — 1 4243 arc
constrained by the kinematic equations of conservation of energy and momentum.
If each body is parametrized by three variables, namely two angles and the kinetic
cnergy, and provided the initial state is completely known, the number of degrees of
frecdom in the final state is reduced to five. In the present experiment, these variables
are determined as follows. Two particles are detected in two fixed dircctions char-
acterized by two polar and azimuthal angles (8,, ¢,. 05, ¢r;) and the energy of each
one (£, and E,) isdetermined. The knowledge of six parameters with the simultancous
detection of £, and E, constitutes a useful basis for eliminating background events.

2.2, DYNAMICS

The fivefold differential cross section for a three-particle reaction, in the casc of a
target particle b at rest, can be written in the Jab system in the following way %):

d’o _ 2mm,

= Uy |*p(E,).
dQldQZdE‘]_ kﬂ I Onl p( ]).




?H(n, nn)p i
where p(E|) 1s the phase-space faclor given by

mlﬁ?y’qkﬁ
H{(my+ ma)fmy) k,+k cos 0, —k, cosf),)

PE) =

The quantities my; and hk; are the mass and momentum of particle £, and 4, is the
angle between k; and k,. The matrix element U,, is the on-shelt solution of the
so-called AGS equations °):

Uﬁa = (I _6ﬂa)G(;l+ZU'ﬁ)-GOI?(] _(s}':t) (Oi, B = 0-. ]1 2 3)~

where Go(£) = (E—Hy) 7' is m’é free three-particle Green function and ¢ is the
two-body off-shell nueleon-nucleon transition matrix in the three-particle space.

These AGS equations constitute the starting point of most of the existing “exact”™
calculations, These “‘cxact’” ealeulations contain no free parameters and require
as input only the knowledge of the on-shell and off-shell two-body transition
amplitudes 1., In the realistic case of three interacting nucleons, and after partial-
wave decomposition, these equations constitute a set of coupled integral equations
in two continuous variables. Therefore simplifying hypotheses on the nuclecon-
nucleon interaction must be made in order to solve these equations numerically.

The separable approximation is the most widely used approximation in three-
nucleon calculations because (i) it reduces the AGS equations to a set of one-variable
integral equations and (ii) this approximation reflects the fact that the nueleon-nucleon
interaction at low energies is dominated by the presence of the bound and unbound
state poles of the denteron. The penerally used separable interactions, differing in
the parametrization of their form factors, do fit the nucleon-nucleon low energy
effective range parameters (sec table 1).

Three different calculations have been used in this work:

(i) The calculations of Ebenhéh ), which are restricted to S-wave nucleon-nucleon
interaetions. These calculations are performed using a hybrid treatment of the
nucleon-nucleon eharge dependence.

(i1) Exact charge dependent calculations obtained from a modified Ebenhéh code ™).

TanLe |

Nucleon-nucleon scatlering paramcters (in fm)

Ebenhdh ' Bruinsma
a,, -16.0 -20.3
a, -237 ~203
an + 5.4 + 5.4
» 2.86 2.7
" 2.67 2.7

rn 1.75 1.7
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(it} The calculations of Bruinsma ®), including P-wave interactions and the tensor
force. These arc, however, charge independent calculations (see table 1).

3. Experiment

3.1 DESCRIPTION OF THE APPARATUS

The cxperimental set-up is shown in fig. 1. The 14.1 McV ncutrons, produced
by the *H(d, n)*He reaction, were incident on a spherical C,D |, target {(diameter
4 ¢m). The neutron beam was collimated both geometrically by a beam-pipe through
a Fe-Ph-paraffin shiclding and eleetronieally by the associatcd a-particle method °).

Fig. 1. Experimental set-up. T: rotating tritium target (TiT): S: shielding (iron-lead-paraffin); C: C,D |,
liquid largel: D,: a-particle deteetor; D and D,: neutron detectors; P,.: neutron beam profile monitor.
Distances: T-C = 100 em: C-D, = C-D, = 120 cm. Acceptance solid angles of deteclars 2, = 2, =
15 msr.

The outgoing break-up neutrons were detected by two NE 213 liquid scintillators
D, and D, (15x 15 x 4 cm?), placed 120 em rom the target and at symmetric angles
#, = —10, about the beam axis. Fot each break-up event, a reference point in time
was obtained by detecting the a-particle assoeiated with the neutron cmission at the
source. The time differences, TOF, _, and TOF,_,, between the detection of the
a-particle and the break-up neutrons were measured simultaneously.

In a typical complete experiment, the detection of the break-up proton in a seintil-
lating target is usually used to reduce background effectively. But this was not possible
in this experiment, because kinematically the proton energy was minimum {(almost
zero) at the point of QFS. Therefore, particular attention was paid to reduee the
background by other means. These were the following:

(i) A pulse-shape diserimination system (PSD) %) was applied to the outputs of
both neutron detectors.

(ii) An optimum energy threshold was imposed on each detector in the off-line
treatment in order to eliminate the low energy background neutrons.
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(i) A semi-automatic device P, consisting of a small plastic scintillator, was
uscd to monitor the neutron beam profile in order to check the angular stablhty of
the incident neutron beam during the experiment.

The abselute valuc of the break-up differential cross section was determined
by comparison with elastic 2H(n, n)?H and ' *C(n, n)' *C cross sections. This has the
considerable advantage that elastically scattered neutrons were detected in the
present experiment, interspersed with the detection of deuteron break-up events.
The two processes sample the same incident neutron beam and, furthermore, are
sensitive to the same effective target volume.

INTERFACE

POP 15/20

L

Fig. 2. Block diagram of the electronic circuitry. PM: photomultiplier; A, D,'.4, D!?; anode and

dynode outputs; CC, CCC: double and Iriple coincidence modules, respectively; D,_,: pulse-shape

discrimination circuit; TAC: time-to-amplitude converter; LG: linear gale and stretchcr medule;
E: encoders.

The signals from the three detectors D, D, and D, were firstly processed by the
electronic set-up which is shown in fig. 2. Each of the two neutron detectors consisted
of a NE 213 liquid scintillator optically coupled to the photocathode of a type 56
DVP photomultiplier and had three outputs: (i) an anode pulse A, , used for fast
timing information, (ii) a dynode pulse D}*, derived from the 14th dynode, which
was used for the determination of the proton recoil energy E? , in the scintillators and
(iii) a dynode pulse D;?; derived from the 12th dynode and entering into a n-y pulse-
shape discrimination circuit which has been described in ref, '),

The block diagram of the electronics (see fig. 2) contained three sections:
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Fig. 3. Contamination of the break-up necutrons kinematical locus in the TOF,_y, ~ TOF, _; matrix
from the '2C(n, n")!*C* reactions, for the §, = —f}, = 40° configuration. The thick lines delimit the

extreme kinematical loci compatihle with the finite aperture of the detectors. The width of the horizontal
and vertical bands is due to the instrumental time-of-flight resolution.

9,=-9

- 30°
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Fig. 4, Two-parameter spectrum of n-n coineidences from the breuk-up reaction 2H(n, nnp, for the
#, = —1, = 30° configuration.
(a) The timing information (thin lines in fig. 2):this section consisted of the pulses
A, ,; and A,, which activated the time-to-amplitude converter module {TAC}) after
passing through a triple (CCC) or double (CC) coincidence module (used to discrimi-
nate betwecn break-up and elastic cvents).
(b) The spectroscopic fnformation (broad lines in fig. 2): this section was formed
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by the Dj®%, pulses feeding the lincar gate and stretcher module (LG). The four
signals (TOF,, Ef, TOF,, E8) defining a break-up event were then digitalized by four
20 MHz encoders {E) and were read by a PDP 15/20 compnter through an appro-
priate CAMAC interface.

(c) The logic: this section is made up of three subsections, namely (i) the n-y PSD
system, (i) the system for the identification of break-up and elastic events, (iii) a scaler
system (the different count rates were picked up at six different points of the circuit
and were used Lo test the stability of the overall system during the data acquisition).

The break-up and elastic events were recorded on a magnctic tape for a detailed
off-line treatment. The accumulation of these events were constantly controlied
by an on-line display unit. As an example, fig. 4 shows the events populating the
kinematical locus in the TOF,_y,-TOF__, matrix (50 x 50 channels) taken from
500 h of accumulation at §, = -1, = 30°.

The contamination of the QFS kinematical locus for the two break-up neutrons
from the inelastic '2C(n, n")’ 2C* reactions is clearly shown in fig. 3. The detection
of inelastically scattered neutrons in one detector, in coincidence with accidental
events in the other, might canse the appearance of a band structure which, in the
case of the '*C(n,n')’?C*(Q = —7.6 MeV) reaction, could be fatal in such a
measurement. However, at angles 30° < # < 50°, the differcntial cross section for
this reaction is extremely low '!'). Moreover, the magnitude of this contamination
can be estimated by comparison with the yield of the '2C(n, n")!2C*(Q = —9.6 MeV)
reaction. This can easily be evaluated, being 3-5 times larger and because its contribu-
tion lies outside the break-up kinematical curve. In fact, fig. 4 shows that, apart from
the two bands duc to the elastic 2H(n, n)*H and '2C(n, n)'2C reactions, no other
bands are visible in the TOF,_,,-TOF, ., matrix.

With a rate of break-up events of the order of 1 countfh, we have performed
two measurements ofabont800hatf), = —8;, = 30°and1400hat8;, = — 0§, = 40°
These two configurations were alternated in time to ensure the same experimental
conditions for the two configurations.

3.2, DATA ANALYSIS - COMPARISON WITH THEORETICAL PREDICTIONS

The analysis has been divided into six important steps:

(i) Analysis of the stability of the data acquisition by sequential inspection of the
six control rates. We have been able to constitute three classes of break-up events
corresponding to three different degrees of stability of the apparatus.

(i1} Choice of an optimum off-line threshold for the two neutron detectors by
inspection of the corresponding signal-to-noise ratio. This threshold has been set
at 2 MeV proton by applying a computer eut-off.

(iii) A careful analysis of the neutron and y background contributions has been
undertaken 1o check the unexpected structure in our +30° results. Additional
measurements have been performed with an equivalent carbon target to test the
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7-7 structure

Fig. 5. Two-parameter spectrum of y-y coincidences, corresponding to y-rays Compton scallering from
one detector into the other. This specttum was obtained with 2 carbon larget at #,. = —¢8, = 30° and
with a y PSD selection for each detector.

n-n siructure

Fig. 6. Neutron-neutron coincidence spectrum corresponding 1o the same situation as described in fig. 5,
but with a neutron -PSD selection for each deteetor.
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background contributions resulting from the '2C nuclei. Fig. 5 shows the result of
the test with the carbon target, when y-selection was applied to both detectors.
-The presence of the events lying inside the double diagonal region is due to y-rays
Compton seattered from one detector into the other. We have observed no effect of
this nature when the neutron selection was applied for each detector (see fig. 6).

(iv) An experiment was performed to measure the neutron detection efficiency
of the seintillators used in the present experiment. The method of this efficiency
measurement was similar to the one described by Lunke et al. °). These measured
efficiencies were used in the ealculations of the absolute cross sections.

(v) The absolute break-up cross sections have been determined by summing all
elastically scattered neutrons on ?H and '2C nuclei and normalizing to the values
which have been taken from refs. '2-13).

(vi) Finally, neutron multiple scattering events taking place in the C;D, target
have been introduced under the form of a global attenuation factor for the outgoing
neutrons. '

The backpround subtracted experimental spectra were projected along both
the TOE,_,;, and TOF__,,; axes. Because of the choice of symmetric configurations,
these two spectra should be the same and in fact they are statistically compatible.
Furthermore, the structure appearing in the shape of the 8, = —0, = 30°differential

12' JN
492, 49, 47

101

8*31

[y

253 4 56 8N12E, 253 4 56 8101 E.(MeV)

Fig. 7. Comparison of 1hc experimenial projections (histograms) and theoretical predictions (solid lines),

for the two kinematical configurations. The specira are projected along their natural TOF axes. The

vertical units are normalized to the usual break-up cross section do/dQ;dQ2,dE, (in mb/st? - MeV) al the
QFS point indicaled by a triangle (A}
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cross scction (sce fig. 7) has been shown to be independant of any criterion in the ofT-
line treatment, such as the choice of the detector threshold, stability conditions or
accidental shift in the n-y discrimination system.

In fig. 7, we compare our results with the “exact™ calculations of Ebenhéh ©)
based on separable rank-one S-wave nncleon-nucleon interactions with a hybrid
treatment for the nucleon-nucleon charge dependance. The two curves labelled YY
(Yamaguchi-Yamaguchi) and EE (cxponential-exponential) correspond to two
nucieon-nuclcon form factors in the 'S, and 3§, states which give the most extreme
results. These theoretical curves take into account the finite aperture due to the
dctectors and the instrumental time-of-flight resolution,

The errors quoted for each datum point include cstimates of errors due to counting
statistics. The errors in the n-2H and n-'2C elastic cross sections to which normaliza-
tion was made (10 %), the error in the neutron detection efficiency (5 %) and the
error due to multiple scattering (5 %) have not been included in order to facilitate
updating the data as new measuremenis become available.

The predictions of exact charge dependant calculations 7) differs no more than 1 %
from the hybrid calculations of Ebenhdh. On the other hand, the results of the
charge independent calculations of Bruinsma ®), including S- and P-wave interactions
and tensor force, have not been reproduced in fig. 7 because they give results lying
betwecn the two curves YY and EE of Ebenhoh.

4. Conclusions

From an cxperimental point of view, this work has proved the feasibility of a
neutron induced deuntcron break-up experiment without detection of the spectator
particlc. We have been able to stody, for the first time, the neutron-neutron quasifree
region where the energy of the spectator proton was zero. This kind of experiment
was only possible with a performant n-y discrimination system and a relatively high
cnergy threshold on cach detector. This last condition, unfortunately, {ends to
lengthen the measurements which are alrcady long in this type of experiment (more
than 2000 h for our two configurations).

In thc case of exact quasifree configuration 8; = —f, = 40° (E7™ = 0), our
results are in very good agreement, both in shape and magnitude, with the “exact”
calculations of Ebenhéh and Bruinsma. This demonstrates the fact, already verified
in the casc of the symmetric ZH(p. pp)n rcaction. that the present “exact™ three-body
calculations are able to predict the correct three-body cross sections even with a very
simplified nucleon-nucleon interaction. Although the nucleon-nucleon charge
dependance treatment is not the samc, it can be said that the very close agrecment
between Ebenhoh’s and Bruinsma’s calculations reflects the minor importance of
P-wave nucleon-nucleon interaction for the differential cross section at these low
energies.

The disagreement between experiment and theory for the f, = —f, = 30°
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configuration (E",““1 = 180 keV), particularly the appearance of a structure in the
shape of the differeatial cross scolion, is puzzling. At the present, it is difficult 1o
propose some definite explanation Tor this structure, and, unfortunately, none of
the existing theoretical caleulations can simulate this structure. It is yet interesting
to remark that this configuration at £, = 14.1 MeV, as well as another configuration
studied by the Uppsala group '*) at £, = 10 MeV showing a similar effect, do both
correspond to almost symmetric configurations of the three nucleons in their c.m.
systemn. Although some authors have proved thal threc-body forces and off-shell
effects arc indistinguishable (see ref. '%)), it would be highly interesting to study
further such symmetric configurations, as well as a collinear one similar to that
studied by Lambert ¢t af. '), to see if enhancing or hiding effects of hypothetical
three-body forces lake place.

The authors are indebted to Dr, W. Ebenh6h and Dr. J. Bruinsma for their kind
amiability in making available their results and computer codes. They wish to thank
Dr. C. Nuossbaum for his help in writing the acquisition program. This work was
partially supported by the Swiss National Scicnce Foundation.
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