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ABSTRACT 

 
An experiment has been designed for the high-precision measurement of neutron-neutron interaction 
parameters through the interaction of the two neutrons in the final state of the reaction 2H(n,np)n. The 
proposed experiment is to be carried out at the CERN nTOF facility in the incident neutron energy 
range between 30 and 75 MeV. A kinematically “complete” experiment is envisaged, in which the 
momenta of one neutron and the proton in the final state of the reaction will be measured in coinci-
dence at specific angles of detection that enhance nn final-state interaction. The experiment will run 
parasitically with the target placed at 155 m downstream from the lead target with minimal modifica-
tions of the nTOF neutron tube without affecting work at the experimental area.  Depending on the 
target used (CD2 or liquid deuterium) the time needed for the total running time is estimated between 
15 days and one month. Spectra will be collected simultaneously in 18 neutron incident energy bins of 
2.5 MeV and nn interaction parameters will be extracted from a minimum chi-square comparison with 
simulated spectra. 
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The nTOF facility at CERN has been constructed with the aim of measuring neutron cross 
sections in a wide range of energies across the Periodic Table of Elements. However, even 
during the planning stages, the obvious comment was made that the most basic cross section, 
namely the n + n cross section, could not be measured due to the unavailability of a free neu-
tron target. It has been long realised that the neutron-neutron (nn) cross section, or more gen-
erally the nn interaction, as a function of energy can be studied only through reactions with 
two neutrons in the final state, such as the reactions  
 

π+ + 2H → n + n + γ (1.1) 
or 

n + 2H → n + n + p. (1.2) 
 
For low relative energies of two nucleons, it is usual to express their interaction through two 
parameters, namely the nucleon-nucleon scattering length aNN and the effective range r0NN. 
Their precise measurement is of great importance in Nuclear Physics. The scattering length, in 
particular, is a very sensitive measure of the strength of the potential.   

In the past, several experiments have been performed to derive the two parameters for all 
possible pairs of nucleons and all possible spin states for relative angular momentum l = 0.  
The results obtained for the  np and pp parameters, which are today known with considerable 
accuracy from simple experiments involving the scattering of neutrons and protons by hydro-
gen, are summarised in Table 1. Several values of the nn interaction parameters, as obtained 
in recent experiments, are given in Table 2. The values given in these Tables show at first 
glance that the nuclear force can be considered as charge symmetric with good precision and, 
with lower precision, charge independent. The most sensitive and least ambiguous way to 
study a small departure from charge independence is to investigate further the neutron-
neutron scattering parameters. It should be further noted that the nn scattering length and ef-
fective range cannot be deduced by electromagnetic correction on the data obtained from pp 
scattering, because these corrections depend upon the nature of the potential used, i.e. whether 
it contains a hard core, a soft core or is velocity dependent. 

Early studies of the reaction in eq. (1.2) yielded values of  ann which were mutually in-
consistent. The reason for the discrepancy was due to the fact that most of these experiments 
involved the observation of only one of the three products in the final state (see, e.g., [Il 61, St 
72, Ha 77]). Measurement of the energy spectrum of only one final state particle, does not al-
low separating the effects of the primary reaction mechanism from those of the final state in-
teraction [Bo 69]. These difficulties can be largely overcome through kinematically complete 
experiments that measure in coincidence the momentum of two of the three outgoing parti-
cles. 
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Several kinematically complete experiments have been performed in the past with the 
aim to measure neutron–neutron scattering length via the reaction in eq. (1.2), but the low en-
ergies of the incident neutron employed for this purpose allowed the interference from the in-
teraction of other possible pairs of outgoing particles. In 1974 McNaughton et al. [McN 75] 
used 130 MeV neutrons in the reaction of eq. (1.2) to extract the nn scattering length, but the 
incident neutron energy was determined with poor resolution. In the last three decades several 
experiments were done to determine the neutron low energy scattering parameters. In 1972 
W. Zeitnitz et al. [Ze 72] by a three-body calculation with separable potentials gave ann= -
14.5 ± 0.8 fm and r0nn = 2.7 ± 0.5 fm. The same group, two years later published different re-
sults [Ze 74], deduced from a complete charge dependent calculation using exponential form 
factors, ann = -16.3 ± 1.0 fm and r0nn = 2.13 ± 0.4). 

In 1978, Y. Onel et al. [On 78], using measurements of p + d break-up, gave the value ann 
= - 13.3 ± 3.1 fm and, from the shape of the relative neutron energy, ann = -17.5 ± 4.0 fm. In 
1979, J. Soukup et al. [So 79] assuming the best value of neutron – neutron scattering length 
(αnn = -16.3 ± 0.6 fm) determined the effective range r0nn = 2.9 ± 0.4 fm. At the same time, W. 
von Witsch et al. [Wi 79], using charge dependent three-body calculations with S-wave rank-
one separable potentials and exponential form factors, deduced the nn scattering length as ann 
= -16.9 ± 0.6 fm and, through exact three-body calculations, the corresponding effective range 
[Wi 80], as r0nn = 2.65 ± 0.18 fm. More recently, D. E. Gonzáles Trotter et al. [Go 99] ana-
lysed their data with rigorous three nucleon calculations to determine the singlet nn and np 
scattering lengths, with results ann = -18.7 ± 0.6 fm and anp = -23.5 ± 0.8 fm. The most recent 
publication on this issue is by V. Hun et a.l [Hu 00]. At 25.3 MeV incident neutron energy the 
value of the nn scattering length from the absolute cross section obtained from the nn FSI 
peak was ann = -16.3 ± 0.4 fm while the relative cross section, normalised in the region of np 
quasi-free scattering gave ann = -16.1 ± 0.4 fm. Data were also obtained at 16.6 MeV, yielding 
ann = -16.2 ± 0.3 fm. 

The nTOF facility at CERN provides an intense neutron source with good energy resolu-
tion in a wide band of neutron energies. It is therefore feasible to perform a kinematically 
complete experiment for the high accuracy measurement of the nn scattering length and effec-
tive range via the reaction in eq. (1.2), simultaneously at various incident neutron energies 
between 30 and 75 MeV. The proposed experiment aims to measure the energy of the outgo-
ing proton and neutron in coincidence in such an experimental configuration that the nn FSI is 
dominant. Contributions from all other possible FSI pairs will also be taken into account in 
order to extract the values of ann and r0nn with the highest possible accuracy. 
 

2. Theory 

Experimental difficulties in studying multi-particle reactions arise mainly from the large set of 
kinematic variables needed for the complete specification of the final state. Ignoring spin 
variables, the final state of a reaction with N particles in the exit channel has 3N degrees of 
freedom and a complete determination of this state involves the measurement of 3N scalar 
parameters, e.g. the N momenta of the outgoing particles. From the knowledge of the initial 
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state and by applying energy and momentum conservation, the number of independent pa-
rameters is readily reduced by 4. Thus, in a reaction of the form 
 

54321 aaaaa ++→+  (2.1) 
 
with three particles in the final state the determination of five independent parameters is re-
quired. An obvious choice would be the momentum of one particle and the direction of emis-
sion of another. However, in practice, in an experiment on a reaction of the form in eq. (2.1) 
the momenta of two of the particles in the final state are measured and the consequent over-
determination of the kinematic variables is used in order to reduce background events. 
 In this Section we shall consider the ramifications due to the presence of three particles in 
the final state of eq. (2.1) both with regard to the kinematics and the transition probability for 
reaching the final state through the possible mechanisms of the reaction. We shall also give all 
the mathematical expressions needed for the assessment of the results to be obtained in the 
proposed experiment. In what follows, we shall adopt the convention that a “complete” ex-
periment is being carried out, in which the momenta of particles a3 and a4 in eq. (2.1) are 
measured while particle a5 escapes detection. The main emphasis of course will be on the re-
action 2H(n,np)n. 
 
2.1 KINEMATICS OF THREE-PARTICLE REACTIONS 

We shall examine the kinematics of the reaction in eq. (2.1) by assuming that an incident 
beam of particles a1 is along the Z-axis, a2 is the target nucleus at the origin of the co-ordinate 
system and particles a3 and a4 are detected at polar angles (Θ3,Φ3) and (Θ4,Φ4), respectively. 
Then it may be easily shown [As 76] that in the laboratory system the kinetic energies T3 and 
T4 of particles a3 and a4 will be solutions of the equation 
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in which 
 

)cos(sinsincoscoscos 43434334 Φ−ΦΘΘ+ΘΘ=Θ    (2.3) 
 
mk are the masses of particles ak, T1 is the beam energy and Q is the Q-value of the reaction. 
 For a particular nuclear reaction of the form in eq. (2.1) and a fixed set of incident energy 
and angles of observation of the emitted particles, eq. (2.2) gives the geometrical locus of the 
expected contributions in a three-dimensional isometric representation of population vs. 
f1(T3,T4) and f2(T3,T4), where f1 and f2 are functions of the kinetic energies of the two detected 
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particles. The particular choice 2/1
31 Tf = , 2/1

42 Tf =  describes an ellipse in the f1, f2 plane for 

T3 and T4 satisfying eq. (2.2). The more frequent choice 31 Tf = , 42 Tf =  on the other hand 

gives a distorted ellipse. The kinematic locus for the reaction in eq. (1.2) is given in fig. 1. 
 There are many cases in which the reaction in eq. (2.1) does not proceed directly to the 
final state of three particles, but rather this state is reached through a sequential two-body de-
cay. We shall denote such a process by 
 

53421
* aCaa +→+  

 
                                                          43 aa +  … (2.4) 

 

where *
34C  is understood to represent any two-body interaction between particles a3 and a4, 

which is sufficiently long-lived to produce a state with definite quantum numbers. The three 
dots in eq. (2.4) represent all possible permutations of the indices. Contributions from such a 
sequential decay will still be included in the direct break-up kinematic locus given by the so-
lution of eq. (2.2) as a result of the same overall energy-momentum conservation. However, 

the further constraints, imposed by the formation of the intermediate state *
ijC , restrict these 

contributions to discrete points along the kinematic locus. The kinematics of a sequential 
process depend on whether the two observed particles interact or whether the interaction takes 
place between one of the observed particles and the particle escaping detection. The relevant 
non-relativistic equations for either case have been worked out elsewhere [As 76] and will not 
be repeated here. Furthermore, the interaction in the final state implied in eq. (2.4) will, in 
general, depend on the relative energy of the interacting particles. In analysing experimental 
results from a three-body reaction it is often desirable to determine the relative energy E(ij), i 
≠ j = 3, 4, 5 of particles ai and aj, the interaction of which could be responsible for contribu-
tions at a particular point along the kinematic locus of the reaction. Expressions for the rela-
tive energy E(ij) for a given set of observed kinetic energies T1, T2 are also derived in [As 76]. 
 All kinematic relations given above are derived non-relativistically. However, in the pro-
posed experiment at the nTOF facility, where high incident energies will be considered, the 
accuracy needed requires the use of relativistic expressions. The solution of the relativistic 
version of eq. (2.2) has been worked out in a convenient form by J. Kane (see reference in [Bo 
69]) in terms of the momenta of the particles in the final state as 
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and mk, Pk and Tk are the masses, momenta and kinetic energies of particle k in units such that 
h = 1. 
 The momentum of the undetected particle 5 is given by 
 

4315 PPPP −−=  (2.7) 
 

and the total and kinetic energies of particle k by 
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It was determined that for the reaction in eq. (1.2) relativistic and non-relativistic calculations 
differed by more than 1% above 30 MeV incident neutron energy. 
 
2.2 REACTION CROSS SECTION 

The transition probability for a given reaction is given by 
 

td
dW ρπ 2H2

h
=    (2.9) 

 
in which H is the perturbing Hamiltonian for the transition from the initial to the final state 
and dρ/dt is the density of the final states which are available to the reaction. In the event that 
|Η|2 has no strong energy dependence, as is expected for the direct break-up in eq. (1.2), the 
matrix element may be approximated by a constant and the reaction cross section is domi-
nated by phase space. 
 For a kinematically complete experiment, the expression for the differential phase space 
PS, for finite solid angles of the detectors ΔΩ3, ΔΩ4 and finite energy channel widths ΔT3, ΔT4  
has been derived by Boyd [Bo 69] (see also [Zu 67]) in a form particularly suitable for calcu-
lations of simulations of experimental spectra as 
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These expressions were used in the calculations for simulated experimental spectra in the ab-
sence of final-state interaction. 
 
2.3 FINAL-STATE INTERACTION 

The mechanism of the reaction in eq. (2.4), which proceeds to the final state of three particles 
via a sequential process, has been investigated by Watson [Wa 52]. In the Watson Final State 
Interaction (FSI) model it is assumed that the reaction may be described as a two-step process 
consisting of a primary interaction, followed by the interaction of two particles in the final 
state. This assumption is valid if the lifetime of the final-state two-particle system is suffi-
ciently long for its decay not to be influenced by the presence of the third particle. Then, it 
may be shown [Go 64, Bo 69, As 70] that the differential cross section for a kinematically 
complete experiment may be cast in the form 
 

PSFSIPIN
dddTdT

d ×××=
ΩΩ 4343

4σ   (2.11) 

 
in which N is an overall normalisation factor, PI is a factor which describes the primary inter-
action, FSI is the enhancement of the cross section caused by pairs of particles in the final 
state and PS the phase space modulation given in eqs. (2.10). 
 It has been shown by many authors [Zu 65, Bo 69] that if the interacting particles in the 
final state are nucleons, the term FSI may be expressed in terms of two parameters character-
ising the spin state formed in the final state as 
 

2
2

0
2

12

2
2

0
2

1

0

1

11

⎟
⎠
⎞

⎜
⎝
⎛ ++

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++

=
kr

a
k

kr
ar

FSI  (2.12) 

 
where r0 is the effective range and a the scattering length, which give the l = 0 energy de-
pendence of the two-nucleon scattering cross section through the expression 
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In all the expressions above, k = Prel/h. is the relative wave number of the interacting pair of 
nucleons in the particular spin state. 
 If we consider a kinematically complete experiment in which particle a3 is a neutron and 
particle a4 is the proton, then, for relative angular momentum l = 0, the possible two nucleon 
states in the reaction of eq. (1.2) are schematically depicted in Fig. 2. We note that the figure 
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further distinguishes whether the interaction is between the two detected particles or a de-
tected particle and the particle escaping detection. All these interactions are expected to con-
tribute to the cross section at points along the kinematic locus of Fig. 1 where, according to 
eq. (2.12), the relative momentum of the interacting pair is small. We may thus write the FSI 
term in eq. (2.11) as the sum 

 
SSTTTTSSSS ECECECECECFSI 35354545343445453434 ++++=  (2.14) 

 
in which k

jiC  represents the probability that the primary interaction leaves nucleons i and j in 

the spin state k and 
 

2
),( jiE kk

ji Ψ=  (2.15) 
 
is the corresponding enhancement in the cross section due to the final state interaction as 
given by eq. (2.12). In eq. (2.15), ),( jikΨ  is the amplitude for the primary reaction leaving 
particles i and j in spin state k. 
 Eq (2.14) may be further simplified if we make the assumption that the two virtual deu-
teron states are produced with the same probability at the primary interaction of  eq. (1.2). 
Setting 
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and for simplicity of the symbolism S

nn CC 35= , eq. (2.14) becomes 

 
S

nn
TTSS ECEEREEFSI 3545344534 )( ++++= . (2.17) 

 

2.4 THE PRIMARY INTERACTION 

If the reaction 2H(n,np)n proceeds to the final state exclusively through the sequential process 
just described, then the primary interaction factor PI in eq. (2.11) may be taken as a constant 
and in fact, due to the inclusion of the overall normalisation term N, equal to 1. However, if 
other primary reaction mechanisms are possible, they must be taken into account in the calcu-
lation of PI. 
 One mechanism that has been described in the literature and may affect the primary inter-
action is the “spectator” effect, which refers to the case of the incident neutron interacting 
with only one nucleon in the deuteron, e.g. the proton. Then, the target neutron participates in 
the overall process as a simple “spectator”. This process may be treated in the framework of a 
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simple knockout model using the Born approximation [Ph 64, Zu 65]. Assuming a Hulthén 
type wave function for the deuteron, the amplitude for this process is [Do 64] 
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2 11)(
βα +

−
+

=Ψ
nn

n PP
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in which Pn is the momentum transferred to the spectator neutron in the target, Bmn−=α  

and β = 7α; B = - 2.226 MeV and mn are the deuteron binding energy and the neutron mass, 
respectively. If CS is the strength of the spectator effect, then the primary interaction term 
should be modified to 
 

2()1( nSS PCCPI Ψ+−= . (2.19) 
 
 Another factor that may affect the primary production mechanism is due to the interfer-
ence of matrix elements arising from processes that cannot be experimentally distinguished. 
Since the spins of the three outgoing particles could be in principle measured, a neutron with 
spin up is distinguishable from a neutron with spin down. Therefore, final states with different 
spins should be considered as distinguishable and their amplitudes should add incoherently as 
in the case of eq. (2.14). In fact, the only indistinguishable diagrams in Fig. 2 are the singlet 
nn and the singlet np final state interactions and the corresponding amplitudes ),( nnSΨ  and 

),( pnSΨ  should add coherently in the calculation of the term FSI.  It may be shown [Bo 69] 
that the effect of this is to modify eq. (2.17) as 
 

S
nninnn

TTSS EkCCEEREEFSI 3545344534 )1()( +++++=  (2.20) 
 
in which knn is the relative wave number of the two outgoing neutrons and Cnn a constant. Eqs. 
(2.19) and (2.20) are the final expression, which will be used in the evaluation of the spectra 
expected in the experiment proposed here. 
 The Watson final-state interaction theory has met with considerable success in the analy-
sis of experiments on reactions with three particles in the final state [Do 64, Bo 69, As 70]. 
Indeed, the main aim of the experiment performed on the 2H(p,pp)n reaction by Boyd, et al. 
[Bo 69] was to verify that the correct scattering length and effective range for the np interac-
tion, accurately known from 1H(n,p)n cross section measurements, could be obtained through 
the study of final-state two-nucleon interaction. It is expected that the Watson model will be 
more successful as the centre of mass energy – and hence the relative velocity – between a 
nucleon and an interacting pair of nucleons in the final state gets higher. In the p + 2H ex-
periment of Boyd, et al. [Bo 69] the centre of mass energy between the proton and the inter-
acting np singlet state was limited by the maximum energy of the accelerator to 8.5 MeV. In 
the proposed n + 2H experiment at the nTOF facility, in the range of 30 to 75 MeV incident 
neutron energy, the corresponding centre of mass energy between the di-neutron and the re-
ceding proton in the final state will be between 18 and 47 MeV. This is one of the reasons for 
which the nTOF facility is admirably suited for carrying out the proposed experiment. 
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3. Experimental considerations 

The experimental set-up for the proposed experiment is given schematically in Fig. 3. Two 
detectors D3 and D4 are placed at angles∗ (Θ3 = 34°, Φ3 = 0°) and (Θ4= 80°, Φ4 = 180°) with 
respect to the neutron beam for the detection of one neutron and the proton, respectively, in 
the final state of the reaction 
 

n  p n    H n 2 ++→+  (3.1) 
 
In this geometry, the experiment detects only co-planar events – or almost co-planar if the fi-
nite extent of the detector collimators is taken into account. 
 It is envisaged that the target will be placed at 155 m (Fig. 4) downstream from the lead 
target, instead of the experimental area at 182.5 m, because the neutron flux in the experimen-
tal area of the nTOF facility is not sufficiently high to ensure an acceptable counting rate. At 
155 m, the charged particles have already been removed by the sweeping magnet [nT 00] and 
the neutron flux is greater due to the absence of the last collimator and the effect of the 1/r2 

law. In this fashion, the experiment could run parasitically, while other measurements are per-
formed in the experimental area. 
 Each component of the experimental set-up is discussed in some detail below. 
 
3.1 THE NEUTRON BEAM 

An estimate of the neutron flux at 155 m from the lead target is based on the given flux ob-
tained [nT 00] at the experimental area (187.5 m). From the simulated energy distribution of 
the neutrons, for a proton pulse of 7 × 1012 protons, it is deduced that in the energy bin of 50 
to 52.5 MeV, only 780 neutrons/(cm2·bunch) reach the experimental area. It is foreseen that 
one bunch every 2.4 s will be available for the nTOF facility. The flux at 155 m is increased 
by a factor of 7 due the absence of the last collimator; an enhancement in neutron flux due the 
1/r2 law is also expect. According to these corrections, the expected neutron flux at 155 m 
with energies in the interval 50 - 52.5 MeV is equal to 3.3 × 103 n s-1 cm-2. This estimate is 
not expected to vary drastically for 2.5 MeV energy bins in the range 30 – 75 MeV. 
 
3.2 TARGETS 

Two types of targets are being considered: 
 

1. A liquid deuterium target with thin aluminium windows. 
 
2. A self-supported CD2 target. 

 
 The main limitation on target thickness comes from the energy loss of the outgoing pro-
                                                 
∗ For the particular choice of angles, see below Section 3.4 
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ton while it traverses the target. In the case of a liquid deuterium target the energy loss in the 
aluminium window must also be taken into account. To minimise energy loss effects, the tar-
get will be tilted towards the proton detector at an angle ΘT = Θ4 (= 80°). If the tolerance for 
maximum energy loss of a 10 MeV proton is set at 2 MeV and an aluminium window for the 
liquid deuterium target of thickness 10 μm is assumed, then the maximum thickness of the 
liquid deuterium target is 1800 μm and for the CD2 target 400 μm. 
 The amount of 2H nuclei available for the reaction in eq. (3.1) differs for each target. It 
may be easily calculated that for the thickness mentioned above, the liquid deuterium target, 
when placed vertically to the neutron beam, presents 9.1 × 1021 2H nuclei cm-2; the corre-
sponding number for the CD2 target is 3.2 × 1021 2H nuclei cm-2. Thus, the liquid 2H target has 
a clear advantage over CD2 by almost a factor of 3. It is also noted that the CD2 target will 
cause contamination of the experimental data from the reaction 12C(n,np)11B, although such 
events could be easily sorted out from kinematics considerations. 
 By tilting the target by an angle of ΘT =  80°, the density of 2H nuclei available to the re-
action increases by a factor of 1/cosΘT = 5.76. In order to avoid inordinate smearing out of the 
spectra due to the uncertainty of the reaction position on the target, the shape of the target will 
be that of an ellipse with its long axis equal to 22.9 cm and the short axis equal to 4 cm. In 
this geometry, the profile of the target presented to the neutron beam will be a disk with a di-
ameter of 4 cm. 
 If the proposed experiment is to be run in a parasitic mode, then the effect of the presence 
of the target at 155 m on the neutron beam of the nTOF facility must be investigated. For this 
purpose, extensive GEANT4 simulations were performed. In these simulations, a neutron 
beam of 4 cm diameter was assumed to hit the target and the energy spectrum of the neutrons 
escaping the target was monitored in a virtual detector placed along the beam axis. As shown 
in Fig. 5, the beam is not seriously affected at neutron energies above 4 MeV Below 4 MeV, 
the simulations showed that only a few percent of the neutrons that traverse the target lose the 
proper TOF-energy relationship. It is thus concluded that the effect of the deuteron target on 
the neutrons that cross the second collimator and end up in the experimental area will be neg-
ligible. 
 
3.3 DETECTORS 

The neutrons emitted from the reaction in eq. (3.1) will be detected by a NE213 liquid scintil-
lator, with dimensions 12.7 cm in diameter and 12.7 cm thickness, coupled to a fast pho-
tomultiplier tube. This detector has been extensively used in experiments involving neutrons 
[Wi 79, St 89, Ba 95] and provides fast time response, good n/γ discrimination, and high effi-
ciency. The time response of the detector, which is a crucial factor in TOF measurements, is 
less than 1 ns [Me 99]. Good n/γ discrimination is also required due to the strong gamma 
background present in all neutron experiments. At the nTOF facility at CERN, a Flash ADC 
acquisition system is used, thus particle identification will be performed according to ref. [Ma 
01]. 
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 The efficiency of the NE213 detector is strongly depended on the threshold level. For 
Am-Be bias (4.439 MeV-4.331 MeV) the efficiency of the detector for neutron energies re-
lated to the proposed experiment is about 12% [Me 97, No 01]. A higher efficiency could be 
attained by increasing the thickness of the detector, but this would also increase the uncer-
tainty in the emitted neutron path length. 
 Due to the large dynamic energy range of the protons emitted in the reaction of eq. (3.1), 
they will be detected with a triple Si surface-barrier detector telescope. The optimum combi-
nation of thickness of each detector in the telescope was determined as ΔΕ1 = 35 μm, ΔΕ2 = 
565 μm and E = 7.4 mm. The active area of the telescope (collimator dimensions) will be 1.5 
× 5 cm. With these dimensions protons with energies from 2 MeV up to 39 MeV can be de-
tected and identified against elastic scattered deuterons and alpha particles. 
 The time response of the proton detector is crucial for this experiment because it deter-
mines the start signal of the TOF of the emitted neutron or the stop signal of the TOF of the 
incident neutron. For this reason, the Si detectors would be probably cooled to about – 50 °C. 
Time signals from the proton telescope will be derived from the ΔE1 detector with the aim of 
achieving a time resolution of less than 0.5 ns. 
 
3.4 CHOICE OF ANGLES, DETECTOR DISTANCES AND DETECTOR COLLIMATORS 

Since the main aim of the proposed experiment is the observation of the nn final-state interac-
tion, the angles of detection in Fig. 3 must be such that the two neutrons are emitted from the 
primary interaction with low relative momentum. To determine such a pair of angles, the re-
action in eq. (3.1) may be treated as a two-body reaction with a Q-value equal to the binding 
energy of the deuteron and the virtual di-neutron treated as one particle of mass 2mn, i.e. 
 

n + 2H → (nn) + p,      Q = - 2.226 MeV. (3.2) 
 

Evidently, the choice of an angle Θ3 for the emission of the di-neutron, will result in a single 
value of the angle Θ4 for the emission of the proton. Several such pairs of angles were exam-
ined. The particular set of angles Θ3 = Θn = 34° and Θ4 = Θp = 80°, finally selected for the 
performance of the proposed experiment, ensures in addition that the energies of both the de-
tected particles are relatively large and comparable. From the examination of kinematics for 
this choices of angles, it also emerges that the relative momenta of the two other pairs of nu-
cleons in the final state are large, so that no interference from other FSI resonances are ex-
pected in the region of interest. The kinematic locus for this choice of angles is contained in 
Fig. 6. 
 Detector distances and collimator sizes were chosen through the following considera-
tions: 
 

• Dimensions of readily available detectors for neutrons (NE213) and protons (surface 
barrier detectors). 

 
• A reasonable TOF path for the outgoing neutron, with minimum modifications needed 
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in the nTOF tunnel. 
 

• Reasonable solid angles subtended by the detectors (of the order of 10-3 sr). 
 
3.5 DATA ACQUISITION 

Signals from all detectors (NE213, ΔE1, ΔE2 and ΔE) will be recorded by flash ADCs. The 
off-line analysis for the identification of a valid event from the reaction in eq. (3.1) will fol-
low the following steps: 
 

1. A coincidence check will be performed between NE213 and ΔE1 and the time of arri-
val of the two particles t3 and t4 will be recorded. 

 
2. For successful events in step 1, a coincidence check will be performed for detectors 

ΔΕ1, ΔΕ2 and ΔE of the charged-particle telescope. Mass identification will be per-
formed and the total kinetic energy T4 of the detected particle will be calculated. 

 
3. If the particle detected in Step 2 is a proton, the instant t1 that the reaction in eq. (3.1) 

occurred will be calculated from t4 and the kinetic energy T4 of the particle. 
 

4. From the time of flight t3 – t1, the energy of the neutron detected in NE213 will be 
computed. 

 
5. The instant t1 will also give the energy T1 of the incident neutron that caused the reac-

tion in eq. (3.1). 
 
 Events will be stored in three-dimensional spectra of population versus T3 × T4, each rep-
resenting an energy bin ΔT1 of the incident neutron energy T1 (e.g., ΔT1 = 2.5 MeV). Exam-
ples of the spectra expected in the proposed experiment are presented by the simulations in 
Section 4 below. 
 
3.6 COUNTING RATES 

The expected counting rate from the reaction in eq. (3.1) may be estimated by the incident 
neutron flux, the number of target nuclei per cm2 presented to the beam and the reaction cross 
section. The first two quantities are well known. However, in order to calculate the expected 
counting rate, an estimate of the cross section has to be made. 
 All experiments performed to date have demonstrated that the reaction in eq. (3.1) pro-
ceeds to the final state primarily through final-state interaction of a pair of the outgoing parti-
cles, with direct break-up into three independent particles (phase space) constituting only 
about 10 % of the primary interaction cross section. In terms of eq. (2.11) this means that the 
term FSI is strongly modulated, with most of the cross section residing in nn or np reso-
nances. Thus, since the geometry of the experiment has been chosen so that it resides on one 
of these resonances, it is expected to capture a large part of the primary interaction cross sec-
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tion and we may write the expected counting rate W (events per second) as 
 

σ ′= TNnIW )(  (3.3) 
 

in which I(n) is the incident neutron flux (n s-1 cm-2), NT is the number of target nuclei ex-
posed to the beam∗ and σ ′  is a substantial part (e.g., 50 %) of the primary interaction cross 
section. 
 Data for incident neutron energies up to 20 MeV are available from the ENDFB-VI data-
base. The estimation of the primary interaction cross section was drawn from data of d(p, p)pn 
experiments [As 76b], for which no great differences from the d(n,n)np cross section are ex-
pected. The average value deduced from these data, for incident neutron energies between 30 
and 75 MeV, was in the range of 0.1 – 0.3 mbarn, with a tendency to increase at low energies. 
We have therefore adopted the token value of 0.1 mbarn for the estimation of the counting 
rate in eq. (3.3). 
 The values of the quantities I(n) and NT have already been given above as 
 
  I(n) = 3.3 × 103   n s-1 cm-2 

  NT(CD2) = 3.2 × 1021   2H nuclei cm-2 (3.4) 
  NT(liquid 2H) = 9.1 × 1021   2H nuclei cm-2. 
 
In the convention adopted here, the values for NT have to be multiplied by the area of the tar-
get (4π cm2) and divided by the cosine of the target angle ΘT ( = 80°). The values for NT thus 
become 
 
  NT(CD2) = 2.3 × 1023   2H nuclei (3.5) 
  NT(liquid 2H) = 6.58 × 1023   2H nuclei  
 
so that the estimate for the counting rate in eq. (3.3) becomes 
 
  W(CD2) = 0.1 ⋅ 3.3 × 103 ⋅ 2.3 × 1023 ⋅ 0.1 × 10-27 = 0.008 cps 
or   (3.6) 
  W(liquid 2H) = 0.1 ⋅ 3.3 × 103 ⋅ 6.58 × 1023 ⋅ 0.1 × 10-27 = 0.02 cps 
 
where the leading factor of 0.1 is due to the efficiency of the NE213 detector. This is equiva-
lent to a counting rate in every ΔT1 = 2.5 MeV bin spectrum of about 700 events per day for a 
CD2 target or 1900 events per day for a liquid 2H target. Hence, for the accumulation of 
10,000 events in each spectrum, a real-time running period of about 15 days will be required 
in the first case and about 5.5 days in the second. 
 

                                                 
∗  It is noted that in experiments involving charged particle beams, the incident flux I is usually expressed in 
[particles s-1] and the target nuclei density NT  in [nuclei cm-2]. The different choice made in eq. (3.3) is due to 
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4. Simulation of experimental spectra 

In realistic experimental conditions, the finite extent of the target and the detector collimators 
tend to smear out the kinematic locus in Fig. 6. This effect is enhanced by the energy loss of 
the proton in the target and the resolution of the detectors. 
 In order to assess the spectra expected from the proposed experiment, a computer code 
was written (in Visual Basic) to simulate experimental conditions. This is a Monte Carlo cal-
culation which considers successive events according to the following steps: 
 

1. The experimental set-up in Fig. 3 is assumed with the neutron beam along the positive 
direction of the Z-axis and two detectors placed with their planes perpendicular to the 
XZ-plane with the centre of their collimators at points defined by the angles (Θ3, Φ3 = 
0°) for the neutron and (Θ4, Φ4 = 180°) for the proton detector; the detector collima-
tors can be either circular or rectangular. 

 
2. A random point (xT, yT, zT) within the active volume of the target and two random 

points on the surface of the two detectors are selected. For these points, the corre-
sponding angles ),( 33 Φ′Θ′  and ),( 44 Φ′Θ′  of emission of the neutron and the proton, 

respectively, are calculated. 
 

3. Kinematic variables (kinetic energy, momentum, relative momenta, etc.) for the angles 
),( 33 Φ′Θ′  and ),( 44 Φ′Θ′  are calculated and the corresponding contributions to phase 

space and the cross section in eq. (2.11) for each of  the FSI terms in eq. (2.17) are 
computed. These contributions are added, each to a separate 64 × 64 spectrum array. 
Finally, the separate spectra for the contribution from each separate FSI interaction are 
added to form the simulated experimental spectrum. 

 
4. Since each simulated spectrum is to represent a finite range ΔT1 of incident neutron 

energies, the previous process is repeated for ten discrete steps across a pre-selected 
range ΔT1. 

 
5. In order to take into account the energy loss of the proton in the target, the path length 

of the proton inside the target is calculated from the geometry of the event and an 
amount ΔT4, calculated according to Ziegler’s stopping power theory, is subtracted 
from its kinetic energy T4 before placing its contribution into the 64 × 64 spectrum ar-
ray. 

 
6. Finally, the finite resolution of the detectors is taken into account by smearing out 

each point in the simulated spectra according to a Gaussian with FWHM equal to the 
resolution of each detector. 

                                                                                                                                                         
the large profile of the neutron beam and the smaller extent of the target. With either definition, the product INT 
has the same numerical value. 
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 From the FSI theory described in Section 2, it follows that the simulated spectra will de-
pend on the values of 7 parameters, namely 
 

N the overall normalisation factor 
Cnn the strength of the nn final-state interaction 
R the relative strength of triplet-to-singlet np final-state interaction 
CS the relative strength of the spectator effect 
Cin the contribution of interference terms 
ann the scattering length of the (singlet) nn interaction 
r0nn the effective range of the (singlet) nn interaction 

 
Four more parameters, namely the scattering length and effective range of the np interaction 
in the singlet and triplet states, could be added to this list. However, for the purposes of the 
proposed experiment, the values of these parameters are considered known with sufficient ac-
curacy and are set according to the data in Table 1. In addition, the geometry and the energies 
involved in the proposed experiment warrant the setting of  CS = Cin = 0. 
 The front-end screen of the simulation code, where all parameters pertaining to the ge-
ometry of the experiment and the theory are defined, is contained in Fig. 7. The output of the 
code is 
 

1. A file containing the simulation ID (see Fig 7) 
 

2. A file containing the kinematic locus of the reaction in the T3 × T4 plane (see Fig. 8) 
 

3. One file containing the phase space cross section for direct three-body break-up (see 
Fig. 9) 

 
4. Five files containing the separate contributions of each term in eq. (2.17) 

 
5. One file containing the expected spectrum (see Fig. 10). 

 
 The values of parameters pertaining to the nn interaction will be extracted from the com-
parison of simulated with experimental spectra. In this context it is interesting to examine the 
sensitivity of the data with regard to variations of the nn scattering length and effective inter-
action. Thus, the dependence of the shape of the simulated spectra on the parameters on p. 15 
has been thoroughly investigated in order to determine the sensitivity with which the nn inter-
action parameters can be extracted from the proposed experiment. An example which shows 
drastic changes in the shape of the expected spectra that a variation of 1 fm in the value of ann 
causes in the simulated spectrum is contained in Fig. 11. 
 It is envisaged that the nn interaction parameters will be extracted through a minimum 
chi-square comparison (e.g., through the CERN library code MINUIT [Ja 75]) of simulated 
and experimental spectra. For this reason the simulation code has been translated into FOR-
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TRAN and has been incorporated into MINUIT’s Subroutine FCN. To test this procedure, 
pseudo-data were constructed by adding to each point of the spectrum of Fig. 10(b) an “ex-
perimental” error of two standard deviations, suitably randomised through the expression 
 

NR )1,1(2 −=σ  (4.1) 
 

in which N is the number of counts in the spectrum channel and R(-1,1) a random number be-
tween –1 and 1. The pseudo-data constructed in this manner are shown in Fig. 12(a). By em-
ploying these data, MINUIT was made to perform a search with starting values of the parame-
ters far from the ones assumed for the construction of the data. The results of one such search 
are contained in Fig. 12(b). 
 

5. Conclusions 

The investigation of the feasibility of a kinematically complete experiment on the 2H(n,np)n 
reaction at the nTOF facility of CERN with the aim of obtaining accurate values of the neu-
tron-neutron interaction parameters has shown that the proposed research can be conducted 
with a high degree of confidence for the attainment of its goals. The experiment can be run 
parasitically at 155 m downstream from the lead target with small modifications of the nTOF 
neutron tube without affecting work at the target area. Depending on the target used (CD2 or 
liquid deuterium) the time needed for the execution of the experiment is between 15 days and 
one month. Spectra will be collected simultaneously in 18 neutron incident energy bins of 2.5 
MeV width in the range of 30 to 75 MeV. The accumulation of data in such a large dynamic 
range is expected to further increase the precision in the measurement of the nn interaction 
parameters. 
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TABLES 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1. pp and np scattering parameters. 
 

Parameter Value(fm) Reference 
app -7.822 ± 0.003 Ma 84 
r0pp 2.775 ± 0.006 Ma 84 
anp(singlet) -23.748 ± 0.009 Ko 75 
r0np (singlet)    2.77 ± 0.05 Di 75 
anp(triplet)    5.423 ± 0.004 Di 75 
r0np(triplet)    1.760 ± 0.005 Di 75 

Table 2. nn scattering parameters. 
 

ann (fm) r0nn  (fm) Reference 
-14.5 ± 0.8 2.7 ± 0.5 Ze72 
-16.3 ± 1.0 2.13 ± 0.4 Ze 74 
-13.3 ± 3.1  On 78 
-17.5 ± 4.0  On 78 

 2.9 ± 0.4 So 79 
-16.9 ± 0.6  Wi 79 

 2.65 ± 0.18 Wi 80 
-18.7 ± 0.6  Go 99 
-16.3 ± 0.4  Hu 00 
-16.1 ± 0.4  Hu 00 
-16.2 ± 0.3  Hu 00 
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Figure captions 

 
Figure 1. Kinematic locus for the reaction 

n + 2H → n + p + n 

at incident energy En = 50 MeV. The neutron and proton are detected at angles Θn = 20º, Φn = 0º and 
Θp = 50º, Φp = 180º, respectively. 
 
Figure 2. Representation of possible final state interaction diagrams, The primary interaction is repre-
sented with large circles and the final-state interaction with small circles. The arrows on the right cor-
respond to various spin states of the interacting nucleons. 
 
Figure 3. Schematic experimental setup for the proposed experiment. 
 
Figure 4. The position of the deuterium target in the proposed experiment in the nTOF beam tube. 
 
Figure 5. Energy spectra of neutrons hitting the virtual detector in the absence of target (red line) and 
after a CD2 or liquid D2 target is placed in the neutron beam (black line). 
 
Figure 6. Kinematic locus for the reaction 

n + 2H → n + p + n 

at incident energy En = 50 MeV. The neutron and proton are detected at angles Θn = 35.5º, Φn = 0º and 
Θp = 80º, Φp = 180º, respectively. 
 
Figure 7. The front-end screen of the simulation code. 
 
Figure 8. The output file with the job ID for the screen in Fig. 7. 
 
Figure 9. (a) Broadening of the kinematic locus in Fig. 6 due to the effect of finite beam size and ex-
tend of the detector collimators. Events involving outgoing particles with kinetic energy less than 5 
MeV have been eliminated. (b) Projection of the kinematic locus onto the T3 × T4 plane of the simu-
lated spectrum with parameters defined in Fig. 8. 
 
Figure 10. Simulated spectra for the parameters in Fig. 8. (a) Phase space from the direct three-body 
break-up. (b) Total spectrum around the nn FSI resonance. 
 
Figure 11. Comparison of two simulated spectra created for a difference of 1 fm in the value of the nn 
scattering length. 
 
Figure 12. (a) Pseudo-data obtained by adding two randomised standard deviations to the simulation 
spectrum of Fig. 11 (ann = - 16.1 fm); effective range r0nn = 3.2 fm. (b) Result of MINUIT minimum 
chi-square search; χ2 = 1.516, ann = - 16.18 fm, r0nn = 3.21 fm. 
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FIGURE 8 
 

 

 
n + 2H -> n + p + n 
 
Energy range = 60 to 62.5 MeV 
 
Theta1 =34.4 
Theta2 =80 
 
Beam diameter = 4 cm 
Target angle = 80 
Target; thickness = 400 µm 
 
Detector 3(Y): 
R = 500 cm 
Collimator circle, diameter = 12.7 cm 
Resolution = 2 MeV 
Y axis energy scale: Channel 0 = 5 Channel 64 = 30 MeV 
 
Detector 4(X): 
R = 46 cm 
Collimator rectangle, Height = 5, Width = 1.5 cm 
Resolution = 0.2 MeV 
X axis energy scale: Channel 0 = 5 Channel 64 = 40 MeV 
 
Final state interaction parameters: 
nn Singlet: Scattering Length = -16.1, Effective range = 3.2 fm 
np Singlet: Scattering Length = -23.68, Effective range = 2.5 fm 
np Triplet: Scattering Length = 5.4, Effective range = 1.7 fm 
Cin = 0.0 
T/S = 1 
Cnn = 3 
Cspec = 0.0 
 
Passes in Monte Carlo calculation = 10000 
 



 
31

 
 

0

5

10

15

20

25

30

0 5 10 15 20 25 30 35 40 45

T (n ) (M e V )

T
(p

) 
(M

e
V

)

 
(a) 

 

0

8

16

24

32

40

48

56

64

0 8 16 24 32 40 48 56 64

T(n) (channels)

T(
p)

 (c
ha

nn
el

s)

 
(b) 

 
FIGURE 9 



 
32

 
 

1

10 19 28 37 46 55 64

S1

S25

S49

0

50

100

150

200

250

300

T(n)

T(p)

 
(a) 

 

1 9

17 25 33 41 49 57

S1

S24

S47

0

500

1000

1500

2000

2500

3000

T(n)

T(p)

 
(b) 

 
FIGURE 10 



 
33

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 11 

 

1

10 19 28 37 46 55 64

S1

S25

S49

0

500

1000

1500

2000

2500

3000

T(n)

T(p)

 
ann = - 16.1 fm 

 

1

10 19 28 37 46 55 64

S1

S25

S49

0

500

1000

1500

2000

2500

3000

T(n)

T(p)

 
ann = - 15.1 fm 

 

1 8
15 22 29 36 43 50 57 64

S1

S40
0

100

200

300

400

 
Difference 



 
34

 
 
 

1

10 19 28 37 46 55 64

S1

S25

S49

0

500

1000

1500

2000

2500

3000

T(n)

T(p)

1

10 19 28 37 46 55 64
S1

S25

S49

0

500

1000

1500

2000

2500

3000

3500

T(n)

T(p)

 
 

FIGURE 12 
 


