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Abstract. The angular distribution of the depolarisation factor D{8) has been measured 
for the n-2H scattering at 2-45 MeV. The incident polarised neutron beam was produced 
from the 12C(d, O)13N reaction at 25° lab. Two sets of phase-shifts between O and 
3-27 MeV have been determined by fitting the cross sections in the frame of effective 
range approximation (ERA). We compare our experimental results with these phase-shift 
predictions. 

I NUCLEAR REACTIONS 2H(S, n) 2 R E = 2-45 MeV; measured depolarisation 
I factor D{Q)\ comparison with ERA-analyses predictions. 

1. Introduction 

For a complete description of n-2H scattering one has to know the scattering ampli­
tudes for both the spin channel states \ (quartet channel) and \ (doublet channel). 
The quartet amplitudes are well determined experimentally as well as theoretically 
(Bovet et al 1973). The situation for the doublet amplitudes, which are the most 
interesting ones, is not clear and the measurements of observables sensitive to that 
quantity are highly desirable. The depolarisation factor D(B) exhibits such a sensitivity 
(Jaccard and Viennet 1972). We therefore undertook measurements of the angular 
distribution of D(O) below the deuteron break-up threshold at 2-45 MeV neutron 
energy. 

The measurement of the D(B) parameter requires a triple-scattering experiment 
in which the first scattering produces a polarised beam of neutrons and the third 
scattering measures the polarisation of the beam after it has been scattered at the 
second scatterer, all scatterings taking place in the same plane. The D(O) parameter 
is a measure of the change in polarisation of the beam, perpendicular to the scattering 
plane, due to the scattering in the second target. If all the scattering planes are 
chosen parallel, the asymmetry.« is related to the depolarisation factor D(O) by (Wol­
fenstein 1956) 

_ P(B) + P(A)P1.«. 
€ 1 +P(O)P1.«, 
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where P(0) is the polarisation for n-2H scattering, A the analysing power, P1 the 
polarisation of the incident beam and ns a unit vector perpendicular to the scattering 
planes. 

2. Experimental set-up 

Polarised neutrons were produced from the reaction 12C(O, B)13N, with a resulting 
polarisation P1 = —0-45 ns (Sawers et at 1968). They were then scattered by a deuter-
ated scintillating detector (Dl) composed of a C6D6 liquid. The polarisation of the 
scattered neutrons was determined by means of a Polarimeter consisting of a liquid 
helium scatterer (D2) and two completely identical NE-102 plastic detectors (D3L, 
D3R), each being coupled through a light pipe to a common photomultiplier. A 
movable optical shutter was placed between each detector and the corresponding 
light pipe, so that asymmetry measurements were performed by alternative closing 
of the left and right shutters. This was controlled by the beam current integrator. 
A more detailed description of this system has been given by Piffaretti (1971). A 
schematic drawing of the experimental set-up is given in figure 1. 

Spectroscopic information was obtained by recording the recoil energy spectra 
of detectors Dl, D2 and D3, and the timing information given by time-of-flight 
spectra between Dl and D2 (TF12) and D2-D3L (TF23J, D2-D3R (TF23R). The 
numbers of neutrons scattered into D3L and D3R (called /L and 7R respectively) were 
obtained by integrating TF23L and TF23R respectively. These events had to satisfy 

Target \ < ^ K Superconducting coil 

^J Deuteron 
scotterer 

\ Liquid helium 
\ Polarimeter 

Figure 1. The experimental set-up. Typical dimensions (distances): target -Dl, 35-40 cm; 
target D1-D2, 28-32 cm; target D2-D3, 16-18 cm. Dl, cylinder 0 3 cm, height 3 cm; 
D2, sphere 0 5 cm; D3, cylinder 0 2-54 cm, height 3-8 cm. 
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some conditions imposed on the parameters defined above so that only neutrons 
corresponding to the correct triggers {D1-D2-D3L and D1-D2-D3R) were taken into 
account. Asymmetry is then given by 

In order to eliminate false asymmetry, measurements were also performed with incom­
ing neutrons of opposite polarisation, - P 1 . For this purpose, a superconducting 
coil magnet was used to change the sign of the incident polarisation. The true asym­
metry is then given by (Piffaretti 1971) 

where € is the asymmetry without magnetic field (phase 1) and ç is the asymmetry 
with magnetic field (phase 2). 

There are two main difficulties in this kind of experiment. 
(i) The low counting rate inherent in a triple-scattering experiment; thus rather 

large, closely placed, detectors must be used to increase the counting rate. However, 
this kind of set-up leads to a high level of multiple-scattered events and other geo­
metrical effects, which must be taken into account in'a Monte-Carlo program, simu­
lating the experiment completely. With typical dimensions like those given in figuré 
1, the counting rate for true events was only 6-10 h"1. 

(ii) The structure of the background; direct neutrons scattered from D2 to D3L 

or D3R, together with a non-correlated event in Dl, give rise to events which are 
not distinguishable from true events if only TF23 is considered. Shielding reduces 
these parasite events but the exact amount of this contamination can only be elimin­
ated by careful examination of the correlated spectra TF12 with TF23L (and 
TF12-TF23R). 

3. Data recording 

A block diagram of the electronics is given in figure 2. Spectroscopic information 
about the detectors Dl, D2 and D3 was derived from dynode 14 and was fed through 
a linear gate and strecher module (LG) and then converted to digital information 
by means of an analogue to digital converter (ADC). This information was read by 
a fast scaler (FS). Timing information was obtained directly by sending the outputs 
of the anode to a time-to-digital converter (TDC). The start signal was provided by 
the detector D2, and two stop signals by the detectors Dl and D3 for the TF12 
and TF23. A logic signal was used to indicate which one of the two shutters (left 
or right) was open. The fast coincidence units C2, C4 and C5 were used to select 
the events occuring in a given temporal sequence. Outputs from coincidences Cl, 
C2 and C3 were used to gate the modules LGl, LG2 and LG3. Information from 
the TDC and FS modules was then sent to the PDP computer via a PDP-CAMAC 
interface which was built in our Institute. This module was activated by a signal 
derived from C2 (FE), and supplied a signal when the computer was busy (BL). Further­
more, the pile-up gate (PU) was used to inhibit the electronics and the beam current 
integrator for a fixed period (300 us), thus eliminating the need for dead-time correc­
tions. 
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Figure 2. Block diagram of lhc electronics. An D1-D3, anode of detector Dl , D2, D3; 
Di 4 DI-D3, 14th dynodc of detector Dl, DZ D3; C1-C5, fast coincidences: PU, pile-up 
gate generator; TDC, time to digital converter; LG1-LC3, linear gate and stretcher; ADC, 
analogue to digital convener; FS, fast scaler (40Mc/s); ®, zero crossing module; MT, 
magnetic tape. 

The five kinematical parameters (three recoil spectra and TFl 2, TF23) were 
recorded by the PDP computer and written on the magnetic tape (MT) together 
with the logic parameter indicating which shutter was open. 

4. Background-subtracted spectra 

Events were sorted out by an off-line treatment by imposing the kinematical condi­
tions on the parameters. In particular, the correlated spectra TF12-TF23L and 
TF12-TF23R were established (see, for example, figure 3). From these, it was possible 
to study the structure of the background and subtract it. Asymmetry was extracted 
after integrating the time-of-flight peaks of the net spectra. The limits of the integ­
ration were chosen very carefully to have a reasonable stability for the asymmetry. 

5. Monte-Carlo simulation program 

The experimental situation was simulated completely by means of a program based 
on the Monte-Carlo method. We have assigned a certain weight to the scattered 
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Figure 3. Example of a correlated time-of-flight spectrum. 

neutron depending on its trajectory in the scatterers. For the detectors Dl and D2, 
three possible scatterings have been taken into account. The polarisation of the neu­
tron was calculated after each scattering. The time-of-flight spectra TF23L and TF23R 

were constructed with the same kinematical constraints as in the experiment and 
from these the asymmetry was calculated. Each of the phases, with and without 
magnetic field, has been simulated independently giving the two asymmetries é and 
é. The combination ej = (̂e8 — e5) was then compared with the experimental value 
et. The value of the unknown quantity D(O) was adjusted by trial and error until 
€? was equal to the experimental value. 

The simulation program requires a complete knowledge of n-12C and n-4He 
scattering below 3 MeV (in addition to n-2H scattering). The corresponding cross 
sections and polarisation parameters have been calculated from phase-shifts given 
by Stammbach and Walter (1972) and Lane et al (1969). 

The following approximations have been used in the program. 
(i) Since n-2H scattering is so far insufficiently known, the polarisation observables 

have been calculated in the frame of the diagonal, J-degenerated model, which pre­
dicts P(O) = 0 and the scattered neutron polarisation = D(O)Pi (Jaccard and Viennet 
1972). This model is thought to be sufficient for the present situation because the 
measured polarisation is small (Piffaretti 1971, Haeberli 1969) (<5%) and the effect 
of P(O) ^ 0 will cancel at the first-order approximation when both phases (with and 
without magnetic field) are combined. Furthermore, D(O) was set to a constant for 
alt angles and energies. 

(ii) The influence of detector D3 was taken, into account by considering only 
its neutron detection efficiency. 

(iii) The finite resolution of the electronics was taken into account by folding 
the simulated spectra with an adequate function of resolution. 
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Table 1. Measured depolarisation factor D(0) for n-2H scattering at 245 MeV. The errors 

quoted are statistical. 

0llb(dcg) 

30 
40-5 
55 
70 

Mdeg) 

45 
60 
80. . 

100 

e, ± *&)(%) 

9+4-4 
8-8 ± 4-4 

13-1 ± 4-0 
181 ± 40 

D ± MD) 

0-31 ±0-15 
0-34 ± 0-17 
054 ± 017 
0-66 ±015 

6. Results 

To test the whole apparatus and simulation program, we first performed one measure­
ment on hydrogen for which D(O) was known. Our results are in satisfactory agree­
ment with the predictions of the effective range theory (Noyes 1972). 

Our measured values of D[B) for n-2H scattering at 2-45 MeV are presented in 
table 1. They are also shown in figure 4 together with theoretical calculations by 
Kloet and Tjon (1973, local S-wave N-N interaction), Sloan (1971, separable S wave) 
and the Lyon groupf (Fayard 1976, private communication, separable S, P and 
3S1-3Di waves). 

7. Phase-shift analysis 

A phase-shift analysis between 0 and 327 MeV has also been undertaken; this showed 
the importance of D[O) measurements. 

1-0 

08 

g 0-6 
Q 

0-4 

0 2 

0 30 60 90 120 150 

6 C M ( * 9 ) 

Figure 4. Measurements and calculations of D(O). Data points, our measurements at 
2-54 MeV; dotted curve, calculation by Sloan (1971) at 2-45 MeV; full curve, calculation 
by Kloet and Tjon (1973) at 245 MeV; broken curve, calculation by the Lyon group 
at 2-6 MeV (Fayard 1976, private communication). 

t T h e authors are grateful to the Lyon group, particularly to C Fayard, for supplying the results of 
their calculations prior to publication. • 
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A smooth energy dependence was imposed on the phases through the ERA approxi­
mation. (This allows as many measurements as possible to be taken into account 
at the same time.) In order to reduce the number of free parameters we have per­
formed our analysis in the frame of the diagonal, ./-degenerated model (which implies 
that we have degenerated phase-shifts and no mixing parameters; see Jaccard and 
Viennet (1972) and Viennet (1972)), and we have limited the / values to / ^ 2. The 
following measurements were included in our analysis: 

(i) 38 measurements of olot (quoted in Viennet 1972); 
(H) 38 measurements of a(8) (quoted in Viennet 1972); 
(Hi) 4-measurements at zero energy (ff0, a4 + $a2i a*, a2) (DiIg et al 1971, Nikitin 

et al 1956); 
(iv) the binding energy of the triton (quoted in Viennet 1972). 
The reader is reminded that, in the frame of our model, the polarisation parameter 

is identically equal to zero (Jaccard and Viennet 1972). Therefore no such experimen­
tal results have been included in our analysis. 

Two types of parametrisation have been used: 
Set 1 

kll + icotoh=^Ab + iRlak
2 + Phk* l 

for all phase shifts; 
Set 11 

fc COt ô0i = ^Oi + lRo* ** + Po4Z(I + k2/W2) 

for the 2S phase (Van Oers and Seagrave 1967), the parametrisation for the other 
phase-shifts being the same as for set If. k is the centre-of-mass momentum, and 
Am, Rts, PSs, W are the parameters to be adjusted. 

Both sets give equally good fits to the data. The values of the parameters are 
given in table 2. As far as the quartet phase-shifts are concerned, these two sets 
are completely equivalent and compatible with other published results (Seagrave 1969, 

Table 2. Results of the two ERA analyses (see text). 

A1, 
R1, 
P„ 

A1, 
R1, 
Ph 
W 

2S 

-1-533 
-5-243 K 
- 1 0 3 4 x 

-2-265 x 
2-727 

-1-315 
8-780 x 

101 

10* 

10"' 

10"2 

4S 

-1-576 x 
2-969 
— 

-1-576 x 
2-885 
— 

• — 

Set I 

10"1 

Set II 

10"1 -

••x2 = 

2P 

1-720 
-1-273 

6137 

•f = 

-1-478 
1-053 

-4-890 
— 

98; reduced y2 = 

x 102 

x 101 

4 P 

3-835 x 
9-355 x 

— 

110; reduced x1 : 

x 102 

x 102 

1-988 x 
1-254 
— 
— 

• 146 

10"3 

IO"1 

= 1-72 

io-3 

1 D 

9-169 x 
0 
1-113 

-2-727 x 
6-329 x 

-8-544 x 
— 

IO"* 

10" 1 

10" ' 
IO' ' 

4 D 

-4-405 x 
0 

-2-550 

-3-134 x 
3-787 x 

-4-813 
— 

IO"4 

10" 1 

IO"1 

t Another parametrisation has been used by Phillips and Barton (1969). 
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FigurcS. Doublet phase-shifts: results of FÌRA analysis. Broken curves, set I; full curves, 
set II. 

Arvieux 1974). On the other hand, the doublet phase-shifts are completely different 
(figure 5). Set I has a 2S phase much smaller than that of set TI. 2P phases are 
of opposite sign for the two sets. The 2D phase of set I is much bigger than that 
of set II. Set II is closer to standard results except for the 2D phase which has 
the opposite sign from that generally accepted. 

The depolarisation factor D[O), calculated with the phase-shifts from sets I and 
II, shows a completely different shape (see figure 6), indicating the sensitivity of this 
observable to the doublet amplitudes. Our experimental values of D[O), which were 
not included in the BRA analysis, are also shown in figure 6. A visual inspection 
of this figure seems to indicate that the trend is in favour of set II. The appearance 
of the pole in the parametrisation of the 2S phase-shift has been shown by exact 
three-body calculations (see, for example, Whiting and Fuda 1976). 

Finally, we would like to point out that the results of the present ERA analysis 
could be used as a satisfactory starting point for an analysis which would include 
mixing parameters and/or split phase-shifts. This analysis could be used for fitting 
polarisation data (Bovet et al 1976). 

8. Conclusion 

The present experiment shows that triple-scattering experiments with neutrons are 
feasible, though difficult. 
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Figure 6. Depolarisation at 2-45 McV. Measurements and results or RRA analysis. Broken 
curve, set I; full curve, set II; data points, our measurements. 

D[Q) is an observable sensitive to the less well known doublet amplitudes and 
the measurement ofthat quantity should give some useful information in determining 
the n-2H scattering matrix. 

The disagreement between experimental values and the theoretical 'exact1 predic­
tions still requires clarification. 
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