
81 

Acta Cryst. (1985). B41, 81-83 

Thorium Coherent Scattering Length Measured by Neutron Interferometry 

By A. BOEUF 
Commission of the European Communities, Joint Research Centre, Ispra, Italy and Institut Laue-Langevin, 

Grenoble, France 

U. BONSE 

Universitiit Dortmund, Federal Republic of Germany 

R. CACIUFFO 

Universit~ di Ancona, Italy 

J. M. FOURNIER 
Ddpartement de Recherche Fondamentale, Centre d'Etudes Nucl~aires de Grenoble, France 

L. MANES 
Commission of the European Communities, Joint Research Centre, Karlsruhe, Federal Republic of Germany 

J. KISCHKO 

Universitiit Dortmund, Federal Republic of Germany and Institut Laue-Langevin, Grenoble, France 

F. RUSTICHELLI 

Commission of the European Communities, Joint Research Centre, lspra, Italy and lnstitut Laue-Langevin, 
Grenoble, France 

AND T. WROBLEWSKI 

Universitiit Dortmund, Federal Republic of Germany and Institut Laue-Langevin, Grenoble, France 

(Received 4 June 1984; accepted 10 October 1984) 

Abstract 

A very accurate determination of the neutron coher- 
ent scattering length of 232Th, bTh, was performed at 
the neutron interferometer installed at the high-flux 
reactor of the lnstitut Laue-Langevin, Grenoble. The 
value bah = 10.52 (3) fm was obtained for a neutron 
wavelength A = 1.8389 (6) ~ .  

The description of the neutron-nucleus scattering 
problem at low energy is usually based on the nuclear 
scattering length a. For applications of neutron scat- 
tering in condensed-matter investigations the knowl- 
edge of the bound scattering length b is needed. In 
the frame of the Fermi pseudopotential approxima- 
tion one has b = a(A+ I)/A, where A is the nucleus- 
neutron mass ratio. The Fermi model gives good 
predictions provided that the correct value for b is 
used. 

Many theoretical approaches have been proposed 
to evaluate the scattering length: for light nuclei few- 
body models are used (Levinger, 1974; Karchenko & 
Levashev, 1976; Perne & Sandhas, 1978); for nuclei 

characterized by nearly closed shells an extension to 
the continuum of the Bloch and Gillet shell-model 
formalism has been proposed (Normand, 1977). 

However, owing to the still incomplete knowledge 
of nuclear forces, the neutron-nucleus scattering 
length must be regarded as a parameter to be deter- 
mined experimentally. 

In this paper, we report the results of a high- 
precision determination of the coherent scattering 
length of thorium (natural thorium contains 100% of 
232Th). A complete synopsis of the bah values available 
in the literature can be found in Koester & Rauch 
( 1981 ). In the previous work, conventional techniques 
were used, namely neutron diffraction on ThO2 pow- 
der or single crystals and neutron transmission 
measurements. The lowest bTh value observed was 
bTh ---- 9"8 ( 1 ) fm (Roof, Arnold & Gschneidner, 1962) 
by neutron diffraction on ThO2 powder. A very similar 
value, bTh = 9"84 (3) fm (Rayburn & Wollan, 1965), 
was obtained by transmission measurements, whereas 
higher values were obtained by neutron diffraction 
on ThO2 crystals [bah = 10.00 (9)fm (Willis, 1963)] 
and by the recently developed Christiansen filter tech- 
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nique [bTh = 10"52 (6) fm (Koester & Rauch, 1981)]. 
Such a spread is too large to allow a precise interpreta- 
tion of the sophisticated experiment performed on 
thorium compounds. For this reason we have perfor- 
med a bah measurement by neutron interferometry, 
a technique that is free of almost all the systematic 
errors from which the conventional techniques suffer. 

Interferometry allows the observation of the 
modification of the beam state J qJ) induced by some 
interaction ,4. The intensity of the beam in the state 
resulting from the superposition of the original state 
I~0) and the altered state AIO) is 

If ,4 is a unitary operator, it is possible to write 
A =  exp (i~), ~ being a Hermitian operator. Then, 

l = Io±<COS ~>. (2) 

In the case of a neutron wave travelling through a 
medium of thickness t, the interaction has the form 
, 4 = e x p [ i ( 2 1 r / A ) ( 1 - n ) t ] ,  where A is the neutron 
wavelength and n is the real part of the refraction 
index of the medium; n is related to b by 

n = 1 b 2 + \~--1 , ( 3 )  

where N is the number of atoms per unit volume and 
~'r is the sum of capture, fission and incoherent scatter- 
ing cross sections. As Th is a zero-spin nucleus the 
incoherent scattering cross section is zero, and since 
(1"r/2A) 2"" 10 -8 b 2 the removal term can be neglected 
in (3)" thus, the phase operator ~ can be written as 

= ANbt. (4) 

It is then evident that by measuring the intensity of 

N 4 - 0 ~  

SL 

PS 

Fig. 1. Drawing of the experimental arrangement. The incident 
neutron beam N is monochromatized by the first crystal F. The 
beam cross section is reduced by the slit SL. PS is the AI phase 
shifter and SA is the thorium sample. The intensities of the 
outgoing beams O and H are measured by the neutron detectors 
Do and DH. 

the interfering beams it is possible to determine the 
b value. A review of the theory of neutron inter- 
ferometry is given by Bonse & Graeff (1977). 

The experiment presented here was performed at 
the Laue-type neutron interferometer installed at the 
Institut Laue-Langevin (Bauspiess, Bonse & Rauch, 
1978; Bauspiess, 1978) following an experimental 
procedure similar to the one we used to determine 
the coherent scattering length of natural uranium 
(Boeuf et al., 1982). A diagram of the experimental 
arrangement is shown in Fig. 1. A monochromatic 
neutron beam is coherently split in the first of three 
parallel oriented Si crystals. The two beams so 
obtained are split again in the second Si slab and 
interfere on the third. Two 3He detectors measure the 
intensities of the outgoing beams. 

An AI phase shifter consisting of a 5-06 mm thick 
parallel-sided plate is inserted in the interferometer 
so as to cross both beams. The phase shifter is then 
rotated step by step around an axis perpendicular to 
the scattering plane. In this way, the relative phase 
of the interfering beams varies, producing a periodical 
modulation of the emerging neutron beam intensity. 
At each position of the phase shifter, the neutron 
intensity is measured with and without a thorium slab 
in one of the two beam paths. In this way, as shown 
in Fig. 2, two interferograms with a phase shift Aq~ = 
hNb t  are obtained, where t is the effective thickness 
of Th crossed by neutrons. However, from the data 
reported in Fig. 2, it is possible to measure A~o exclud- 
ing any multiple of 27r degrees. In fact, if we put 

A~0 = 27rm + Ap (5) 

only the Ap term can be inferred from the data 
reported in Fig. 2. To determine m unambiguously 
one has to know b with sufficient accuracy. The spread 
of the b values reported in the literature being too 
large a second measurement was performed with a 
different experimental set up (Bauspiess et al., 1978; 
Boeuf et al., 1982). The A1 phase shifter was replaced 
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Fig. 2. Neutron intensity of the forward beam as a function of the 

difference between the path lengths of the two beams in the 
aluminium phase shifter. The line with circles represents the 
interferogram for sample out, and the line with triangles the 
interferogram for sample in. 
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by the thorium sample, which was rotated in the two 
interfering beams. An example of the interferograms 
obtained is reported in Fig. 3, which shows the 
intensity of the forward beam as a function of the 
difference between the path lengths of the two beams 
in thorium. 

The oscillation frequency K of the interferogram 
is related to the b value by (Bauspiess, 1978) 

K = ANb.  (6) 

Using this technique, the precision with which the b 
value can be measured depends on the number of 
cycles used to determine K. However, this number is 
limited for geometrical reasons by the dimensions of 
the interferometer and of the sample itself. In our 
case, from a best fit of the collected data the value 
K =0.0579 (9)i~m -I was obtained. This gives A~ = 
66 (1) [t = 1 140 (2) Ixm] corresponding to a value of 
m -- 10. By inserting in (5) m = l0 and the Ap values 
measured with the first experimental set up, a much 
more precise value of A~o can be found. In fact, a 
given absolute error in Ap leads to a very small 
relative error in A% because of the large m value. 
For instance, using the data reported in Fig. 2, after 
correction for the small phase shift due to the air 
volume corresponding to the sample [APai r = 0.02 (1)] 
one finds A P = 3 . 5 2 ( 1 )  and then A~o=66-35(1), 
which is in agreement, within the experimental uncer- 
tainties, with the previous less-accurate value. Finally, 
to calculate the b value, A, N and the effective thick- 
ness t have to be measured accurately. 

The neutron wavelength A has been measured by 
using the interferometer crystal as a spectrometer. 
The value obtained was A = 1.8389 (6) A. The atomic 
density N is related to the mass density p and the 
atomic mass A by N = p N a , , / A ,  where Nay = 
6.0220941 ×1023mol -l is Avogadro's number. The 
mass density p was measured by an Archimedes bal- 
ance. The measurement was performed on two 
parallel-sided plates of metallic thorium, 9%5% 
purity, optically polished. The p values obtained were 
/9 = 11.60 (1) g cm -3 for the first sample (sample A) 
and p =  11.58 (1 )gcm -3 for the sample B, in agree- 
ment with the value p = 11.72 gcm -3 calculated from 
the lattice-parameter measured by X-ray diffraction. 
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Fig. 3. Neutron intensity of the forward beam as a function of the 
difference between the path lengths of the two beams in thorium. 

In fact, it is possible that some microcavities exist in 
the sample, so that the measured p value is lower 
than the calculated one. The sample thicknesses were 
measured with a comparator device and the parallel- 
ism checked; the value to = 1002 ( 1 ) txm was obtained 
for both sample A and sample B. However, the effec- 
tive thickness t depends on the angular position of 
the sample with respect to the neutron path. In our 
case, the thorium slab was inserted in the inter- 
ferometer parallel to the silicon crystal surface. The 
orientation in the vertical plane was checked by an 
optical method while the angular position in the 
horizontal plane was directly measured by the inter- 
ferometer. In fact, if the sample is slightly misoriented 
by an angle 8, the phase shift A~p~ produced by the 
sample in beam path I is different from the phase 
shift Aqhi produced by the sample crossing beam path 
II, because the effective thickness for the two con- 
figurations is different. It is easy to see that 

~'+Af"1 (7) = t a n - '  cot 0s Aq----~i-- Zi¢-~]' 

where 0B is the angle corresponding to the Si 220 
Bragg reflection at the wavelength used. Therefore, 
during the rotation of the A1 phaseshift, three sets of 
measurements were performed, namely with the 
sample out of the neutron beam, with the sample in 
beam path I and finally with the sample in beam path 
II. 

From the measurements with sample A, the value 
--0.0171 (1) rad was found, whereas the value t~ = 

0.0165 (2) rad was obtained for sample B. Following 
the procedure described above we found the value 
b =  10.54(3)fm for sample A and the value b =  
10.51 (3) fm for sample B. Thus the neutron coherent 
scattering length of thorium is 

bah = 10"52 (3) fm. 

References 

BAUSPIESS, W. (1978). In Neutron lnterferometry, edited by U. 
BONSE ~ M. RAUCH. pp. 76-86. Oxford: Clarendon Press. 

BAUSPIESS, W., BONSE, U. & RAUCH, M. (1978). Nucl. lnstrum. 
Methods, 157, 495-506. 

BOEUF, A., CACIUFFO, R., REBONATO, R., RUSTICHELLI, F., 
FOURNIER, J. M., KISCHKO, U. & MANES, L. (1982). Phys. 
Rev. Lett. 49, 15, 1086-1089. 

BONSE, U. & GRAEFF, W. (1977). In X-ray Optics, edited by H. J. 
QUEISSER. Topics in Applied Physics, Vol. 22. Berlin: Springer. 

KARCHENKO, V. F. & LEVASHEV, V. P. (1976) Phys. Lett. B, 60, 
317. 

KOESTER, L. & RAUCH, H. (1981). Summary of Neutron Scattering 
Lengths. IAEA Report-contract 2517/RB. 

LEVINGER, J. S. (1974). Springer Tracts Mod. Phys. 71, 88. 
NORMAND, J. N. (1977). Nucl. Phys. A, 221, 126-156. 
PERNE, R. & SANDHAS, W. (1978). In Few Body Systems and 

Nuclear Forces, edited by H. ZINGL, M. HAFTEL & H. ZANKEL, 
Vol. I. Lect. Notes Phys. 82, 287. 

RAYBURN, L. A. & WOLLAN, E. O. (1965). Nucl. Phys. 61,381-384. 
ROOF, R. B., ARNOLD, G. P. & GSCHNEIDNER, K. A. (1962). 

Acta Cryst. 15, 351-352. 
WILLIS, B. T. M. (1963). Proc. R. Soc. London Ser. A, 274, 122-133. 


