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2. INSTRUMENTATION AND SAMPLE PREPARATION
Table 2.3.1
Properties of the neutron (adapted from Kisi & Howard, 2008)
1.675  1027 kg
0

Mass (m)
Charge
Spin
Magnetic moment (n)
Wavelength ()
Wavevector (k)
Momentum (p)
Energy (E)

1.913 N
h/mv
Magnitude 2/
h- k
ð1=2Þmv2 ¼ h2 =2m2

When b varies from nucleus to nucleus (even considering just a
single element), the coherent scattering is determined by the
2
average value of b, that is bcoh ¼ b,  coh ¼ 4ðbÞ , and the
2
average incoherent cross section is given by  inc ¼ 4½b2  ðbÞ .
The total scattering cross section  s is the sum of the two cross
sections (Squires, 1978; see also Section 2.3.2 in Kisi & Howard,
2008). For the particular case of a nucleus with spin I, the states I
+ 1/2 and I  1/2 give scattering determined by bþ and b ,
respectively, and have multiplicities 2I + 2 and 2I, respectively,
from which it follows that

Figure 2.3.4
Magnetic structure for MnO proposed by Shull et al. (1951). The ﬁgure
shows only the Mn atoms, and indeed only those Mn atoms located on
the visible faces of the cubic cell. [From Shull et al. (1951), redrawn using
ATOMS (Dowty, 1999).]
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2.3.2.2. Neutron scattering lengths
The scattering lengths of most interest in neutron powder
diffraction are those for coherent elastic scattering, bcoh, often
abbreviated to b. As already mentioned, there is no angle (Q)
dependence, since the scattering from the nucleus is isotropic. A
selection of scattering lengths for different isotopes and different
elements is given in Table 2.3.2.
The ﬁrst thing to note is the variation in scattering length from
element to element and indeed from isotope to isotope. The
scattering lengths are in most cases positive real numbers, in
which case there is a phase reversal of the neutron on scattering,
but for some isotopes the scattering lengths are negative, so there
is no change in phase on scattering. The scattering lengths are
determined by the details of the neutron–nucleus interaction
(Squires, 1978).5 In the event that the neutron–nucleus system is
close to a resonance, such as it is for 10B, 155Gd and 157Gd, scattering lengths will be complex quantities and the scattered
neutron will have some different phase relationship with the
incident one. The imaginary components imply absorption, which
is reﬂected in the very high absorption cross sections,  a, for these
isotopes.
The total scattering cross section,  s, is given by  s ¼ 4b2coh
when only coherent scattering from a single isotope is involved,
which is very nearly the case for oxygen since 99.76% of naturally
occurring oxygen is zero-spin 16O. In most cases there is a more
substantial contribution from incoherent scattering, which may
be either spin or isotope incoherent scattering. Spin incoherent
scattering arises because the scattering length depends on the
relative orientation of the neutron and nuclear spins, parallel and
antiparallel arrangements giving rise to scattering lengths bþ and
b , respectively. Isotope incoherent scattering arises because of
the different scattering of neutrons from different isotopes of the
same element. In almost all circumstances (except, for example,
at the extraordinarily low temperatures mentioned in Section
2.3.1) the distributions of spins and isotopes are truly random,
which means that there is no angle dependence in this scattering:
this is sometimes described as Laue monotonic scattering.

More information, including a comprehensive listing of scattering lengths, can be found in Section 4.4.4 of International
Tables for Crystallography Volume C (Sears, 2006). This listing
presents the spin-dependent scattering lengths via bcoh and binc as
just deﬁned. Other compilations can be found in the Neutron
Data Booklet (Rauch & Waschkowski, 2003), and online through
the Atominstitut der Österreichischen Universitäten, Vienna, at
http://www.ati.ac.at/~neutropt/scattering/table.html. In addition,
the majority of computer programs used for the analysis of data
from neutron diffraction incorporate, for convenience, a list of
bcoh values for the elements.
2.3.2.3. Refractive index for neutrons
The coherent scattering lengths of the nuclei determine the
refractive index for neutrons through the relationship (Squires,
1978)
n¼1

1 2
 Nbcoh ;
2

ð2:3:4Þ

where N is the number of nuclei per unit volume. For elements
with positive values of the coherent scattering length the
refractive index is slightly less than one, and that leads to
the possibility of total external reﬂection of the neutrons by the
element in question. In fact, when the coherent scattering length
is positive, neutrons will undergo total external reﬂection for
glancing angles less than a critical angle  c given by
cos  c ¼ n ¼ 1 

1 2
 Nbcoh ;
2

which, since  c is small, reduces to

1=2
Nbcoh
c ¼ 
:


ð2:3:5Þ

ð2:3:6Þ

It can be seen that the pertinent material quantity is Nbcoh, the
‘coherent scattering length density’; for materials comprising
more than one element this is the quantity that would be

5

It is evident from Fig. 2.3 in this reference that even for an attractive interaction
between neutron and nucleus positive scattering lengths will predominate.
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