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A diffractometer using perfect crystals in symmetric Bragg arrangement, hence being useful 

for both neutron and X-ray radiation, has been built. The angular resolution of that instrument 
is better than 1 microradian, which corresponds to a scattering vector resolut ion of about 10~ 6 A _ 1 . 
This spectrometer was equipped with a laser light adjustment system which is sensitive to the 
relative angular position of the two perfect crystals. The spectrometer was used for the mea-
surement of neutron scattering at very low angles of hydrated niobium and vanadium samples. 
The experimental results show an anomalously low attenuation of the neutrons when the metal-H 
sample is within the solubility a region. This property is explained by a lattice gas model of atomic 
H in the a-phase of the system. In the two phase region (a — ß) a stronger attenuation of the 
neutron beam occurs due to the sample now being in an ordered interstitial solution phase. 

1. Introduction 

Small angle scattering spectrometers being a 
standard tool in neutron physics have in recent years 
been extended to the high angle resolution regime 
by employing perfect crystals in a nondispersive 
double crystal arrangement [1—4]. The nondis-
persive property of a parallel setting of the Bragg-
planes of the two crystals permits to operate such 
spectrometers with a good neutron economy. The 
wavelength spread as determined by the collimation 
geometry does not to first order influence the Q-res-
olution. In such an arrangement the sample to be 
investigated is placed between the two Bragg-dif-
fracting crystals and the change in angular distribu-
tion of the radiation after passage through the 
sample is recorded by scanning the second crystal. 
Due to the high angle resolution of a perfect crystal 
small angle scattering device, for many experiments 
it is possible to reach the refraction domain as ap-
proach to the diffraction domain with respect to the 
sample, i. e. one measures primarily the modification 
of the angular distribution of the direct beam and 
the low-angle transmission effect defined as 

/ = /0 exp ( - Nv asas t), ( 1 ) 
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where Np is the number of precipitates per volume 
and osas = n [Nß bß - Na 6J 2 A2/2 is the scattering 
cross section of a precipitate of radius R and scat-
tering density Nß bp in a matrix with a scattering 
density Na b,a [5]. A previous investigation in this 
direction has been done by Kalanov et al. [6] using 
a similar technique. 

The present paper describes the design character-
istics of such an instrument as setup at the TRIGA 
reactor Wien. The instrument was used for study-
ing metal samples loaded with hydrogen and deu-
terium at room temperature in order to study pre-
cipitation effects. Another experiment carried out 
with that instrument concerned Christiansen filter 
measurements with the aim of providing a com-
plementary technique to measure neutron scattering 
lengths [7]. 

2. The Instrument 

For an infinitely thick non absorbing perfect 
crystal the reflectivity is given by the well-known 
Darwin function [8, 9] 

R{y) = l-Vi-y~2, (2) 

where in the symmetric Bragg-case 

[ ( 0 - 0 B ) s i n 2 0 B - Z ( ° ) / £ ] 
y = [VV(G)V(-G)JE] 
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Here, 6 is the angle of the direction of the incident 
neutron beam, 0b is the exact Bragg angle, V{0) and 
V (G) are the mean and the Fourier components of 
the neutron-crystal interaction potential and E is the 
neutron kinetic energy. In this experiment the (400)-
reflection at Si (F (400)^ F(0) = 2 7ih2 bc N/m, 
bc coherent scattering length, N particle density) at 
a Bragg-angle of 41.21° is used and we expect the 
total reflection range to be AO = 4.0 x 10~6 radians. 

An additional reduction of the angular width of 
the rocking curve can be achieved by cutting the 
crystals with a proper angle relative to the reflecting 
planes [1], A possibility to reduce the tails of the 
resolution function exists in the use of multiple re-
flection by groove crystals as successfully applied to 
X-ray small angle cameras [10, 11]. 

The small reflection width implies the necessity 
of a very high angular stability and a fine angular 
control of the experiment. The stability requirement 
was met by having both crystals mounted on an 
optical bench which was thermally isolated. In order 
to obtain the necessary angle resolution, a com-
mercially available theodolite (WILD T2) was used 
as a goniometer similar as done previously for an 
X-ray setup [12]. The angular position itself was 
controlled by driving the fine angle setting knobs of 
the theodolite by a stepping motor in such a way 
that one step of the stepping motor provided a rota-
tion of the crystal by 1/30 arcsec. It is noteworthy 
that the whole angular range accessible by that high 
resolution stepping mode was 5°. This setup was 
used for the analyzing crystal, while the mono-
chromator crystal, which was bathed in the white 
neutron beam emerging from a reactor beam tube, 
was mounted on a standard goniometer head. 

In order to obtain a measurement of the angular 
position of the crystals, a laser mirror system was 
developed (Figure 1 [7] ) . This system employs 
two mirrors each connected to one of the crystals. A 
laser beam is reflected consecutively by both these 
mirrors onto a reference mirror which reflects it 
back into the same ray path in such a way that 
finally the position sensitive diode located at the 
laser given a measurement of the angular deflection 
of the laser beam. It can be shown that, if the refer-
ence mirror is arranged orthogonal to the beam 
leaving the laser source, the total angular deflection 
when the beam returns to the position sensitive diode 
is 4 cp, where (p is the misstepping of the second 
mirror with respect to the first one. To overcome the 
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Fig. 1. Sketch of the nondispersive double crystal spectro-
meter for small angle scattering studies (top) and the 
optical adjustment system (below). 

sensitivity of the system to the angular position of 
the reference mirror a reference beam was guided 
along a parallel beam path using pentagonal prisms 
which deflect by the fixed angle of 90°. Then the 
positional separation 8x between the illuminated spot 
of the measuring beam and of the reference beam is 
given as bx = 4< cp I, where I is the optical path length. 
Using a focussing mirror as the reference mirror, 
an angular resolution down to ~ 10~7 radians was 
achieved. As compared to a light interferometeer ar-
rangement [13], our system has — besides its 
simplicity — the advantage of giving an absolute 
reading of the relative angle, which is not lost by 
switching off the system. Figure 2 shows the measur-
ed double crystal rocking curve for neutrons. The 
experimental full width at half maximum of 11 p.rad 
was found to be only slightly larger than the theo-
retically expected full width (8 [trad). This ex-
perimental result was obtained after optimization of 
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Fig. 2. Rocking curve ( = resolution function) of the per-
fect crystal arrangement. 

the £>-axis positioning of the crystals, because any 
missetting AQ, together with a vertical divergency 
Ao., gives a broadening of AQ2/ (2 cos2 0B) + 
AQ AA. sin 0ß • 

3. Experiment and Results 

The experiments were done by using sets of 
samples of V loaded with H and D, respectively, 
and of Nb loaded with H. These samples covered a 
range of concentrations from very low concentrations 
to values beyond the a-phase boundary. Some of 
these samples had been investigated and specified in 
an earlier experiment by neutron interferometry [ 14]. 

Figure 3 shows the characteristic results for the 
measurements of the hydrogen loaded niobium 
samples. Note that below the a-phase boundary the 
rocking curves do not exhibit a significant change of 
their shape when the hydrogen concentration is in-
creased. This behavior changes drastically above the 
phase boundary. Here the width of the rocking 
curves increases with increasing H concentration due 
to the expected precipitates of the /?-phase. It was not 
attempted in the present work to derive from the 
broadening effect information about the size of the 
precipitates, because this needs a rather complicated 
deconvolution procedure including the considerable 
vertical divergency [15, 16] and the tails of the 
resolution function (Figure 2). On a relative scale 
it can be seen that a linear Guinier plot cannot be 
obtained indicating rather different size of the 
precipitates. 

An interesting result is obtained if one plots the 
integrated intensity of the small angle scattering 

peak as a function of hydrogen concentration (Fig-
ure 4). Here the integrated intensity stays again 
fairly constant below the phase boundary and de-
creases markedly beyond that boundary. In order to 
obtain the integrateed intensities, a computer con-
volution procedure was employed. The resolution 
function as shown in Fig. 2 has been approximated 
by a convolution function of two Darwin reflection 
curves with a variable width parameter. This func-
tion was again convoluted with the scattering func-
tion, assuming that it is of Lorenzian or Gaussian 
shape. A proper fit procedure yielded the parameters 
of the assumed scattering law. A quantitative inter-
pretation of these data will be done in a forthcom-
ing paper [17]. A model which is capable to de-
scribe the drastic reduction of the integrated in-
tensities beyond the solubility limit has to use in-
formation about the mobility of hydrogen in the 
metal matrix. Phenomenologically such an informa-
tion is conveyed by the gas-liquid-solid model of 
some metal hydrides [18]. According to that model, 
phases exist which can be called interstitial solid 

— cH [M. ] 

Fig. 3. Characteristic results for the hydrogen-niobium sys-
tem. Observed rocking curves are plotted for various sam-
ples below and beyond the phase boundary at 20 °C. 
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In view o the phase diagram discussed above the 
experimental integrated peak intensity data below 
the solubility limit were compared with two differ-
ent models (Fig. 4) corresponding to two extreme 
cases. One model assumes the hydrogen to be 
rigidly bound in the metal, while to other employs 
the free hydrogen crosssection equivalent to a 
monatomic gas. As is well known, these differ by a 
factor of 4 in the case of hydrogen and by a factor 
of 2.25 for the case of deuterium. As can easily be 
seen, the lattice gas model fits the experimental data 
quite well, while the assumption of a rigid bound 
disagrees with these data sigificantly. It is impor-
tant to note that for H the total removal cross sec-
tion is overwhelmingly caused by incoherent scat-
tering. 

On a more formal basis, we may employ the 
total cross section of a gas of noninteracting nuclei, 
i. e. a gas whose phase space density is sufficiently 
low for disregarding quantum interaction effects. 
For such a gas the total scattering cross section may 
be expressed as [19] 

k y ( * i / 2 ) + ^ z ) 1,2 h ' 
(3) 

with cp (x) being the error integral 

*p{x) = (2^) - 1 / 2 / d «e~ i i . (4) 
o 

Here, b is the bound scattering length, pi = 1 +m/M 
Fig. 4. Integial and peak intensity for hydrogen-niobium a n d X = EM ß/m, where m is the neutron mass, E is 
samples as a function of the hydrogen concentration. its kinetic energy, M the mass of the scattering 

nuclei and ß =l/kT describes the temperature of the 
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solutions or interstitial alloys. Within the framework 
of that model the hydrogen in these metal-hydrogen 
systems can be described as existing in various 
forms of gaseous, liquid or conventional solid 
phases. In all systems relevant for the present work 
(Nb-H, V-H, V-D) the so-called a-phase, which 
exists at room temperature at low H (or D) con-
centrations up to a few atomic percent, exhibits a 
very high mobility of H (or D). It is this phase 
which corresponds to the "lattice gas". At higher 
— but not too high — concentrations precipitation 
of the /?-phase occurs. In all cases considered here 
this phase is an ordered interstitial solid solution 
with correspondingly lower bulk mobility of the 
hydrogen isotopes. 

"O 
^°bound 

- -En/kT 
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Fig. 5. Energy dependence of the hydrogen and deuterium 
attenuation cross section within the gas model. 
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gas. The resulting cross section is shown in Fig. 5 
for both hydrogen and deuterium. We note that for 
high neutron energies, i.e. I, (3) reduces to 
the familiar 

monoatomic gas model 
/ 

4,71 b2 A 
A + 1 (5) 

where A is the atomic mass of the scattering nuclei. 
Further support is given to our model by the prop-
erty that beyond the solubility limit (Fig. 4) the in-
tegrated coherent small angle peak intensities are 
best explained by calculating a weighted mean be-
tween the bound and the free hydrogen cross sec-
tions. The weights there reflect the relative amounts 
of a and ß phase. These percentages were taken 
from the known phase diagrams [20]. 

Turning now to the V-H system, we observe a 
behavior very similar to the one in Nb-H. Here 
again the integrated intensity below the solubility 
limit is best explained by a lattice gas model (Fig-
ure 6). Above that limit the weighted mean ap-
proach gives again reasonable agreement with ex-
periment. In the V-D system two important differ-
ences as to the cases discussed already are to be 
regarded. On the one hand the incoherent and there-
fore the total scattering cross section is significantly 
lower than that of H, and on the other hand the 

A 
factor is only 2.25 as mentioned above. 

A + 1J 
Both these effects result in the fact that within the 
present experiment it was not possible to discriminate 
experimentally between the two cases. 

hydrogen concentration ('/•) 
J 1 I I L 

Fig. 6. Integral intensity for hydrogen-vanadium samples 
as a function of the hydrogen concentration. 

Concluding Comments 

The present experiments, though performed in 
the neutron optical regime, give some novel type 
of information about the mobility of H in metals. We 
point out that all this information may be obtained 
within a reasonable measurement time at a low flux 
reactor. Nevertheless, it would be of interest to 
complement the present work by classical small 
angle scattering studies as well as by a detailed ex-
ploitation of the information provided by the neu-
tron small angle scattering in the optical regime. 
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