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Neutron and X-ray experiments at high temperature

P. Aldebert (*)

LA 302, E.N.S.C.P., 11, rue Pierre et Marie Curie, 75231 Paris Cedex 05, France

Résumé. 2014 Des technologies de pointe, dont certaines sont développées dans l’aérospatial ou le nucléaire, nécessi-
tent une connaissance approfondie du comportement à très haute température de matériaux tels que des cérami-
ques, des alliages réfractaires ou encore des métaux fondus. Parmi les techniques de haute température, la diffusion
des rayons X et plus récemment celle des neutrons sont devenues des sondes puissantes propres à fournir des infor-
mations, principalement structurales, sur ces matériaux dans les conditions réelles de leur utilisation. A cet effet
des dispositifs de haute température (au-dessus de 2 000 K) ont été réalisés qui utilisent diverses techniques de
chauffage (par induction, avec des fours à image, des lasers, des chalumeaux à gaz et surtout par effet Joule) :
certains sont décrits dans cette revue. Plusieurs points cruciaux dans ce type d’expérience sont abordés ici, ainsi :
2014 la détermination de la température réelle (par thermocouples et par pyrométrie optique) dans la partie sou-
mise au rayonnement de l’échantillon qui est difficilement accessible, notamment en raison des inévitables gra-
dients thermiques,
2014 la réactivité chimique de l’échantillon avec son environnement, en fait l’atmosphère ambiante et le support
de l’échantillon.
Les neutrons, principalement en raison de leur faible absorption par la matière, permettent l’étude de matériaux
massifs donc réels et donnent, par rapport aux rayons X, une liberté plus grande dans la conception des dispositifs
de haute température. Actuellement des réacteurs à haut flux de neutrons thermiques dans une large gamme de
longueurs d’onde existent, et une nouvelle génération de multidétecteurs de plus en plus performants est apparue
au cours de la dernière décade ; le temps d’acquisition des données et en conséquence la durée de l’expérience à haute
température ont été considérablement réduits ouvrant ainsi la voie à des expériences précises et reproductibles
dans la zone des 3 000 K. Ce domaine de très hautes températures déjà exploré par quelques autres techniques peut
l’être également par les techniques de diffusion des neutrons.

Abstract 2014 Advanced technologies, like for instance aerospace or nuclear engineering require the most exhaustive
information on the behaviour of materials used at very high temperature such as ceramics, refractory alloys or molten
metals. Among high temperature techniques, X-rays and more recently neutron scattering have appeared as power-
ful tools to get information, mainly structural, on these materials in their working conditions. High temperature
devices (above 2 000 K) developed for that purpose, based on various heating techniques (induction, imaging
furnaces, lasers, gas-flame heaters and principally Joule heated devices) are reviewed. Some crucial points are
particularly emphasized such as :
2014 the determination of the real temperature (thermocouples and optical pyrometry) in the scattering zone hardly
accessible partly due to the unavoidable thermal gradients,
2014 the chemical reactivity of the sample with its surrounding, i.e. atmosphere and sample holder.
Neutrons, mainly because of their low absorption by matter, allow the work on real bulky materials and give a
greater freedom in the conception of high temperature scattering devices compared to X-rays. At the present time
thermal neutron high flux reactors offering a wide range of neutron wavelengths are available, and a new generation
of more and more efficient multidetectors has emerged in the last decade; the data acquisition and consequently
the high temperature exposure time have been notably reduced, opening a way for precise and reliable experiments
in the 3 000 K range. This very high temperature domain already studied by a few other techniques can also be
investigated by neutron scattering.
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1. Introductioa

An extraordinary research effort on thermophysical
properties of materials at very high temperature began
just after the second world war. Several high tempe-
rature techniques have been developed for determina-
tion of physical properties such as melting points [1, 2],
vaporization characteristics [3], or vapour pressures [4],
thermodynamic data [5-9], electric conductivity [10-
13], thermal conductivity [14-16] and thermal expan-
sion [ 17-21 in temperature ranges above 2 000 K. The
begining of very high temperature X-ray diffraction
experiments [22] first contributed to the measurement
of thermal expansion of refractory metals [23], pro-
gressing to the study in situ of high temperature phase
transitions. High temperature neutron diffraction

experiments have more recently been developed [24].
Although neutron scattering heating devices are signi-
ficantly inspired by the numerous approaches tried for
X-rays, the neutron devices are at present simpler as
will be shown in the present review. Anyway these two
high temperature techniques are confronted with the
same problems, namely determination of the real

temperature of the sample in the scattering zone,
thermal gradients, temperature stability and chemical
reactivity of the sample with atmosphere and its holder.

2. High temperature production for X-ray and neutron
scattering devices.

2.1 X-RAYS. - Four kinds of heating techniques
have been used in X-ray diffraction experiments :

i) induction heating, with electrically conducting
samples that are directly heated when placed in the
centre of the work coil ; insulators can only be indi-
rectly heated by thermal conduction and mainly by
radiation. It is of interest to note that the latter method
was the first to be used both for high temperature
X-ray [22, 23, 25], and neutron diffraction experi-
ments [24]. The Bowman et al.’s neutron diffraction
furnace [26] is shown in figure 1. A more recent high
temperature (T  2 500 OC) induction heated X-ray
device [27, 28] suitable for both conductive and non
conductive samples is presented in figure 2.

ii) radiation heating, these include : imaging fur-
naces (thermal radiation provided either by a carbon
arc [29] or a short arc xenon lamp [30] (Fig. 3)) and
also by solar heating up to 3 000 K in air [32] and
lasers up to 3 300 OC in air [33].

iii) gas flame heating, initiated by Gubser et al. [34]
up to 2 000 eC and then developed by a Japanese
research group up to 2 300 K on a four circle diffrac-
tometer [35, 36] for crystal structure studies of refrac-
tory oxides [37] as well as for structural investiga-
tions on molten refractories [38]. In addition, this

heating equipment is attachable to Weissenberg and
precession cameras, with no heat damage to the

surrounding equipment [39].

Fig. 1. - Bowman et al. high temperature neutron diffrac-
tion furnace (up to 2 200 °C) from reference [26].

Fig. 2. - Sketch of a high temperature X-ray induction
furnace [27] (this figure is supplied by Dr. J. Laugier). Bot-
tom : the water cooled sample holder (susceptor). Bottom
right : the water cooled inductor. The three elements

constituting the furnace enclosure, water cooled too, exhibit
several outputs (pumping, temperature determination by
optical pyrometry...).

iv) direct or indirect resistance heating is by far
the most widely used technique. The first X-ray very
high temperature devices have generally worked with
modified Debye-Scherrer or Seeman-Bolhin type
cameras [40, 41]. This latter camera type associated
with a counter has greatly contributed to the deve-
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Fig. 3. - Sketch of a high temperature X-ray diffractometer
(up to 3 200 oC) heated with an imaging furnace [31] (this
figure with French indications is supplied by Prof. A. Rev-
colevschi). 

_

lopment of the technique. The sample is positioned
inside a small cylindrical furnace with a wide slot on
the top in order to allow the passage of the X-ray beam
to and from the specimen as shown in figure 4 [42, 43].
Three other devices of the same type need a special
mention : one is carefully designed by Houska et al. [44]
in order to make quantitative intensity measurements
around 2 000 OC. The second was especially built by
Boganov et al. [45] for extremely high temperatures
(2 750 OC) generated both by Joule and electron beam
heating for studying the phase transition of hafnia near
its melting point. The last one is particularly well
adapted for precise determination of thermal expan-
sion coefficients ofvarious refractory materials (mainly
metals and oxides) up to 2 500 OC [46, 47].

Several direct resistance heating devices have been
made either in transmission or reflection geometry,
mainly for very high temperature investigations on

Fi.g 4. - Baker et al. specimen arrangement in their high
temperature X-ray diffractometer from reference [42].

carbon up to 2 600-2 800 °C [48-54] ; the samples in
these devices indeed directly act as heating resistances.

Lastly, a particularly important technique of resis-
tance heating is the utilization of refractory metal
ribbons which act both as resistance heaters and

supports for powdered samples only. Although an
indirect heating technique, this method closely
resembles the direct one. It was first introduced by
Intrater et al. [55] and has been developed into a
commercial high temperature diffraction chamber [56]
widely used in laboratories [57]. Among several pos-
sible shapes of metal ribbon heaters, the flat ribbon
with symmetrical holes designed by Traverse et al. [58]
for a more sophisticated device (Fig. 5) improves a
number of characteristics :
- firstly, the high temperature diffraction geo-

metry since the clamp blocks can be moved in order to
compensate more accurately the thermal expansion
of the metal ribbon compared to the lntrater et al.’s [55]
ones.

- secondly, the homogeneity of the powdered
sample temperature in the diffraction zone owing to
the holes machined in the ribbon.
- lastly, the determination of the true sample

temperature due to the original optical device which
associates a micropyrometer and a laser (Fig. 5).
The principle of the method will be briefly discussed
in paragraph 3.
Three high temperature X-ray devices mentioned

above are shown on photographs (Figs. 6, 7, 8). High

Fig. 5. - Sketch of the Traverse et al. [58] high temperature
X-ray metal ribbon heated diffraction device (side and front
view). 1) furnace enclosure ; 2) transparent silica windows ;
3) X-ray beam windows; 4) metal ribbon; 5) water cooted
clamp blocks; 6) elevation control knob; 7) He/Ne 60 mW
laser (03BB = 6 328 A) ; 8) parallel side optical strip; 9) lens;
10) micropyrometer (this figure is supplied by Prof. J. P.

Traverse).
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4 Fig. 6. - Photograph of the whole 9-6 high
temperature X-ray induction heated gonio-
meter [27-28]) this figure is provided by Dr.
J. Laugier); on left the induction furnace
described on figure 2.

Fig. 8. - Photograph of a modified high temperature X-
ray diffraction chamber of the Norelco type [55-56] sketch-
ed on figure 5 ([58] this figure is provided by Dr. J. M. Ba-
die).

1 Fig. 7. - Photograph of the e-6 Bragg Brentano high tem-
perature X-ray diffractometer heated with an imaging
furnace sketched on figure 3 [30-31] (this figure is provided
by Prof. A. Revcolevschi). Bulk samples covered with a
0.2 mm thick pyrex dome (75 % of the X-ray beam intensity
is absorbed) can either be studied under ambient or oxygen
atmosphere.
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temperature diffraction patterns obtained with a

Norelco type chamber are given on figure 9.

Fig. 9. - High temperature X-ray diffraction patterns of
dysprosium sesquioxide heated under a slightly reducing
atmosphere on a rhenium ribbon heater; C, B, H refer to
polymorphic structures exhibited by rare earth sesquioxides
([59] this figure is provided by Prof. J. P. Traverse).

Several books or general articles which deal with
high temperature X-ray diffraction are given in refe-
rences [60-66].

2.2 NEUTRONS. - Up to now only two types of

heating are used in neutron scattering experiments :
induction and indirect resistance heating.

i) Induction heating, the pioneering work of
Bowman et al. [24, 26] using a high temperature dif-
fraction furnace, shown on figure 1, must be cited
first High temperature crystal structure determina-

tions as well as order-disorder transitions exhibited

by several non stoichiometric refractory carbides such
as ThC2, LaC2, YC2 and Ta2C were the purpose of
these new kind of neutron diffraction experiments up
to around 2 500 OC. Similar equipment has been used
by Tourand et al. [67] for the study of molten metals up
to 2 200 °C; it must however be noticed that the
conductive sample is placed in a refractory metal or
ceramic cylindrical holder inside the inductors. Mainly
because of HF noises which disturb the data acquisi-
tion electronics, induction heating had been practi-
cally abandoned but because of recent improvements,
a resurgence of this technique seems now possible [68].

ii) Indirect resistance heating. As for X-rays, this is
the far more widely used high temperature technique.

Several years ago structural investigations on

molten metals and alloys using high temperature
diffraction began [69]. Éxperiments on liquid Ni-V
alloys (D4 diffractometer at the ILL) have required the
construction of a high temperature apparatus (up to
2 000 OC) using a special tungsten heater fed with
tantalum power supplies [69]. A sapphire container
suitably cut and oriented is used in order to avoid
parasitic Bragg reflections ; this single crystal alumina
container [70] is chemically resistant up to 1 900 K
with many corrosive molten metals. The high tempe-
rature device described in [69] has been adaptcd for
small angle neutron scattering experiments (Dl 1 A
camera at the ILL) on molten Au-Si alloys [71]. The
more recent improvements of these high temperature
furnaces are detailed in this special issue [72]. Finally,
an original set up for neutron scattering experiments
on fluid systems at high temperatures (up to 1 970 K)
and pressures (150 bars) applied to molten rubidium
must be mentioned [73].
Neutron scattering on solid refractory materials at

very high temperatures is also an attractive field of

investigation. A high temperature device using thin
walled tungsten heater was first developed in 1975 [74].
High temperature phase transformations exhibited by
several refractory oxides (La203, Nd2o3, Zro2l
Hf02...) in various atmospheres (neutral, reducing
and oxidizing) and more especially the oxygen sub-
lattice behaviour was the purpose of these studies. A
more sophisticated device, shown on figure 10, has
been achieved later on [75, 76] ; figure 11 shows a
versatile sample holder that has been designed in
order to allow slow rotation of the sample, even at the
highest temperatures (~ 2 500 OC). Versatility of the
heating system has been improved too (Fig. 12) so
that it can either work in neutral atmosphere (Fig.12A :
the furnace is filled with pure helium whose oxygen
partial pressure is lowered by a Zr getter heated
around 900 °C), reducing atmosphere (a graphite felt
insulation is then used) or in oxidizing atmosphere
(Fig.12B) up to 1 750 OC by using a 90 % Pt-10 % Rh
resistor. The whole experimental set up working on the
DIB diffractometer with a multidetector (HFR-ILL)
is shown in figure 13. Since then similar types of high
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Fig. 10. - Sketch of the high temperature versatile set

up for neutron scattering experiments on sintered samples
[74-76]. The aluminium external furnace enclosure is water
cooled; on left, a 1 mm neutron beam window with a

2200 angular range; on top, a silica (suprasil) window
protected from vapours deposition with a movable obtu-
rator, and a total reflection prism for temperature determi-
nations by optical pyrometry (Â = 6 500 À) ; on right power
supplies for the tungsten heating element and the zirconium
getter.

temperature furnaces have been designed [77-80],
mainly in order to study high temperature oxygen
disorder in U02 and Th02. The work undertaken at
the ILL in order to provide high temperature furnaces
catering for the needs of external users must be

emphasized [81]. A limited but interesting review on
high temperature neutron diffraction studies has been
published by Bowman et al. [82].

3. Real température détermination in the scattering
zone above 2 000 K.

Only two temperature measurement techniques ther-
mocouples and optic41 pyrometry are available
above 2 000 K (recent sophisticated ultrasonic and
thermal noise thermometries are purposely omitted).
In this temperature range, they are of unequal impor-
tance, 3 000 °C is the extreme temperature working
limit for thermocouples [83] with severely restrictive
conditions, whilst the limit for pyrometry is several
thousand degrees beyond [84]. However, in both
cases thermal gradients in the sample scattering zone

Fig. Il. - Description of the sample holder system used
in the experimental set up shown on figure 10 ; 1) the sample
with a pseudo-blackbody cavity on top, h (40 mm) being
the scattering zone height; 2) refractory rod (W, etAl203
or calcia stabilized zirconia (CSZ)); 3) cxAl203 holder;
4) aluminum reflector; 5) outlet metal connection with
the rod 6 fitted to the furnace enclosure by means of rotary
vacuum seal 7; 8) connection with the motor.

are crucial points that can deeply affect the accuracy
of the real temperature determination.

3. 1 THERMOCOUPLES. - Generally two families of

thermocouples are suitable for high temperature mea-
surements. Firstly, the precious metals family, for
instance the usual Pt, 10 % Rh/Pt thermocouple,
whose upper working limit is near 1 900 OC [29,
83, 85] mainly due to alloy melting points [86]. Che-
mically resistant in various media, they generally
give reliable measurements up to their working
limit only if used in oxidizing or neutral atmospheres
and more especially when coated with an unreactive
insulating ceramic such as a-A’203 [83]. For higher
temperatures up to 3 000 OC refractory metal thermo-
couples can be used. These include W, 26 % Re/W
whose theoretical limit is about 2 800 OC [85] in spite of
the very high melting points of w and Re (see Table I II).
However several physicochemical properties make
their handling delicate and restrict their use to a far
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Fig. 12. - A) neutral atmosphere heating device (maximum
temperature N 2 500 °C) : 1) W cylindrical resistor (length
130 mm, 10 or 12 mm i.d., thickness 0.05 mm); 2) water
cooled power supplies; 3) drilled (1.5 mm i. d) Cu clamp
and cap; 4), 5) insulation holder system (refractory molyb-
denum steel) ; 6) CSZ insulating felt (Zircar) ; 7) W shields
(thickness 0.03 mm) that can be replaced either by a full
zircar insulation (see B) or a graphite felt for reducing
atmosphere (Fig. 15 in Ref. [75]). B) oxidizing atmosphere
heating device (maximum temperature ~ 1750 °C) : 1) Pt-
Rh (10 %) resistor with an hexagonal cross section and flange
for thermal expansion on top; 2) ibid A; 3) Cu resistor
clamp; 4) aA1203 drilled cap; 5), 6) ibid A 4, 5; 7) full
zircar insulation. 

’

Fig. 13. - The whole high temperature neutron scattering
device working on DIB (ILL).

lower temperature range. Stiffness of these thermo-

couples gives rise to difficulties in ensuring tight bead
contacts inside the sample, particularly if rotating.
Embrittlement, especially after heating, is also a

strong handicap. Lastly, although usually less chemi-
cally reactive at high temperature than other refrac-
tory metals [87], especially with refractory oxides [3,
57, 88] their degradation with time is always a major
nuisance caused by easy formation of tungsten oxides
with oxygen [89] even in traces, or diffusion into the
samples [75, 76, 89-91]. This is why, with few excep-

tions needing drastic precautions [6], employment of
tungsten-rhenium thermocouples is particularly deli-
cate above 2 000 OC, even when coated with reliable
ceramic insulators such as Th02, BeO or Y203 [83,92].
Thus their use is recommended for temperature
control for power supplies at temperature not exceed-
ing 1 900 °C.

Calibration of thermocouples is an important
point of metrology. Owing to their more or less fast
degradation or pollution in the course of long periods
of use, noticeable inconsistancies in the measured
e.m.f. are unavoidable, and measured temperatures
thus become more and more unaccurate, even

meaningless. Reliable high temperature methods for
thermocouple calibration exist up to 2 200 °C [93, 94]
based upon pyrometric temperature determination
using reference refractory materials [87].

3.2 OPTICAL PYROMETRY. - Optical pyrometry is
the most suitable method for temperature determina-
tion above 2 000 K. Higher temperatures can be
measured and the absence of direct contact between
the specimen and the measuring instrument, is a clear
advantage.
A few basic principles of pyrometry are only needed

here to understand the capacities and limitations of
this method. Exhaustive information can be obtained
from particularly specialized books [84, 95] or from
extensive articles [94, 96, 97]. Temperature can be
measured by any system which has a measurable
macroscopic parameter that exhibits a known varia-
tion with kT, k the Planck’s constant, T being the
thermodynamic temperature. This is the case for gas
thermometry which obeys the perfect gas law, and for
blackbody thermal emission. Planck’s relationship
(1900) expresses the total energy radiated distribution
in all directions for a given temperature T and wave-
length î,, thus defining the spectral radiance Je, T).
This relation, simplified within Wien’s approximation
(03BBT  2 000 03BC. K), can then be integrated in the whole à.
range, giving the Stefan-Boltzmann expression :
R(T) = 03C3T, with R(T) the total radiance (or integral
luminence) and 6 the Stefan’s constant. Energy
radiated in a given direction is defined by the spectral
luminence L(î,, T) (brilliance B(Â, T ) in the past) and
obeys Lambert’s law if direction independent. This is
only true for blackbodies but a good approximation
for numerous incandescent bodies, especially finely
divided oxides. Then it can be shown that J(à., T ) =
03C0L(03BB, T). Since the thermal emission of all bodies is
sufficiently intense in the 0.3-20 g wavelength range,
temperature determination can be achieved by radia-
tive pyrometries, optical pyrometries in particular, that
measure radiated energy by various methods :

i) spectral luminence L determination of the sample
compared to blackbody luminence L° at the sa me À
and T (monochromatic pyrometry),

ii) spectral luminence determination at two diffe-
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rent wavelengths, T being constant (two-colour pyro-
metry),

iii) total radiance R determination, in comparison
with a blackbody at the same /L and T (total radiance
pyrometry).

Monochromatic pyrometry, the most extensively
used technique, requires the determination of 8(À, T),
the monochromatic emissivity factor, UÀ, T)I L °(;’, T )
by définition and T being equal. Then applying the
Wien simplified Planck’s formula, Lambert’s law

being satisfied, the relation between real temperature
TR( K ) and luminence temperature TL(K) is expressed
as follows : 1 / TR = 1 / TL + riz Ln EIC2 with C2 the
second Planck constant (14 388 g.K). The case of the
ideal blackbody excepted (8). = 1), 03B503BB is generally
unknown since it depends on different origin parame-
ters (intrinsic physical properties of the real body, but
also surfaces conditions and bulk shape for ins-
tance [98]). Thus T R is systematically greater than T L,
the temperature directly reduced from reading on a
disappearing filament pyrometer which generally
works with the i = 0.65 03BC red radiation. Actually two
possibilities can provide reliable TR determinations.
- More or less blackbody conditions can be

achieved by means of cavities [98] drilled either into
the sample itself when solid [19, 21] or in the sample
container when molten [3, 8, 9, 12, 99-101]. This
method is widely used in high temperature X-ray
diffraction devices [23, 28, 41, 43, 44, 47, 52] and easily
feasible with neutron scattering apparatus [69, 74-76].
However in order to get an emissivity factor e.
significantly near unity, several conditions must be
fulfilled : the blackbody enclosure, deep enough
compared to its aperture diameter, must be uniformly
heated and internal reflections completely diffuse
rather than specular [97, 102-104]. Quinn’s calcula-
tions [105] when applied to cavities of ceramic oxide
samples shown on figure 11 (cavity depth 15 mm and
aperture diameter 1.5 mm) give a. = 0.997, thus

introducing a negligible temperature correction

(  1 OC at 2 200 OC).
- Direct determinations of the emissivity factor el

of the sample in working conditions can be made.
Methods described here are based upon Kirchoff’s
law,which connects monochromatic factors related to
surface properties of real bodies : 03B503BB = aÂ = 1 - PÂ
with a. the monochromatic absorption factor and p.
the monochromatic reflection factor. This is only
valid if the transmission factor is zero, which requires
for instance, that a sample deposited onto a ribbon
heating support is sufficiently thick. The incident
modulated flux method developed by Cabannes [106,
98] is indeed suitable for samples whose reflective

properties are, either fully specular, fully diffuse, or a
simple addition of the two reflective modes. Practically,
this method is difficult to use. Traverse has developed
an improved method [107, 58] based upon the deter-
mination of the following luminence temperatures TL.

* The sample temperature Ts.
* The apparent temperature of the sample TA

illuminated with a small He/Ne laser (60 mW) whose
spectral luminence is however extremely high.

* The reference luminence temperature To of
the laser measured at room temperature along the
same sight geometry on a standard white surface
which exhibits a high known 03C103BB nearly equal to unity
(for instance MgO in the red [107], or BeO whose
03C103BB = 0.98 at riz = 1 Il [106]). From the measurement
of these three luminence temperatures, corresponding
spectral luminences are deduced, thus providing
the sample 8j_ from the reiation : 03B503BB = 1 - pa =

1 - ((LA - Ls)/Lo) from which the real tempe-
rature is obtained. The laser wavelength being
0.6328 g, a suitable filter must be fitted to the pyro-
meter. An illustration of the Traverse’s experimental
device is shown on figure 5 [58].

Two-colour pyrometry [84, 95, 96] needs only a short
mention since literature offers few applications of
that technique in high temperature scattering expe-
riments [28, 29]. This mainly arises from the necessity
of a constant 8;. at two wavelengths (usually red and
blue). Only true grey bodies, actually uncommon,
have this property.
On the contrary total radiance pyrometry is widely

used both for laboratory and industrial temperature
measurements [96]. This type of pyrometers is always
quite automatic, with a rapid response time

(~ 10- 3 s [96,103]). Automatic monochromatic pyro-
meters however favorably compete from that point
of view [94, 97, 102] thus justifying their use when a
continuous record of temperature changes is need-
ed [103], for instance furnace control [104]. Direct
determination of absolute temperature, impossible
with radiance pyrometers only, can however be done
if they are associated with calibrated monochromatic
pyrometers : temperature determination in the X-ray
diffraction device of Guichet et al. [46, 47] is a convinc-
ing demonstration.

8l determination is thus a crucial point in optical
pyrometry [106]. Absorption by sight windows (gene-
rally « suprasil » silica which absorbs the less in the
red is used) and (or) by total reflecting prisms has to be
taken into account resulting in an equivalent 8;. that
must be added to the 03B503BB of the sample. This correction
is applied by most of the authors cited in this review.
For instance, the equivalent emissivity is reduced
from nearly unity to 0.84 for the high temperature
neutron scattering device shown on figure 10 [74-76].
It is then obvious that great care must be taken in
order to protect the windows from internal and
external vapour depositions (Fig. 10). Another crucial
point occurs when samples are heated by radiation [29-
33] since reliable temperature determination requires
the separation of the sample own emitted light from
scattered light. One technique is to view the sample
while temporarily blocking or disrupting the source
of light [29, 103, 108]. Such a procedure is used by
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Revcolevschi et al. [108] : optical densities of photo-
graph taken whilst incident light is screened (0.02 s)
are compared to those of materials acting as spectral
luminence references.
As for thermocouples, pyrometers must be carefully

calibrated and the tungsten strip lamp [84, 95, 102]
is the most widely used emissivity standard [12, 22,
23,18, 86]. Although W emissivity is reliably known up
to extremely high temperatures [84, 109], calibration
of tungsten lamps with standard blackbodies [84, 95,
102, 104, 105, 110] is a necessity for accurate mea-
surements. Actually both W strip lamps and pyro-
meter filaments grow old [86] thus requiring periodic
checks with blackbodies. To this latter source of
uncertainties must be added those arising from eye
sensibility, including readings on the voltametric
display of the pyrometer and poorly controlled

sight geometry. Within some of the precautions
and restrictions that have been mentioned, optical
pyrometry remains a far more reliable tempera-
ture determination technique above 2 000 OC

compared to thermocouples. This advantage is even
more pronounced when neutron scattering devices
are involved since sample size and shape generally
allow pyrometric sights in excellent quasi-blackbody
conditions, then avoiding most of radiative surface
sources of uncertainties [42, 43, 47]. Direct high tempe-
rature determinations on single crystals using optical
micropyrometers is however a nearly unique situation
that cannot be satisfactorily overcome.
Complementary indirect temperature determination

can be employed when both thermocouples and pyro-
metry provide doubtful data. These are mainly based
upon the known evolution with temperature of ther-
mal expansion of refractory materials such as Ta, W,
aA1203, U02, Tho2 [27-29, 42-44, 55, 77-79] or

upon the melting points of reference substances such
as aA1203, Y203, Tho2 [29-31, 36, 42, 43, 108].
Therefore this procedure introduces uncertainties
since problems with high temperature material stan-
dards problems are still unsatisfactorily solved [ 11,16,
20, 86,111, 112]. Internal calibrations being impossible
at high temperature, other sources of uncertainties
then arise from the independence of the calibration
and specimen runs [55]. Differences in shape, size and
position can indeed easily occur. In such cases power
consumption is not a reliable means of high tem-
perature determination, just a temperature fluctuation
indicator [24, 27, 28, 36, 44]. Consequently, temperature
uncertainties are often greater than expected and
increase with temperature. For greatest accuracy
and reliability in high temperature determination,
checking and combining the maximum number of
independent measurements is strongly recommend-
ed [29, 42-44].

3. 3 THERMAL GRADIENTS. - Inhomogeneities are an
other source of uncertainties on temperature measure-
ments in high temperature scattering devices [65, 66,

29]. Sample thermal gradients in the scattering zone
arise from numerous origins, mainly the difficulty to
achieve a perfectly insulated enclosure, especially with
X-rays which require, because of their severe absorp-
tion by matter, a beam path free from insulators or
shields (Fig. 4 [42, 43]). Temperature determination
apertures are needed for pyrometric sights, even in
nearly blackbody conditions, as well as for thermo-
couple attachments ; in this latter case local thermal
disturbances are enhanced because of extra thermal
losses by conduction [42-44, 55]. Additional thermal
gradients can arise, for instance from poorly controlled
thickness of powdered samples deposited onto ribbon
heaters or from angular dependent scattering areas
according to the diffraction technique.

Several precautions can significantly reduce ther-
mal gradients. For example discontinuous sightings
with a rapid response pyrometer enables one to

avoid [25] radiative thermal losses during most of the
acquisition time. Holes machined in the flat joule
heated ribbons designed by Traverse (Fig. 5 [58])
as well as rotation of the sample when possible [25, 30,
31, 33, 108] also improve temperature homogeneity.
This latter solution is more feasible with neutrons

(Fig. 11 [75, 76]) and is probably more efficient. In
addition the low absorption of neutrons by most
materials allows a more rigourous insulation. In
addition to the widely used W refractory shields [44, 74,
77, 81] the less absorbent and more efficient refractory
felts made of carbon ([24], Fig. 12 [75, 76]) or calcia
stabilized zirconia ([113], Fig. 12) can be employed.

Since no solution can totally avoid thermal gradients
in the scattering zone, their experimental estimation is
important. This approach, already achieved by several
authors [29, 42-44] has been applied to our own
device (Fig. 12). Power consumption P (watt) as a
function of temperature T(K) can be written as

follows : P = a(T - T 0) + P(T 4 - T 4) with To
room temperature ; a(T - T 0) is related to conduc-
tion and convection heat transfers and fl (T 4 - T 4)
to radiative heat transfers from the Stefan-Boltzmann

relation ; a and fl experimentally deduced are respec-
tively 0.048 and 3.48 x 10 - 11 when a zirconia sample
is inside the resistor, 0.143 and 2.45 x 10- Il 1 without
the sample. These results, drawn on figure 14, show
that :
- small powers are required for high temperature

production (1.4 kW at 2 200 °C) ;
- conduction and convection losses constitute a

tiny part of the total power consumption (0.1 kW at
2 000 °C) even in the He atmosphere (~ 1.3 atm.) ;
- at equal temperatures, convection losses reduce

whilst radiative losses increase when a sample is inside
the furnace.

Thermal gradients have been estimated using
W/W-Re thermocouples up to 1900 °C and (or for
higher temperatures) nearly blackbody graphite cavi-
ties inside the resistor at various positions along the
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Fig. 14. - High temperature neutron scattering device

power consumption [75, 76] :

- upper curves respectively refer to total furnace power
cônsumption with (1) and without (2) sample inside the
resistor,
- lower curves refer to added conduction and convection

power consumptions with (1’) and without (2’) sample.

sample zone. It appears that gradients in the scattering
zone h (Figs 11-12) are of the order of 10 °C in the
whole range of temperature (Table I), radial gradients,
minimized by the sample rotation, can be ignored All
uncertainties that affect the real temperature determi-
nation are detailed in table I. The total temperature
uncertainty, around 20 °C below 1 900 °C and 30 °C
above, agrees well with those of several reliable
works [29, 42, 43, 47].

4. Chemical reactivity.

Chemical reactivity of the sample at high temperature
during scattering experiments is an extremely impor-
tant point [87, 114] as well as the intrinsic sample
behaviour with temperature (decomposition, vola-

tilization), specific chemical reactions between the

sample and its environment are involved, suggesting
the following two distinctions :

’- B,/Ut;UUB,/(t1 reactions Ul LUC bitilipir Witil 1LJ IlUlliG1

or with the heating element when in contact ;
- chemical reactions with the gaseous medium,

controlled or not

Only self supported samples, generally used with
radiation heating devices [30, 31] can be free from
chemical pollution in the first case. Otherwise great
care must be taken in order to determine the more

chemically resistant sample-holder (or heating ele-

ment) couple for scattering experiments at the desired
temperatures. This problem has already partly been
discussed in section 3.1 (coating of high temperature
thermocouples). In our experimental work we have
been induced to use several sample supports (W,
a A1203, C.S.Z.) fitted in the coolest part of the samples
below the scattering zone (Figs 10 and 11). However
sometimes the chemical reaction can be the purpose of
the experiment : an example is provided by the high
temperature X-ray device designed by Pialoux et
al. [115] in order to study the carburation of refractory
oxides.
The second case mainly applies to non stoichiome-

tric refractory carbides or refractory fluorite type
oxides such as Zro2l U02 or Th02. The gaseous
environment of samples which are not encapsulated
in a hermetically sealed can, is generally of importance
if materials like aA120;, which is insignificantly affect-
ed by atmosphere until its melting point [97, 112,
116], are excepted. Then conditionned by the purpose
of the scattering experiment, controlled reducing, neu-
tral or oxidizing atmospheres can be a necessity.
Reducing or neutral atmospheres can be achieved by
lowering the oxygen partial pressure by means of gas
mixtures, such as CO/CO2 : a controlled atmosphere
neutron diffraction furnace (maximum temperature
1 500 °C) has already been constructed [117]. An
other type of atmosphere control, especially suitable
for oxidizing atmospheres, can rather easily be
achieved with radiation heated devices as demons-
trated by Revcolevschi et al. [30, 31, 108]. Most of the
furnaces described here work under uncontrolled

atmosphere as well as under vacuum. In the latter case
the volatilization rate of some materials such as

U02 [118] is greatly enhanced. This is the reason why
we have worked under gas pressure, somewhat
uncontrolled but generally slightly neutral or reducing
[74-76].

Table 1. - Significant contributions to the whole uncertainty on the sample real temperature determination.



659

Table Il. - Neutron beam attenuation by several metals that can be used in a high temperature Joule heated neutron
scattering device.

Table III. - Significant physical properties of refractory -elements that can be used as resistive heaters above
2 000 OC.

5. Conclusions.

It appears that reliable high temperature scattering
experiments can be performed above 2 000 °C. Nearly
all of what could be done with X-rays in that field has
already been achieved (for instance an X-ray diffrac-
tion chamber heated with an electron beam has been
commercialized in the past [119]). Forthcoming impro-
vements can now mainly arise from new X-ray sources
(synchrotron radiation) and progress in detection

techniques (linear or two-dimensional detectors) as
well as in data acquisition (computers). Because of neu-
tron specihc properties important improvements for
very high temperature investigations can reasonably
be forecasted. Their low absorption by matter allows
the construction of versatile high performance tempe-
rature devices (Table II), since numerous materials
can be used as heating elements (Table III). In addi-
tion the neutron scattering field of investigation is
far more extensive compared to X-rays since it is
not only restricted to determination of the high tem-
perature structure of molten alloys [69, 71-73], and
refractory oxides such as Ln2o3 [120], U02 and

Th02 [77-79] but can be extended to dynamic studies,
inelastic [77-79] or quasi-elastic scattering (QNS) for
example the study of oxygen diffusive motion in the
high temperature structures of La203 [121].

Future trends in high temperature scattering expe-
riments depend both on improvements in neutron
technologies and on the design of new generations of
high temperature devices. Higher flux of thermal
neutrons and more and more efficient multidetectors
will enable faster experiments with simultaneous
collection of all the data, a favourable situation for
extremely high temperature experiments. Simple
improvements of already existing devices are still

possible, depending upon the type of experiment to be
performed, for instance controlled atmosphere fur-
naces seem desirable. New high temperature devices
inspired from X-ray experiments can be constructed,
for instance radiation heated devices. Joule heated
fumaces with non metallic heaters can also be envi-
saged : graphite furnace [122] can work up to 3 000 °C
under vacuum or reducing atmosphere, stabilized
zirconia fumaces [123-125] can work up to about 

°

2 200 °C in oxidizing atmosphere. All these future
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developments are at the present time interesting for
the most widely studied type of materials such as
nuclear fuels based upon U02 and Th02, refractory
strategic materials (W, Mo, Ta, Nb) or ceramics with
thermomechanical properties, for instance refractory
carbides and nitrides and partially stabilized zirconia
(PSZ).
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