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Neutron resonance spectroscopy is demonstrated as a viable and reliable method for the
determination of sample temperatures in high-pressure, high-temperature neutron diffraction studies
at neutron spallation sources. The technique operates by characterizing the thermally induced
Doppler broadening of neutron absorption resonances of heavy nuclei present within the sample
assembly observed in transmission. Accuracies of £10 K have been readily achieved with data
acquisition times of approximately 40 min. It is shown that the temperatures determined by this
technique are independent of the sample pressure provided that the sample temperature is kept
above the Debye temperature of the material whose resonances are being examined. A short list of
candidate resonances for temperature measurement by neutron resonance spectroscopy is presented
and suggestions volunteered for the combinations of elements most suitable for temperature
measurement based on the experience of the authors. © 2005 American Institute of Physics.
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I. INTRODUCTION

The determination of sample temperatures in high-
pressure, high-temperature apparatus is challenging. It is tra-
ditionally achieved through the introduction of a thermo-
couple, passed in between the anvils providing sample
compression, through the gasketting material and embedded
within the sample. This, in principle, allows the “instanta-
neous” determination of sample temperature through mea-
surement of the thermocouple emf. However, the use of ther-
mocouples for this application suffers from a number of
drawbacks which may result in obtaining an erroneous mea-
sure of sample temperature or failure of the thermocouple
completely.

First, as the sample assemblies used are often small, it is
necessary to use thin monofilament wires. However, the ad-
dition of even very fine wires may compromise the structural
integrity of the gasket, increasing the risk of gasket failure
and blow outs. Additionally, the fragility of such thin wires
also makes them susceptible to fracture, particularly in those
regions where significant extrusion of the gasket material
occurs.

Second, the thermocouple wires may constitute a signifi-
cant thermal conduction path from the heated sample leading
to anomalous temperature gradients within the sample. This

YAlso at ISIS, Rutherford Appleton Laboratory, Chilton, Didcot, OX11
0QX, United Kingdom.

YAlso at Centre de Recherche sur la Matiere Divisée, UMR 6619, Univer-
sité d’Orléans, 1 bis, rue de la Férollerie, 45071 Orleans Cedex 2, France.

9 Author to whom correspondence should be addressed; electronic mail:
martin @esc.cam.ac.uk

0021-8979/2005/98(6)/064905/10/$22.50

98, 064905-1

also brings into question whether the temperature of the ther-
mocouple junction provides a realistic measure of the mean
temperature of the sample.

Third, difficulties may be encountered with conversion
of the measured thermocouple emf to temperature. For ex-
periments conducted at ambient pressure, the measured ther-
mocouple emf is converted to a temperature through the use
of reference tables, standard conversion functions or through
calibration against established reference temperatures. How-
ever, at the pressures encountered in many high-pressure
studies, thermocouple emf’s show significant deviations
from those that would be measured at ambient plressure.l_4
This effect may be accommodated by applying a correction
voltage appropriate to the thermocouple material used and
the confining pressure.” Conversion to temperature may then
be accomplished using the standard procedures used at am-
bient pressure. However, such correction data does not cover
the range of pressures and temperatures under which many
investigations are performed. This necessitates the extrapola-
tion of the correction data to those conditions used, however,
in doing so, an additional uncertainty in the temperature cal-
culated must also be accepted.

Even if these difficulties are avoided, exposure of the
thermocouple elements to other materials in the sample as-
sembly at the extreme conditions produced during such ex-
periments may lead to chemical contamination and degrada-
tion. This inevitably leads to a drift in the measured emf and
ultimately, systematic errors in the temperatures obtained.

In this paper, we propose the use of neutron resonance
spectroscopy (NRS) as a viable alternative to thermocouples
for high-pressure, high-temperature studies using neutron
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diffraction. Neutron resonance spectroscopy as a practical
technique for the noninvasive determination of sample tem-
perature was proposed by Fowler and Taylor in work con-
ducted at the Los Alamos National Laboratories in the
1980s> and relies on the measurement of the thermally in-
duced Doppler broadening of neutron absorption resonances.
As the resonance spectrum associated with any given isotope
is unique to that isotope, so specific isotopes may be identi-
fied in the measured transmission spectrum from within a
multielement system. This affords the possibility of using the
thermally induced Doppler broadening of absorption reso-
nances from selected elements to provide a measure of the
temperature to which they are subjected. While all isotopes
exhibit resonant neutron capture, the low-energy resonances
most accessible for temperature measurement are typically
observed only for heavier nuclei. Unless the sample under
investigation already possess such elements in its chemistry,
the mechanical addition of such elements will be necessary.
This mechanical addition may be accomplished by intimate
mixing with the sample of a powder of a suitable element or
a compound of a suitable element. Alternatively, the addition
may be accomplished by including a thin foil of the element
at the center of the sample assembly. Generally, as the peak
cross sections for resonant neutron capture are often very
large, little material is needed to provide a readily character-
izable resonance line shape in the measured transmission
spectrum. For example, in earlier work resonance line shapes
were adequately determined for temperature measurement
for a number of different elements with 50-um-thick foils.®

To date NRS for temperature measurement has found
few applications, in part due to: the requirement of the ex-
periments to be conducted at neutron spallation sources; the
significant acquisition times required to obtain data with
counting statistics sufficient to adequately characterize the
resonance line shape; and, the difficulties associated with
interpreting the resonance broadening to ascertain sample
temperature. Examples of studies which have used this tech-
nique include: the measurement of the surface temperature of
an operating catalyst;7 obtaining the effective temperature of
Cu atoms in a YBa,Cuy0;_4 superconductor;g’9 and, charac-
terization of the temperature behind an explosive shock
front.' NRS does, however, offer a number of potential ad-
vantages over the use of thermocouples in high-pressure,
high-temperature experiments. In particular, the element
added from which resonance behavior is determined is re-
mote from the instrumentation used to characterize it. This
eliminates the need for any invasive wiring passing through
the gasket. This may also dramatically simplify the setup
required and hence lead to significant reductions in the
amount of time required to prepare each setup. Additionally,
as resonant neutron absorption is a nuclear process, the reso-
nance line shape is insensitive to changes in chemistry pro-
vided that sample temperatures are kept above those at which
crystal binding effects may be observed. Indeed, there is no
practical upper limit to the temperatures that can be mea-
sured with this technique and may, in principle, be performed
with liquid or gaseous additions. Despite the fact that con-
siderable data acquisition times are required to adequately
characterize the resonance line shape for temperature deter-
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mination, the times required are typically less than those
needed to acquire suitable diffraction data. As such, the rate
of data acquisition is not considered a hinderance to the ap-
plication of this technique to the measurement of tempera-
ture in high-temperature, high-pressure neutron diffraction
studies.

As the interpretation of the resonance line shape to ob-
tain the sample temperature arguably constitutes the most
significant challenge with the application of this technique a
brief description of the theory governing resonance line
shape is presented.

Il. THEORY

For neutron capture by a stationary nucleus close to the
energy of an isolated resonance, Ey, the reaction cross sec-
tion, o,(E), may be adequately described by the single-level
Breit-Wigner formula."'

T,

(! )2’
(E-Eg) +<2F

o (E) = mk’g, (1)

where E is the kinetic energy of the neutron, X is the reduced
de Broglie wavelength of the incident neutron, I',, is the neu-
tron width, I', is the partial width for the reaction, and g; is a
statistical spin factor for the formation of a compound state
with angular momentum, J. For narrow resonances I'=1",
+3,T", provides a reasonable approximation.12

However, practical investigations seldom encounter sta-
tionary nuclei and as such it is necessary to account for the
velocity distribution of the target nuclei to obtain an effective
cross section, oy The typical approach is to define an
energy-transfer function, S(E).

For a monatomic free gas or classical solid, with a Max-
wellian distribution of velocities at a temperature, 7, the
energy-transfer function becomes'*'*

S(E") =

=exp[— (E' — E)*/A?], (2)
AV

where A is the so-called Doppler width and is given by

4mMERkBT
A=y MERET
(M +m)? )

where m and M are the neutron and nuclei masses, respec-
tively, and ky is Boltzmann’s constant.

The effective cross section can then be obtained from the
convolution of the Breit-Wigner formula [Eq. (1)], with the
energy-transfer function,” which leads to a well-known
function.

O-eff(E):fdE,S(EI)O'r(E_E,)~ (4)

This line shape assumes that the absorbing nuclei exist as a
monatomic free gas or classical solid. The effect of crystal
binding may be accommodated by adopting a full crystal
harmonic model to properly describe the resultant resonance
line shape.16 However, for weak lattice binding and at tem-
peratures in excess of the Debye temperature (7p) of the
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crystal, the resonance line shape may be adequately de-
scribed by the free gas formulation with the exception that
the temperature, 7, in the Doppler width is replaced by an
effective temperature, T.i (Ref. 17) such that,

"’T)g<w), (5)

kgT. —lfd th(h
Bleff =7 w CO 2

where g(w) is the phonon density of states of frequency, w.

This is the so-called effective free gas model. For pure ele-

ments above room temperature a simple Einstein model for
. . 12,18

g(w) is sufficient and gives,

h(,l)E
szT) ' ©)

1
kBTeff = EI/ZCUE COth(

Taking the first two terms of the Taylor expansion of this
expression yields,

2
Tefsz[H%(T—TE) } (7)

where Ty is the Einstein temperature and may be related to
Debye temperature (TE=%TD). From Eq. (7) it may be seen
that in the high-temperature limit 7.4=~7 as may be ex-
pected.

For measurements made at high pressures it is also nec-
essary to ensure that the material remains in the high-
temperature regime for the effective free gas model to re-
main valid. To demonstrate that this is the case under the
conditions encountered in high-pressure, high-temperature
experiments, the change in the effective temperature 7 un-
der the action an applied pressure will be estimated by ac-
counting for the effect of the pressure on 7.

The change in the Einstein temperature may be directly
related to the change in frequency and hence also the sample
pressure, P by,

ATy Aw AP

TeyAP
thus ATy = £Y
T, o B B

; (8)

where v is the Griineissen parameter and B is the bulk modu-
lus.

Taking the differential of Eq. (7) with respect to pres-
sure,

2 AT dATg
AT =-—> 9
eff 3T IP ( )
And, substituting for ATy from Eq. (8) gives,
2 'yT,ZE
AT = ——"AP. 10
eff 3 TB ( )

Taking values for the Griineissen parameter, bulk
moduli'® and Einstein temperatures of transition elements, an
increase in sample pressure to 5 GPa at room temperature
would be expected to give rise to an increase in the effective
temperature of approximately 3—11 K. Such a change is con-
sidered relatively small and may be readily accommodated in
the interpretation of the resonance line shape to extract
sample temperatures.
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FIG. 1. Schematic of the Pearl beam line at the ISIS neutron spallation
source. The Paris-Edinburgh cell and supporting frame are contained within
the tank. The neutron beam passes through a channel along the axis of the
cell, subsequently being diffracted to detector banks at 90° to the beam or
passing through the center of the cell to a transmission detector located
downstream of the cell.

lll. EXPERIMENTAL DESCRIPTION

A Paris-Edinburgh cell, specially modified to allow si-
multaneous neutron diffraction and transmission studies at
pulsed neutron sources has been developed by Le Godec et
al.* With this apparatus pressures up to 7 GPa and tempera-
tures of 1700 °C have been achieved with a sample volume
of 65 mm>.*" An illustration of the cell mounted on the Pearl
beam line at the ISIS neutron spallation source is shown in
Fig. 1.

The cell is designed to be primarily operated with its
axis aligned parallel to the direction of the incident neutron
beam. In this orientation, neutrons are permitted to pass
along a narrow channel through the breach of the cell to the
sample assembly, passing through a small thickness of the
WC anvils which provide sample compression. The neutrons
may then be scattered out from the sample towards detector
banks at 90° to the incident beam with cadmium on the anvil
surfaces providing primary collimation. A second channel
passing through the piston and back wall of the cell permits
some neutrons to pass straight through the cell and sample
assembly, ultimately to be collected with a dedicated trans-
mission detector downstream of the cell. It is with this trans-
mission detector that the neutron resonance spectra required
for temperature measurement by NRS are acquired.

As discussed above, the effective free gas model offers a
considerably simpler method for the determination of tem-
perature from a measured resonance line shape than a full
crystal harmonic model. It is therefore desirable to select a
form for the dopant additions which fulfils the criteria of
weak lattice binding and a Debye temperature below that
which is to be encountered in subsequent experiments. This
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FIG. 2. Section view of sample cell assembly held between two anvils.

can be most readily achieved through the use of elemental
metals. Of the possible ways by which an element may be
added to allow temperature measurement by NRS (intimate
mixing of a powder or inclusion of an elemental foil) it is
believed that the addition of a foil is the more suitable. With
a foil, control, and reproducibility of the number density per
unit area of absorbing nuclei in the beam may be more
readily achieved. Additionally, the criteria of weak lattice
binding and a Debye temperature below that which is to be
encountered in subsequent experiments is more likely to be
achieved, facilitating the determination of sample tempera-
ture from the measured resonance line shape. Finally, as a
foil presents a considerably smaller surface area to the
sample than a powder, the extent to which chemical interac-
tion may take place with the sample is minimized. While any
such interaction would not affect temperature measurement
by NRS it may have a undesired effect upon the chemistry of
the sample.

Typically two or more thin metallic foils are placed in
the center of the sample cell for temperature measurement by
NRS. The sample cell assembly is shown schematically in
Fig. 2.

Pressurization of the sample is achieved through the me-
chanical compression of the pyrophyllite gasket between the
anvils, the efficiency of pressurization being increased
through the addition of a polytetrafluoroethylene (PTFE)
supporting 1ring.21 Sample heating is accomplished by ther-
moresistive heating of the graphite can under the application
of a direct current applied across the opposed anvils. Ther-
mal insulation of the heated sample from the anvils is pro-
vided by the inclusion of thin alumina disks.

With this cell, a number of experiments have been con-
ducted to demonstrate the suitability of NRS for temperature
measurement using the Pearl beam line at the ISIS neutron
spallation source. Transmission data were gathered through a
FastComTec P7888 multiscaler PCI data acquisition card in
256-ns time bins. A minimum duration of data acquisition
was approximately 40 min for each sample condition. This
enabled reliable characterization of the Doppler broadening
of the absorption resonances. This period is smaller than that
typically required to acquire diffraction spectra from samples
with this apparatus which is typically from one to several
hours.
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IV. RESULTS AND DISCUSSION
A. Analysis of transmission data

Using the effective free gas model to provide the effec-
tive cross section, the transmission of a neutron beam for
energies close to the resonance energy may be obtained
from,

@(E) = exp[— noeu(E)], (11)

where w is the product of the number density of absorbing
nuclei in the material per unit area and the thickness of the
sample.

However, in experimentally determining the resonance
line shape the effect of instrument resolution is significant
and must also be taken in to account. The detected signal,
N(E) will therefore be

N(E):P(E)de’R(E’)d)(E—E’), (12)

where R(E) is the instrument resolution function and P(E) is
the open beam signal.

B. Determining sample temperature from the Doppler
broadening of absorption resonances

Determination of sample temperature by NRS requires
that the thermally induced Doppler broadening of the ob-
served resonance may be reliably quantified from the mea-
sured resonance line shape. While a pronounced broadening
can be readily observed on heating, it is typically difficult to
remove the contributions of other phenomena, such as reso-
lution broadening and variations in the amount of resonant
material in the beam (e.g., from thermal expansion). A num-
ber of methods by which sample temperatures may be ex-
tracted from Doppler broadened resonances have been pro-
posed. These include direct fitting of the observed resonance
with the functions describing the line shape given in Sec. II
to approaches which rely upon calibration data to extract
sample temperatures. An assessment of these techniques and
a critical comparison of their efficacies are presented
elsewhere.® In that study it was shown that the most reliable
method of determining sample temperatures was by fitting
the measured line shape with the analytical expressions
given in Sec. II. To accomplish this, however, it is necessary
to obtain reliable resonance parameters and a function that
adequately describes the effect of instrument resolution on
the measured line shape. With this method, separate tempera-
tures may be obtained from each resonance in the measured
transmission spectrum, which may be compared.

To examine the efficacy with which temperatures may be
determined from within the sample assembly in a Paris-
Edinburgh cell, a loading was examined at a series of tem-
peratures under ambient pressure. A typical neutron trans-
mission spectrum obtained during this experiment (with
tungsten carbide anvils) is given in Fig. 3. In this example,
50-um-thick foils of natural hafnium and tantalum have
been placed at the center of the sample assembly. The stron-
ger resonances associated with these elements from which
temperatures have been determined are identified (!""Hf
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FIG. 3. Neutron transmission spectrum from the modified Paris-Edinburgh cell with tungsten carbide anvils including 50-um-thick foils of natural hafnium
and tantalum. Close-ups are included of the '""Hf 1.098 eV, '""Hf 2.388 eV, and '*!Ta 10.34 eV resonances at three temperatures including traces of the fitted
line shape. For the hafnium resonance the data has been binned in to 1024-ns time bins whilst for the tantalum resonance 256-ns time bins were used. The
uncertainty associated with counting statistics in the data is smaller than the symbols used and has therefore been omitted.

1.098 eV, ""Hf 2.388 eV, and '®'Ta 10.34 eV). Note that
temperatures have not been determined from the strong '®'Ta
4.28 eV resonance due to overlap with the W 4.155 eV
resonance from the anvils. Close-ups of the sample transmis-
sion in the vicinity of these resonances are shown for three
temperatures. For the hafnium resonances the data has been
binned into 1024-ns time bins while for the tantalum reso-
nance 256-ns time bins have been used. The increase in the
Doppler broadening of these resonances with increasing
sample temperature is readily apparent. The measured line
shapes have been fitted with the analytical expressions given
in Sec. II with a Gaussian resolution function and using es-
tablished neutron resonance parameters.6 The temperatures
obtained from each resonance are given alongside each reso-
nance with the estimated error in the temperature obtained
from the uncertainty in the fitting procedure. It can been seen
that the scatter between the temperatures obtained is approxi-
mately within the range that may be expected from the
quoted uncertainties and is of the order of 10 K for the data
acquired at elevated temperatures. This level of uncertainty
is typical of that which is achieved with this technique and is
considered adequate for temperature measurement in high-
pressure, high-temperature experiments. It is possible to ob-
tain higher accuracies, however, this requires increased data
acquisition times to reduce the statistical errors associated
with the data gathered. A more accurate measure of the

sample temperature can also be obtained by performing a
weighted average of the temperatures determined from a
number of different resonances.

C. Independence of Doppler width to sample
pressure

While it has been shown that this technique provides an
adequate measure of sample temperature at ambient pressure,
to be a practical technique for the determination of sample
temperature in high-pressure, high-temperature studies it is
imperative that the Doppler broadened line shape of mea-
sured resonances be independent of the sample pressure.
Failure to fulfil this criteria would greatly complicate the
interpretation of the resonance line shape for temperature
determination and bring into question the usefulness of this
technique.

Characterization of the line shape at room temperature
provides a stringent test of this technique as it is the lowest
temperature that will be encountered in high-pressure, high-
temperature experiments. As discussed in the Theory section,
it is under these conditions that changes in the bonding char-
acteristics of the resonant material, as a result of pressuriza-
tion, is most likely to lead to a breakdown of the effective
free gas model. For experiments conducted at higher tem-
peratures the metallic foils used for temperature determina-
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FIG. 4. Temperatures determined from the '""Hf 1.098 eV, '""Hf 2.388 eV,
and "®!Ta 10.34 eV resonances as a function of applied pressure. The line
between the data points indicates the path of pressurization (bold line) and
depressurization (dotted line).

tion by NRS will be farther from their Debye temperatures
and as such the effective free gas model will be expected to
provide a better description of the resonance line shape.

To demonstrate that the Doppler broadening of absorp-
tion resonances is independent of pressure an isothermal
sample loading was conducted at room temperature with
50-um-thick foils of natural hafnium and tantalum. In this
test, the sample pressure was increased to approximately 4.5
GPa before decompression. Sample pressures were deter-
mined from the diffraction pattern from a NaCl pressure
marker in the sample assembly.

Any broadening or asymmetry which develops in the
resonance as a result of a breakdown of the applicability of
the effective free gas model with increasing sample pressure
may be expected to be manifest as a systematic variation in
the temperatures obtained as the sample pressure is in-
creased. The temperatures obtained are given in Fig. 4. The
line between the data points indicates the path of pressuriza-
tion (bold line) and depressurization (dotted line).

The temperatures presented in Fig. 4 show no evidence
of a systematic variation with pressure beyond that of experi-
mental uncertainty. This suggests that the effective free gas
model does indeed provide a reasonable method for determi-
nation of sample temperature from the resonance line shape
of these elements under these conditions, as argued in the
Theory section.

While no significant deviations were observed in the
temperatures obtained with increasing pressure, the number
density per unit area of nuclei in the beam does appear to
show a pronounced variation (see Fig. 5). As with the sample
temperature, this value was obtained from the fitting of the
resonance line shape in which it is treated as a variable. The
results from all three resonances display similar behavior
with the initial number density of nuclei being greater than

J. Appl. Phys. 98, 064905 (2005)
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Sample Pressure (GPa)

FIG. 5. Plot of the area number density of nuclei in the beam as a function
of applied pressure at room temperature of the '"’Hf 1.098 eV, '""Hf 2.388
eV, and '8'Ta 10.34 eV resonances obtained from 50-um-thick foils of
natural hafnium and tantalum. The uncertainty associated with counting sta-
tistics in the resonance profile is smaller than the symbols used and has
therefore been omitted. The line between the data points indicates the path
of pressurization (bold line) and depressurization (dotted line).

that of subsequent measurements which remain approxi-
mately constant with increasing pressure. In contrast, a slight
decrease in the apparent number density is then seen during
decompression. These observations may be rationalized to
the extrusion and compression of material during sample
pressurization. During the initial pressurization, significant
movement occurs within the sample assembly as the pyro-
phyllite gasket deforms to transmit the applied load to the
sample. This leads to the large drop seen for all resonances in
the number density in Fig. 5. After this initial compaction
has been produced, little movement occurs during further
compression. During decompression, relaxation, and expan-
sion of the sample may account for the small systematic
decrease in the number density seen.

A consequence of these variations in the apparent
amount of absorbing material is a concomitant change in the
widths of the resonances (see Fig. 6). This has important
implications for the method by which temperatures are ex-
tracted from the measured line shape. In the approaches of
Mayers et al.** and Le Godec et al.,”! temperatures are de-
termined directly from comparison of the measured line
shape to calibration data. However, in applying these ap-
proaches any change in the shape of the observed resonance
arising as a result of changes in the number density of ab-
sorbing nuclei will not be accounted for and will lead to an
erroneous measure of the sample temperature. For this rea-
son, it is suggested that temperature determination by NRS
in such experiments should only be performed by fitting the
observed line shape with theoretical functions which can ac-
count for this effect.

Downloaded 06 Oct 2005 to 131.111.41.154. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



064905-7 Stone et al.

"Tht 1.008eV

"""t 2. 3886V

FWHM of resonance

-

_____é,’
| | | |

1 2 3 4
Sample Pressure (GPa)

FIG. 6. Plot of the full width at half maximum as a function of applied
pressure at room temperature of the 7THF 1.098 eV, ""THf 2.388 eV, and
81Ta 10.34 eV resonances obtained from 50-um-thick foils of natural
hafnium and tantalum. The line between the data points indicates the path of
pressurization (bold line) and depressurization (dotted line).

D. Selection of element for temperature measurement
by NRS

It is apparent from Eq. (3) that high-energy resonances
from heavy nuclei would exhibit the greatest Doppler broad-
ening and hence may be expected to be the most desirable
for temperature measurement. However, with such narrow,
high-energy resonances greater data acquisition times are re-
quired to obtain counting statistics suitable for the accurate
characterization of the resonance line shapes. Thus, in prac-
tice, temperature determination may be more readily accom-
plished with lower-energy resonances. We will therefore con-
fine our interest to resonances with energies less than 12 eV.
Referring to the tables of resonance parameters by Mughab-
ghab et al.” and Mughabghab,24 some 130 resonances may
be identified in this energy range in 45 naturally occurring
isotopes from 32 elements. However, many of these reso-
nances may be eliminated as being unsuitable for tempera-
ture measurement by NRS or are associated with elements
whose other properties make them unsuitable for inclusion in
a high-temperature, high-pressure sample assembly. A num-
ber of selection criteria should therefore be applied to obtain
a short list of candidate resonances. To this end, an approach
similar to that used by Fowler and Taylor has been adopted.5

First, only strong resonances have been considered
(those with cross sections at resonance >3000 b). The data
acquisition times required to determine resonance line shapes
of sufficient accuracy to extract sample temperatures are con-
siderable. It is therefore important that sufficient material be
added to the sample assembly such that high absorptions at
resonance and hence optimum data acquisition times are
achieved. It has been shown by Sears™ that a transmission of
11% of the open beam is optimum for transmission measure-
ments. Selection of foils of a thickness suitable to give this

J. Appl. Phys. 98, 064905 (2005)

transmission would therefore be expected to yield the great-
est accuracy for temperature determination. By choosing an
isotope with a large isotopic abundance and strong reso-
nances, the amount of material that must be added to the
sample assembly, to provide a resonance of sufficient depth
to allow fast characterization of the line shape, may be
minimized.

As will be seen, many elements offer a number of reso-
nances suitable for temperature determination. However, as
the resonances for any given element differ in strength, the
foil thickness can only be optimized for a single resonance. It
is therefore appropriate that the foil thickness be chosen for
the resonance which will provide the most accurate and rapid
determination of foil temperature. In practice this is likely to
be the lowest-energy resonance of the material in question.

Second, the added element should not posses a large
cross section for thermal neutron capture. If it does, the at-
tenuation of the incident beam at the foil may alter the center
of the sample as perceived by the diffracted signal detector
banks at 90° to the incident beam and result in an erroneous
shift in the angle at which the diffraction peaks are mea-
sured. Additionally, with significant absorption of the inci-
dent signal a commensurate reduction in the observed signal
will result, increasing the time required for any diffraction
measurements. For this reason, any elements with cross sec-
tions for thermal neutron capture greater than about 500 b
have been eliminated.

With these selection criteria, the number of candidate
resonances for temperature measurement by NRS is reduced
to 28 resonances from 19 naturally occurring isotopes from
17 elements. The details of these resonances are given in
Table I. The data quoted have been taken from Refs. 23, 24,
and 26-29. The cross sections at resonance were calculated
from the resonance parameters, accounting for the isotopic
abundance.

The anvils used to provide sample compression are typi-
cally manufactured from tungsten carbide although sintered
diamond anvils are occasionally used. The lowest-energy
resonance in natural carbon is that of the 152.9-keV reso-
nance in '*C. This is well above the 12-eV limit imposed on
the initial selection of a suitable element described above and
as such any of the elements listed above may be employed
for temperature measurement by NRS with such anvils. In
contrast, the tungsten present in tungsten carbide anvils
shows an abundance of resonances at low energies. Figure
7(a) shows the neutron resonance spectrum obtained from
the modified Paris-Edinburgh cell without a sample assembly
and tungsten carbide anvils. All the resonances seen in this
figure arise from the tungsten present in the anvils. With such
anvils, any element selected to provide temperature measure-
ment of the sample by NRS must possess resonances away
from the regions in which significant absorption of the neu-
tron beam by the tungsten is encountered. The positions of
the candidate resonances identified in Table I have been
marked in Fig. 7(b). It is evident from this figure that those
resonances that occur at approximately 4 and 8 eV are un-
suitable for temperature measurement as they will be ob-
scured by the overwhelming effect of the W!3¢ 4.155 eV and
W8 7,63 eV resonances, respectively.
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TABLE I. Data for the 28 resonances suitable for temperature determination in a Paris-Edinburgh cell from naturally occurring isotopes. These resonances are
those which occur below 12 eV with absorption cross sections at resonance greater than 3000 b from elements with cross sections for thermal neutron capture

less than 500 b. The data quoted has been taken from Refs. 23, 24, and 26-29.

Element Z A E, (eV)* 2,I' (meV)* I, (meV)* Abundance (%)° o, at E, (0)° ooy 0 Tp (K)° Tye (K)F
Rh 45 103 1.257+0.002 0.77+0.04 155+5 100% 5100500 144.8 480 2237
Ag 47 109 5.19+0.01 19.1+£0.6 1366 48.16% 13000+1200 63.3 225 1235
In 49 115 1.457+0.002 3.28+0.12 T2+2 95.71% 35600+2500 193.8 108 430
Cs 55 133 5.9+0.04 6.229+0.8 11520 100 % 108004200 29.0 38 302
Ce 58 140 6.008+0.006 1.66+0.08 0.019+0.002 88.45% 8400+ 1300 0.63 1071
6.779+0.007 0.228+0.01 0.019+0.002 41600+5900
8.393+0.008 1.88+0.09 0.038+0.003 10200+ 1400
11.228+0.011 0.94+0.05 0.046+0.004 167002400
Ho 67 165 3.92+0.01 24+0.2 85+2 100 % 8900900 64.7 1747
Er 68 167 5.98+0.02 17.7£2 84+4 22.93% 7200+ 1100 159 1795
Tm 69 169 3.91+0.02 12.2+0.6 96+3 100 % 33300+2700 100 1802
Lu 71 175 5.22+0.02 1.4+04 79+9 97.42% 4200+ 1600 74 210 1936
11.2+0.02 3.1+04 80+7 4100+900
Hf 72 177 1.098+0.02 1.9+0.06 66.2+0.7 18.60% 6000+300 104.1 252 2506
2.388+0.002 9+0.2 60.8+0.7 11400+400
5.89+0.02 5.9+0.6 54.8+1.5 3600400
178 7.78+0.02 100+3 60+10 27.28% 22600+4800
Ta 73 181 4.28+0.01 3.6+0.32 53+4 99.99% 18100+£3300 20.6 240 3290
10.36+0.05 3.5+0.36 65+6 6100+ 1400
w 74 182 4.155+0.005 2.94+0.03 48+3 26.50% 4800+ 600 18.3 400 3695
Re 75 185 2.156+0.004 3.3+0.6 54.9+0.9 37.40% 12100+2300 89.7 430 3459
Ir 77 191 0.6528+0.005 0.547+0.012 72.2+0.5 37.27% 5500+200 425 420 2719
5.36+0.01 6+0.2 82+2 5800400
6.13+£0.01 6.37+0.1 83+11 5200+ 1500
193 1.298+0.001 0.913+0.034 83.2+8 62.73% 6800+ 1500
Pt 78 195 11.9+0.1 152+1.2 112+7 33.83% 3900+600 10.3 240 2042
Au 79 197 4.906+0.01 19+0.6 124+3 100 % 30600+ 1800 98.65 165 1337
U 92 238 6.671+0.002 2.98+0.02 23.4+0.3 99.27% 21800+600 7.52 207 1408
“Refs. 23 and 24.
PRef. 26.
“The cross-sections at resonance were calculated from the resonance parameters accounting for the isotopic abundance.
dRef. 27.
Ref. 28.
'Ref. 29

While it is advantageous to use a number of resonances
from multiple elements to give a weighted average of the
temperatures obtained, it is important that overlapping reso-
nances are avoided as this complicates the determination of
sample temperature. This places limitations upon the combi-
nations of elements that are suitable for the practical appli-
cation of this technique.

It may also be necessary to consider the suitability of the
chemical and thermodynamic properties of the element in the
environment to which it is to be subjected. For example, it
may be advantageous to select a chemically inert element
(e.g., Re, Ir, Pt, or Au).

For experiments conducted at low temperatures (close to
room temperature) elements should be selected that possess
low Debye temperatures. This will ensure that crystal-
binding effects on the resonance line shape may be avoided
and that the effective free gas model will provide an ad-
equate method of determining the sample temperature. Simi-
larly, for experiments conducted at higher temperatures it
may be advantageous to choose an element whose melting
temperature is well in excess of the highest temperature to be
investigated. This reduces potential concern caused by the

movement of liquid material through the sample assembly
which may affect the number density distribution of absorb-
ing nuclei and hence also the observed line shape. For refer-
ence, the Debye temperatures and melting temperatures of
the resonances short listed for temperature measurement by
NRS are included in Table L.

Using these selection criteria, the authors offer the fol-
lowing suggestions for temperature measurement in a Paris-
Edinburgh cell.

e For most experiments a combination of hafnium
(50 um) and tantalum (100 wm) foils is considered
suitable. This permits three independent measures of
sample temperature to be obtained from the 'Hf
1.098 eV, '""Hf 2.388 eV, and '*'Ta 10.34 eV reso-
nances. Some data may also be acquired from the
THf 5.89 eV resonance, however, this is typically too
weak to determine the sample temperature accurately.

e For experiments conducted at higher temperatures
(>700 K), rhenium and rhodium may be used in con-
junction to provide temperature measurement from the
103Rh 1.257 eV and "®°Re 2.156 eV resonances. If the
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FIG. 7. (a) Neutron transmission spectrum obtained
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maximum temperature encountered is to be less than
1200 K it is also possible to include a foil of either
silver or gold thereby providing an additional reso-
nance for temperature determination. These elements
possess the additional benefit that they are chemically
inert and are unlikely react with the sample.

V. CONCLUSIONS

The sample temperature in a Paris-Edinburgh cell with
internal heating can be readily determined by neutron reso-
nance spectroscopy with an accuracy of £10 K from a single
resonance subject to good counting statistics. The accuracy
with which the temperature is determined can be further im-
proved by performing a weighted average over all the tem-
peratures obtained from a number of resonances. The tem-
peratures obtained are unaffected by the sample pressure
provided that the sample temperature remains above the De-
bye temperature of the materials whose resonances are used
for temperature determination.

The technique offers a number of significant advantages
over the use of thermocouples. First, the element added for
temperature measurement by NRS is remote from the instru-
mentation used to characterize it thereby eliminates the need
for any invasive wiring passing through the gasket and sim-
plifies the manufacture of the sample assembly. Second, the
temperatures determined are insensitive to changes in the
chemistry in the sample assembly (provided that sample tem-
peratures are kept above those at which crystal binding ef-
fects may be observed). Finally, there is no practical upper
limit to the temperatures that can be determined by this
technique.

One significant weakness, however, of this technique is
the time required for the accurate determination of sample
temperature. For an estimated accuracy of +10 K to be ob-
tained with the apparatus and source used, data acquisition
times of approximately 40 min were required. This period is

smaller than that required to acquire diffraction data from
this apparatus which is typically between one and several
hours. Hence, while this technique for temperature measure-
ment may be effective for such experiments the long acqui-
sition times does eliminate the possibility of feedback con-
trol on sample heating and makes reaching a desired
temperature difficult. Prompt capture gamma ray analysis, an
alternative to the method described here, might alleviate
some of these problems.

In spite of this limitation it is believed that the other
benefits afforded by this method warrant its further use and
development as a method for the determination of sample
temperature in high-temperature, high-pressure experiments
neutron diffraction studies.

'. C. Getting and G. C. Kennedy, J. Appl. Phys. 41, 4552 (1970).

M. J. Walter, Y. Thibault, K. Wei, and R. W. Luth, Can. J. Phys. 73, 273
(1995).

3. Li, C. Hadidiacos, M. Ho-Kwang, Y. Fei, and R. J. Hemley, High Press.
Res. 23, 389 (2003).

“E. Takahashi, T. Shimazaki, Y. Tsuzaki, and H. Yoshida, Philos. Trans. R.
Soc. London, Ser. A 342, 105 (1993).

SP. H. Fowler and A. D. Taylor, Technical Report No. RAL-87-056, Ruth-
erford Appleton Laboratory, Chilton, Didcot, Oxon, OX11 0QX, August
1987.

°H. J. Stone et al., Nucl. Instrum. Methods Phys. Res. A 547, 601 (2005).

1. C. Frost, P Meehan, S. R. Morris, and R. C. Ward, Catal. Lett. 2, 97
(1989).

SH. A. Mook, J. A. Harvey, and N. W. Hill, Phys. Rev. B 41, 764 (1990).

°N. E. Hecker, H. A. Mook, J. A. Harvey, N. W. Hill, M. C. Moxon, and J.
A. Golovchenko, Phys. Rev. B 50, 16129 (1994).

D, J. Funk ef al., Dynamic Measurement of Temperature Using Neutron
Resonance Spectroscopy (NRS), in Topical Group on Shock Compression
Meeting, Amherst, MA, July 1997 (unpublished).

"'G. Breit and E. Wigner, Phys. Rev. 49, 519 (1936).

2] E. Lynn. The Theory of Neutron Resonance Reactions, The International
Series of Monographs on Physics (Clarendon, Oxford Oxford University
Press, Ely House, London W1, 1968).

H. A. Bethe, Rev. Mod. Phys. 9, 69 (1937).

“H. A. Bethe, Phys. Rev. 51, 450 (1937).

SW. Solbrig. Am. J. Phys. 29, 257 (1961).

M. S. Nelkin and D. E. Parks, Phys. Rev. 119, 1060 (1960).

Downloaded 06 Oct 2005 to 131.111.41.154. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



064905-10  Stone et al.

"W. E. Lamb, Jr., Phys. Rev. 55, 190 (1939).

'8H. E. Jackson and J. E. Lynn, Phys. Rev. 127, 461 (1962).

YSmithells Metal Reference Book, Tth ed., edited by E. A. Brandes and G.
B. Brook (Butterworth Heinemann, Linacre House, Jordan Hill, Oxford,
0OX2 8DP, 1992).

Y. Le Godec et al., Miner. Mag. 65, 737 (2001).

'Y, Le Godec M. T. Dove, S. A. T. Redfern, M. G. Tucker, W. G. Marshall,
G. Syfosse, and J.-M. Besson, Miner. Mag. 65, 737 (2001).

2y, Mayers, G. Baciocco, and A. C. Hannon, Nucl. Instrum. Methods Phys.
Res. A 275, 453 (1989).

»S. F. Mughabghab, M. Divadeenam, and N. E. Holden, Neutron Cross
Sections, Neutron Resonance Parameters and Thermal Cross Sections Part
A:Z=1-60 Vol. 1 (Academic, New York, 1981).

J. Appl. Phys. 98, 064905 (2005)

S F. Mughabghab. Neutron Cross Sections Neutron Resonance Parameters
and Thermal Cross Sections Part B:Z=61-100, Vol. 2 (Academic, New
York, 1981).

BV R Sears, Nucl. Instrum. Methods Phys. Res. B 12, 430 1985.

K. J. R. Rosman and P. D. P, Taylor, Isotopic composition of the elements
1997. Inorganic chemistry division, International Union of Pure and Ap-
plied Chemistry, Commission on Atomic Weights and Isotopic Abun-
dances, 1997. Subcommittee for Isotopic Abundance Measurements.

V. F. Sears, Neutron News 3, 26 (1992).

B, Kittel, Introduction to Solid State Physics, 7th ed. (Wiley, New York
1995).

®CRC Handbook of Chemistry and Physics, 78th edition (CRC, Boca Ra-
ton, FL, 1998).

Downloaded 06 Oct 2005 to 131.111.41.154. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



