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I was very pleased and honoured to be invited to
write the foreword for this edition of Discovery.
I have always admired AWE’s technical capability
in supporting the UK’s nuclear deterrent.
This is as important now as it has ever been –
given that we live in a volatile and
uncertain world.
AWE’s scientists and engineers work at the cutting-edge of technology and you will
see many examples in this edition of the range of work undertaken to ensure that
the UK has the optimum capability and the best people to deliver the deterrence
mission on behalf of the UK Government.
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There’s an insight into the use of isotope mass spectrometry to support nuclear
forensics – an area that is obviously current and fundamental to safeguarding
national security. This sensitive and selective technique can be used to verify the
declared activities of a nuclear facility.
The science behind the determination of neutron and photon doses in criticality events
and the characteristics of thermal battery cells is also explained in some detail.
AWE modelling and simulation capabilities are extensive, including finite element
models to understand the performance of structures.
I hope this glimpse into the unique work being done at AWE gives you a good
overview of the breadth and depth of the science, engineering and technology
being pursued there. I believe that the value it brings in terms of innovation and
scientific advancement contributes not only to understanding current challenges,
but also to the importance of promoting future research and development in the UK
and internationally.

Professor Sir Peter Gregson
Chief Executive and Vice-Chancellor, Cranfield University
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Isotope mass
spectrometry
Introduction
Measurement of the atom ratios of
samples of uranium and plutonium, to give
their isotopic composition, plays a key role
in AWE’s maintenance of the UK nuclear
deterrent and support for national nuclear
security. The relative amounts of different
isotopes of the same element, for example
in hydrogen, uranium and plutonium
are often of controlling importance in
determining the properties of nuclear
materials and are hence of great interest
to the users of such materials.
Mass spectrometry is used to measure
the required isotope atom ratios
with high precision and accuracy.
Maximum sensitivity is also required
in order to measure isotopes of low
relative abundance (minor isotopes).
For uranium and plutonium, where
the majority of the isotope half-lives
are measured in thousands of years
or more, mass spectrometry provides
greater accuracy and precision than
radiometric measurements.
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The development of mass spectrometry
has been very closely linked with that of
nuclear science since its invention just
over 100 years ago[1]. AWE became
involved in isotope mass spectrometry
in the late 1950s and played a
significant role in its development.
During the 1960s and 1970s AWE
designed and built mass spectrometers
for its own use, one design becoming
the basis of a commercially available
system[2]. This in-house design included
the ‘Daly’ detector, a large dynamic
range, low noise, high sensitivity detector
designed and constructed in 1960 by
Norman Daly, the then head of Mass
Spectrometry; the Daly detector is
still in use on instruments offered by
manufacturers today.

Mass spectrometry
In the mass spectrometry measurement
process, the sample must first be
fragmented into vaporised charged
atoms – freely moving ions – to allow
mass-separation according to their massto-charge ratio (m/z) by the different
paths they take in magnetic fields, or the
different accelerations or deflections they
experience in electric fields.
To enable mass spectrometry of all the
types to be described in this paper, the
material for analysis must be prepared
for the instrument on which it is to be
measured. This can be as simple as
placing a clean surface in the instrument,
through to picking of particles, dissolving
the sample, or carrying out extensive
chemical separations to purify the
elements of interest. Details are given for
each technique.

Present day isotope
mass spectrometry

Thermal ionisation mass
spectrometry − TIMS

AWE uses three different mass
spectrometric types for actinide
isotopic analysis: Thermal Ionisation
Mass Spectrometry (TIMS), Secondary
Ionisation Mass Spectrometry (SIMS),
and Inductively Coupled Plasma
Mass Spectrometry (ICP-MS). Each
of these has properties that make
them best suited to particular sample
and measurement types. All the
instruments to be described have in
common the use of magnetic fields for
mass separation, ultra-high vacuum
quality along the ion flight path, and
the capability for single-ion detection
using electron multipliers. The major
differences are in the mechanism used
for generating ions, which determine
the sample forms and materials
to which they are amenable. The
combination of instruments provides a
full capability for analysis of solid and
liquid samples containing the range
of actinide elements and isotopic
compositions which are of interest.
One feature of modern instruments is
multi-collector capability – where an
array of detectors allows simultaneous
detection of signals from different
isotopes – thus ensuring maximum
sensitivity and analytical precision.

Thermal generation of ions for mass
spectrometry is one of the earliest
and simplest methods for determining
isotopic composition of inorganic
materials, dating from the early twentieth
century and widely used for geological,
geochronological and nuclear applications.
Ions are produced when a metal ribbon
filament (Figure 1), onto which minute
quantities of sample have been deposited,
is resistively heated in vacuum.
Typical currents of up to 4 Amperes
are passed through the filament to
produce temperatures between 1000
and 2000 degrees Celsius, sufficient
to induce surface or thermal ionisation
with subsequent thermionic emission of
analyte ions. Refractory metals such as
rhenium, tungsten or tantalum must be
used so that the filament does not melt.
At AWE, high purity rhenium is used to
avoid background signal interferences
that could affect measurement validity.
Application of a strong electric field
extracts analyte ions from the source
region as soon as they are formed and
accelerates them into the magnetic field
for mass analysis.

Combined ionisation and detection
efficiencies for TIMS, SIMS and ICP-MS
for uranium are in the 0.1-1% range,
and with ion-counting electron multiplier
detectors, sensitivities for isotope ratio
measurements with useful precisions in
the femtogram-to-picogram range.

The ability of TIMS to meet the
requirements of high accuracy and
precision derives from its simplicity and
the relatively gentle and element-specific
evaporative and ionisation processes
involved. Under optimal conditions, the
technique can produce stable ion signals
over timescales of many minutes, which
enables the determination of isotope
ratios with high accuracy and precision.
Whilst the elemental detection limit for
TIMS lies in the attogram (10-18g) range,
effective isotope ratio measurement, i.e.
such that major isotope ratio uncertainties

better than 0.1% can be derived, requires
picogram to nanogram sample quantities.
Sufficient sample size is also required
for enough ions to be obtained from
the minor isotopes, since the accuracy
and precision of these ratios will be
compromised if the signals are too weak.

Figure 1
Photograph showing TIMS
filaments of two
different designs.

Secondary ion mass
spectrometry − SIMS
In SIMS the ionisation source is
provided by a focussed high-energy
primary ion beam that impacts the
surface of the sample and sputters and
ionises the surface layers. This process,
shown schematically in Figure 2,
allows the direct and localised analysis
of solid surfaces. The incident primary
ions − oxygen, caesium or argon are
commonly used - implant into the
surface layers of the sample transferring
their energy in the process and
causing local ejection, or sputtering,
of atoms and clusters of atoms from
the surface. A small fraction of the
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sputtered species will be ejected as ions
(termed secondary ions to distinguish
them from the incident primary beam).
These sputtered ions are immediately
accelerated and extracted by an applied
electric field into the mass spectrometer
The SIMS technique has been
successfully developed for measuring
isotopic composition of uranium in
small particles, and the large-geometry
instrument installed at AWE is shown
in Figure 3. This application takes
advantage of the surface imaging
capability of SIMS, in which a spatial
resolution given by the primary ion
beam spot size (typically a few microns)
is possible.
The sputtering process is energetic and
may result in atomic mixing, leading
to the formation of molecular ions,
some of which may have the same
nominal mass as the isotope ions to
be measured. The large instrument
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Figure 2
Schematic illustration showing the SIMS sputtering
and ionisation process.

‘Primary’ Ion Beam – 10kV
O2+, Cs+, Ar+

geometry of the Cameca 1280HR
permits high mass resolution, which
avoids most mass interferences, and
allows space for a multi-collector
detector array to give improved
sensitivity and precision. The SIMS ion

energy spread necessitates a “doublefocussing” instrument configuration
to achieve high ion transmission and
hence ultimate sensitivity [See Box 1 for
an explanation of double focussing.]

In SIMS, as also with TIMS, ionisation
efficiency varies greatly with element,
and is dependent on the overall
chemical composition of the sample,
the element to be analysed for and the
primary ion used. For electropositive
elements such as uranium the highest
ionisation efficiency is generally
achieved using oxygen primary ions
(usually either O2+, O-, or O2-).

Once initiated by a spark discharge, it
is sustained by the continual inductive
energisation of free electrons using
a radio frequency field. Temperatures
within the plasma are up to 10,000
degrees Celsius such that chemical
species entering the plasma are
vaporised, atomised and ionised. It is a
very efficient means of ion generation for
around three quarters of the elements in
the periodic table.

Inductively coupled
plasma – mass
spectrometry ICP-MS

For highest sensitivity, ICP-MS benefits
from a double focussing instrument
design, as for SIMS, due to the energy
spread of ions created. [See Box 1].
Also, magnetic sector mass dispersion
allows multicollector (MC) detection
for simultaneous measurement of the
isotopic ion signals, which in addition
mitigates any effects of temporal
variations in the ion population (“plasma
flicker”). The MC-ICP-MS instrument
installed at AWE is shown in Figure 4.

A further method of sample ionisation
uses an inductively coupled plasma,
ICP. This is a continuous, atmosphericpressure, electrical discharge in which
sample material is introduced into an
inert gas (usually argon) plasma. The
plasma is an energetic gaseous mix
of electrons, ions and neutral species.

Figure 3

Figure 4

The Cameca 1280HR large-geometry SIMS instrument installed at AWE.

Thermo-Fisher Scientific Neptune Plus MC-ICP-MS instrument at AWE.

Samples, usually in aqueous solution, are
introduced into the plasma by aspiration
to produce an aerosol in the argon gas
stream. A carefully designed interface
then passes ions from the plasma, at
atmospheric pressure, into the mass
spectrometer, under high vacuum.
An alternative method of sample
introduction uses a focussed pulsed
laser to ablate surface material, enabling
the direct analysis of solids. Volatilised
ablation products are then carried in
an inert gas stream into the plasma.
Ablation is localised to the focussed
laser beam spot, which can be stepped
or scanned, providing a means of rapidly
characterising local variations; it can also
be used for targeted analysis of small
surface features, or of micro-particles
deposited on a substrate.
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Table 1:
Measured isotopic ratios and their applications.

Element

Ratios

Reason for Measurement

U/ U, U/ U,
U/235U, 235U/238U

233

235

234

235

Uranium

236

U/238U

235

U/238U

236

Material characterisation
Categorise uranium by type – depleted,
natural, low enriched, high enriched.
Sometimes quoted as 235U/(235U+238U) x 100
as percent 235U enrichment
Determine if uranium sample has been
irradiated in a nuclear reactor

Pu/239Pu, 240Pu/239Pu,
Material characterisation
Pu/239Pu, 242Pu/239Pu

238

Plutonium

241

Pu/239Pu

Categorise plutonium by type – weapons
grade, reactor grade. Sometimes quoted
as 240Pu/(239Pu+240Pu) x 100 as percentage
240
Pu.

Am/241Pu

Age dating of plutonium – requires uses of
tracers and radiochemical separations

240

Thorium

241

Mass at 232
Th/234U

230

Indicative of presence of 232Th
Age dating of uranium – requires uses of
tracers and radiochemical separations

Applications of isotope
mass spectrometry
Some of the isotopic ratios that are of
interest to AWE, and the reasons for
measuring them, are summarised in
Table 1. The main actinide elements
of interest to AWE are uranium and
plutonium, though thorium, neptunium
and americium are also of interest for
application in the field of nuclear forensic
analysis. The isotopic ratios measured may
be indicators of the material's intended
use, process history (which stage of
nuclear fuel cycle it may have come from),
and its place of origin (geo-location or last
processing date). For example, in the case
of uranium, the absence or presence of
236
U levels distinguishes whether or not it
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is of natural origin – 236U is only contained
in material that has either been irradiated
in a reactor, or been processed in a plant
which handles such irradiated material. In
the case of uranium samples the presence
of 232Th may indicate whether the uranium
has been processed or is more likely to be
from a natural uranium ore.

New developments in
mass spectrometry
Stable isotope ratio mass
spectrometry – S-IRMS

isotope ratios of light elements, e.g.
hydrogen, carbon, oxygen, nitrogen,
and sulphur. Such measurements have
been widely applied in conventional
forensic analysis to trace the source
of materials, for example with illicitly
trafficked pharmaceuticals, exploiting
the ability of S-IRMS to differentiate
chemically equivalent samples on the
basis of the isotope ratios of their
constituent elements.
Some isotope ratios can be used as
global geo-indicators providing an
indication of material source. This is
the case with 18O/16O ratios, which may
be used for analysis of uranium ores
or ore concentrates to give a regional
indication of where they were mined
or where chemical processing was last
carried out.

Use of gas collision or reaction
cells with ICP-MS
The inclusion of a gas collision or
reaction cell has been a significant
development in ICP-MS. This allows
in-situ chemical separation of ion
species of elements too close in mass
to those of the element of interest to
be resolved; for example the selective
removal of uranium ions in mixed
samples of uranium and plutonium,
allowing the direct measurement of
238
Pu. Equally important is the ability to
strip out mass-interfering molecular ions
formed from elemental impurities. In
both cases, this approach has the ability
to reduce reliance on radiochemical
separation and purification methods
that are often required prior to mass
spectrometry measurements.

Conclusion
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Double-focussing
mass spectrometry
For SIMS and ICP-MS, where the
ionisation processes produce a significant
spread of ion energies, a double
focussing mass spectrometer design is
required to obtain both high sensitivity
and high mass resolution i.e. specificity.
This is achieved by the insertion of an
electrostatic analyser in series with an
electromagnet, as shown in Figure 5,
which brings ions of given mass-tocharge ratio but slightly different energy,
to a focal point at a detector.
In contrast, the relatively gentle TIMS
ionisation process generates ions at
thermal energies, with a narrow energy
spread, approximately 0.2 eV, such
that additional energy focussing is not
required. Thus a simpler instrument
design, comprising only a magnetic
sector (termed ‘single-focussing’) is
sufficient for TIMS.

Figure 5
Schematic of double focussing mass
spectrometer configuration, showing paths
of divergent ions and energies (colours)
but constant mass to charge ratio: from the
source (lower left, extracted and accelerated
to high energy by a fixed potential) through
electrostatic and magnetic field sectors
(providing direction-focussing of ions of given
energy- and momentum- to-charge respectively),
to the detector (lower right).

The latest addition to the Isotope Mass
Spectrometry portfolio at AWE is an
instrument for measuring the stable
07

Figure 1

Figure 2

Full Finite element model of the jackal.

Full FE model of the Chassis (Top)
and reduced experimental test
locations (Bottom).

Enhanced modelling
and simulation
Introduction
Any designer or customer wants
confidence that their product will
perform as required through its
lifetime. In-service failures are costly,
potentially dangerous and damaging
to reputations. One of the key
considerations is how a component or
system behaves and performs when
subject to dynamic environments such
as shock and vibration encountered
in use. Actual testing of real hardware
in real scenarios is usually expensive
or technically impossible. To gain
confidence, products are often exposed
to simulations of real life conditions.
This simulation could either be through
physical testing in the laboratory or
computer based dynamic modelling.
AWE has a wide range of simulation
capabilities ranging from large shaker
systems, for conventional ground based
vibration trials, to advanced computer
hardware and software applications.
Environments for all aspects of the
deterrent can be simulated, from low
08

level transportation environments
to high level ballistic re-entry and
abnormal environments.

Case study one: modal
testing of the jackal
armoured fighting vehicle

The case studies show recent
developments in simulation and
understanding of dynamics. In particular
they show how testing and modelling
complement each other when
developing solutions.

In 2010, Dstl placed a commercial contract
with AWE to help provide validation data
for its model of the Jackal Armoured
Fighting Vehicle and in particular the
Chassis, shown in Figure 1. The models
developed by Dstl predict the dynamic
response of the vehicle in a number of
operational scenarios, it is to ensure that
the models are representative and provide
realistic simulations.

This article discusses a few of the
techniques which AWE employs to
underwrite its engineering Finite
Element (FE) models and understand the
performance of its structures. Three case
studies demonstrate the use of modal
testing, 3D Scanning Laser Doppler
Vibrometry (3DSLDV) and the Impedance
Matched Multi-Axis Test (IMMAT)
method respectively. Each case study
provides an overview of the task, the test
conducted, analysis undertaken and the
conclusions obtained from the analysis.

A finite element model was available for
the Jackal before testing commenced;
it was possible to ensure that suitable
test data were acquired during a modal
test. Box 1 provides an overview of
modal testing.
The FE model allows test engineers to
make informed decisions in three critical
areas; response measurement location,
excitation location and suspension

configuration. Where test items can only
be made available for a very limited time,
test planning is critical in ensuring that the
test can be conducted quickly and that the
results it yields will be unambiguous and
right first time.
Response measurement location selection
is based on a test parameter known as
the Modal Assurance Criterion (MAC). The
MAC matrix is formed by correlating each
individual mode against all other modes
within the test frequency range, thus each
individual element is given by:
MAC(A, B)=

| { φ A} T{ φ B} | 2
({φ A} T{φ A})({φ B} T{φ B})

(1)

Where {φA} is modeshape A and
{φB} is modeshape B. The MAC has a
value between 0 and 1 and is often
expressed as a percentage; the simplest
interpretation of this value is that
modeshape A looks z percent like
modeshape B.

For response measurement location
selection it is essential that each individual
mode can be uniquely identified, therefore
the optimal MAC would be an identity
matrix (ones on the leading diagonal and
zeros elsewhere) having dimensions n
by n. This would ensure that no mode
looked like any other mode within the
frequency range of interest. In practice it is
not possible to obtain such a MAC but it is
possible to minimise the off-diagonal terms
of the matrix usually such that no offdiagonal term of the matrix is greater than
ten percent. This is achieved by adding
advantageous measurement locations
until all the off-diagonal terms are below
a specified value. Various methods for
optimising the MAC exist [1] and these
methods usually seek to reduce the offdiagonal terms to a minimum with the
fewest measurement locations possible.
For the Chassis and Armour Pack an initial
set of response locations was chosen
which gave a good visual representation of
the structure, additional response locations
were then added until an acceptable

Figure 3
MAC of the FE modeshapes
at the proposed experimental
test locations.
0

20 40

60 80 100%
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1

MAC matrix was obtained. The FE and
reduced test geometries for the chassis are
shown in Figure 2. The MAC of the FE
modeshapes, reduced to the test locations,
is shown in Figure 3.
Here the degree of correlation is indicated
by the colour scale and the absence of
high valued off-diagonal terms is clear,
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ODP(j) =∏ φrj
r

(2)

		
Where φ is the modeshape amplitude
at the jth degree-of-freedom and r is
the mode number. This function aims to
ensure that the selected excitation location
excites all the modes of interest. In the
case of a three-dimensional structure
such as the Jackal Chassis the ODP is
usually considered with respect to each
of the axes (x, y and z) in turn and results

Where ωr is the natural frequency of the
rth mode. Modal testing of the Chassis
was conducted using AWE’s portable

Figure 7

Figure 8

Example of a Nyquist plot used
to establish the quality of the
curve fitting process.

Example of a deformed mode
shape plot, these are often
presented as animations.

MAC plot for the first iteration Jackal
model.

1

Test Mode Number

Analysis
plotted as in Figure 7.
The test data were analysed using the
global-M curve fitting algorithm in the
ICATs software. Figure 6 shows an
example Nyquist plot generated during the
analysis. Such plots allow the test engineer
to assess the goodness-of-fit of the analysis
parameters against the original test data
on a point-by-point and mode-by-mode
basis. Once the test engineer is satisfied
with the quality of the analysis a modal
database is formed which consists of the
natural frequencies, mode shapes, and
damping parameters obtained for each
mode that has been identified. At this stage
the deformed mode shapes are usually

Figure 5

Excitation locations selected on the Jackal chassis
to ensure all modes in the frequency range of
interest were captured.

Jackal chassis suspended on soft bungee cords to
obtain a "free-free" boundary condition.

20 40 60 80 100%
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Figure 4

Following analysis of the test data, the
modal test database is quantitatively
compared to the FE model results using the
MAC calculation described by Equation1.
In order to do this the test points must
be geometrically mapped onto their
corresponding positions on the FE model.
The geometrical mapping of the test to FE
data is made significantly simpler when test
planning has been conducted since each
test point is directly based on information
from the FE model.
Since the MAC plot in Figure 8 shows
no correlated mode pairs (i.e modes pairs
with a MAC in excess of 80%) it was not
possible to generate a natural frequency
plot and examine frequency differences.
It was concluded that the FE model of
the chassis was not representative of the
chassis which was tested.
Comparison of the measured mass (520kg)
and the FE calculated mass (820kg)
revealed a significant discrepancy (58%)
between the chassis model and the test
structure. This resulted in an update to the
model to more accurately reflect the item
under test.

Engineers at AWE base their model
updating procedures on physical
parameters, such as thickness, material
properties and spatial distribution rather
than using some of the mathematical
updating algorithms which are available.
Often the use of purely mathematical
updating methods gives rise to physically
unrealistic values for properties especially
when they are used to account for
parameters which were not included in the
model in the first place.

second iteration of the chassis model
which was re-correlated with the test
data. The difference between the test and
FE mass was ~ 8%, with the FE model
being lighter rather than heavier than the
test structure. The degree of correlation
between the test and analysis models also
significantly improved as illustrated by the
MAC and natural frequency plot shown in
Figure 9.
The absence of a mode in the FE model
was identified during testing, highlighted
in Figure 9; a subsequent investigation
identified a strut in the model which was
not present in the actual chassis.

AWE requested that Dstl update their
model and that the thickness of the
square section steel used to construct
the chassis was checked. This led to a

Figure 9
MAC and natural frequency plot for the second iteration Jackal model.
Missing experimental Mode

10

1

10

0
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The final aspect of a test plan is to
consider the location and method of
suspension. Most usually the “free-free”
or “no-constraints” modes of vibration
are required for model validation purposes
since they are the most easy to synthesise
in the FE model. In practical terms the
structure must be supported in some
fashion for testing purpose and the
preferred method is usually to suspend
the structure on soft bungee cords. Even
with soft suspension it is possible that
the additional constraint alters the mode
shapes of the structure and therefore
the suspension is normally given careful
consideration. The disruption of suspension
can be minimised by considering the
motion of all the modes that are to be
measured according to the Average
Driving Point Residue, Equation 3.
φ2rj
(3)
ADPR(J) =∑ 2
ωr
r

Figure 6
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Experimental Modes
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The next phase of test planning is to
select an excitation technique and
choose appropriate excitation locations.
Numerous choices for excitation exist
including electro-dynamic shakers and
force instrumented (modal) hammers.
Since much of the testing for Jackal was
to be conducted off-site and because the
structures availability was time limited the
decision was made to use modal hammer
excitation. A set of suitable excitation
locations was chosen using the Optimal
Drive Point (ODP) calculation (Equation
2) which provides a measure of the
cumulative observability of all the modes.

modal testing equipment at Defence
Support Group (DSG) Bovington, and
the suspended Chassis is shown in
Figure 5. During testing it was noted
that there were differences in the layout
of some of the chassis struts, photographs
of these differences were taken to allow
the model to be updated. The total chassis
mass was measured as this provides the
first and most simple method to assess the
similarity between what is modelled and
what is tested.

Analytical Modes

in numerous excitation (or reference)
locations. In the case of the Chassis for
example the selected excitation locations
and directions are shown in Figure 4.

Imaginary

indicating that these measurement
locations would be sufficient for testing
the vehicle chassis.

Experimental Frequencies (Hz)
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Conclusions
The case study illustrates how the
combined use of analysis and test can be
used to validate FE models such that they
can be used with confidence in further

Figure 10
MAC and natural frequency plot
for the third iteration Jackal
model.

0 20 40

predictions. This process led to a model
which provided better simulations and
helped ensure the safety and performance
of the Jackal Armoured Fighting Vehicle.
The application of modal test planning
allows optimised tests to be conducted
even when the test structure is only
available for a short period of time and
helps engineers rapidly identify differences
between the model and test structures.
By underwriting the Finite Element models
used to understand the performance
of structures in normal and abnormal
environments, AWE can demonstrate
confidence to its customers and reduce
the likelihood of expensive in-service
failures occurring. This will create cost
efficiency savings as well as potentially
extend service life.

Case study two –
application of laser
doppler vibrometry
Introduction

60 80 100%

Analytical Modes

10

1
10

Analysis Frequencies (Hz)

1

Experimental Frequencies (Hz)
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During a refurbishment activity of a
complex mechanical system, a cable
component was swapped for an
upgraded specification version, resulting
in a change of build standard of the
overall system. The resulting design
review highlighted the possibility of
unwanted dynamic interaction between
the new cable and another component
during the system’s operational life.
AWE’s structural dynamics group were
tasked with characterising the response
of the cable system, illustrated in
Figure 11, to a number of vibration
environments and establish the
likelihood of component interaction.
For many simple or homogeneous
components, a finite element analysis
model would be used to predict the
component’s response to various

vibration inputs. This model would be
validated beforehand using modal test
and analysis techniques as discussed in
Case Study 1.
Due to the design and construction of
the cable and its complex boundary
conditions when assembled within
the main structure, it was not possible
to develop an accurate finite element
model. Instead of a finite element model,
a predictive test-based model using
transmissibility measurements made
during testing was proposed.
Transmissibility (T) measurements are
defined as a frequency-dependent
response function measuring the relative
vibration between two response points, j
and k to a vibration input at point i [2].
Τj k(ω)=

i

H j i (ω)
H ki (ω) 		

(4)

Where H is the Frequency Response
Function (FRF) and ω is the frequency
value. The main structure was bolted
to a large electro-dynamic shaker to
provide a base excitation. Acceleration
measurements were made at the
mounting point of the main structure
to the shaker table using a contact
transducer. This acted as the input
acceleration, to which the response
points on the cable were referenced
to, creating a series of transmissibility
functions describing the motion of the
cable under excitation via the main
structure, as shown in Figure 12.
To create a high fidelity predictive
model of the cable, a spatially dense
set of response measurements of the
cable under excitation was required.
Traditional piezoelectric-based gauges
were not suitable for this, as their mass
when attached to the structure would
have significantly altered its dynamic

Figure 11

Figure 12

Diagrammatic representation of
components of interest.

Transmissibility for base excitation.

Boundary Condition 1
System under test

χji(ω)

ƒi(ω)

χki(ω)

Boundary Condition 2

Electro-dynamic shaker

Hydraulic slip table

Figure 13

Figure 14

Polytec 3D Scanning Laser
Doppler Vibrometer.

Plot assessing the validity of the linearity assumption

properties. A non-contact methodology
was required in order to create the
spatially dense response measurements.
AWE operates two 3D Scanning Laser
Doppler Vibrometers (SLDVs) that are
capable of making non-contact velocity
measurements over a surface of interest.
The 3D SLDV utilises three scanning
‘heads’ which each contain a laser and
two motorised mirrors. These two mirrors
enable the precise placement of the
laser beam on the surface of interest

Normalised Log Displacement/Acceleration (ms-2)

This strut was removed from the model
and details were obtained from the
manufacturer regarding all of the box
section thicknesses. A third iteration of
the model was generated which included
these modifications resulting in a 3%
difference in overall mass and the MAC
and natural frequency plots shown in
Figure 10.
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and allow each head to ‘visit’ multiple
measurement points during a test,
building up a description of the vibration
of an entire surface.
Figure 13 shows how by placing
each scanning head at an angle of
approximately 30 degrees relative to the
measurement surface and distributing
the heads in space relative to each other,
each translation component of vibration

can be measured and transformed
into a single Cartesian measurement
coordinate system. The resulting surface
velocity measurement is compared to the
reference acceleration and post-processed
to form a set of displacement/acceleration
transmissibility curves for each discrete
measurement point.
In order to use the transmissibility model
in a predictive nature and extrapolate
13

To ensure that an accurate
characterisation of the dynamics of the
components of interest were made,
a spatially dense measurement grid
was created using the 3D SLDV. Only
a single estimate of the worst-case
displacement of the components of
interest was required for qualification
purposes. In order to achieve this, the
areas of maximum deflection at a given
excitation frequency were identified,
as illustrated in Figure 17. A spatial
14

Figure 17

Figure 18

A selection of environment PSDs.

Maximum response locations at
a given excitation frequency

Illustration indicating change of boundary conditions
to the components of interest.
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Figure 16
Flow chart of measurement processing to produce
a predicted displacement.
3D LDV Vibration
Measurements
(m/s)
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average was then performed to remove
local variations and outliers.
As with any prediction model, it was
important to test the validity of the
method to ensure correct estimates
of displacement were produced. In

order to achieve this, the PSD of the
broadband Gaussian random excitation
signal was fed back into the resulting
transmissibility measurements. The
estimated displacement from the spatially
averaged area of maximum deflection
was compared to the raw displacement

measurements from the 3D SLDV in the
same area and found to be a good match.
After reviewing the predicted
displacements from a number of vibration
environments it was decided that an
alteration to the boundary condition of
the cable component was required, this
is illustrated in Figure 18. In order for
this design change to pass qualification it
was necessary to quantify the difference it
had made to the dynamic response of the
cable component.
In order to quantify the effect of
the boundary condition change, the
transmissibility methodology was again
used to provide a comparison of predicted
displacements in the different vibration
environments. Figure 19 shows a
comparison between the two boundary
conditions, with the new condition
(plotted in red) displaying lower response
amplitudes for the majority of the
frequency range, particularly in the
0.05 Hz (normalised) region.
In addition to the plots of average
displacement in areas of concern over
the entire frequency range, the singlepoint displacement estimates were also
used to provide headline values to the

Alternate Boundary Condition

Figure 19
Comparison of maximum response location between two boundary condition tests.
Comparison of Boundary Condition Change

10-4

Normalised Log Displacement (m)

Once the series of transmissibility
measurements had been made, by
exciting the structure at a relatively low
level, the selection of environmental
PSDs were converted to acceleration
spectrums and multiplied together
in the frequency domain, resulting in
predicted displacements and determined
the possibility of interaction with the
component. A flow chart of this process
is shown in Figure 16.

Figure 15

PSD Amplitude (g 2/Hz) - Normalised

displacements for high-amplitude
vibration environments that were
untested, the assumption of linearity
is necessary. In order to validate this
assumption a number of vibration tests
were performed at increasing vibration
amplitudes, with the resulting acceleration
normalised displacements overlaid.
Figure 14 shows the comparison of
linearity tests at increasing vibration
levels and shows increasing damping,
lowering peak response, at higher
vibration amplitudes. This proves that
whilst the assumption of linearity may be
conservative, it is valid for this application.
The various vibration environments the
product would see during service can
be simulated by defining a set of Powerspectral Density (PSD) curves, as shown in
Figure 15, which are based off approval
tests and trials. Each different curve
represents a specific environment that the
product will experience.
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design review team, satisfying their
certification requirements.
This case study has detailed a methodology
that allows 3D SLDV transmissibility
measurements to be successfully utilised
to form a predictive model capable of
estimating displacements under a range
of different simulated PSD vibration

environments. Using these predicted
displacements, a component change and
associated modification to its boundary
conditions were successfully qualified
for operation in a compressed timescale
compared to traditional qualification tests
and high fidelity FE analysis.
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Whilst it should be noted that this
particular technique is reliant on the linear
(or conservative non-linear) response
of the item under test to the vibration
environments of interest, the technique
presents some distinct advantages over
traditional test techniques:

§ Safeguards expensive test items by
removing the requirement to test in
high amplitude vibration environments.

§ Reduces overall test time by removing
entire test runs.

§ Reduces operator risks such as 		
exposure to hazardous materials 		
and those inherent with manual 		
handling operations.

§ Removes uncertainties associated with
FE simulations, such as material 		
models, geometric configuration and
boundary condition definitions.

Case study three:
enhanced vibration testing
Introduction
Many ground-based test procedures, used
by industry, have their methodologies
rooted in the 1960s and 1970s [3-5].
These outdated procedures can lead to
tests which are a poor simulation of the
original environment; this is particularly
true for aerodynamic environments.
This poor simulation is compensated for
by carrying out tests which can be
overly conservative.
AWE initiated a PhD with the University
of Bristol (UoB) in 2011 to develop more
applicable ground based testing methods.
One of the research projects investigated
the application of advanced ground-based
testing techniques to the qualification of
16

an underwing missile, see Figure 20. The
project was a collaborative effort between
AWE, the UoB and the Defence Ordnance
Safety Group (DOSG) of the Ministry of
Defence (MOD) [Acknowledgement is
given to Chris Roberts of DOSG for his
substantial input to this research].
The enduring method of qualifying weapon
systems is to carry out single-axis vibration
tests. This traditional method has been used
since the 1960s and involves attaching the
test article to an electrodynamic shaker
which has high mechanical impedance
and excitation in one direction only, as
shown in Figure 21. Previous research
has shown that these vibration tests are
unrepresentative of many real-world
environments; this is particularly true for
aerodynamic environments [6-8].

Figure 20

Figure 22

Figure 23

Figure 24

An AMRAAM underwing missile
in service.

The one third scale model of an
underwing missile used in this
case study.

The missile subjected to
aerodynamic excitation in a
wind tunnel facility at the
University of Bristol.

Twin-shaker vibration test of
the missile.

§
Figure 21
A typical single-axis
electrodynamic shaker with
high mechanical impedance
used for vibration testing
of structures.

§

Research revealed that the vibration test
detrimentally affects the dynamics of the
structure, provides a poor replication of
the load path and the uniaxial vibration
test does not adequately simulate
the multi-directional vibration usually
experienced by systems in the field
[9,10]. The current state-of-the-art for
underwing missile qualification is the
twin-shaker vibration test.
This test involves attaching two
electrodynamic shakers at different
positions along the missile in order to
better distribute the excitation energy
and to provide a test set-up which is
less detrimental to the dynamics of
the structure when compared with
the traditional single-shaker vibration
test. Although the twin-shaker test
is superior to the traditional singleshaker vibration test, it still excites in
one direction only and the fixtures that
attach the shakers to the structure still
affect the dynamics considerably.

§

To carry out qualification activities
on an underwing missile using current
methods and to highlight
any major deficiencies.
To requalify the underwing
missile using the newly-developed IMMAT
technology.
To make a comparison between the
traditional and IMMAT methods.

To alleviate security and proprietary issues
associated with a full-fidelity missile
system, a one-third scale model was
manufactured, as shown in Figure 22.
The missile was subjected to aerodynamic
excitation in a wind tunnel facility at the
University of Bristol, shown in Figure 23.
It was decided to undertake an assessment
of the twin-shaker test in collaboration
with the UoB and DOSG. AWE had recently
developed a new method of carrying out
dynamic testing; namely, the ImpedanceMatched Multi-Axis Test (IMMAT), and
it was thought that this new technology
could be used to overcome the limitations
of current methods. Box 2 provides
an overview of the IMMAT technique.
The IMMAT technique was used in the
qualification of the underwing missile and
compared against traditional methods.
The three main objectives of the research
project were:

During the wind tunnel tests, the vibration
of the missile was recorded by thirteen
accelerometers distributed over the
surface of the missile and represents the
target for any subsequent vibration test
to simulate. In an attempt to simulate the
aerodynamic environment, the missile was
subjected to a twin-shaker vibration test
and an Impedance-Matched Multi-Axis
Test (IMMAT) as shown in Figure 24 and
Figure 25 respectively.
The twin-shaker test can excite in one
axis only, it includes invasive fixtures and
controls the vibration at only two positions.
In contrast, the IMMAT setup included

a fixture which matched the mechanical
impedance of the wind tunnel ceiling
(wooden fixture) and excited the structure
in three axes simultaneously using flexible
drive rods (connectors). In addition,
the vibration was controlled at thirteen
locations spread across the missile and in
all directions simultaneously.
The results from the two tests
are presented in Figure 26 and
demonstrate that the twin-shaker test
is a poor simulation of the aerodynamic
environment, with evidence of considerable
under-testing and over-testing. In addition,
it provides a poor replication of the relative
phase between locations and is time
consuming because it needs to be repeated
with excitation carried out in a further two
orthogonal directions to that shown in
Figure 24.
The results show that the IMMAT
technique provides a faithful replication
both in terms of the magnitude of
the spectral densities and the phase
replication. The phase replication
ensures that the deflection shape of the
missile reproduced those observed in
the aerodynamic environment, ensuring
that the stress and strain patterns were
representative. The IMMAT test was
conducted in a much shorter timescale
because it excited all directions
simultaneously.

Figure 25
Impedance-matched multi-axis
test of the missile.

Summary
The case studies show examples of
work being undertaken at AWE to
develop and challenge conventional
approaches to dynamic simulation, with
the aim of more realistic testing and
modelling. This will result in refined,
lighter, but still reliable, designs.
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Box 1

What is Modal Testing?
Modal testing is a specialised form of vibration testing aimed at extracting fundamental properties of a
mechanical system. These properties are the natural frequencies, their corresponding mode shapes and damping
(energy loss). Modal testing can be used for a variety of reasons, a few examples are; providing a fingerprint
of an item at a specific point in its life [11]; developing experimental sub-system models [12], or as in this case
study; as part of the validation of a numerical model as generated within a Finite Element (FE) code.
Many simple structures such as plates and beams can be numerically modelled using continuous
equations, and with care these can be used to approximate the behaviour of such structures, however
more complex structures are usually modelled using the FE method. FE modelling creates a discretised
representation of a continuous structure which leads to the formulation of a mass and stiffness matrix [M]
and [K] which describe how these properties are distributed across the structure. In vibration studies this
type of model is referred to as the ‘spatial model’.
								
{F(ω)}=([K]-ω 2 [M]){X(ω)} (5)
							
Where F is a vector of the forces applied to the structure, X is a vector describing the shape of the
structure and ω is the frequency value of interest. In the vast majority of AWE’s work these matrices are
symmetrical and therefore the fundamental modes of a structure can be derived from the solution to
the eigenvalue problem. By setting F to be zero in Equation 5, the eigenvalues (or natural frequencies)
of the structure can be obtained. At these frequencies the structure will respond with high amplitudes
of response to very low levels of forcing input. Once the eigenvalues are known it is possible to obtain
the corresponding eigenvector or mode shape for a given natural frequency. The mode shape describes
the deformation shape which the structure adopts when excited by force at one of its natural frequencies.
It is important to note that the mode shapes obtained by following the above steps are non-unique since
they are un-scaled. The form of scaling most often used
in modal testing is mass normalisation which results
1
in the mode shape amplitudes having units of mass. In vibration studies, a model consisting of natural
frequencies, mode shapes and damping is referred to as the ‘modal model’.
By considering a special case where a structure is excited at one single degree of freedom (DoF) and the response is
measured at that, or any other, points on the structure it can be shown that for an un-damped system.
r=m
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HJK(ω)=∑
r=1

φ jrφ kr
ω 2r -ω 2

(6)

Where φ is the mass-normalised eigenvector, ωr is the natural frequency of the rth mode and H is the transfer
function known as the Frequency Response Function (FRF). This equation describes a transfer function, the
FRF, relating the response at DoF(j) to a force input at DoF (k). By holding the excitation location constant and
moving the response measurement to numerous other locations (or vice-versa) it is possible to measure a row
(or column) of the transfer function matrix [H]. Often in order to capture the full three-dimensional motion of a
structure it is necessary to measure several rows such that all modes and response directions are captured. The
transfer function matrix [H] forms the third possible representation of a structure within vibration testing and
is often referred to as the ‘response model’. The response model has the benefit that it provides a method for
experimentally capturing the dynamics of a structure, and the principle of applying single forces and measuring
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responses constitutes the basic process of modal testing, the governing equation is given below:
{ X (ω) } = [ H (ω) ] { F (ω) } (7)
Where {X(ω)} is the vector of responses at frequency ω. An example FRF is shown in Figure 27. Here the
peaks in the amplitude are referred to as resonances and it can be shown that via a curve fitting process
(Experimental Modal Analysis) it is possible to recover the natural frequencies, mode shapes, and damping
properties which make up the ‘modal model’. It is worth noting that if the measured response parameter is
acceleration, as in Figure 27, then the response curve will have units of 1/mass and that the extracted mode
1
shapes will have units of mass. Since the spatial and response models can be linked via the modal model
it is possible to obtain a quantitative assessment of how similar an FE model is to a real structure through
the comparison of natural frequencies and mode shapes. Furthermore the comparison also gives insight into
the possible causes of any discrepancies between the FE model and test results and, with care, an evidence
based approach can be used to update the model until a satisfactory agreement is reached. A model which
has undergone this process is considered “valid” in that its “coefficients are sufficiently accurate to enable that
model to provide an acceptably correct description of the structures dynamic behaviour”. [2] .

Where Sƒƒ is the spectral density matrix of the aerodynamic forces applied to the structure, the leading
diagonal of which is comprised of the power-spectral densities at the external n DoFs. The off-diagonal
terms of Sƒƒ are the cross-spectral densities which contain information regarding the correlation and
....
phase between each of the forces imparted to the structure. Sχχ is the spectral density matrix of the
acceleration response at all N DoFs and has the same format described for Sƒƒ, i.e. power-spectral densities
populate the leading diagonal and cross-spectral densities reside in the off-diagonal elements. It should be
∗
noted that H denotes the complex conjugate (Hermitian) transpose. To certify the safety and performance
of the structure, we wish to conduct a vibration test in order to simulate this aerodynamic environment.
This test will be conducted in the laboratory using the Impedance-Matched Multi-Axis Test (IMMAT)
technique. Let us assume that accelerometers measured the vibration at ten DoFs during the aerodynamic
environment. The objective of the IMMAT is to excite the structure such that these ten DoFs experience
similar vibration levels in the ground-based test. To do this, a number of exciters are required to introduce
forces at a few discrete locations. It is beyond the scope of this article to discuss the intricacies of selecting
the number, and positions, of these exciters and we shall assume that three are sufficient here. By
rearranging Equation 9, and reducing to the exciter and accelerometer locations, the three forces required
to excite the structure can be determined using the equation below:
∗
(10)
s (ω)] =[H(ω)]+ [S....
[H (ω)] +
[
χχ (ω)]
IMMAT ƒƒ

Figure 27
An example of a typical experimental Frequency
Response Function with a resonance and antiresonance highlighted.

3×3

3×10

10×10

10×3

Where [ ]+ denotes the Moore-Penrose pseudo inverse and ensures a least-squares error solution. It
should be noted that one of the key principles of the IMMAT technique is to ensure that test setup does
not affect the dynamics of the structure, i.e. H is unaffected, and this shall be reflected in this theory.
It is possible to determine the acceleration response at the ten vibration control DoFs in the IMMAT by
substituting IMMATSƒƒ into Equation 9 as follows:
[ IMMATs....
χχ (ω)] 10×10 =[H(ω)] 10×3 [ IMMAT s ƒƒ (ω)] 3 × 10

Box 2

The Impedance-Matched Multi-Axis Test (IMMAT) Technique.
The IMMAT technique utilises Multi-Input-Multi-Output (MIMO) vibration control methods. Only a cursory
description, with governing equations, is given here and the reader is referred to literature for a full
description [2,6,13-15]. Consider a structure with N degrees of freedom (DoFs) which will experience
aerodynamic forces on its outer n DoFs. The aerodynamic forces cause the structure to respond with random
vibration in the frequency range from 0Hz to an upper frequency, ωU, with the structure having M natural
frequencies that contribute to the dynamic motion within the frequency range. For each natural frequency,
the structure adopts a corresponding mass-normalised mode shape, {φ}r. The dynamics of the structure can
be described by the FRF in matrix form as shown in Equation 8. The damping (energy loss mechanisms) which
limits the amplitude of response has been represented with a simple modal damping term, ηr.
0
…

[H(ω)]N×N=[φ] N×M

0
0
0

0
0
ϒr
0
0

Where ϒr =
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0
0
0

0
0
0
0
ϒM

…

ϒ1
0
0
0
0

0

T

[φ]M×N

(8)

M×M

−ω2
ω −ω +ιηrωr2
2
r

2

The structure which is experiencing aerodynamic forces on its outer surface (n DoFs) will respond at all N
DoFs according the standard input/output MIMO equation defined below:
∗
(9)
[S....
χχ (ω)] N×N =[H(ω)] N×n [S ƒƒ (ω)] n×n [H (ω)] n×N

(11)

)
During the IMMAT, the acceleration response at the 10 DoFs (IMMATs....
χχ closely matches those of the
aerodynamic environment, if the selection of the exciter and control positions yield a H matrix whose rows
and columns are linearly independent and is therefore invertible. In addition, the selection of the exciter
positions must be able to adequately, and independently, excite the natural frequencies within the frequency
range of interest. The IMMAT provides a faithful simulation of the power-spectral densities, and arguably
more important, the cross-spectral densities which inherently contain the information regarding the relative
phase between positions. The phase determines the shape of the structure and therefore the stress and strain
patterns, which ultimately causes a structure to fail. It is possible to determine the response at all N DoFs of
the structure, including those which were not controlled, using the equation below:
∗
[ IMMATs....
=[H(ω)] N×3[ IMMATs ƒƒ(ω)] 3×3[H (ω)] 3×N
χχ (ω)]
N×N

(12)

If the acceleration responses at the control positions are representative of the initial environment, then those
at the non-controlled positions are also generally representative. This is true if there are a sufficient number of
control positions, they provide adequate coverage of the structure, and they are sensing in all directions of motion.
This is a major enhancement over traditional methods, which typically involve one, or sometimes two, control
positions, thereby only ensuring a tiny fraction of the structure vibrates in a representative fashion. This traditional
methodology leads to the remainder of the structure vibrating in a way which is unrepresentative, leading to
considerable under-testing and over-testing, and deflection shapes of the structure which no longer match those
observed in the aerodynamic environment. Attaching the structure to a shaker system affects the dynamics of the
structure considerably, thereby altering the H matrix which is a critical variable in all of the MIMO equations.
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Neutron diffraction and
electrochemical discharge
of thermal battery cells –
unlocking the black box of
battery chemistry
Introduction
Since the invention of the modern
battery by Volta in 1800 [1], battery
technology has been continuously
advancing. From simple stacks of metal
disks, to high performance cells for the
Energy Recovery System in Formula 1
cars, battery technologies have evolved
to suit their particular applications.
Energy storage at AWE is no different in
principle, but batteries in use here have a
unique set of requirements (long life, high
reliability, and robustness), and therefore
present similarly unique challenges to
the development of new materials and
improvements in our future technology.
Our system currently uses thermal
batteries which consist of a stack of
electrochemical cells, each contributing
a small amount of the power required. A
cell contains all the components required
to generate a current – a cathode and
an anode, separated by an electrolyte.
See Box 1 for an explanation of how this
works [2,3].
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Thermal batteries are so called because
they can only generate current when
the cells inside are heated up to a high
temperature (Figure 1). This makes the
batteries extremely stable under ambient
conditions, meaning they are reliable,
even after tens of years of storage.

This is rather more than can be said
for your average AA battery or the
rechargeable lithium ion battery in your
phone, which would have long since
discharged all of their stored energy
under the same conditions in a matter of
one to two years.

Figure 1
An AWE thermal battery (left) showing multiple voltage taps on the
top of the battery. A thermal image of a battery during firing (right)
– despite the internal temperature being over 500°C, the external
skin only reaches 110°C, protecting delicate components close to the
battery from heat damage.

Recently, working with the University
of St Andrews and Missile and Space
Batteries in Glasgow, AWE has carried
out new experiments on single thermal
battery cells. These experiments look, for
the first time, at the composition of the
cells while they are also being discharged.
The reason for doing such experiments is
to understand the fundamental chemistry
as to how a battery works, providing the
opportunity to explain ageing phenomena
and how to improve battery performance.
Up until now, cells were heated singly or
as part of a battery unit until they were
discharged and then cooled, and analysis
carried out at room temperature. The
development of discharge mechanisms
for the various materials in the batteries
was done primarily through inference. As
a result of the work carried out for this
collaborative project, direct observation
of the cathode, anode and electrolyte
materials can be made during discharge,
meaning much more accurate conclusions
can be drawn on the success of novel
battery materials, and the behaviour
of current materials, to improve further
understanding of thermal batteries.

Figure 2
The Polaris Diffractometer. The detector banks being lowered into
position during a recent upgrade of the diffractometer (left). A
schematic view of the diffractometer from above (right) showing the
sample position as a circle in the centre and with neutrons entering
the chamber from the right.

Figure 3
The sample assembly. An engineering diagram of the end of the
assembly showing the cavity for the cell and vanadium plates (left)
and the actual assembly before being placed into the diffractometer
during the experiment (right).

Neutron diffraction was chosen as the
analytical tool for this experiment as it
is a technique which can observe the
crystalline materials in the cell during
the experiment.

Experimental work
A new sample environment was
developed by George Carins of the
University of St Andrews for the Polaris
diffractometer Figure 2 at the ISIS Pulsed
Neutron and Muon source in Didcot.
The assembly holds a single battery cell
between vanadium plates which act as
electrical contacts but are also

transparent to neutrons, making it
possible to discharge the cell and
gather neutron diffraction data at
the same time. The whole assembly is
housed in a quartz tube to protect the
sensitive battery materials from air and
moisture Figure 3. The sample is then
lowered into the diffractometer furnace
stage and heated under vacuum to the
operating temperature.

Once at operating temperature, the
electrolyte LiCl/KCl will be molten and
the cell can start to discharge. Battery
materials discharge in stages, each
stage consisting of a different chemical
process. The cells were discharged
potentiostatically and neutron diffraction
data collected every 5 minutes.
Two cells were studied using this
method with more in the pipeline for
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corresponding to a voltage stage of the
discharge [4].

and MgO electrolyte and Li3Si4 anode.
Equations 1-4 shows the currently
accepted discharge mechanism for the
NiS2 cathode material, each equation

future experiments. Data analysis is
ongoing with the second cell so we
will only discuss the first in this article,
which contains a NiS2 cathode, LiCl/KCl

As many patterns need to be compared,
the data were then cut down to include
peaks from some of the phases of

interest but not the entire pattern to
make it easier to understand.
Figure 5 shows the cut down data

set with the peaks from the different
phases identified by coloured circles.

Figure 5
Equation 1: First discharge step
for NiS2 cathode material

Equation 2: Second discharge
step for NiS2

NiS 2+2e¯

7NiS+2e¯

Equation 3: Third discharge
for NiS2

Equation 4: Fourth discharge step
for NiS2

7Ni 3S 2 +4S 2¯

3Ni 7S 6 +8e¯

Ni 7 S6 +S 2 ¯
Intensity

NiS+S 2¯

Reduced data set for comparison shpwing peaks from MgO in yellow, NiS2 in blue and NiS in red.

Ni3S2 +4e¯

3Ni ° +2S 2 ¯
1.59

1.69

1.79

1.89

1.99

2.09

2.19

2.29

d space (A)

Results
The cell was first measured at room
temperature, neutron diffraction data
enabling the identification of some of
the substances in the cell. Figure 4

shows the full diffraction pattern from
the backscattered detector banks
which were best positioned for the
sample assembly. This pattern contains

information about all the different
crystalline phases observable in the cell.

The cells were then heated to operating
temperature and discharge started. As so
many scans were taken during discharge,
they were compared as intensity “maps”

rather than patterns of peaks. Each scan is
represented by a line of intensity indicating
how tall the peaks are using colours, high
intensity peaks in red and low intensity in

blue. Figure 6 shows the conversion of a
pattern into an intensity map.

Figure 4

Figure 6

Full diffraction pattern from NiS2 cathode based cell at room temperature before discharge has started.

Conversion of a pattern of peaks into a line of intensity map. The axis remains the same but instead of a
numerical intensity, a colour is used instead to indicate where high and low intensity regions are − shown
beneath the pattern of peaks with high intensity peaks corresponding to the red end of the scale.

Intensity

Intensity

High intensity

Low intensity
0.04
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0.54

1.04

1.54

d space (A)

2.04

2.54

1.59

1.69

1.79

1.89

1.99

d space (A)

2.09

2.19
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Previously, it was not possible to
observe phase changes in a cell during
discharge. This meant that materials
development was based on inferred
mechanisms and characterisation

Table 1
Phases observed
during the
discharge of the
NiS2 cell.
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Lithium ions (Li+) from the Li13Si4 anode leave the anode and are moved through the electrolyte - a mixture of LiCl,
KCI and MgO. This can only occur when the electrolyte is molten, at around 525 °C. For every Li+ leaving the anode,
one electron also leaves. The electrolyte is an insulator so the electrons are forced around the circuit to the cathode.

20 MAX
19
18
17
16
15
14
13
12
11
10
9
8
7
6
5
4
3
2
1 MIN

Once at the cathode, the Li ions combine with the electron and cathode material, in this case FeS2, to produce
Li3Fe2S4. Discharge can take place in several steps, creating a range of lithium containing products. Several
cathode materials are currently used including NiS2, FeS2 and CoS2.

Anode
(-)

Summary and conclusions
This work has led to several journal
articles and will be used with other
materials in the future.
Using this new and innovative technique,
AWE’s understanding of the chemistry

Voltage (V)

Discharge (Li stripping)

Li +

Li +

Li Si

FeS2
Li +

Li +

Li +

Li Si

FeS2

Li Si
Li +

Li +

FeS2

Li Si
Li +

FeS2

Li Si

inside thermal batteries has significantly
progressed, hopefully leading to
improved design of batteries for future
demonstrator systems to help underwrite
the performance and reliability of the
UK’s nuclear deterrent.

Cathode
(+)

Li +

Li +

done at room temperature after
discharge. Using this new method of
characterisation, battery materials
can be tested and their chemistry
understood much more effectively.

Li

+

FeS2

Li +

separator
Electron flow

Li +

Load

Electron flow

Crystalline phases

1.7

NiS2, NiS, MgO

1.4

NiS, MgO

1.3

Ni3S2, MgO

1.2

Ni3S2, Ni, Li2S, MgO

1.0
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1.9

How a thermal battery generates current.

Current collector (AI)

Stack of intensity maps from neutron diffraction data collected every 5
minutes during discharge of the cell. Discharge from 1.8 V (bottom of the
chart) to 1.0 V (top of the chart) is recorded in 20 separate diffraction
patterns, compared here.

Box 1

Current Collector (Cu, Ni, Li)

By comparing the phases observed in
Table 1 and the phases expected from
literature sources (Equation 1-4) it is clear
there are some differences – no evidence
was seen in the data of Ni7S6 which is
part of the second and third discharge
steps proposed by Guidotti [4]. However,
evidence of some of the other phases in
the proposed mechanism was present.

Figure 7

Decreasing Voltage
Pattern Number

The intensity maps were then stacked
up in chronological order, to give a
picture of the changing peaks during
the discharge of the cell. The cell
started to discharge at 1.8 V and
continued until it had reached 1 V
(Figure 7).
It is clear to see that during discharge,
some peaks remain constant (e.g.
2.175 Å, which is attributed to MgO)
and others change (e.g. 1.75 Å,
attributed to NiS2, disappears around
pattern 10). These data were analysed
using a technique called Rietveld
Refinement which showed that the
phases in Table 1 were present at the
different stages of discharge for this cell.

Ni3S2, Ni, Li2S, MgO
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Figure 1
An exploded schematic of the
UKAEA criticality accident
dosemeter [2].
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Introduction

SULPHUR DISC

AWE has an obligation, both legal and
moral, to work safely with the materials
and processes with which it is entrusted.
One of the potential hazards of handling
fissile material such as uranium and
plutonium is that of criticality. AWE takes
great care to ensure that fissile material
is used and stored in line with current
best practice as defined by the Office of
Nuclear Regulation and the Health and
Safety Executive (HSE). Despite these
precautions a criticality accident remains
a reasonably foreseeable event and it is
essential that AWE is prepared to react to
such an emergency. This article explains
the background to criticality and how
AWE is at the forefront of work in the UK
on upgrading criticality accident dosimetry,
a key facet of the emergency response.

material is in a runaway, super-critical
configuration, it generates an intense
field of ionising radiation that can deliver
a lethal dose within a fraction of a
second. In some cases the critical system
can be transient and self-terminating,
in others it can be indefinitely selfsupporting, requiring human intervention
to stop the reaction. The operation of
a nuclear power reactor is a carefully
controlled criticality event where the loss
of neutrons is carefully balanced against
their creation within the fuel. In contrast,
the detonation of a nuclear weapon
relies on a specific use of a runaway,
super-critical event.

A criticality can occur when neutrons
within a material multiply via the fission
process; if there are more neutrons being
generated than are able to escape then
a runaway reaction can occur. When

A critical excursion can last as little
as a few hundred micro-seconds and
produce an intense radiation field with
both neutron and photon components.
Fast neutrons, with a mean energy of
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Criticality accident dosimetry

around 2 MeV, dominate the radiation
field in a criticality event, but a
dosemeter must respond accurately to
a wide range of neutron energies in
order to accurately assess the dose to
an individual.
In the UK, the Health and Safety
Executive, HSE, regulate dosimetry
services and mandate a separate
approval for Special Accident dosimetry,
which covers a criticality event [1].
The criteria for approval require that
the dosimetry service be capable of
measuring any dose exceeding 0.25 Gray
with an uncertainty less than
30%. The typical neutron dosimetry used
by AWE is incapable of measuring the
range of energies and doses associated
with a criticality event, and the thermoluminescent dosemeters (TLDs) used to
measure dose from photons must be
corrected for non-linear responses and
peripheral effects to meet the accuracy
criteria for Special Accident approval.

POLYTHENE SPACER
FOAM DISC

LOCKET BASE
LOCKET RETAINING
BUTTON

Ca
Cb
Cc
Cd

AWE has initiated a project to update
the equipment that measures the
radionuclides produced by activation,
motivated by the obsolescence of the
equipment originally specified for the
assessment of dosemeters. The project
will need to ensure that AWE continues
to meet the regulatory requirement
to provide accurate and timely dose
assessments in the event of an accident.

Max energy=2 MeV

Figure 2
The supra-linear response
of TLD-700 as a function of
X-ray energy and total dose.

Updates to accident
dosimetry processes
Calibration of thermoluminescent dosemeter for
photon dose
The TLD routinely issued to workers at
AWE is used to measure the photon
dose component of a criticality accident.
It has long been known that the TLD
shows a positive bias for doses greater
than 1 Gray, and that the magnitude of
the bias is dose dependent. The bias is
caused by a supra-linear response in the
magnesium- and titanium-doped lithiumfluoride that form the detector elements
in the TLD. A study was conducted to
quantify the effect to allow corrections to
the measured dose to be made. A MINAC
X-ray generator was used to irradiate
TLDs to a range of doses, for end-point
photon energies from 2 to 10 MeV [3].
The results of the study are shown in
Figure 2. The results enabled a function
to be derived that reduced the bias to less
than one percent for doses in the range
1 to 10 Gray. The function has now been
implemented in the dose assessment
process for criticality accidents.

Max energy=6 MeV
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Max energy=10 MeV
Linear response
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Measured Dose (Gy)

Determination of neutron
and photon doses in
criticality events

123 5 4 5

The current system of criticality
accident dosimetry used throughout
the UK was developed in the 1960s
by the UK Atomic Energy Authority,
UKAEA. It consists of a small plastic
“locket” containing metal foils and
materials for the measurement of
radionuclides produced through
activation by neutrons, see Figure 1,
combined with neutron-insensitive
routine dosimetry for the measurement
of photon dose. The locket performed
well in a series of international
inter-comparisons in the 1970s and
1980s and UK nuclear sites that
inherited the system from UKAEA have
focussed on maintaining the capability,
without investing significant effort in
development or improvement.
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The system of measuring the criticality
locket components has been changed
to make it less complex and easier
to maintain. When the system was
developed in the 1960s there was
a reliance on the use of gross-beta
counting. Beta counters require
frequent calibration with a standard
that matches the geometry, matrix
and energy spectrum of the sample.
This is difficult to maintain, especially
if the radionuclides to be measured

Figure 3
The MCNP geometry of the
locket (left) together with the
calculated response matrix.

have been developed at AWE to
use existing high-purity germanium
detectors to measure radionuclides in
the locket components and to assess
the dose from these measurements.

have short half-lives. At AWE there
were six obsolete beta counters
dedicated to the criticality accident
dosimetry service and this was seen as
an inefficient use of resources and a
significant risk to the process.

The new dose assessment method was
developed by treating the criticality
locket as a multi-element detector
sampling different parts of the neutron
energy spectrum. The response matrix
for this was calculated using an MCNP6
model of the locket, shown in Figure 3,
and the GRAVEL unfolding code [4].

Today, high-purity germanium detectors
that can measure high-resolution
gamma-ray spectra are ubiquitous in
radiation-metrology laboratories. For
these detectors energy calibrations
are routinely maintained and samplespecific calibrations can be derived by
computation. Methods and procedures
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the new dosimetry methodology and
compare the results with those from
a large passive neutron spectrometer.
AWE also participated in experiments
with the Caliban and Prospero critical
assembly machines operated by CEA at
Valduc in France. After the irradiations
in France, the activated dosemeter
foils and materials were brought back
to AWE for measurement, allowing
a direct comparison between the old
and new methods of measurement.
The new method was shown to be
technically superior to the old.
As a result of the renewal programme
AWE’s criticality accident dosimetry
system is now sustainable for the
future. To maintain the expertise
and ensure the competence of
laboratory personnel, AWE continues
to work with LLNL to establish an
enduring programme of international
inter-comparisons using the NCSP
experimental facilities. AWE will
continue to test new innovations and
designs for accident, and routine,
dosimetry, with the aim of maintaining
this scarce skill set and further enhance
and improve the technical capability of
this essential dosimetry service.
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An example of a neutron
spectrum unfolded using
GRAVEL (blue) compared
with the input spectrum,
taken from Ref [5].

There are no facilities in the UK that can
generate a radiation field analogous
to the field produced by a criticality
accident. Therefore to test the new
methodology AWE scientists have been
working with colleagues from Lawrence
Livermore National Laboratory (LLNL)
and the US Department of Energy’s
Nuclear Criticality Safety Program
(NCSP) using the Godiva-IV antd
Flattop critical assembly machines. AWE
scientists were able to demonstrate
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The GRAVEL algorithm is an iterative
method that allows a fast and efficient
minimisation of a chi-squared test for
a relatively large number of energy
groups, but requires good prior
knowledge of the spectrum shape. An
example of a spectrum derived from
simulated response data is shown in
Figure 4, together with the spectrum
used in the simulation. The spectrum
deduced can be provided to criticality
safety assessors to help model the
accident, and to inform the response
and recovery phases of the emergency.

Testing the new methodology
with international partners

Au-198(Cd shielded)

1.0E+00

Activity per unit fluence (Bq cm2)

Changes to measurement
methodology of criticality locket

2.50E+10
2.00E+10
1.50E+10
1.00E+10
5.00E+09
0.00E+00
1.E

-09

1.E

-08

1.E

-07

1.E

-06

1.E

-05

1.E

-04

1.E

-03

1.E

-02

1.E

-01

1.E

+0

0

1.E

+0

1

1.E

+0

2

Neutron energy (MeV)

30

31

The experiments led by Professor Gianluca
Gregori (University of Oxford) and Dr
Andy Higginbotham (previously at Oxford
and now at the University of York),
were undertaken as part of the Orion
collaborative academic access programme.
In addition to AWE scientists and facility
staff, participants from many other
institutions supported the experiments,
including the UK’s STFC Rutherford
Appleton Laboratory, French groups from
the LULI Laboratory (CNRS), the CEA
and the Observatoire de Paris (CNRS),
and US researchers from the University
of Michigan and Lawrence Livermore
National Laboratory.

Outreach

Bilateral exchanges lead to
greater understanding
On 7 September 2016, AWE hosted
the second in a series of four bilateral
UK-US Project On Nuclear Issues (PONI)
exchanges at the Orion laser facility. A
delegation of UK and US officials, analysts
and representatives of non-governmental
organisations – who had earlier in their
programme discussed deterrent issues
in London, and subsequently in Barrowin-Furness and Coulport – was briefed
on AWE’s nuclear threat reduction
programme and the broader contribution
to national security that AWE provides.
The event then focussed on the technical
challenges and policy implications
associated with nuclear forensic analysis
in support of law enforcement. AWE
Distinguished Scientist, Paul Thompson,
supported by a cross-company team, led
the group through two nuclear forensics
evidence management exercises designed
to introduce delegates to these key issues.
Delegates found the exercises to have
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Figure 1
UK-US bilateral PONI delegation assembled in the Orion facility.

been a valuable practical introduction to
this vital area of AWE’s work.
UK-US PONI coordinator Andrea Berger,
from the Royal United Services Institute
(RUSI), said: “It was an excellent start to
the roadshow, and it proves why UK PONI
is such a valuable initiative.”

Orion’s first academic access
campaigns published in
Nature journals
Two eminent international teams of
academics who worked on the worldleading Orion laser have published papers
about their respective experiments in
Nature Communications and Scientific

Supported by the MOD, the peer-reviewed
academic access programme allows UKled teams to work on Orion – a unique
centre of excellence based at AWE – using
the wider capabilities of the facility to
pursue their collaborative academic
research programmes. The application
process is highly competitive and has
been significantly oversubscribed since the
first call for proposals in 2013.
A high energy density physics experimental
facility, Orion allows scientists to study
matter compressed to many times denser
than solid and heated to millions of
degrees without resorting to underground
nuclear testing. This capability also allows
Orion to recreate the extreme conditions
found at, for example, the cores of
the Earth and the Sun, and within the
atmospheres of stars. Experiments to
understand the basic physics of these
otherwise distant and inaccessible
environments support the complex
computer codes and models used in the
deterrent programme, as well as expanding
our understanding of the wider universe.

Concerning his experiment studying
fundamental properties of silicon, Andy
said: “The data quality we obtained at
Orion is unprecedented. This has allowed
us to gain deep insight into the response
of silicon to rapid compression – a
topic which has puzzled the scientific
community for around two decades.
We are very grateful to the Orion staff,
whose tireless hard work in fielding this
experiment was invaluable.”
Speaking about his experiment to
investigate the physics of an unusual class
of binary star, Gianluca said: “The Orion
campaign has provided a vital piece of
the jigsaw in the understanding of how
strong shock waves behave. There are
always three key ingredients that need to
be considered each time a shock occurs.
First, the shock compresses the ambient
medium and its density increases. Second,
the temperature rises. Third, some of the
stored energy is radiated away.
“We were able to reproduce all of these
elements in the experiment, making it
a good replica of what is believed to
occur when gas extracted from a main
sequence star impacts the surface of a
magnetised white dwarf – a phenomenon
characteristic of an elusive binary system

known as a cataclysmic variable.”
Commenting on the performance of
Orion, he added: “The quality of the data
was impressive and well above what
was previously possible, giving us access
to quantities otherwise inaccessible in
astronomical observations. I believe this
work could stand as the ideal platform
where astrophysics and laboratory
communities meet to solve the enigmatic
behaviour of cataclysmic variables.”
The results are expected to attract
significant interest from the international
community, which is vital to both
future research and inspiring the next
generation of scientists. It is also expected
to encourage future collaborative
applications to Orion as part of AWE’s
successful academic access programme.

Image below: Artist’s impression of a
magnetic cataclysmic variable. In these
systems a ‘white dwarf’, an extremely
dense star, transfers mass from a lowmass companion star (a main sequence
or red star) to the white dwarf due to its
gravitational pull. This accreted material
produces a high-energy burst of radiation
when it reaches the surface of the white
dwarf at its magnetic pole.

Copyright Animea/F Durillon, CEA

Reports – both of which are highly
acclaimed scientific publications.
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Demonstrating the challenges in
engineering and manufacturing
A team of AWE specialists presented a
series of challenges in engineering and
manufacturing at the CEMS Kickstart
Workshop, London, to determine potential
kick start projects in a range of different
technical areas of interest to AWE.
CEMS is the Centre for Engineering and
Manufacturing Studies based at Imperial
College London – a centre of excellence
funded by AWE dedicated to vital research
in engineering and manufacturing.
AWE specialists and academics from
Imperial College came together to share
knowledge in the areas of robotics
and automation, additive manufacture,
materials modelling, chemical synthesis
using micro reactors, mechatronics,
and engineering design innovation. The
exchanges are likely to lead to further
collaboration to maximise the benefits
from research in areas of mutual interest.

Nuclear defence conference
delivers positive debate

effective and credible deterrence means
for the world – with thought-provoking
arguments for and against nuclear
deterrence – including the subjects of
terrorism, asymmetric warfare and
non-proliferation.
Colin said: “It was a privilege to
represent AWE in such a prestigious a
setting as RUSI. UK PONI has given me
the opportunity to present to a wide
and renowned audience on matters of
nuclear deterrence policy that, although
not part of my core work, are of great
professional interest. What I found
most beneficial about the UK PONI
conference was that the composition
of the audience is both pro- and antinuclear whilst remaining friendly and
open, enabling a truly balanced and
interesting debate, which went on long
into the evening.”
Among the special guests were AWE
CEO Iain Coucher, who chaired a
session on British nuclear decisionmaking, and the Rt Hon Dr Julian Lewis
MP, Chair of the House of Commons
Defence Committee.

AWE operational analyst Colin Kendall
presented at the sixth annual UK Project
On Nuclear Issues (PONI) conference
– the premier UK forum for supporting
the emergence of new nuclear expertise
from academia, industry, government,
and the military.

AWE renews strategic alliance
with Cranfield University

Held at the Royal United Services
Institute, London, Colin’s presentation
entitled ‘What did nuclear weapons
ever do for us?’ centred on what

The renewal was signed by Cranfield’s
Vice Chancellor, Professor Sir Peter
Gregson, and AWE Chief Scientist,
Professor Andrew Randewich.
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AWE and Cranfield University are
pleased to announce the renewal of the
strategic alliance agreement between the
two institutions.

Andrew said: “Cranfield provides unique
opportunities in defence science and
education, and AWE has therefore taken
great benefit from its long-standing
relationship with the university. The
renewal of the strategic alliance is
particularly timely as we embark on
enhanced joint programmes in areas such
as energetics and shock physics.”
Sir Peter said: “Our collaboration with AWE
is long-standing and enables Cranfield
researchers to work with AWE colleagues.
“The relationships that have developed
over many years between the staff of
AWE and Cranfield University are close
and productive.”
The strategic alliance with Cranfield has
enabled joint working primarily focussed
on energetic materials, dynamic response
and fluid dynamics, and has generated
numerous joint publications.

presentations covering a range
of materials systems in which
nanostructuring can radically improve or
alter properties.
The session gave AWE scientists the
opportunity to view the work of
the department and exchange
knowledge with academics and
industrials who are undertaking
research in materials science.

AWE sponsors key workshop on
managing obsolescence
A number of AWE engineers joined
over 80 experts and practitioners
at the International Institute of
Obsolescence Management (IIOM)
workshop, to learn about and
debate the issues and challenges of

obsolescence management across
UK industry.
Sponsored by AWE, the one-day event
included representatives from MOD,
BAE Systems, Babcock International
Group, Cranfield University, Lockheed
Martin, Rolls-Royce, Network Rail and
the London Underground.
IIOM Chairman, Stuart Kelly, said: “I
am very grateful to AWE for their kind
sponsorship of this event. I recognise
the importance and value AWE places
on the obsolescence management
discipline and its applications. By
working together, we can help promote
industry best practice and generate a
wider understanding of this discipline.”

for those involved in obsolescence
management throughout the life cycle.
Part of its mission is to advance the
science and practice of obsolescence
management worldwide.
AWE Deputy Head of Engineering,
Kerry Barker, said: “It’s a privilege to be
supporting this event on behalf of AWE.
As part of our mission, obsolescence
management plays a key role in our
work. It’s essential to product delivery,
and knowledge and information
sharing to support current and future
generations of scientists and engineers.
This gathering also provides a healthy
learning environment to enable of all
of us to understand what works, what
does not and what could be improved.”

AWE is corporate member of the
IIOM, which is a professional institute

The renewal of the agreement will allow
Cranfield and AWE to broaden the
research partnership and deliver bespoke
courses at either institution.
Cranfield was pleased to welcome AWE
as a partner to its inaugural Defence
and Security Doctoral Symposium − in
partnership with the Defence Academy of
the UK and the Dstl.

Armourers and Brasiers’
Cambridge Forum
Supported by AWE and hosted by
the Department of Materials Science
& Metallurgy at the University of
Cambridge, the forum included

Kerry Barker addressing delegates at the IIOM workshop
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