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Mr Robin McGill
Chief Executive Officer

It is my pleasure to introduce this, the 19th edition of 
Discovery, a window into the wide range of science, 
engineering and technology at AWE.  As Chief Executive 
Officer since May 2009 I have already been impressed 
with both the breadth and depth of activity at AWE 
and have come across many examples of high quality 
work in the physical sciences, engineering, materials 
and chemistry.
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Single and Two Stage 
Gas Guns

A major part of AWE’s mission is to be able to 
underwrite the performance and safety of the UK 
deterrent without recourse to nuclear testing.  The 
initial operation of a nuclear weapon involves 
materials being shock loaded with a detonating 
explosive.  To accurately calculate performance 
and safety we require simple and accurate shock 
compression data to develop and validate the  
material models used with our modern hydrocodes 
and supercomputers.
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FIGURE 1

Schematic of single stage gas driven gun.
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TABLE 1

Schematic of two stage gas gun.

Piston Gas Fill

Pump Tube
Compressed Gas

Launch Tube

Burst Diaphragm

Diaphragm TargetProjectile

  1
2C0

P0

P
1u 2

  1

Gas

Hydrogen

Helium

Air

Argon

C0 (ms-1)

1238

966

330

307

 (Cp/Cv)

1.41

1.63

1.4

1.67

C0 
/( -1)

3019

1533

825

458

Gas performances for single stage gas guns.
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TABLE 2

FIGURE 3

AWE helium driven gas gun.

Gun Type

Single Stage Gun

Two Stage Gun

Gas Driven

(Kms-1)

0 - 1.4

1.5 - 4.0

Powder Driven

(Kms-1)

0.5 - 2.5

2.0 - 5.5

Projectile velocities  of different guns.

AWE Single Stage He 
Gas Gun
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FIGURE 4b

FIGURE 4c

Pre-firing stage of AWE gas gun.

AWE gas gun in firing stage.
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FIGURE 4a

Loading stage of AWE gas gun.
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FIGURE 5

Three dimensional model of the AWE Gas Gun target chamber.
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Data Collection

FIGURE 6

FIGURE 7

Diagnostic equipment and catch tank for AWE gas gun.

Debris from AWE gas gun experiments.
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FIGURE 8

FIGURE 9

Manganin gauge data.

Data from Gas Gun experiment using a PMMA sample 
and the Het-V.

“Electrical pins can 
also be used in the 
targets to measure 
the arrival of shock 

waves and check the 
tilt of the flyer plate 

at impact.”
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Shock Physics and Equation of State   

The AWE gas gun is used to generate shock waves in sample materials.   A shock wave is a discontinuous jump 
in the standard state variables of pressure (P), specific volume (V) internal energy (E) and density (ρ) that moves 
through the sample at shock velocity (Us ) and accelerates the material to a particle velocity (up ).  For a shock 
in any material conservation of mass, momentum and energy must be observed across the shock jump.  With 
subscripts of 0 to indicate the variable state ahead of the shock these three conservation laws can be written as:

  Conservation of mass:  ρ   ρ
 

Conservation of momentum:  ρ

Conservation of energy:  ρ

These equations can be combined to give the Rankine Hugoniot relationship which defines a surface in P,V,E 
space given that specific volume (V) is equal to the inverse of density (1/ρ).

For strong shocks P>>P0 and E0 is set to zero so this simplifies to

This surface represents all the states that can be reached by a single shock jump and is independent of material.  
All materials have their own unique equation of state surface in P,V,E space for all states and this can be plotted 
with the Rankine Hugoniot relation.  Where these surfaces cross defines a locus of points known as the principal 
shock Hugoniot, as shown in the figure below.  The principal Hugoniot defines the states achievable in that 
material with a single shock jump.  The AWE gas gun is used to determine shock Hugoniots and information on 
the equation of state of sample materials. 
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Conclusion

microstructure changes under 
shock loading.  
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research in the UK.
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→

α

Like the human body many materials are susceptible 
to the effects of ageing, which can result in significant 
changes to their properties and behaviour.  One 
example of this is seen in some polymers, where 
over time environmental factors such as sunlight, 
temperature, pollutants, atmospheric oxygen and 
water can result in discolouration or embrittlement.  
Another example of a material that can undergo 
significant microstructural and property changes over 
time is plutonium (Pu).

Frenkel pair:

  Self-interstitial

  Vacancy

Cascade size 7.5 nm
2290 Frenkel pairs

Cascade size 0.8 μm
265 Frenkel pairs

5 MeV86 keV

Uranium atom Pu atom Helium atom

He range 10 μmU range 12 nm

FIGURE 1

Schematic diagram of the self-irradiation process in plutonium (Pu).
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FIGURE 2

TEM micrograph of 17-year-old Pu stored at ambient 
temperature.

“Unlike the other transmutation products helium has little solubility 
in the plutonium lattice.  However atoms can enter lattice 

vacancies, enabling them to diffuse through the microstructure.”
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FIGURE 3

TEM micrograph of 42-year-old Pu heated to 425°C showing 
bubbles with a mean diameter of 11 nm.

Transmission Electron 
Microscopy

Pu

FIGURE 4

Schematic diagram of a dilatometer setup (left).  An LVDT probe resting on a specimen (right).

20nm
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FIGURE 5

Dilatometry trace of 22 days old and 4 year old Pu subjected to an isothermal treatment 
to 300°C. The four stages of behaviour are annotated on the 4 year old trace.

“When plutonium is heated, the observed contractions are 
thought to have been caused by the annealing out of the 

accumulated radiation damage present in the lattice.“
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Dilatometry 
FIGURE 6

Optical micrograph of 31-year-old Pu heated to 300°C for 306 
hours showing a network of micron-sized bubbles 
distributed throughout the microstructure.
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FIGURE 7

Graph showing the increase in volume (calculated from the dilatometry data) with age of Pu.
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FIGURE 8

Extrapolation of incubation times to ambient temperature to predict the time required 
before swelling begins to occur.

“The significantly higher levels of helium in 
older material cause it to exhibit 

subsequent expansion once the radiation 
has been annealed out.”
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FIGURE 9

Graph showing the variation in Vickers hardness (HV) with age for Pu.

“Swelling has been determined in plutonium of up to 42 years of 
age where, after an initial 4-5 year period of rapid expansion, a 

plateau region is observed.”
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Effects of Ageing 

“The increase in hardness with age is 
attributed to the presence of helium bubbles 

defects ensuing from radiation damage.”
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Pu Waste Assay

The full life cost to dispose of a 200 litre drum of solid 
radioactive Intermediate Level Waste (ILW) exceeds 
£40,000. AWE has made considerable efforts to reduce 
the amount of ILW it generates and classify legacy, 
operational and decommissioning waste-streams 
at lower categories; such as Low Level Waste (LLW), 
Low Level Waste Drigg (LLWD), Very Low Level Waste 
(VLLW) and Exempt Waste (EW). High Level Waste 
(HLW) is not produced at AWE.

TABLE 1

 Category  Activity range Disposal route Disposal cost
   (Bq g-1)  (£ per 200l drum)

 ILW > 4,000 Pu, EU, DU Indefinite storage at AWE 40,000
  > 12,000 beta until a national ILW 
    repository is available

 LLW  < 4,000 DU, EU LLW repository at Drigg 250
  < 12,000 beta

 LLWD < 100 Pu LLW repository at Drigg 250

 VLLW < 4   As authorised 50

 EW < 11.5 DU, EU As AWE policy dictates 20
  < 0.4 Pu

Activity ranges, disposal routes and costs for the main 
radioactive contaminants and waste categories encountered 
at AWE.
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Inter-comparison studies on progressively denser and higher Pu content drums between 
neutron counting techniques (PNCC and PNMC) and SNAP at all photon energies.
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EU Waste Assay

Experimentally derived calibration curve for Am241 in low Z waste drums, using SNAP, 
compared to the measured responses.
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SNAP and SGS results for the most active EU drums.

FIGURE 3
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Low energy photon emission sharply drops off with increasing uranium lump size so that 
rapidly increasing lump correction multipliers need to be applied as the 143/205 keV ratio falls.

FIGURE 4
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DU Waste Assay

“The SNAP results reported 95 % of the true activity for Cs137, 
94 % for Co60 and 81 % for Am241. The SNAP performance was 

amongst the best reported.”
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Pre- and Post-trial detonation pictures.

FIGURE 5

Comparison of MCNP calibration curves and SNAP computed curves with different materials 
for EU waste (a) and DU waste (b).

FIGURE 6

EU drum calibration curves
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Box 1

BPM Study and Assay Interferences   

A BPM (Best Practical Means) study starts with an objective e.g. to segregate EW from LLW for DU waste drums. 
Then all of the cost considerations e.g. time, money, training, maintenance are balanced against performance 
required e.g. accuracy, detection limit (DL) in order to select the most suitable assay option

Application of the BPM study selected assay option needs to take account of the following potential 
interferences:

Gamma techniques: Gamma emitters, high bulk density, high Z matrix, internal shielding and self shielding.

Passive Neutron techniques: Neutron emitters, moderators, neutron poisons, self multiplication  and light 
element multiplication.

Active Neutron techniques: Self shielding from the interrogating neutron flux, moderators, poisons, other 
neutron emitters.

 Option Costs Accuracy DL Suitability

Passive Neutron Counting (PNC) Low Medium Poor No 

Passive Neutron Coincidence High Medium Poor No 
counting (PNCC)

Active Neutron Counting (ANC) Very High High Good Too expensive

Segmented Gamma Scanner Medium Medium Good Inferior
(SGS) (Low Resolution)    accuracy

Segmented Gamma Scanner  High High Good Too costly  
(SGS) (High Resolution)    and complex

Passive Low Resolution Gamma Low Medium Good Inferior
Spectrometry (LRGS)    accuracy

Passive High Resolution Gamma Medium High Good Yes
Spectrometry  (HRGS) (SNAP)

Gross gamma activity Low Medium Fair No

Chemical analysis Medium Low Good No
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An event marking the closure of HELEN after some 
thirty years in operation was held on 14th April 
2009 at AWE Aldermaston.  Over 100 staff from the 
Plasma and Design Physics departments attended the 
ceremony, culminating in an emotional farewell to 
HELEN and an award to recognise the dedication of 
Roger Clifford (HELEN operations team leader) and the 
HELEN operations team over the years.  Others who 
attended included special guests Robin Pitman OBE 
(Associate Director, Institute for Security Science and 
Technology, Imperial College); Clive Marsh CBE (retired 
AWE chief scientist); Prof. Mike Dunne (Director, 
Photon Science Department, Science and Technology 
Facilities Council); Prof. Steven Rose (Director, Institute 
of Shock Physics, Imperial College) and Nicola Stanton 
(Strategic Weapons Project Team, MOD).
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Members of the HELEN team

Roger Clifford receiving his trophy from Tom Bett
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The ‘Life and Times’ of HELEN (1976-2009)…
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FIGURE 1

The temperatures and densities reached during the phases of operation of a nuclear 
warhead (1 eV is approximately 104 K).
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“For most of its lifetime HELEN operated at ~500 J in 
1 ns in each of the 2 beams, providing 100 TW. 

For comparison the entire power generation capacity 
of the UK is 50 GW average, 100 GW peak.”
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FIGURE 2

(a) Spectra obtained from an aluminium sample using green light. 
(b) Spectra from an aluminium sample with infrared light.
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Aluminium buried layer data from the shock compression and short pulse heating experiments, 
part of the final campaign on HELEN.

FIGURE 3
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Looking forward to Orion

A comparison of experimental data to simulation for the n=3 to n=2 transitions of germanium.  

FIGURE 4
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A schematic of Orion cut away to show the component parts of the system.

FIGURE 5
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The track of the radiative flow region of the sun in temperature-density space. 

FIGURE 6
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