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Abstract
The principle method to determine warhead accuracy in this trial is through the use of photography. As such, two high speed Phantom Cameras would be required to attain a suitable measurement of the point of detonation. This would need to be validated by the use of a scale.
In the target system defined in 3.2, a fixed scale is specified to be constructed with the target stand. This could however be captured before the test in a single shot, and then overlaid on the trails footage to provide the required accuracy.
The Laser designator has a wavelength of 1.06μm; therefore it is necessary to use an infrared camera to capture the exact location of the laser spot on the target. This plate should also be marked in such a way that the footage attained has a suitable scale.
Finally, the Safety Video Camera is a requirement of the range that allows the TCO to remotely examine the trials area. This is essential to determine that the immediate area is both clear of personnel before firing commences, and also to assess potential health hazards prior to approaching the trials site post-firing.
[bookmark: _Toc485928579]
Definition of Terms

	Test Asset
	This term typically refers to the munition under test

	EWPII
	Enhanced Paveway II

	GBU
	Guided Bomb Unit

	STANAG
	NATO Standardisation Agreement

	
	




Links DUMP
https://www.raf.mod.uk/equipment/enhancedpaveway.cfm
https://www.publications.parliament.uk/pa/cm199900/cmselect/cmdfence/347/34722.htm
http://www.designation-systems.net/dusrm/app5/paveway-2.html
http://www.ultra-cis.com/resourses/Litening%20III%20-%20secured.pdf
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1. [bookmark: _Toc485928580]Introduction
The principle role of the UK defence test and evaluation (T&E) industry is to ensure the equipment used by our armed forces is safe, effective and suitable for use. The industry plays a vital role in the procurement, risk management and assurance processes, demonstrating our military capabilities perform as designed to meet an ever changing array of potential targets.
At its core, it is an inherently dangerous working environment, highly controlled by a complex network of procedures, engineering safety measures, critical thinking and a culture of specialist understanding and innovation.
This document aims to demonstrate the process of delivering a trial to assess the performance of a UK in-service Enhanced Paveway II Bomb. This assessment will include detailed observations of the guidance capability of the test asset, and will measure the terminal ballistic effects of the warhead. (1)


2. Test Asset Analysis
The Enhanced Paveway II (EPWII) Guided Bomb entered service with the RAF in 2001, in response to widespread criticism of the Royal Air Force’s (RAF) bombing of Yugoslavia in the Kosovo War of 1999. It is reported that only 40% of all the bombs dropped in the UK campaign were ‘confirmed hits’; while unguided impact-fuse bombs reported only three confirmed hits, despite 122 being deployed on operations.
The conclusions of the “Fourteenth Report”, responsible for drawing lessons learnt from the Kosovo war determined that “The lack of all-weather capability to deliver precision-guided weapons from the air severely compromised the RAF's and the Royal Navy's effectiveness” (2)
The EPWII was developed to provide UK Armed forces with the capability to attack static and mobile targets with increased accuracy in all weathers, 24 hours a day. 

Enhanced Paveway II, GBU-48 - Specifications
[image: Image result for GBU-16]
	Length
	3.68 m

	Diameter
	0.42 m

	Fin Span
	1.6 m

	Weight
	545 kg (1201 lb)

	Warhead
	MK-83, 1000 lb, General Purpose Bomb

	Explosive 
	Tritonal  

	NEQ
	202 Kg

	Guidance System
	Laser Seeker & GPS-Aided Inertial Navigation System (GAINS)

	Compatible Aircraft
	Typhoon FGR4 & Tornado GR4


[bookmark: _Toc485928582]The Paveway series of guided munitions revolves around guidance kits that can be attached to existing munitions. In the case of EPWII, the guidance framework is used in conjunction with the 1000 lb, Mk 83 General-Purpose Bomb. (3)

2.1 Command Methods and Guidance
Built specifically to reduce collateral damage, and to operate in all weather conditions, the EPWII features Raytheon’s Enhanced dual-mode GPS and Laser guidance system. 
The Paveway laser guidance system utilises a semi-active seeker head. For this feature to function the target must be designated with a specific laser light; this in turn is reflected away from the target, received by the bomb, and can be used to guide the munition to a strike accuracy of approximately a meter.
Unfortunately, Laser designation has a sub-optimal response in high moisture weather conditions, such as rain or fog. The water in the atmosphere causes refraction and distortion in the laser light, resulting in a scattered target image. The Paveway guidance system is designed to switch to GAINS guidance if a suitable target image cannot be found. (4)
Laser Guidance
When considering the compatible aircraft advertised by RAF.gov.uk, it is possible to assess the laser guidance characteristics required for the laser seeker to function correctly. Both the Typhoon and Tornado aircraft are equipped with the Rafael LITENING III targeting pod to designate targets for the Paveway series of munitions. 
Rafael, LITENING III Targeting Pod - Specifications
[image: ]
	Length:
	2.20 m

	Diameter:
	0.406 m

	Weight:
	 208 kg (455 lb)

	Laser Type
	Class 4, Neodymium yttrium aluminium garnet (Nd:Yag)
Diode Pump Laser conforms with NATO Std. Coding & Eye Safe

	Power
	140mJ

	Pulse Duration
	20ns

	Pulse Frequency
	20Hz

	Beam Divergence
	0.12mrad

	Wavelength
	1.06μm (Designator), 1.57μm (Rangefinder)

	Sensors
	Infrared detector, CCD-TV camera, Laser Rangefinder/Designator



From this information, it is immediately apparent that observations of a Class 4 laser will require some scrutiny from a technical specialist, as high power lasers can cause interference with equipment.  Also, a wavelength of 1.06μm is in the infrared spectrum, and can be detected and recorded on most IR Camera equipment. It will also be necessary to create a laser safety trace for this activity. (5)
GPS-aided Inertial Navigation System
Often abbreviated to GAINS or GPS/INS; this method of guidance is designed to operate in cases where a suitable laser target designation is not feasible due to weather/battle constraints. Also, GAINS can be used in situations where laser guidance has been lost mid-mission for any reason, and retain an accuracy of a few meters. 
The GPS element of the system accurately records the last known location of the bomb prior to release using the aircraft GPS datalink. From this point the accuracy of the GPS element is sub-optimal, measuring the location of the device in space to within approximately 6 meters.

From this last know location, the Inertial Navigation System is far more accurate over short-flight ranges. This module uses solid state ring laser gyroscopes and highly sensitive accelerometers to map the motion of the munition from the last known location provided by GPS. This then feeds the location data back to the Paveway logic controller, which is turn manoeuvres the missile canards (via a compressed gas generator) to align the strike trajectory. This process is repeated as fast as the logic processor will allow. (6)
3. [bookmark: _Toc485928583]Trial Conception
This EPWII Accuracy and Warhead Performance trial poses a number of potential difficulties and risks. It is essential to consider the facilities and qualities of the embedded staff at each location.
It is also important to consider the position and detectability of the target system from the air, as well as considering the location of the instrumentation and technical teams during trial conduct. It is entirely possible that a 1000lb bomb could compromise the vast majority of the undercover positions that QinetiQ use. Furthermore, it is imperative to ensure that the range has the infrastructure to accommodate the activity planned.
Each of these aspects of the trial delivery will be further explored below, providing discussion on each potential option from a safety and financial perspective.
3.1 [bookmark: _Toc485928584]Trial Location
A number of facilities could accommodate the trial in various forms. MOD Shoeburyness for example is not an air range, and is not ideal from a competency perspective to conduct air-ground communications. They do have the competency however to perform a static warhead effect trial. 
The data from this static trial could then be subject to computer simulation to determine the ‘real’ effect of the downward motion of the bomb on the fragment beam angle.

This activity could in turn develop the dynamic portion of the trial into dropping an inert guided munition. From a safety perspective, this seems to be far better option as there is no need to be concerned about the warhead effect combined with probable error in accuracy. This delivery method does have the potential to cost the customer more money in comparison to the single air-drop trial, but is also the only method that could supply the customer with high accuracy blast data from the activity. Considering the error in accuracy of the munition, deploying high accuracy blast gauges could expose them to fragmentation, and presents a risk of damaging very expensive equipment.

MOD Pendine also has the potential to conduct a dynamic warhead effects trial on the Long Test Track facility, again permitting the dropped munition to be inert and still satisfy the project requirements. The long test track has a significant waiting list, and may delay the activity beyond established limits. It is also a very expensive facility, but it permits the warhead function test to generate ‘real’ data as to the effect of bomb velocity on the fragmentation beam angle.

Alternatively, MOD West Freugh is an air range with a 200m by 400m concrete trial space that could be used to conduct the test as defined. The embedded staff have comprehensive knowledge and experience of conducting air dropped munition tests.
The principle concern for using this range is the point of impact is approximately 600m from the undercover building, well within the safety trace for this bomb.

MOD West Freugh is to be used to deliver this work.




3.2 [bookmark: _Toc485928585]Target System
[image: ]

The target system comprises of a laser capture plate, and a number of warhead performance capture methods. These methods include the use of a witness plate below the laser plate, and a fragmentation capture area in a hemisphere around the ideal point of impact.

Considering the munition has a probable error in range of one meter, the witness plate shall measure 1.5m x 1.5m to ensure that is underneath the munition upon detonation. This will be raised off the ground by a wooden table, situated 1m from the ground.
The fragmentation arena is comprised of strawboard packs arranged in a semicircle from the ideal point of impact. Each pack-face measures 0.5m by 1m, and will be stacked 2 high. This is the reason for raising the witness plate on a table to half the height of the pack. 
It is thought that this elevation should provide a suitable measure of the beam angle of the warhead under test.

Furthermore, the table should also incorporate a vertical pole marked at suitable intervals. This should be on the table edge away from the fragmentation arena, so as not to disturb the fragment map. This pole will be used to determine the height of detonation when viewed on the accuracy cameras.

It is important that the witness plate is suitably prepared to minimise laser reflections. For this reason, the plate is to be painted matt black on the visible surfaces.
[bookmark: _Toc485928586]

3.3 Range Infrastructure and Applicable Equipment 
The following procedures are defined in MOD West Freugh, Range Standing Orders. (7)

Airspace Control
The airspace from the point of bomb release to the height of the range air danger area is controlled National Aircraft Traffic Control (ATCO) in accordance with range procedures across QinetiQ. From the air danger area to the ground, air traffic is monitored by the on-site radar operatives. These individuals feed important information to the Operations room, who are responsible for relaying information between Radar and the Trials Conducting Officer (TCO).

Land Weapon Danger Area Control
The land based weapon danger area is strictly controlled via range control. The range foreman and range technicians are responsible for closing down all access to the land weapon danger area, installing sentries and flags where appropriate.
Upon completion of this activity, range control are to verify two lines of communication are operational between themselves, the sentries and the range foreman. Range control also operates a network of CCTV cameras to monitor any potential unauthorised access to the trials area. Finally, the range foreman is to conduct a visual inspection of any known ‘blind spots’ prior to the test being fired.

Trials Conduct Control
At the trials site, safe conduct and correct test set-up is monitored by the Trials Conducting Officer (TCO). It is his sole responsibility to ensure that the test is carried out in accordance with the agreed governing documentation ratified by the hazardous activity safety process. The TCO holds significant authority on the ground to remove anyone from the trials area who may be hazardous to the safety of personnel or trial delivery; conduct dynamic risk analysis that poses immediate risk; and to ensure the customer specification is met.



[bookmark: _Toc485928587]

4. Trial Instrumentation
[image: ]
4.1 [bookmark: _Toc485928588]Terminal Ballistic Measurement
Ballistic effects will be captured with the inclusion of the fragmentation pack arena as defined in 3.2. This method may in improved by using a fragment-field analysis testing (FRAT) system. However, due to the payload of the munition, it is likely that a FRAT system would be obliterated by the terminal ballistic effect of the bomb.
The use of a witness plate is to measure the ability of the munition to penetrate a sheet metal target from above. The thickness of this plate would be determined from conversations with the customer, as the current specification does not provide enough detail as to the warhead performance criteria.
4.2 [bookmark: _Toc485928589]Blast
Deploying high accuracy blast gauges on this trial would be a significant risk to the equipment; however cheaper piezoelectric gauges could be employed to provide a reasonable picture of the blast from warhead detonation. These would likely be incorporated in a 90° arc from the point of detonation. 
These gauges produce very small voltages as a result of pressure crushing the piezoelectric crystals. As a result, it would be necessary to incorporate a number of amplifiers nearby to capture and boast the signal to the Genesis Electrofusion processer.
4.3 [bookmark: _Toc485928590]Photographic
The principle method to determine warhead accuracy in this trial is through the use of photography. As such, two high speed Phantom Cameras would be required to attain a suitable measurement of the point of detonation. This would need to be validated by the use of a scale.
In the target system defined in 3.2, a fixed scale is specified to be constructed with the target stand. This could however be captured before the test in a single shot, and then overlaid on the trails footage to provide the required accuracy.
The Laser designator has a wavelength of 1.06μm; therefore it is necessary to use an infrared camera to capture the exact location of the laser spot on the target. This plate should also be marked in such a way that the footage attained has a suitable scale.
Finally, the Safety Video Camera is a requirement of the range that allows the TCO to remotely examine the trials area. This is essential to determine that the immediate area is both clear of personnel before firing commences, and also to assess potential health hazards prior to approaching the trials site post-firing.
It is important to note that both the phantom cameras and Infrared Laser Spot cameras are contained in splinter proof shelters. This is to ensure that the camera equipment and data are not lost to terminal ballistic effects of the munition. The safety camera for this activity, is likely to be located much further away, and is considered a viable expense if damaged.
5. [bookmark: _Toc485928592][bookmark: _GoBack]Risk Consideration
It is essential in the Defence industry to consider the entirety of the risk posed by a trial. This does not simply encompass the activity itself, but to the storage and transport of a munition; prior history of a weapon to defects or failure; and in this case the specialist risk posed by the use of class 4 lasers in an unbounded location.
5.1 [bookmark: _Toc485928593]Trial Safety
Trial safety is controlled in three parts; the hazardous activity management process; range procedure; and in personal competency. Each of which has already been discussed to some degree. 
Hazardous activity management
Prior to the conduct of a trial, the trials manager is to assess the risk posed by an activity from the munition arriving on the range through to asset disposal. This assessment is recorded in the trials documentation including; a trials plan, risk assessment, safety trace, movement plan, environmental impact assessment and safety briefing. This documentation is then subject to scrutiny from a panel of specialists from across QinetiQ. When all members of the safety panel are content that the activity poses a tolerable level of risk, the documentation is approved.
Range Procedure
Range procedure is detailed in a number of hierarchical documents including; range standing orders, operating framework documents, joint service publications and many more. These detail the entirety of the airspace and land weapon danger area control methods, contraband rules, emergency procedures and more. They form the core of the operational safety requirements of the range.
Personal Competency
Personal competency is a difficult safety management tool to quantify. QinetiQ staff operate in a highly specialised industry where experience and training are required to maintain low risk operations. 
5.2 [bookmark: _Toc485928594]Storage and Transport
One aspect of a trial that is often overlooked is the ability to safely store and transport a munition. In this case however, the EPWII has been accepted into service. This requires the weapon to have undertaken STANAG testing, and environmental qualification. Provided that the munitions can be stored with the range magazines license limit, transport and storage should not be a significant concern.
5.3 [bookmark: _Toc485928595]Munition defects and history
Due to the availability and sensitivity of the data involved, it is not possible to detail the specific defects and history of the EPWII munition in this document. This information must be considered and assessed in the construction of the trials documentation. All relevant information should be presented and discussed with peers to offer potential mitigation or solutions for such occurrences. This should be clearly detailed within this documentation and communicated via the safety brefing.
5.4 [bookmark: _Toc485928596]Laser Hazards
Without more specific knowledge of the laser designator, it is difficult to assess the hazard posed by the diffused laser on contact with the laser plate. With this consideration, it would be a reasonable precaution to protect employees from the two most common hazards associated with laser energy; burns to eyes and skin.  All personnel working on the activity shall be provided a pair of laser safety goggles to EN 207, and are to ensure that skin remains covered while the laser is active.	
6. [bookmark: _Toc485928597]Conclusion
While I feel that the nature of the activity is difficult to define within a unclassified publication, the solution specified above has the capacity to meet the customer requirement as specified in the Assignment Brief for the Test Range Engineering module; Munitions (M6X00944), 2017. 

“Observations are to include:
1. Recording of the laser spot positions on the selected target
1. Measurement of the distance between the laser spot and the point of munition warhead detonation must be provided
1. The fragmentation pattern of the detonated warhead must be provided.”
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