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Introduction 
This report provides a summary of nuclear applications of Laser-Induced Breakdown Spectroscopy (LIBS) 

technology and related work conducted by Applied Photonics Ltd (APL) over the last 18 years or so.  For 

completeness, we have included also a description of an application of LIBS conducted by scientists at 

Berkeley Nuclear Laboratories (Dr Anna Duckworth et al, Nuclear Electric plc) during 1994 – 1995 who used 

LIBS to analyse the elemental composition of reactor control rods at a Magnox power station.  This was the 

first reported use of LIBS within the UK nuclear industry. 

 

Two main types of LIBS instrument are described: Fibre-Optic LIBS (FO-LIBS) and Stand-Off LIBS (ST-

LIBS) and the applications described are categorised accordingly.  The first part of this report provides an 

introduction to the LIBS technique and the two basic types of LIBS instrument of interest (FO-LIBS and ST-

LIBS) together with a brief summary of their capabilities and limitations.  The application descriptions which 

follow this introduction contain more detailed information on specific instrument / system designs and 

performance. 

 

In addition to the specific nuclear industry applications of LIBS that APL have conducted to date at nuclear 

facilities in the UK and overseas, we have included also a summary of other work conducted by APL which is 

relevant and may be of interest to the reader, including feasibility studies / technical demonstrations conducted 

for interested parties from within the nuclear industry for potential new applications of LIBS, and our extensive 

work on the development of experimental prototype long-range Stand-Off LIBS systems for security and 

defence applications. 

 

An Introduction to the LIBS technique 

Laser-Induced Breakdown Spectroscopy (LIBS) is a form of atomic emission spectroscopy in which a pulsed 

laser is used as the excitation source.  The basic principle is illustrated in the schematic diagram.  The output of 

a pulsed laser, such as a Q-switched Nd:YAG, is focussed onto the surface of the material to be analysed.  For 

the duration of the laser pulse, which is typically 10 nanoseconds, the power density at the surface of the 

material can exceed 10 Gigawatt per cm2 using only a compact laser device and simple focusing lenses.  At 

these very high power densities, a fraction of a microgramme of material is ejected from the surface by a 

process known as laser ablation and a short-lived but highly luminous plasma with instantaneous temperatures 

reaching 10,000°C is formed at the surface of the material.  Within this hot plasma, the ejected material is 

dissociated into excited ionic and atomic species.  At the end of the laser pulse, the plasma quickly cools as it 

expands outwards at supersonic speeds.  During this time the excited ions and atoms emit characteristic optical 

radiation as they revert to lower energy states.  Detection and spectral analysis of this optical radiation using a 

sensitive spectrograph can be used to yield information on the elemental composition of the material. 

 

Schematic illustration of the basic LIBS principle 

 

Only a minute amount of material is consumed in the analysis process and thus LIBS can be regarded as 

virtually non-destructive and is able to analyse a material directly without the need for sample preparation.  As 

LIBS is an essentially all-optical technique, only optical access to the material is required and therefore remote, 
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in-situ analysis of a material is possible.  The two general types of LIBS instrument of relevance to this report 

differ in the method used to transmit the laser beam to the sample and return the plasma light to the 

spectrometer.  As may be visualised from the schematic diagram on the previous page, the most simple method 

is to use a telescope arrangement and line-of-sight access to the sample.  The distance between the telescope 

and the sample can range from 10s of cm (eg. a laboratory bench-top LIBS instrument) to 10s of metres (a 

Stand-Off LIBS instrument).  Another method is to use one or more fibre-optic cables to transmit the laser 

beam and plasma light and this is known as Fibre-Optic LIBS.  The length of fibre-optic cable can range from 

typically a few metres to approaching 100 metres.  Accordingly, the application of LIBS for remote analysis of 

a material will involve the use of either a FO-LIBS instrument or an ST-LIBS instrument. 

 

Fibre-Optic LIBS (FO-LIBS) 

APL has considerable experience in the design and deployment of FO-LIBS for various applications in the 

nuclear industry.  APL has used multiple-fibre and single fibre versions of FO-LIBS but has found that a single-

fibre design is adequate for most applications and has the advantage of offering a simple, relatively low cost 

design for the remote probe and fibre-optic cable (or umbilical).  APL’s single-fibre FO-LIBS design will now 

be described.  The laser beam is launched into the optical fibre via launch optics at the proximal end of the 

fibre-optic.  The fibre optic cable is terminated at the distal end with a probe containing two lenses which 

collimate and focus the laser beam to a small spot on the sample surface.  These lenses also image the laser-

induced plasma on the distal end of the fibre-optic cable so that plasma light is transmitted back to the launch 

optics (ie. the optical system used to inject, or launch, the laser beam into the fibre-optic cable) using the same 

fibre-optic cable used to transmit the laser beam.  Within the launch optics, the plasma light is separated from 

the path of the laser beam for subsequent transmission to an optical spectrometer.  The majority of APL’s 

previous applications of FO-LIBS utilised this single-fibre, twin-lens probe design.  The following diagram 

illustrates a typical single-fibre, twin-lens probe FO-LIBS instrument. 

 

 

Schematic illustration of a single-fibre FO-LIBS instrument 

 

 

Sectional view of a typical single-fibre FO-LIBS probe (approx. 25 mm diameter, 100 mm length) 

 

The single-fibre, twin-lens probe can be made to be reasonably compact using relatively small diameter lenses 

(e.g., typically 20 mm diameter but we have built probes as small as 6 mm diameter by 25 mm in length) and so 

is suitable for applications where physical access to the sample is limited.  The probe is a simple and rugged 



COMMERCIAL IN CONFIDENCE 

 

© 2016 Applied Photonics Ltd   Page 5 of 69 

design, can be made highly resistant to ionising radiation and, together with the single fibre-optic cable, is a 

relatively low cost component of the FO-LIBS instrument and so may be regarded as a consumable item.  This 

is advantageous in some nuclear industry applications where the probe and umbilical are at risk of becoming 

contaminated with radioactive material and so may need to be disposed of as radioactive waste rather than 

being re-used in a subsequent application. 

 

One of the important limitations of a fibre-optic LIBS instrument is the relatively low peak power densities that 

are achievable at the sample surface.  This can make it difficult or even impossible to analyse some materials 

using a FO-LIBS instrument.  This limitation is exacerbated when the sample material has low opacity to the 

laser wavelength (eg. optically transparent materials such as certain types of glass, plastic, etc).  FO-LIBS is 

also an invasive technique since the probe needs to be located either in direct contact with or very close to the 

sample.  The design, advantages and limitations of this and other types of FO-LIBS instrument are described in 

more detail later in this report. 

 

Stand-Off LIBS (ST-LIBS) 

The optical system used in the basic design of ST-LIBS instrument consists of a laser beam expander (two or 

more lenses) which is designed to first expand the laser beam from typically less than 10 mm at the output of 

the laser head to nearer 50 mm (or sometimes more) at the output aperture of the ST-LIBS instrument.  The 

beam expander is also designed to have an adjustable focus which is compatible with the requirements of the 

application.  The plasma light is collected by the final lens in the laser beam expander and then separated from 

the laser beam path using a dichroic mirror.  A single lens system is then used to image the plasma light on to 

the input end of a fibre-optic cable which is connected to a spectrometer.  All of the ST-LIBS applications 

described in this section of this report utilised this basic design of instrument which is shown schematically in 

the following figure. 

 

An ST-LIBS instrument is able to achieve significantly higher peak-power densities at the sample surface than 

is possible with a FO-LIBS instrument and can in principle therefore be used to analyse materials that a FO-

LIBS instrument cannot, e.g., gases, liquids, optically transparent materials.  An ST-LIBS instrument only 

requires optical access to the target material and so therefore offers a truly non-invasive materials analysis 

technique and so no components of the ST-LIBS instrument are required to enter the radioactive environment 

where the sample is located 

 

 

Schematic illustration of a basic design ST-LIBS instrument 

 

In its simplest form an ST-LIBS instrument uses a relatively simple optical design, but such a design can suffer 

from the following two limitations: i) the wavelength range of plasma light which may be detected is limited by 

the optical transmission properties of the dichroic mirror and, ii) the plasma light collection efficiency is limited 

by the f# of the final lens used in the laser beam expander. It also requires line-of-sight access to the sample and 

the optical properties of the materials which are in the beam path between the ST-LIBS instrument and the 

sample (eg. a radiation shield window) will have a significant impact on the performance of the instrument.  

The design, advantages and limitations of this and other types of ST-LIBS instrument are discussed in more 

depth in Section 3 of this report. 
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Nuclear industry applications of LIBS 

 

 

 

 

Fibre-Optic LIBS (FO-LIBS) 
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In-situ batch identification of Magnox reactor control rods (1995) 

Overview of application 

In August 1993, crack-like indications were discovered in a secondary shut-down control rod at two of the UK's 

Magnox nuclear power stations.  The ensuing investigation concluded that the outer casings of a batch of 

control rods were manufactured from steel containing abnormally low concentrations of silicon and thus were 

at risk of increased corrosion and possible premature failure.  The location of this batch of control rods within 

the two reactors was, unfortunately, not known and hence a method of identification was required.  The control 

rods in question were in-service and were therefore highly radioactive.  Physical sampling followed by 

laboratory analysis, besides being a time-consuming and costly process, was ruled out due to the risk of 

compromising the mechanical integrity of the control rods.  The remote and essentially non-destructive analysis 

capabilities of LIBS were viewed as having the potential to provide a cost-effective solution to this problem and 

a fast-track development programme was initiated to design and build a fibre-optic probe LIBS instrument 

capable of identifying the suspect components. 

 

Laboratory testing of the FO-LIBS instrument 

 

Location: Sizewell A and Hinkley Point A Magnox Power Stations, United Kingdom 

Inspection task: Semi-quantitative measurements of Mn and Cu in steel 

Environment: Hot cell facility adjacent to the reactor 

Location of material: Control rod lowered into hot cell from reactor 

Access: Fibre-optic LIBS probe of length 30 m with laser / spectrometer located in a van 

parked below and adjacent to the steam generator. 

 

System design 

It was realised early on in the development programme that measurement of the low levels of silicon by LIBS 

would be difficult since the characteristic emission lines of silicon are predominantly in the ultraviolet region 

and so would be strongly absorbed by the optical fibre.  This would compromise the performance of the LIBS 

instrument and hence the necessary level of measurement accuracy for silicon would be unlikely to be 

achieved.  The specification of the control rod casing steel, however, showed that the low-silicon batch could be 

uniquely identified if the concentration of manganese and copper could be measured with sufficient accuracy.  

Accordingly, the LIBS instrument was designed and calibrated to measure the manganese and copper content of 

the steel.  The general design of the LIBS instrument developed for this application is illustrated schematically 

below. 

The suspect control rods were removed from the reactor and lowered into a hot-cell facility equipped with 

remote handling equipment.  The remote head of the LIBS instrument was designed to pass through a 180-mm 

diameter access port into the hot-cell and attach to the control rod under examination using a Master-Slave 

Manipulator (MSM).  The remote head was connected to the main control unit of the LIBS instrument via a 10 

m length of umbilical that provided mechanical protection for the optical-fibres and electrical cables.  A low-
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power He-Ne laser was included in the design of the instrument, the output of which was launched into the 

same optical-fibre used to transmit the high-power Nd:YAG laser radiation to the measurement site.  A time 

trace of the reflected He-Ne laser light was recorded to establish when the surface oxide layer had been 

removed by laser ablation.  In this way, the necessary sample preparation was monitored so that LIBS 

measurements were carried out only when the underlying steel was adequately exposed.  In practice, several 

hundred laser shots were used to prepare the surface of the steel followed by a further one hundred laser shots 

for the LIBS analysis.  The deployment of the LIBS instrument proved to be a great success with each of the 

suspect control rods being readily identified. 

 

 

Schematic of FO-LIBS instrument used for characterising control rods 

Data analysis 

For the determination of copper concentration the copper line at 327.40 nm was chosen for reliable 

measurements due to its lack of spectral interferences.  The height of this peak was ratioed with that of the iron 

peak at 328.68 nm. 

 

 

Spectrum of steel containing 0.47% copper 

 

For the control rod batch determination a measurement of the manganese concentration was also required. This 

was performed in a similar manner using the manganese triplet at ~403 nm. 
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Spectrum of steel containing 1.49% manganese 

 

A calibration was derived from a series of measurements on 10 samples for which the copper concentration was 

known.  For the calibration curve, log X (X being the background-subtracted copper to iron ratio) was plotted 

against the log of the known copper concentration for each sample (see figure below).  In the case of the control 

rod determination, the different batches were known to have either Cu > 0.3% or Cu < 0.2% and the calibration 

allowed allocation of unknown samples to their correct batch using the copper to iron peak height ratio. 

 

 

Calibration curve for copper showing regression line of the average values and regression lines for the 

upper and lower error limits used to provide 90% confidence limits on the quoted concentration value 
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In-situ analysis of heat exchanger materials at Calder Hall Magnox power station (1996) 

Overview of application 

A FO-LIBS instrument was used to analyse the mild steel plates which form part of the lower section of the 

heat exchangers at the Calder Hall power station.  Semi-quantitative measurements of the aluminium 

concentration of the steel plates were carried out.  Although this type of measurement could normally be 

achieved using portable X-Ray Fluorescence (XRF) instruments, the background gamma radiation levels were 

such that an XRF instrument was not able to function correctly.  The all-optical analysis process of LIBS, 

however, is unaffected by gamma radiation. 

 

 

Calder Hall Magnox nuclear power station 

 

Location: Calder Hall Magnox Power Station, Sellafield, Cumbria, United Kingdom 

Inspection task: Elemental characterisation of steam generator mild steel outer vessel, in particular 

the aluminium content 

Environment: External to building outside of radiation controlled area 

Location of material: Lower section of one steam generator, located outside of the building and 

accessed via an open stairway 

Access: Fibre-optic LIBS probe of length 30 m with laser / spectrometer located in a van 

parked below and adjacent to the steam generator. 

 

 

FO-LIBS instrument design 

This FO-LIBS instrument was of the compact, single-fibre design described earlier in this report.  The 

instrument had an umbilical of length 30 metres.  During a typical measurement the hand-held probe was 

placed in contact with the steel plate as illustrated below. 

 

 

Deployment of the FO-LIBS instrument at Calder Hall nuclear power station 
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Detection and analysis of “fixed” contamination on the external surfaces of High-Level Waste (HLW) 

containers (1997) 

Overview of application 

So-called “fixed” contamination on the external surfaces of High Level Waste (HLW) containers can arise from 

splashing of the high-temperature molten glass during the drum filling process.  This type of contamination is 

particularly difficult to detect using conventional methods such as robotic swabbing.  Furthermore it cannot be 

detected in-situ by radiometric techniques since the degree of shielding provided by the stainless steel walls of 

the HLW container is negligible and so it is impossible to distinguish the gamma rays originating from the 

surface contamination in the very high gamma field (often in excess of 1000 Sv / hr or 105 Rad / hr) originating 

from the vitrified high-level waste inside the container.  A LIBS instrument, however, may be used to detect the 

presence of “fixed” contamination by directly identifying the elements within the glass matrix and, if in 

sufficiently high physical abundance, the radioactive components of the contamination. 

A FO-LIBS instrument may be used to analyse various residues within a HLW vitrification plant as an 

alternative to conventional sampling and laboratory analysis.  For example the LIBS instrument can be used to 

remotely determine the calcine (fission-product waste) content of various residues within the plant. 

 

Location: Sellafield, Cumbria, United Kingdom 

Inspection task: Elemental characterisation of HA materials 

Environment: HA Hot Cell (dose rates up to 3,000 Sv/hr). 6 ft thick shield walls, shield 

windows 

Location of material: Fixed contamination on HLW drums 

Access: Fibre-optic probe umbilical inserted into hot cell via a traversee port in shield 

wall. Master-Slave Manipulator (MSM) used to position LIBS probe on sample 

while viewed through lead-glass shield window 

 

FO-LIBS instrument design 

This FO-LIBS instrument was of the compact, single-fibre design described at the beginning of Section 1 of 

this report and in more depth in Section 3.  The probe and umbilical are posted into the hot-cell via a suitable 

port and positioned within the cell using a Master-Slave Manipulator (MSM), as illustrated schematically 

below. 

 

 

Schematic diagram illustrating the deployment of a FO-LIBS instrument within a hot-cell; the instrument 

is being used to detect the presence of “fixed” contamination on the surface of a vitrified HLW drum 

 

The HLW drum can be rotated on a turntable located inside the hot cell to allow the whole of its surface to be 

accessed by the FO-LIBS probe. 
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Data analysis 

Examples of typical atomic emission spectra obtained from the FO-LIBS instrument used to analyse vitrified 

HLW are shown below. 

 

 
Typical emission spectrum obtained during LIBS analysis of vitrified HLW showing various fission-product 

elements such as Ru, Pd etc; Gd is present within the HLW as a neutron poison 

 

 
Typical emission spectrum obtained during LIBS analysis of vitrified HLW showing 

the intense emission lines due to sodium and lithium within the glass matrix 

 

The presence of vitrified HLW contamination “fixed” to the outside surfaces of the HLW container can be 

readily detected by monitoring the intense emission lines due to elemental sodium and lithium present in the 

glass matrix. 
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In-situ compositional analysis of Advanced Gas-Cooled Reactor (AGR) steam generator tubes (1999) 

Overview of application 

A lifetime review for the UK’s Hunterston ‘B’ and Hinkley Point ‘B’ Advanced Gas-Cooled Reactor (AGR) 

nuclear power stations identified superheater steam tube bifurcation cracking as a commercial threat to the 

estimated 35-year operation of the boiler plant.  Inspection of up to 528 bifurcations in each of four reactors 

was required in order to identify the components that were at risk of failure prior to the end of station life.  The 

material properties of the bifurcation casts are primary factors in determining the risk of an individual 

component failing.  A survey of the boiler manufacturing case history identified a number of casts having low 

creep ductility properties leading to an increased risk of the component failing within the remaining operating 

life of the stations.  The location of these low creep ductility casts within the total population of 2112 

bifurcations was, unfortunately, not known.  It was known that the low creep ductility casts exhibited 

abnormally high copper content in comparison to other 316H stainless-steel casts.  In-vessel measurements of 

the copper content of the bifurcations could, therefore, be used to quickly identify the components 

manufactured from this cast allowing further inspection techniques and repair procedures to be targeted only 

where necessary.  A suitably-designed FO-LIBS instrument was selected to perform in-situ compositional 

analysis of the steam tube bifurcations. 

 

 

Hinkley Point B nuclear power station 

 

Location: Superheaters, just below level of circular walkway above reactor core 

Inspection task: Cu content of steam tube bifurcations 

Environment: C3/R4 area 

Gamma dose-rate: ~ 1.0 mSv/hr 

Temp: ~60°C 

Location of material: Inside each superheater enclosure, near the top of the steam generators 

Access: Access from pile-cap down 40 ft ladder to circular walkway. Down vertical 

access ladder between each steam generator 
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Schematic of an AGR showing the location of the superheaters (left) and the steam tube bifurcations within each superheater (right) 

FO-LIBS instrument design 

This FO-LIBS instrument was of the compact, single-fibre design described earlier in this report.  The 

instrument was to be deployed during a routine reactor outage programme with the LIBS control module 

housed in a safe area above the pile cap and the probe/umbilical deployed within the reactor pressure vessel via 

a man-access route.  The environment of the vessel is such that the umbilical and probe needed to be able to 

withstand temperatures of around 60C, radiation dose rates of up to 2 mSv/hr and be sufficiently rugged to 

minimise risk of damage from mechanical shock and rough handling. 

In order to access each of the 528 bifurcations in a reactor, a 75 metre long umbilical was required; this length 

being far in excess of any previously reported industrial application of a fibre-optic LIBS instrument.  A single 

optical-fibre design was used as previous work at our laboratories has demonstrated that this is the most simple, 

practical and efficient configuration of a FO-LIBS instrument. 

 

 

Schematic of FO-LIBS instrument used at Hunterston B and Hinkley Point B AGR power stations 
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Deploying the FO-LIBS probe inside an AGR superheater at Hinkley Point B 

Data analysis 

The analytical requirements of this application were such that the copper content of each bifurcation needed to 

be established as being either low (<0.06%), intermediate (0.06%<Cu0.2%) or high (>0.4%). 

A calibration was derived from laboratory tests on samples of material of known copper content.  An iron peak 

was used for internal standardisation and the copper to iron peak intensity ratio was plotted against the copper 

concentration to generate the calibration curve (see figure below). 

The system was used during the routine reactor outage programmes for these stations during the summer of 

1999 and was able to determine the copper content over the range 0.04% to 0.60% (by mass) of each 

bifurcation to an accuracy of approximately 25% and with a measurement time per bifurcation of less than 3 

minutes. 

 
Calibration curve for copper in stainless steel 
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In-situ compositional analysis of economiser tubes within the sub-boiler annulus of an AGR pressure 

vessel (2001) 

Overview of application 

In early 2001, a FO-LIBS instrument was used to remotely determine the chromium content of mild-steel 

economiser tubing within the Sub-Boiler Annulus (SBA) of reactor 4 at Hunterston B station.  The 

measurements were required as part of an inspection programme undertaken to identify tubes that had suffered 

damage through the effects of a process known as erosion-corrosion.  Erosion-corrosion is a significant problem 

in the nuclear industry since it can lead to the thinning of tube walls at rates of up to several mm/yr.  Erosion-

corrosion is a mechanical process affecting tubes whereby oxide crystals are removed from the surface of the 

tube wall either by high shear-stress or particles introduced via the flow.  Erosion-corrosion has been found to 

be particularly associated with mild-steel tubing at elevated temperatures of 90-300oC.  The rate of erosion-

corrosion depends on various factors including temperature, flow-rate, water chemistry and the composition of 

the tube material.  Tubes manufactured from mild-steel containing less than approximately 0.1% Cr are far 

more likely to be affected by erosion-corrosion.  Accordingly, identification of 'at risk' tubes can be achieved by 

measuring the chromium content of the tube material. 

Access to the SBA was achieved by removing one of the gas-circulators and installing a temporary air-lock and 

change-room structure within the circulator port.  As shown below, the vessel-entrants are required to wear 

protective clothing and equipment due to the nature of the environment.  The fibre-optic umbilical of the FO-

LIBS instrument was fed into the SBA via a ventilation duct situated adjacent to the air-lock.  Temporary 

scaffold towers were erected within the SBA to facilitate access to the banks of economiser tubes located 

directly beneath the steam generators and approximately six metres above the floor level, as shown below. 

  

Economiser tubes located in the SBA (left).  Protective clothing and equipment required for man-access to SBA (right) 

 

Location: Sub-Boiler Annulus (SBA), below the steam generators at the economiser level 

Inspection task: Cr content of economiser tubes 

Environment: C3/R4 area 

Gamma dose-rate: <1.0 mSv/hr 

Temp: ~30°C 

Location of material: Economiser tubes located directly above temporary scaffold structure 

Access: Access to the SBA is via a gas circular penetration through a temporary airlock 

 

 

FO-LIBS instrument design 

This FO-LIBS instrument was of the compact, single-fibre design described earlier in this report.  The LIBS 

instrument included a 30 metre umbilical and a purpose-designed probe suitable for attaching to the 19.1 mm 

diameter tubes.  Deployment of the instrument required two people; one person to operate the main control unit 

(the laser operator) and a vessel entrant (the probe operator).  The main control unit of the instrument was 

located outside of the SBA adjacent to the vessel-entry change-room area.  A safety electrical switch was fitted 

to the probe in such a way that the probe operator needed to hold the switch in the on position before the laser 

operator could activate the Nd:YAG laser. 
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Data analysis 

Calibration of the instrument was achieved using the reference materials given in the table below.  All steel 

samples were certified reference materials (CRM's) with the exception of MGNX 001 which was prepared and 

analysed by an independent laboratory. 

 

Reference 

material 

Cr 

(% by mass) 

Fe 

(% by mass) 
ECRM 097-1 0.0016 99.9 

MGNX 001 0.027 99.0 

SS 452 0.042 98.8 

SS 434/1 0.055 97.5 

SS 452/1 0.067 97.6 

BS 13B 0.081 98.6 

SS 451/1 0.104 98.3 

BS CA 5A 0.128 97.3 

SS 435/1 0.14 98.2 

CENIM 301 0.165 98.2 

SS 455/1 0.21 97.6 

SS 433/1 0.26 98.5 

SS 432/1 0.31 98.0 

SS 404/1 0.48 96.4 

Reference materials used to calibrate the FO-LIBS instrument 

Calibration measurements were taken using 1600 pre-conditioning, 'burn in' laser pulses (80 seconds) followed 

by 2 measurements each consisting of 100 laser pulses (10 seconds).  These measurements were repeated for 5 

different locations on each of the reference materials.  The resulting calibration curve is given in the figure 

below.  Small sampling statistics were used to calculate the mean values for each set of measurements.  The 

error bars indicate the 95% confidence limits of a given measurement. 

 
Calibration curve for chromium in mild-steel using a FO-LIBS instrument with 30-metre long fibre-optic umbilical 

 

The limit-of-detection (LoD) for chromium was calculated to be approximately 100 ppm and the measurement 

precision was typically better than 6%.  By performing multiple repeat measurements on a selection of the 

reference materials over a period of several days, the measurement accuracy was determined to be better than 

approximately 15%. 

 

The FO-LIBS instrument was deployed successfully at Hunterston B AGR power station in February 2001.  

Measurements of a number of tubes were carried out, the results of which indicated that the tubes examined 

were manufactured from steel having a chromium content of higher than 0.1% and hence were unlikely to be 

affected by erosion-corrosion.  These findings were consistent with the results of previous video probe 

inspections of the internal bore of the tubes which showed that the tubes had not suffered from excessive 

erosion. 
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Analysis of blockage material at the Sellafield High-Level Waste (HLW) vitrification plant (2011 

onwards) 

Overview of application 

An unknown material had been found to be causing blockages in cell ventilation pipework at the Sellafield 

High-Level Waste vitrification plant.  A sample of this blockage material had been collected within one of the 

hot cells at the plant and placed inside a “paint can” within the cell and within the viewing region of one of the 

lead-glass shield windows.  

 

Location: High-Level Waste Vitrification Plant 

Inspection task: Elemental characterisation of Highly Active materials 

Environment: High Active (HA) Hot Cell (dose rates up to 3,000 Sv/hr). 2-metre thick shield 

walls, lead-glass shield windows 

Location of material: On floor of hot cell 

Access: Fibre-optic probe umbilical inserted into hot cell via a traversee port in shield 

wall.  Master-Slave Manipulator (MSM) used to position FO-LIBS probe on 

sample while viewed through lead-glass shield window 

 

FO-LIBS instrument design 

This FO-LIBS instrument was of the compact, single-fibre design described earlier in this report.  The FO-LIBS 

instrument (LIBSProbe 100S) was used to analyse a sample of the blockage material and consisted of the 

following main components: 

• A miniature stainless steel LIBS probe of approximate dimensions 24 mm diameter and 80 mm length. 

• A 10-metre length of flexible stainless-steel umbilical housing an optical-fibre cable. 

• A Q-switched Nd:YAG laser operating at 1064 nm. 

• A fibre launching / plasma light collection module. 

• A six-channel, time-gated optical spectrometer covering the wavelength range approximately 185 nm to 900 nm 

with a data gap between approximately 680 nm and 710 nm.  Resolving power typically 4,000 (ie. medium 

resolution) 

• A laptop computer for controlling and acquiring data from the six-channel optical spectrometer. 

• A 10-litre bottle of high-purity argon for supplying low-pressure (< 5 psi) argon to the LIBS probe. 

The probe and connected umbilical were manually inserted into the HA cell via a traversee port in the shield 

wall.  Once the probe entered the cell, a Master-Slave Manipulator (MSM) was used pick up the probe and 

position it where required.  Less than 4 metres of the flexible umbilical entered the traversee port and so there 

remained approximately 6 metres of umbilical on the outside of the HA cell. 

 

 

Schematic diagram illustrating the deployment of the FO-LIBS instrument within a hot cell at the HLW Vitrification Plant 
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Data analysis 

The sample of blockage material was located inside a “paint can” inside the HA cell but prior to LIBS analysis 

the sample was removed from the can and placed on the cell floor in order to facilitate viewing of the sample 

(through the shield wall window) and positioning of the LIBS probe on the sample surface. 

Spectra were recorded from several positions on the sample.  Each spectrum was acquired using 100 laser 

pulses at a pulse repetition rate of 10 Hz.  During the last measurement, the laser energy was increased from 

~21 mJ to ~25 mJ (as measured at the probe) in order to improve the signal-to-noise ratio of the recorded 

spectrum.  It was this spectrum that was used in the subsequent analysis. 

In order to identify the more intense of the numerous emission lines observed in the recorded spectra, the 

following procedure was adopted.  Firstly an initial identification of the emission lines was conducted using a 

software program called SpecLine by Plasus (www.plasus.de).  This software has an extensive database of 

atomic and ionic emission lines allowing a semi-automated identification of spectral emission lines to be 

conducted.  In addition to the SpecLine database, the NIST database available online 

(http://physics.nist.gov/PhysRefData/ASD/lines_form.html) was referred to for technetium.  The relatively low 

wavelength resolution of the six-channel optical spectrometer used to record the LIBS spectra made the task of 

uniquely identifying each emission line rather more difficult since for many lines it was possible to attribute 

several elements.  Reducing the number of candidate elements used in the database search will obviously help 

matters and so this was done by limiting the elements to those known to exist in relatively high abundance in 

the process materials (calcine, glass feedstock).  After this initial identification was completed, spectra of a 

number of inactive reference materials (Zr, Mo, Sr, Mg, Al, Si, etc) were analysed using the same type of LIBS 

instrument used at the plant.  The resulting spectra were then compared with the spectra of the active HA 

sample in order to confirm or deny the presence of that particular reference material subject to the limit-of-

detection of the LIBS instrument (ie. typically 1 – 1000 ppm, depending upon the analyte). 

It is important to be clear that the fibre-optic LIBS probe instrument used to analyse the active HA sample was 

not calibrated for quantitative measurements since suitable matrix-matched calibration reference materials were 

not available.  Furthermore, the detection limits for this type of LIBS instrument are typically 1 to 1000 ppm 

depending upon the element concerned.  The relative intensities of the various emission lines together with past 

experience with interpreting LIBS spectra may be used to provide a rough estimate of the composition of the 

sample, the caveat being that this approach is not always reliable and so the conclusions should be treated with 

an appropriate degree of caution.  With that said, we conclude that the blockage material consists primarily of 

Cs, Tc and O with other elements such as Li, K, Na, and possibly Rb being detected at lower concentrations.  

We could not detect Zr, Mo, Al, Mg, Cr, Sr, Si, Fe, Gd.  On discussing the matter with the customer a candidate 

material for the blockage material is caesium pertechnetate (CsO4Tc) mixed with other materials which include 

Na, Li and K at levels above the detection limits of the FO-LIBS instrument used. 

 

 
Example of a spectrum acquired from the blockage material using APL’s FO-LIBS instrument 

http://www.plasus.de/
http://physics.nist.gov/PhysRefData/ASD/lines_form.html
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Installation of a Fibre-Optic Probe LIBS instrument at the Irradiated Materials Examination Facility, 

KAERI, South Korea. 

The Irradiated Material Examinations Facility (IMEF) was constructed to perform post-irradiation examinations 

of the capsules for newly developed nuclear fuels and the reactor core structural materials irradiated at the 

High-Flux Advanced Neutron Application Reactor (HANARO).  IMEF is equipped with a range of instruments 

and facilities to perform inspection and testing of irradiated materials – NDT, mechanical testing, 

metallographic inspection, micro analysis, etc.  The IMEF has three stories and one basement with a sectional 

area of 28.0 m × 51.0 m and approx. 4,000 m2 of floor space. The hot cell facility consists of 26 work units 

originally of length 60 m but later extended to 71 m to provide 31 work units after construction of new hot cells 

in the ground floor area to develop the advanced fuel cycle process techniques.  In addition a pool with a depth 

of 10 m is located in the service area to transfer the transportation casks into hot cells.  The maximum wall 

thickness of the hot cells is 1.2 m to shield the radiation from the source with the maximum radioactive level of 

37 PBq.  The client required a LIBS system that could be used for general R&D work on applying LIBS to the 

elemental characterisation of irradiated materials. 

 

Location: IMEF at KAERI’s facility in Daejeon, South Korea 

Inspection task: General R&D / elemental characterisation of irradiated materials 

Environment: Hot Cell (up to a few Sv / hr) 

Location of material: Within argon compartment of hot cell 

Access: Multiple fibre-optic cables from control unit on cold side of hot cell to probe 

located inside the argon compartment of the hot cell. 

 

A multi-channel Fibre-Optic LIBS probe developed by APL was used for this application.  The pulsed laser 

radiation is transmitted to the central port of the probe via a fibre-optic cable.  The central port of the probe 

contains two condensing lenses used to collimate and then focus the laser beam on to the sample, as illustrated 

in the CAD diagrams below.  Six collection optic ports are located around the central port, each one containing 

two condensing lenses used to collect plasma light and couple it to a fibre-optic cable.  The collection ports are 

colour-coded to signify the wavelength range for which their collection efficiency is optimised (Purple = deep 

UV, Blue = UV-VIS, Red = VIS-NIR).  The green tubing shown in the illustration on the right is for feeding 

gas (eg. argon) to the probe. 

 

       
 

CAD images illustrating the design of the multi-channel Fibre-Optic LIBS probe 
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The design of the probe includes the following features: 

• Adjustable focus laser beam optics (MSM friendly) 

• Quick-connect fibre-optic cables (MSM friendly) 

• Gas purge 

• MSM friendly handle attached to probe body 

• Nozzle aperture to facilitate correct positioning of the sample to be analysed 

• Radiation-hard components 

 

 
Image of IMEF hot cell facility highlighting the location of the LIBS system 

 

A high-resolution optical spectrograph (Catalina Scientific EMU-120/65) fitted with an EMCC camera (Raptor 

Photonics Falcon Blue) was used to record LIBS spectra.  A 100 mJ, 1064 nm, 20 Hz laser was coupled with 

the fibre-optic cable connected to the LIBS probe, with the pulse energy limited to approx. 50 mJ to avoid 

damaging the all-silica fibre.  These components together with a delay generator and system computer were 

housed inside a mobile rack unit, as shown in the following image. 

 

     
Images of the LIBS system rack unit housing the laser, the optical spectrograph, fibre launch optics and system computer 
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In-situ characterisation of AGR pod boiler spine steel using a Fibre-Optic LIBS system (2013 – 2015) 

In 2013 a possible defect was identified in the spine of a pod boiler at Heysham 1 AGR power station using 

long-range ultrasonic techniques.  There are eight pod boilers per reactor, and the station has two reactors.  

Each pod boiler is approx. 22 metres high and approx. 3.7 metres in diameter.  Each pod boiler weighs approx. 

250 tonnes.  The nature of the pod boiler design is that they are very compact and so remote inspections of the 

internal components of the pod boilers are extremely difficult. 

 

Location: Heysham 1 AGR nuclear power station, Lancashire, UK 

Inspection task: In-situ elemental characterisation of pod boiler spine material 

Environment: Pod boiler (8 per reactor) 

Location of material: Circumferential weld located approx. half way down (~10 metres) the 

boiler spine. 

Access: From top of boiler and via the annular gap (approx. 13 mm width) between 

the thermal shroud and the boiler spine.  Custom-designed miniature fibre-

optic LIBS probe (6 mm diameter, 22 mm length) integrated with a 

steerable guide tube (SGT) of length 12 metres 

 

Physical access can be gained from the top of each boiler via various penetrations but access to the area where 

the defect was believed to exist was severely limited.  The possible defect was detected approximately half way 

down the boiler spine which is essentially a thick-walled steel tube of diameter approx. 600 mm which runs 

down the central axis of the boiler and acts as the primary structural component supporting the weight of the 

boiler.  The defect was thought to be associated with a circumferential weld in the spine and so the power 

station operators wished to perform an in-situ analysis of the composition of the weld and the surrounding 

(parent) material of the spine. 

 

  

CAD illustrations of the pod boiler 
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Sectional view showing thermal shroud, annular gap and the circumferential weld in the boiler spine 

 

 
CAD illustration showing the LIBS probe within the annular gap and adjacent to the circumferential weld 

 

 

 
CAD illustration of the LIBS probe / steerable guide tube 

 

 
CAD illustration of the LIBS probe showing the single fibre optic cable, condensing lens and gas-flow ports 
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The LIBS system used at Heysham 1 Station utilized a fibre-optic probe integrated with a 12-metre long Steerable Guide 

Tube (SGT) which was deployed within the pod boiler.  A video endoscope was used to record video footage of the LIBS 

probe within the pod boiler.  The laser of the LIBS system was also used to perform “laser cleaning” of a specific area of 

the boiler spine in the vicinity of the circumferential weld.  This was conducted to remove the carbon layer (up to 2 mm 

thick in places) from the surface of the steel.  LIBS analysis of the steel was conducted in areas previously cleaned by the 

laser. 

 

The LIBS spectra were subsequently analysed and interpreted to provide information on the composition of the steel at 

the positions analysed by the LIBS system.  LIBS spectra of three steels of interest (Esshete 1250, Inconel 182 and 316 

steel) were recorded using the same LIBS system and comparisons made with the spectra recorded from the pod boiler 

spine.  The three steels may be distinguished by detecting the presence or otherwise of the following elements: Fe, Cr, Ni, 

Mo, Mn.  Of the three steels of interest, only Esshete 1250 contains detectable quantities (by the LIBS system used during 

this work) of all five of these elements. 

 

The results show that, within the limitations of the LIBS system used during this work, the recorded LIBS spectra 

exhibited very similar characteristics and, with the exception of the spectra recorded at positions where the carbon deposit 

was still present (as evidenced by detecting molecular carbon in the spectra), indicated that the steel was Esshete 1250.  

None of the recorded spectra exhibited features which are consistent with Inconel 182 or 316 steel and so it was 

concluded that the positions on the boiler spine analysed by the LIBS system are manufactured from Esshete 1250 steel. 

 

 
Comparison of boiler spine LIBS spectrum with the three steels of interest (570 – 610 nm) 

 

 
Comparison of LIBS spectra taken from boiler spine area (510 – 620 nm) 
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Many of the recorded spectra exhibit poor Signal-to-Noise Ratio (SNR) but spectrum “Boiler 1D1 12-3 Weld 

with argon purge (19).txt” displays reasonably intense and well-defined emission lines. The same spectral 

features, however, can be seen in all four spectra which suggests that the area of the boiler spine analysed by 

the LIBS instrument is manufactured from one type of steel.  Some of the spectra exhibit enhanced baseline 

(continuum) but this is likely to be due to small changes in the measurement conditions (focus, stand-off, etc) 

and the presence of residual carbon on the surface of the steel. 
 

 
Comparison of LIBS spectra taken from boiler spine area (420 – 460 nm) 

 

 

 
Comparison of LIBS spectra taken from boiler spine area (460 – 500 nm) 
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Nuclear industry applications of LIBS 

 

 

 

 

Stand-Off LIBS (ST-LIBS) 
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Identification of cooling water tubes and reinforcing bars within Magnox reactor pressure vessels (2001) 

Overview of application 

During a maintenance and repair programme at a Magnox nuclear power station in the UK, there was a 

requirement to drill a large number of bore-holes into the steel-reinforced concrete pressure vessels of the two 

reactors.  The bore-holes, which were of 20 mm diameter and depth up to 1 metre, were to be used for anchor 

points for a reinforcing structure being added to the steam penetration tubes.  Within the vicinity of the steam 

tubes, cooling water tubes are embedded in the concrete structure to maintain the temperature of the concrete 

within certain limits.  It was imperative not to damage these cooling water tubes when drilling the boreholes 

and hence a method was devised to automatically stop the drilling process in the event of contact with a 

metallic object.  Due to the large number of reinforcing bars also present within the concrete structure, a 

method was required to distinguish between a cooling water tube and a reinforcing bar.  Physical access to the 

component was severely restricted due to the diameter and length of the bore-hole, making the task of 

identification particularly difficult.  As there was line-of-sight access to the steel component, it was proposed to 

use a LIBS instrument to identify the component through differences in material composition. 

 

Wylfa nuclear power station, Anglesey, Wales 

 

 

Location: Wylfa Magnox power station, Anglesey, UK 

Inspection task: In-situ discrimination of re-bars and cooling water tubes 

Environment: Outside of the reinforced concrete reactor pressure vessel 

Location of material: Up to approx. 1 metre into the concrete . 

Access: Via boreholes of 20 mm diameter drilled in the concrete structure. 

 

 

 

 

ST-LIBS instrument design 

This ST-LIBS instrument was of the basic design described earlier in this report. 

It was known that the reinforcing bars contain approximately 1.5% manganese while the cooling water tubes 

contain less than 0.8% manganese.  The measurement precision of the LIBS instrument was sufficient to 

resolve this difference and hence identification of the component could be achieved.  A purpose-designed LIBS 

instrument, illustrated schematically below, was subsequently developed for this application and consisted of a 

control unit with umbilical connection to a laser module. 
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Schematic of ST-LIBS instrument deployed on reactor pressure vessel wall 

The laser module, which weighs approximately 25 kg, was attached to the pressure vessel wall by means of 

either i) mechanical attachment to bolt anchor points within the wall or ii) heavy-duty vacuum cups designed 

for use with rough surfaces.  The latter method of attachment incorporated a multiply redundant design and 

other safety features to minimise the risk of the instrument becoming detached from the wall through, for 

example, failure of the vacuum pumps.  The instrument incorporated a remote viewing camera and an array of 

high-intensity LEDs used to illuminate the inside of the bore-hole.  A view of the inside of the bore-hole was 

displayed on a monitor and the operator could adjust the optical alignment of the instrument using remote-

controlled steering and focussing of the laser beam. 

 

Schematic of optical arrangement 

Identification of the metallic component was achieved by activating the high-power laser for a period of several 

seconds.  Results of the measurement were displayed on the computer monitor and stored to the hard-drive 

together with the bore-hole identification number.  Identification of a reinforcing bar / cooling water tube could 

be performed within 15 minutes, including the time needed to attach the laser module to the reactor pressure 

wall and align the laser beam with the metallic component.  Views of the laser module attached to the pressure 

vessel wall are given below. 
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ST-LIBS module attached to pressure vessel wall using mechanical attachment to bolt anchor points 

 

Testing of the heavy-duty vacuum cups used for attachment of the ST-LIBS module to the 

pressure vessel wall in the absence of suitable bolt anchor points 

 

Data analysis 

A calibration of the ST-LIBS instrument was performed using samples of reinforcing bar (“Rebar”) and 

Pressure Vessel Cooling Water (PVCW) tube material provided by the customer.  The surface of each sample 

was first conditioned using 600 laser shots to remove any contaminants before a spectrum was acquired 

accumulated from a further 100 laser shots.  The mean intensity ratio of a number of iron and manganese peaks 

in each of the acquired spectra was calculated.  This was repeated at a range of distances between the ST-LIBS 

instrument and the target to take account of the possible variation in the depth at which the reinforcing bars and 

PVCW tubes were located in the pressure vessel wall.  The results of these analyses were used to generate the 

calibration graph shown below and clearly demonstrate the ability of the ST-LIBS instrument to distinguish 

between the reinforcing bars and the PVCW tubes based on their manganese content. 
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Mn:Fe spectral intensity ratios for Rebar and PVCW tubes at a range of 

distances between the ST-LIBS instrument and the samples 
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Remote characterisation of high-level radioactive waste at the THORP nuclear reprocessing plant (2001) 

Overview of application 

This application was the first known use of ST-LIBS to analyse materials through a radiation shield window. 

As a consequence extensive work was required to investigate the properties of the shield window and to assess 

and minimise the possibility of any damage to it by the laser radiation.  

In the THORP (Thermal Oxide Reprocessing Plant) facility at Sellafield, West Cumbria, spent fuel from 

nuclear reactors around the world is sheared into short pieces between 2.5cm and 10cm in length as a precursor 

to fuel dissolution.  The sheared fuel pieces, comprising metal cladding and fuel, fall down a chute into a 

perforated basket which is suspended in hot (90ºC) 7M nitric acid.  For operational reasons, the plant uses a 

total of seven baskets.  As a consequence of increased levels of corrosion of the baskets it became necessary to 

replace them to allow continued operation of the dissolution cycle. 

 

Thermal Oxide Reprocessing Plant (THORP), Sellafield, UK 

Routine camera inspections had identified an accumulation of a solid material in the upper, vapour area of the 

basket.  Characterisation of this surface residue material (SRM) was required to aid waste sentencing of the 

redundant baskets.  Radiometric measurements were taken to identify the radionuclide inventory of the deposit 

but as these provided no information on the non-radioactive components, full characterisation was not possible.  

Due to the difficulties in taking an active sample from behind the biological shield and the subsequent 

difficulties with laboratory analysis, a remote method for analysis was investigated. 

 

Location: Basket Handling Cave (spent-fuel dissolution), THORP plant, Sellafield, 

Cumbria, United Kingdom 

Inspection task: Characterisation of gross contamination 

Environment: Hot Cell (HLW - on the order of 100 Sv/hr) 

Location of material: Upper section of dissolver baskets 

Access: Optical access via lead-glass shield window 

 

ST-LIBS instrument design 

This ST-LIBS instrument was of the basic design described earlier in this report. 

 

Optical access to the material was possible via a 1-metre thick lead-glass radiation shield window. The 

component could be positioned approximately 3 metres beyond the window and raised / lowered by means of a 

hoist within the hot cell.   
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Schematic illustrating the deployment of the ST-LIBS instrument at the Basket Handling Cave, THORP 

 

Shield window data 

The customer provided information on the properties of the radiation shield window and these data were used 

to inform the design of the LIBS instrument used to perform the analyses.  This information and the associated 

design considerations are summarised in the following paragraphs. 

Two types of RS 253 G glass are available for use as shielding glass, RS 253 G 18 and RS 253 G 25 and are 

designated by the concentration of cerium oxide within the glass. RS 253 G 25 is a highly stabilised shielding 

glass and is suitable for high radiation dose rates.  From the internal transmittance versus wavelength figures 

supplied for both glasses, the lower cut-off wavelength for RS 253 G 25 offers the worst case scenario, where 

the transmittance is given as ~ 10% at 400 nm wavelength (for 100 mm thick glass).  The approximate internal 

transmittance for RS 253 G 25 at various key wavelengths is given in the following table. 

Wavelength 

(nm) 

Approximate Internal Transmittance 

(%) 

400 10 

450 58 

500 78 

550 85 

700 95 

Approximate internal transmittance for 100mm thick glass RS 253 G 25 at various wavelengths 

 

Also, from internal transmittance data on other types of glass such as BK7, synthetic fused silica, crown glass 

and borosilicate glass, the transmittance remains essentially constant at >90% for wavelengths from 700nm to 

>1200nm. 

The radiation shield window used at the Basket Handling Cave (Thorp) is a Harwell type 51 window.  The 

supplied drawing indicated that the window glass is comprised of 5 sections of thickness, 103, 258, 203, 203 

and 203 mm.  The total thickness of glass (970 mm) was assumed to be 1000 mm for the purposes of internal 

transmittance characteristics of the whole window.  This is summarised in the following table. 

 
Wavelength 

(nm) 

Approximate Internal Transmittance 

(%) 

400 ~0 

450 <1 

500 8 

550 20 

700 60 

Approximate internal transmittance for radiation shield window Harwell type 51 using glass RS 253 G 25 
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From the values given in this table, only wavelengths of approximately 500 nm and higher can be considered as 

being effectively transmitted by the radiation shield window. 

The optical faces of the glass have had ‘anti-reflection treatment’.  The anti-reflection (AR) treatment is 

probably a broadband AR coating applied to the glass and designed to be most effective at the sodium D-line 

emissions at ~590 nm.  The reflection per glass surface is quoted as approximately 0.5%, for normal incidence 

light at D-line wavelengths.  The AR coating will, however, give a different reflectance for different incident 

wavelengths (eg. the laser wavelength of 1064 nm). 

Generally, for LIBS measurements, the spectral range that can be viewed by the spectrograph is approximately 

180 to 1000 nm.  The transmittance characteristics of the shield window, however, dictate that the effective 

spectral range that can be viewed is limited to approx. 500 to 1000 nm.  The three strongest atomic (I) and the 

strongest ionic (II) emission wavelengths for the elements of specific interest (i.e. U, Sb, Zr, Mo, Cs, Co) over 

this spectral range are given in the table below. 

Element 

Emission 

Type 

(I/II) 

Wavelength* 

(nm) 

Emission 

Intensity 

U 

I 502.7 170 

I 591.5 230 

I 644.9 110 

II 549.3 160 

Sb 

I 563.2 100 

I 784.4 80 

I 792.5 200 

II 600.5 100 

Zr 

I 612.7 680 

I 709.8 540 

I 716.9 590 

II 519.2 100 

Mo 

I 550.6 7800 

I 553.3 5200 

I 557.1 2500 

II - - 

Cs 

I 672.3 3300 

I 697.3 4800 

I 794.4 3300 

II 522.7 75000 

Co 

I 521.3 50 

I 523.0 50 

I 524.8 50 

II - - 

Spectral emissions from elements of interest and their relative intensities (according to NIST) 

(* Wavelength through air) 

 

The wavelengths and intensities given in this table are quoted from the National Institute for Standards and 

Technology (NIST), “Standard Reference Database 38, On Spectroscopic Properties Of Atoms And Atomic 

Ions”, 1992.  All wavelengths given in this table are for propagation of light through air. 

In addition to the elements in this table, other elements that may be of interest are given in the following table.  

Most of these elements were selected as they represent some of the highest yield products derived from thermal 

fission. Iron was chosen as this is the major constituent element of the stainless steel plant. 

From the information in the above and following tables, the spectral emission from some elements is 

significantly stronger than others.  The detection of an elemental species is, however, dependent on both the 

line emission intensity and the concentration (% by mass) of the element. 
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Element 

Emission 

Type 

(I/II) 

Wavelength* 

(nm) 

Emission 

Intensity 

Sr 

I 548.1 7000 

I 640.9 9000 

I 650.4 5500 

II - - 

Tc 

I 509.6 5000 

I 516.2 2000 

I 558.9 3000 

II - - 

Ba 

I 706.0 6000 

I 712.0 2400 

I 728.0 3000 

II 614.2 20000 

Ce 

I 516.0 280 

I 569.7 300 

I 569.9 370 

II 508.0 470 

Fe 

I 516.8 2500 

I 522.7 1000 

I 527.0 1200 

II 645.6 200 

Spectral emissions from other elements of potential interest and their relative intensities (according to NIST). 

(* Wavelength through air) 

 

Risk assessment and method statement 

Prior to deployment of the instrument on the customer’s site a full risk assessment was made and a method 

statement developed.  An important part of this process was to assess the potential risk of laser damage to the 

shield window. 

The ST-LIBS instrument was designed to maintain the laser beam diameter within the window / alpha plate at a 

sufficiently large diameter to ensure that the intensity of the laser radiation was typically an order of magnitude 

below the damage threshold of glass.  The ST-LIBS instrument was tested using the shield-window in APL’s 

inactive hot-cell mock-up facility.  Previous work conducted by APL used very high intensities through the 

lead-glass window of this facility to establish the onset of damage and to assess the degree of damage.  The 

damage identified during this work consisted essentially of what appeared to be localised (i.e. very close to the 

focal point of the laser beam) micro-cracking / discoloration of the glass.  It is important to note that in order for 

such damage to occur, the laser beam needed to be tightly focussed within the lead-glass.  The deployment of 

the ST-LIBS instrument was such that the focal-plane of the laser beam was set to be not less than about 1.5 

metres from the alpha plate (i.e. the minimum focal-length of LIBS instrument was approximately 3.5 metres). 

This required that the material being analysed be positioned at approximately 2 metres beyond the window 

inside the hot-cell. 

 

 

Testing the ST-LIBS instrument in an inactive mock-up hot cell with 0.75-metre thick lead-glass shield window 
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Data analysis / Plant trials 

In September 2001 APL carried out the first reported use of remote analysis of a material within a hot cell by 

directing the laser beam of an ST-LIBS instrument through a lead-glass radiation shield window. 

The Nd:YAG laser was set to its maximum output energy, ie. 350 mJ per pulse.  The laser radiation was 

brought to focus on various positions of the SRM and spectra recorded across the wavelength range 500 nm to 

800 nm.  In order to check that the analysis was of the surface deposit rather than the underlying steel, a number 

of kinetic series spectra were recorded and used to observe changes in elemental composition as the laser 

"drilled" through the material.  The kinetic series spectra, illustrated in figure 1, indicated that at least 50 laser 

pulses could be used without the laser beam interacting with the underlying steel.  After approximately 100 

laser shots, Fe emission lines (558.676 nm and 561.564 nm, NIST relative intensities of 120 and 200 

respectively) started to appear in the spectra indicating that the laser beam was probably interacting with the 

underlying steel.  Accordingly, all subsequent spectra were obtained by taking an accumulation of 50 laser 

shots. 

The optical spectrograph settings were: 

• Delay:   850 ns 

• Gate:   25000 ns 

• Slit width:  50 microns 

• Detector intensifier: Full gain 

The recorded spectra showed that only Mo, Zr, Cr and Cs were present in the SRM at significant concentrations 

(ie. within the sensitivity limitations of the LIBS instrument).  Due to the nature of the application, it is difficult 

to predict a generalised limit-of-detection (LOD) for the ST-LIBS instrument, although 1000 ppm would not be 

unrealistic for most elements.  No emission lines for U, Sb or Co were observed in the spectra.  The weak 

emission lines of these elements, however, would mean that they would have to be present at relatively high 

concentrations; for example, it was estimated that Co would have to be present at percentage levels in order to 

be detected by the LIBS instrument. 

The general spectral intensity for each acquired spectrum varied from measurement to measurement since it 

was not possible to accurately focus the laser beam when targeting a new area of the SRM.  Other wavelength 

regions did not exhibit any useful emission lines and hence are not included in this report. 

 

 

Kinetic series of 10 spectra, 50 accumulations (laser shots) per spectrum. Fe emission lines start to appear after about 100 

laser shots, indicating that the laser beam is probably interacting with the steel of the dissolver basket. 
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Element 

(I=atomic, II=1st ionic) 

Emission wavelength 

(nm) 

NIST relative 

intensity 

Mo(I) 550.649 7800 

 553.305 5200 

 557.045 2500 

 563.247 330 

 565.013 230 

 568.914 460 

 570.572 80 

 572.274 210 

 575.140 620 

 579.185 520 

 603.066 1300 

 661.913 230 

   

Zr(I) 566.451 160 

 568.090 120 

 573.570 120 

 579.774 160 

 612.744 680 

 614.320 440 

   

Cr(I) 520.452 5300 

 520.604 8400 

 520.844 11000 

 526.415 530 

   

Cs(II) 522.704 75000 

 592.563 56000 

Wavelengths and NIST emission intensities for the elements identified in the SRM 

 

Due to the lack of appropriate calibration of the ST-LIBS instrument for this application, it was not possible to 

give measured concentration values for each of the elements detected.  On reviewing the results and using our 

experience of LIBS, it was attempted to provide a rough estimate of the composition of the SRM by comparing 

predicted (NIST) intensities and measured intensities of the various emission lines.  In order for this approach 

to have any validity, the assumption had to be necessarily made that the material was homogenous  -  the 

existence of Zr fines, for example, within the material would significantly affect the results and make the rough 
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estimate unreliable.  Additional LIBS measurements of inactive simulate materials were highly desirable as a 

means of providing further information that could be used to support or dismiss the following conclusions: 

Mo and Zr were present within the SRM at relatively high concentrations, estimated to be in the 10's of percent 

range. Cr was present at lower concentrations, perhaps between 1% and 10%. Cs was present at much lower 

concentrations, probably less than 0.1%. 

It was recommended that further ST-LIBS measurements were performed on simulate samples (eg. zirconium 

molybdate, a molybdenum compound containing Zr fines) under similar conditions to those of the Basket 

Handling Cave measurements.  This work could be carried out at APL’s premises using the mock-up hot-cell 

facility.  The results of these experiments could be used to confirm (or dismiss) the rough estimate offered for 

the composition of the SRM. 

Inactive comparative trials 

The aim of this work was to perform remote LIBS analysis of inactive samples of zirconium molybdate under 

similar conditions to those of the Basket Handling Cave measurements and compare the results with those 

obtained for the SRM.  Four inactive samples of zirconium molybdate were supplied by BNFL and labeled as 

"plated conversion solids", "ZM3", "ZM8" and "RJ4", the last three samples being in the form of a fine powder. 

The ST-LIBS instrument was set up to direct the laser beam through the shield window of our mock-up hot-cell 

with the samples placed approximately 1.5 metres beyond the window. As far as possible, the measurement 

conditions were kept the same as those used at the Basket Handling Cave.  The optical properties of the shield 

window used in these experiments are similar to those of the Basket Handling Cave window. 

During some initial tests, it was found that the laser plasma ejected relatively large quantities of the powder 

samples making it difficult to take multiple measurements of the same sample.  The solid sample gave less of a 

problem in this respect.  It was decided, therefore, to mix each of the powder samples with an epoxy resin and 

allow the mix to set hard overnight.  The experiments were repeated and emission spectra recorded with a 

centre wavelength of 570 nm as this region is rich in Mo and Zr lines 

  

  
LIBS spectra obtained from samples “plated conversion solids”, ZM3, RJ4 and ZM8. 
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The spectra obtained from sample RJ4 and the SRM were compared (see below). 

 
Comparison of spectra obtained from the SRM and sample RJ4. 

 

In order to establish the sensitivity of the ST-LIBS measurement to variations in relative concentrations of Zr 

and Mo, further samples were prepared as follows: 

Three samples containing different concentrations of zirconium oxide (ZrO2) and molybdenum oxide (MoO3) 

were mixed with epoxy resin.  The Zr:Mo ratios, calculated by molar fraction, for each sample were 

approximately 1:1, 1:2 and 1:3 respectively.  LIBS spectra were recorded for each of these samples under 

similar condition as the earlier experiments.  The results clearly showed that the relative intensities of the Zr 

emission lines decrease as the relative concentration of Zr decreases.  This demonstrates that the ST-LIBS 

measurements are sensitive to variations in the Zr:Mo ratio. 

Comparison of the SRM results with the results obtained from LIBS analysis of the inactive zirconium 

molybdate samples suggested that the SRM may contain zirconium molybdate in high abundance.  The 

sensitivity of the LIBS measurements to variations in the Zr:Mo ratio provides further support to this claim.  It 

could not be ruled out, however, that the SRM contained a compound or mixture of zirconium and 

molybdenum which by chance gives similar LIBS spectra to zirconium molybdate. 
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Deployment of an ST-LIBS instrument at the High-Level Waste Vitrification Plant, Sellafield (2003) 

Overview of application 

A ST-LIBS instrument was deployed at BNFL’s Waste Vitrification Plant (WVP) by directing the laser beam 

into the cell through a lead-glass shield window to analyse various materials.  

 

 
Sellafield site, Cumbria, UK 

 

Location: High-Level Waste (HLW) Vitrification Plant, Sellafield, UK 

Inspection task: In-situ characterisation of HLW residues 

Environment: Hot cell with dose rates up to 3,000 Sv / hr 

Location of material: Directly in front of a lead-glass shield window 

Access: Line-of sight optical access to sample via shield window 

 

ST-LIBS instrument design 

This ST-LIBS instrument was of the basic design described earlier in this report.  The ST-LIBS instrument 

incorporated a Q-switched, pulsed, Nd:YAG laser operating at a wavelength of 1064 nm and capable of 

producing a maximum pulse energy of 260 mJ in a 5 ns pulse length.  The laser could be operated in either a 

manual, single pulse, mode or at a pulse repetition frequency of 20 Hz.  A low-power (Class 1, eye-safe), 

visible He-Ne laser beam, transmitted collinearly with the Nd:YAG laser beam, was used to aid alignment of 

the LIBS instrument with the material to be analysed prior to making a measurement.  Since the LIBS 

instrument is by design an “open beam” Class 4 laser device, all personnel within the work area were required 

to wear appropriate laser goggles during activation of the Nd:YAG laser.  A 500 mm focal length spectrograph 

fitted with a 600 lines/mm diffraction grating and an intensified, time-gated, photodiode array detector was 

used to record the plasma light detected by the LIBS instrument.  The measurement data obtained from the ST-

LIBS instrument were in the form of emission spectra within the wavelength range 450 to 900 nm. The spectral 

emission lines were identified according to the National Institute for Standards and Technology (NIST) atomic 

spectra database (http://physics.nist.gov/PhysRefData/ASD/lines_form.html). 

The sample was positioned within the cell so that the distance from the inner surface of the radiation shield 

window to the sample was approximately 2 metres, therefore ensuring that the energy / power density of the 

laser beam within the shield window was sufficiently low so as not to cause damage to the window material.  

The sample was also positioned so that a direct line of sight from the instrument to the sample was achieved.  

The Nd:YAG laser beam was focused onto the sample so as to generate a plasma on the sample surface.  A 

number of test shots were taken so that adjustment of the focal length of the ST-LIBS instrument could be made 

to achieve maximum plasma brightness as determined by monitoring the intensity of the spectra recorded by the 

instrument. 

http://physics.nist.gov/PhysRefData/ASD/lines_form.html
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In order for the instrument calibration to be valid for the in-cell measurements conducted at WVP, it was 

necessary to reproduce the measurement conditions used during the inactive calibration conducted at APL’s 

facilities.  The principal measurement conditions that needed to be satisfied were: 

1. The composition of the unknown material must be within the range of the calibration reference samples used to produce 

the calibration data. 

2. The laser energy incident on the surface of the unknown material must be similar to that used during the calibration 

measurements (ie. ~180 mJ at the sample corresponding to ~230 mJ exiting the LIBS instrument). 

3. The laser beam should be correctly focussed on the surface of the unknown material (spot size ~1 mm). 

The optical absorption properties of the WVP shield window should be similar to those of the shield window of 

APL’s mock-up hot cell. 

Data analysis 

Two samples were made available for analysis within the WVP cell; Sample A, a deposit contained within an 

aluminium receptacle (the inside compartment of an in-cell vacuum cleaner) and sample B, a deposit on the 

inside surface of a cylindrical filter component. 

After having aligned the LIBS instrument with sample A, test shots showed that it was difficult to produce a 

suitably bright plasma on the surface of the material.  This was thought to be due to a combination of i) the 

inside face of the shield window being coated in a residue which was attenuating the laser beam and ii) the 

WVP shield window is 1.0 m thick whereas the shield window used during the inactive calibration 

measurements was 0.75 m thick.  To overcome this, the laser pulse energy exiting the ST-LIBS instrument was 

increased from ~230 mJ to ~260 mJ, i.e. the maximum pulse energy attainable.  The increased pulse energy 

made it possible to produce a plasma on the surface of the sample but, on observing the intensity of the detected 

plasma light, it was judged that the pulse energy at the sample was significantly less than the ~180 mJ used 

during the inactive calibration measurements.  The reduced intensity at the sample could invalidate the 

calibration of the ST-LIBS instrument although it should be possible to overcome this by recalibrating the 

instrument using a reduced laser pulse energy – the new calibration could be performed at a later date and so 

data recorded during the WVP in-cell measurement campaign would still be useful. 

The nomenclature used in the following paragraphs for describing the various spectral emission lines is, using 

sodium (Na) as an example, as follows: 

Na(I):  emission line from atomic sodium (atomic emission line) 

Na (II):  emission line from singly ionised sodium ion (first ionic emission line) 

2 x Na(I): two unresolved sodium atomic emission lines 

Measurements were made on Sample A by acquiring 100 laser pulses per sample position and repeating for 

seven different positions. The recorded spectra are illustrated in the figure below.  An additional measurement 

of Sample A was made over an extended wavelength range (using the “step and glue” function of the 

spectrograph software) covering the wavelength range 450 nm – 700 nm; the resulting spectrum is illustrated in 

the figure below. 
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Spectra acquired from seven positions on sample A, showing spectral emission lines characteristic of Na (589.0 nm and 

589.6 nm) and Li (610.35 nm and 610.37 nm) with evidence of weak Mo emissions at 550.6 nm and 553.3 nm 

 

 

Extended emission spectrum obtained from sample A over the wavelength range 450 to 700 nm. 

 

Measurements were then made on sample B, but the powder-like nature of the material was such that multiple 

pulses of the laser radiation quickly removed the material from the filter component.  It was necessary, 

therefore, to record a single-pulse spectrum and then realign the laser beam to a new area of sample to record 

the next single-pulse spectrum and so on.  Since each spectrum was formed by a number pulses covering 
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different wavelength ranges, which were merged using the “step and glue” function, this was a time-consuming 

process and only four spectra were recorded; these are illustrated below. 

 

 
Extended emission spectra acquired from sample B, all of which exhibit spectral lines characteristic 

of Na and Li, while some spectra appear to also exhibit lines characteristic of Mg, Rb, Cs and Tc. 
 

The spectral emission lines identified through NIST for spectra recorded for samples A and B are summarised 

in the following tables. 

Element Ionisation State Wavelength (nm) 

Na Atomic 588.995 

589.592 

Li Atomic 610.353 

610.366 
670.776 

670.491 

Mo Atomic 550.649 
553.305 

Summary of identified emission lines from sample A. 

 

Element Ionisation State Wavelength (nm) 

Na Atomic 588.995 

589.592 
818.326 

819.479 

819.482 

Li Atomic 610.353 
610.366 

670.776 

670.791 

Mg Atomic 765.760 

765.915 

765.990 

Rb Atomic 794.760 

Cs First ionic 556.302 

Tc Atomic 558.902 

562.045 

564.213 

708.618 

Summary of identified emission lines from sample B. 

 

0

30

60

90

500 550 600 650 700 750 800 850 900

Wavelength (nm)

In
te

n
s
it
y

2 x Na(I)
2 x Li(I)

2 x Li(I)
2 x Na(I)

Na(I)
3 x Mg(I)

? ?

Rb(I)?

0

15

30

45

500 550 600 650 700 750 800 850 900

Wavelength (nm)

In
te

n
s
it
y

2 x Na(I)

2 x Li(I)
2 x Li(I)

? ?

0

20

40

60

500 550 600 650 700 750 800 850 900

Wavelength (nm)

In
te

n
s
it
y

2 x Na(I)

2 x Li(I)

2 x Li(I) 3 x Mg(I)

2 x Na(I)

Na(I)Tc(I)?

Cs(II)

Tc(I) ?

0

15

30

45

500 550 600 650 700 750 800 850 900

Wavelength (nm)

In
te

n
s
it
y

2 x Na(I)

2 x Li(I)

3 x Mg(I)

2 x Li(I)
? 2 x Na(I)

Tc(I)?

?



COMMERCIAL IN CONFIDENCE 

 

© 2016 Applied Photonics Ltd   Page 43 of 69 

The residue on the inside face of the shield window is believed to have resulted in a significant attenuation of 

both the laser beam being transmitted into the cell and the plasma light exiting the cell.  The thicker shield 

window of the WVP cell compared to that of the mock-up hot cell (i.e. 1.0 m as opposed to 0.75 m) would also 

have contributed to the increased attenuation.  The consequent reduction in the intensity of the laser beam 

incident on the sample, as evidenced by the difficulties experienced in achieving a sufficiently bright plasma, 

compromised the validity of the calibration of the ST-LIBS instrument.  Furthermore, the data obtained during 

the measurements at WVP showed that samples A and B were not of the same composition as the inactive 

reference materials previously used to calibrate the ST-LIBS instrument since significant quantities of sodium 

(Na) were present in both samples.  Hence the calibration of the ST-LIBS instrument was not valid for the 

materials analysed within the WVP cell.  The detection of sodium in both samples suggested that glass was 

present.  Some of the spectra recorded for sample A showed evidence of molybdenum but the characteristic 

emission lines were only just discernible above background noise.  Sample B appeared to contain detectable 

concentrations of elements characteristic of calcine (i.e. caesium and technetium) but the signal-to-noise ratio 

was poor since the powder-like nature of the material restricted the measurements to single laser pulse spectra.  

The poor signal-to-noise ratio and limited optical resolution of the spectrograph were such that we could not be 

certain that the observed emission lines are due to caesium and technetium. 
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In-situ weld material characterisation of Neutron Scatter Plug (NSP) components using a Stand-Off 

LIBS system 2013 – 2016 

Dungeness B nuclear power station, Kent, UK 

Within the Reactor Fuel Plug Unit Assembly there is a component termed a Neutron Scatter Plug (NSP).  The 

NSP’s are approximately 231 mm diameter and 2489 mm long, with two welds, 1700 mm (axially) apart. The 

welds are designated “weld 13” and “weld 14” which connect between a 347 stainless steel (ss) casting to a 

tubular 321 ss component. 

 

Due to a variety of reasons some of welds 13 and 14 were welded without use of filler – these are known as 

“autogenous” welds and some were welded using a 316 ss filler wire. Both NSP welds were ground flush with 

the tubular component surface post welding.  During subsequent long term testing it was found that the filled 

welds were preferred for long term operation.  As both types of weld are visually identical it is not possible to 

sort between the two types of construction design.  If sorting cannot be accomplished then an entire batch 

(approximately 350) of NSP’s will need to be disposed of.  This has several undesirable issues, the main ones 

being; the financial cost of replacing the affected NSP’s; the filling of a disposal facility which was intended for 

a relatively small number of NSP’s throughout DNB lifetime and the construction of additional storage (and 

handling) facilities for the greater number of NSP’s than originally planned for station lifetime. 

 

The NSP’s, which are now highly radiologically active, are handled remotely within the NSP Handling Facility 

(NSP HF) at the power station which is approximately 107 feet high.  The facility comprises several levels, one 

of which has a glovebox.  A suite of remote cameras are installed which enable the NSP to be observed 

remotely from the NSP HF control room. The NSP’s are raised and lowered by a hoist at the top of the NSP 

HF.  The NSP’s can be positioned axially using remote cameras within the glovebox. 

 

The LIBS system was required to perform a semi-quantitative measurement of the molybdenum content of the 

steel, together with an indication of the presence or otherwise of titanium and niobium, so that the steel grade 

could be identified as 316, 347 or 321. 

 

Location: NSP Handling Facility, Dungeness B AGR power station 

Inspection task: Elemental analysis of Neutron Scatter Plug (NSP) weld material 

Environment: Shielded glovebox with dose rates up to several 10s of mSv / hr 

Location of material: Circumferential weld in NSP 

Access: Optical access via 75 mm thick lead-glass shield window (NSP located approx. 

250 - 300 mm from inside face of shield window) 

 

A feasibility study was conducted to confirm that LIBS could meet the analytical requirements of the 

application, the results of which were positive.  LIBS spectra of test samples of steel provided by the plant 

operators were recorded under similar conditions to that of the NSP HF and are reproduced below.  Sample A is 

347 steel (contains Nb), Sample B is 316 steel (contains Mo) and Sample C is 321 steel (contains Ti). 

 

 
 

Mo (550.65 nm) Mo (553.30 nm) Mo (557.04 nm) 
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CAD illustration of the NSP Handling facility showing the shielded glovebox with LIBS system installed 

Nb (405.89 nm) 

Nb (407.97 nm) 

Nb (416.37 nm) Nb (416.47 nm) 
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Ti (499.11 nm) 
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Ti (500.72 nm) 
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CAD illustration showing cut-away view of the shielded glovebox with LIBS system located adjacent to a shield window 
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Related work 
 

An experimental investigation into the feasibility of using LIBS to determine the Mg concentration of 

Highly-Active Liquor (HAL) 

An experimental investigation was conducted to assess the feasibility of using an ST-LIBS instrument and a 

FO-LIBS instrument to remotely determine the Mg concentration of Highly-Active Liquor (HAL) over the Mg 

concentration range of 50 ppm - 500 ppm.  Experimental data obtained using a number of simulant (inactive) 

liquid samples provided by BNFL were used to estimate the measurement precision and limit of detection 

(LOD) of a LIBS instrument.  Coupling of the laser radiation with the liquid samples was found to be a key 

factor affecting the measurement precision.  Better coupling was achieved using 355 nm laser radiation 

(frequency-tripled Nd:YAG laser) compared to using 1064 nm (fundamental wavelength of a Nd:YAG laser).  

Using an ST-LIBS instrument fitted with a frequency-tripled Nd: YAG laser (355 nm), an LOD of ~10 ppm 

and an RSD of ~10% were obtained.  It was found that a FO-LIBS instrument utilising 1064 nm laser radiation 

was not able to produce a sufficiently intense and stable plasma on the surface of the liquid.  The available 355 

nm laser was not suitable for coupling to an optical fibre and so it was not possible to investigate the feasibility 

of a FO-LIBS instrument incorporating a 355 nm laser. 

 
Calibration plot for Mg in HAL using Sc as internal standard. 

The error bars represent ± 1 standard deviation. 

 

This work demonstrated that LIBS is able to determine the Mg concentration in simulated HAL solutions over 

the approximate Mg concentration range 50 ppm to 500 ppm.  Measurement precision appears to be largely 

dependent on the efficiency of the coupling of the laser radiation with the liquid sample.  The improved 

coupling of the 355 nm laser light with the liquid samples increased the measurement precision considerably 

from that obtained using the 1064 nm laser.  The better coupling also allowed lower laser pulse energies to be 

used which helped to reduce disturbance to the liquid (eg. splashing) which in turn allows higher pulse 

repetition rates to be utilised.  To improve coupling efficiency further, an alternative laser could be utilised 

which produces an output that matches the absorption band in nitric acid / HAL at ~ 300 nm (eg. an XeCl laser 

operating at 308 nm). 

From a practical point of view, it would be highly desirable to use an optical fibre to deliver the laser radiation 

to, and collect the plasma light from, a sample located inside an HA cell.  A fibre-optic probe type LIBS 

instrument, however, has a number of disadvantages.  These include i) a limited ability to produce a highly 

focussed (ie. small spot size) on the sample, ii) the limited laser pulse energy that may be transmitted, ii) a 

significantly reduced stand-off distance to the sample (ie. the fibre-optic probe will need to be close to the 

sample, possibly less than 100 mm), and the limited transmission of UV light which may compromise the 

detection efficiency of the Mg ionic emission line at ~280 nm).  None of these disadvantages are considered to 

be such that the use of a fibre-optic probe LIBS instrument for this application can be ruled out at this time. 
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An experimental investigation of the capabilities of LIBS for the elemental analysis of simulated 

Corroded Magnox Sludge (CMS) samples 

A Nuclear Decommissioning Authority (NDA) funded programme has been sanctioned to address the in-situ / 

less intrusive analysis of intermediate level waste sludges and associated liquors.  Following an extensive 

review of UK Nuclear Licensed Site Waste Streams, along with techniques capable of analysing particular 

elements, Laser-Induced Breakdown Spectroscopy (LIBS) has been highlighted as a preferred method. 

This work was conducted by APL on behalf of Nexia Solutions Ltd on establishing the typical analytical 

measurement performance of LIBS for the elemental analysis of simulated Corroded Magnox Sludge (CMS) 

samples.  It was established that LIBS could detect the majority of elements of interest within the CMS samples 

and that calibration could be achieved to allow semi-quantitative measurements. 

The LIBS apparatus used during this work is illustrated in figures 1 to 4.  The apparatus is based on a 

proprietary design of APL.  The main components of the apparatus are as follows: 

• A Q-switched Nd:YAG laser (model Brilliant, Quantel SA) operating at its fundamental wavelength of 1064 nm 

• The LIBS head incorporating a laser beam delivery optical system combined with a dual-channel plasma light 

collection optical system (on-axis and off-axis, as illustrated in figure 4) 

• A support frame and rotating mount for the LIBS head which allows the laser beam to directed at any angle between 

vertical and horizontal 

• Optical spectrograph #1 - a 0.5 m focal length, triple-grating spectrometer (model SP500, Acton Research Inc.) 

incorporating an Intensified Photo-Diode Array (IPDA) detector (model IPDA-1024, Princeton Instruments Inc.) 

• Optical spectrograph #2 - a 0.75 m focal length, triple-grating spectrometer (model SP750, Acton Research Inc.) 

incorporating an Intensified Photo-Diode Array (IPDA) detector (model IPDA-1024, Princeton Instruments Inc.) 

• Two personal computers running WinSpec 32 (ver. 2.5.1) software for controlling the two spectrographs 

• A fumehood (model AirOne FC-640, Safelab Systems Ltd) equipped with HEPA and activated charcoal filters 

• A sample holder integrated with a 2-axis linear translation stage (model Nanostep, Melles Griot) 

 

The laser beam pulse emitted from the output aperture of the LIBS head can be varied between 0 mJ and 

approximately 200 mJ.  The pulse length is fixed at approximately 4 ns while the pulse repetition rate may be 

varied up to 20 Hz.  The pulse energy incident on the sample was measured using a calibrated energy meter 

(model LPM 230-2, Litron Lasers Ltd).  The angle of incidence of the laser beam with respect to the sample 

surface was set to approximately 50 degrees (ie. 50 degrees from the horizontal).  The samples were located 

inside the fumehood using a sample holder attached to the 2-axis linear translation stage (with the translation 

stage outside of the fumehood as illustrated in figures 1 to 3).  The focal length of the laser beam emitted from 

the output aperture of the LIBS head was set to approximately 430 mm.  The surface of the sample was located 

as illustrated schematically in figure 5.  The spot size at the sample was estimated (using burn paper imprints) 

to be 0.7 x 1.0 mm which equates to an area of approximately 0.007 cm2 (estimated uncertainty of ±20%). 
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Schematic of experimental apparatus 

 

    
 

 

LIBS apparatus used to analyse CMS samples 
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A technical demonstration of a submersible FO-LIBS probe developed by APL 

This was the first of three inactive technical demonstrations to show the applicability of LIBS technology in 

selected application areas of interest to nuclear decommissioning.  The aim of this particular demonstration was 

to show the ability of APL’s LIBSProbe technology to quickly and reliably identify various solid materials 

submerged in water (or sludge) up to a depth of several metres.  The potential application area is that of the in-

situ characterisation and identification of materials within redundant spent-fuel storage ponds.  The following 

provides a brief overview of this application area. 

Many of the early-design spent fuel cooling ponds were open to the atmosphere although the more modern 

ponds utilise a fully enclosed structure to minimise the deposition of airborne contaminants such as salt spray 

(in coastal sites) or bird droppings.  Open ponds are exposed to sunlight and hence suffer greatly from algal 

growth which can reduce underwater visibility to such a degree that it becomes virtually impossible to visually 

identify submerged items. 

 

   

Typical early-design spent fuel cooling pond containing corroded fuel and waste materials 
 

 

Modern spent fuel cooling pond 

 

Many of the early cooling ponds are now redundant and so are in various stages of the decommissioning 

process. Some of these ponds were used as temporary storage sites for a wide range of radioactive waste and so 

now contain a largely unknown inventory of miscellaneous items of equipment and materials including spent 

fuel. In addition to having poor visibility due to the presence of algae and other organic material, the water 

within these older facilities is often heavily contaminated with radionuclides, in dissolved or suspended form, 

originating from corroded spent fuel assemblies. During the clean-out phase of the decommissioning work, it is 

necessary to characterise and identify components and materials stored in the pond prior to their removal. One 

way of achieving this is to obtain physical samples of each component / material so that a laboratory analysis 
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may be carried out. Removal of material from the water can expose personnel to nuclear radiation and may also 

increase the risk of contamination spread. Furthermore, physical sampling followed by laboratory analysis is a 

very time-consuming and hence costly process. Characterisation of the component / material whilst it is 

submerged (i.e. in-situ characterisation) could offer significant advantages in terms of safety, speed and overall 

cost reductions. 

 

A special version of APL’s LIBSProbe FO-LIBS instrument which incorporates a submersible remote probe is 

able to identify the elemental composition of materials submerged in water at any depth up to ~30 metres.  The 

probe operates by ejecting a small amount of gas (air or preferably argon) through the nozzle aperture of the 

probe.  When the probe is in contact with the component under investigation, the water is displaced from the 

optical path of the laser beam by the gas flow, thus allowing a LIBS analysis of the material to be conducted in 

a gas medium rather than a liquid medium. 

Only a “loose” seal between the probe and the component is required – the probe does not have to be normal to 

the surface of the material and can even tolerate a gap of up to approximately 2 mm. Remote manipulation of 

the probe is therefore greatly simplified since precise positioning is not required.  The small stream of gas 

escaping from the nozzle of the probe prevents the ingress of water even when the probe is not in contact with 

the surface of a material. 

 

APL’s submersible FO-LIBS probe being used to analyse objects submerged in water 
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Data analysis 

A variety of materials may be quickly and reliably identified using this instrument including uranium, stainless 

steel, zircalloy, graphite, aluminium, lead and many others.  The following raw spectral data obtained using the 

submersible FO-LIBS instrument illustrate how it is able to discriminate various materials.  Analysis is 

extremely quick and in many cases can be performed in a matter of seconds.  A technical demonstration of this 

underwater detection, made to representatives from the UK nuclear industry, is described later in this section of 

the report.  

 

 

 

Examples of spectra recorded using the submersible LIBS probe 

 

The submersible probe also has other, non-nuclear applications.  For example APL have sold a system to the 

University of Malaga, Spain, for use in the in-situ analysis of marine archaeological artefacts.  This system has 

been used successfully at depths up to 30 metres in the Mediterranean Sea. 

 

   

Loading the FO-LIBS instrument on board ship for deployment in the Mediterranean Sea (images courtesy of University of Malaga) 

Uranium metal Lead metal 

304 stainless steel Concrete 

Aluminium metal Graphite 



COMMERCIAL IN CONFIDENCE 

 

© 2016 Applied Photonics Ltd   Page 53 of 69 

   

Deployment of the submersible FO-LIBS probe at depths of up to 30 metres (images courtesy of University of Malaga) 

 

 

Technical demonstration 

 

The demonstration rig is illustrated schematically in the following diagrams. 

 

     

Submersible FO-LIBS probe and large water tank, 1200 litres volume, approx. 1.3 metres height 

 

 

      

Submersible FO-LIBS probe and water-filled transparent polycarbonate tube, 350 mm diameter and 2 metres height 

 

The equipment used consisted of a submersible gas-purge FO-LIBS probe connected to the main LIBS 

instrument unit via a 10 metre length of flexible umbilical.  The purge gas used during this demonstration was 

argon at a pressure of approx. 5 psi.  To facilitate deployment in the water tank, the probe was attached to a 

metal rod of length ~1.5 metres and was equipped with two submersible video cameras – one near the probe to 

provide a close-up view of the probe aperture, and another positioned at the mid-point of the metal rod to 
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provide a general view of the submersible probe.  The demonstration rig consisted of i) a large water tank of 

approx. 1200 litres volume, ii) a water filled transparent tube of diameter 350 mm and height 2 metres, and two 

builders buckets, one containing a mixture of gravel and water and the other containing a mixture of sand and 

water.  The large water tank contained various items representing “unknown” materials / items of pond 

inventory and the inside of the tank illuminated using two submersible flood lights.  The items using during this 

demonstration are as follows: 

 

 Concrete  Lead  Copper   Zircaloy  316 Stainless Steel 

 Graphite  Vit Glass Phosphor Bronze Aluminium Alloy Magnesium 

 

Previously recorded LIBS spectra of the various items were printed on paper and displayed on the wall next to 

the large water tank.  These spectra were recorded using an Acton Research triple-grating spectrometer (model 

SP500) fitted with a Princeton Instruments IPDA detector.  The spectra are relatively “narrow band” (ie. approx 

80 nm) but contain sufficient spectral information to easily distinguish the materials being analysed during this 

demonstration.  In a real-world application, it would be desirable to use a “broad-band” spectrometer so as to 

obtain a better spectral fingerprint of each material of interest which would increase the level of confidence of 

correct identification of an unknown material.  The narrow-band spectra used during this demonstration are as 

follows (“broad-band” spectra shown as insets): 

 

 

 

Aluminium Alloy 

 

 

Copper 
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Magnesium 

 

 

Phosphor Bronze 

 

 

316 Stainless Steel 
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Vit Glass 

 

 

Zircaloy 

 

 

Lead 
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Concrete 

 

The video images from the two submersible video cameras were displayed on two monitors while the recorded 

LIBS spectra were displayed on a third monitor.  During the demonstration, the attendees were invited to 

compare, for each submerged item analysed, the displayed LIBS spectrum with the previously recorded LIBS 

spectra posted to the wall.  Once the FO-LIBS probe was placed in contact with an item, the LIBS spectra were 

recorded repeatedly with a refresh rate of 0.5 Hz (ie. a new spectrum displayed every 0.5 second).  In all cases, 

correct identification of the submerged item was made within seconds of placing the LIBS probe on the item.  

This was repeated using sample items placed in the builders buckets (ie. gravel/water and sand/water to a depth 

of approx. 300 mm) to demonstrate that the submersible FO-LIBS probe is able to operate within silty / zero 

visibility water.  The FO-LIBS probe was also able to identify items buried under the sand by manually pushing 

the probe into the sand and manipulating the probe until it made contact with a buried item. 

 

 

   

Identifying materials submerged in clean and turbid water using a submersible FO-LIBS probe 

 

APL has developed software for automatic identification of materials from the raw spectral data produced by 

the submersible FO-LIBS probe instrument.  The software has the following features i) control of the laser ii) 

control of the spectrometers, iii) data acquisition and storage, and iv) real-time data processing and user-

friendly display of the material identification results.  The following image illustrates the graphical user 

interface. 
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A technical demonstration of Stand-Off LIBS (ST-LIBS) for characterisation of materials within a 

glovebox 

This was the second of three inactive technical demonstrations to show the applicability of LIBS technology in 

selected application areas of interest to nuclear decommissioning.  The aim of this particular demonstration was 

to show the ability of APL’s ST-LIBS technology to provide a means of performing in-situ elemental 

characterization of materials located inside a glovebox by directing the laser beam through the glovebox 

window.  Prior experiments were conducted in order to thoroughly investigate any evidence of laser-induced 

damage to the window material (polycarbonate, glass, acrylic).  A range of inactive materials were used to test 

the reliability of ST-LIBS for correctly identifying these materials in this particular application. 

The demonstration rig is illustrated schematically in the following diagram and images. 

 
 

The principal aim of the demonstration was to show how ST-LIBS may be used to perform non-invasive 

characterization of a material inside a glovebox.  The equipment and components used during the 

demonstration are listed as follows: 

• Stand-Off LIBS instrument (APL proprietary design) utilizing a 1064 nm laser and capable of operating at ranges 

between approx. 1.0 metre and 20 metres. 

• APL’s LIBSoft software including chemometric data analysis feature for real-time material identification 

• Various samples of materials (magnesium, zinc, gadolinium, copper, vit glass, titanium, hafnium, 316 stainless 

steel, lead, graphite, gold, zircaloy, 6082 aluminium alloy, chromium, concrete, uranium) 

• Three windows (approx. 300 mm square) to simulate a glovebox window – 6 mm laminated glass (Skipton Glass 

Ltd), 12 mm polycarbonate (Makrolon), 12 mm acrylic (Plexiglass). 

   

General view of ST-LIBS demonstration rig 

 

ST-LIBS head 
Target sample material 

inside fumehood 

300 x 300 mm window 

(laminated glass) 
300 x 300 mm windows 
(acrylic, polycarbonate) 
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Close-up view of laser-induced plasma on zinc metal target 

 

Prior to the demonstration, various tests were undertaken to establish the risk of laser-induced damage to the 

three types of window material used.  No obvious signs of damage were observed even when the laser intensity 

(watts / cm2) was increased to approximately 4x the level normally expected at the window during a typical ST-

LIBS measurement. 

 

Target sample 

(zinc metal) 
Laser plasma 



COMMERCIAL IN CONFIDENCE 

 

© 2016 Applied Photonics Ltd   Page 61 of 69 

A technical demonstration of LIBS on-line analyser for liquids characterisation developed by APL 

This was the third of three inactive technical demonstrations to show the applicability of LIBS technology in 

selected application areas of interest to nuclear decommissioning.  The aim of this particular demonstration was 

to show the ability of APL’s LIBSCAN technology to provide a means of performing on-line, real-time 

monitoring of the elemental composition of a process stream (aqueous sludge).  A further aim of this inactive 

demonstration was to show how LIBSCAN may be used to detect in real-time significant changes in the 

elemental composition of the process stream and provide a signal to an automated sampling station so that a 

sample of the process stream may be acquired at the time of a significant change in elemental composition. 

The demonstration rig is illustrated in the following schematic diagram and images. 

 

 
 

 

General view of the demonstration rig 

 

LIBSCAN 100 head 

Liquid / slurry 
analyser module 

Supply water 

tank 

Drain 

water tank 

Pump 

Solenoid valve 
operated take-

off port 

Process stream 

(viewed through 

transparent tube) 

LIBSCAN 100 head 

LIBSCAN 100 

spectrometer console 

Process stream 
(viewed through 

transparent tube) 

 

LIBSCAN 100 
spectrometer console 
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Close-up view showing the simulated process stream flow and associated pipework 

 

 

Close-up view of the LIBSCAN 100 head connected to the liquid / slurry analyser module 

 

To demonstrate the capability of the LIBS analyser, two simulated process liquid streams were used: i) tap 

water, and ii) tap water containing a suspension of magnesium hydroxide.  The LIBS analyser may be “trained” 

to recognize a particular process stream by detection and analysis of the constituent elements.  When an 

additional chemical “spike” is introduced, the LIBS analyser detects this and displays the chemical signature 

(eg. sodium, magnesium) and activates a solenoid valve which allows a sample of the process stream to be 

taken at the time when the chemical “spike” is present.  Accordingly, the LIBS analyser is capable of real-time 

analysis of the process stream. 

 

Process stream: Tap water 

With the tap water process stream, two “contaminants” were used: i) saline solution, and ii) an aqueous 

suspension of magnesium hydroxide.  The LIBS analyser was trained to recognize the tap water as being the 

normal process stream.  The analyser system was set to perform an analysis every 10 seconds, although this 

may be programmed to be longer or shorter as required.  The analyser was programmed to look for sodium 

LIBSCAN 100 head 

LIBSCAN 100 

spectrometer console 

Liquid / slurry 

analyser module 

     

Process stream 

Fraction of process stream 

fed to LIBS analyser 

“Contaminant” spike 

injected here 

To drain tank 

Liquid / slurry 

analyser module 
Solenoid valve 

operated take-

off port 

Solenoid valve 

operated take-

off port 
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(saline solution) and magnesium (magnesium hydroxide aqueous suspension) and to take a sample of the 

process stream whenever the concentration of either of these analytes exceeded an arbitrary amount.  The 

system was set to run continuously and at various intervals a ~3 ml “spike” of either saline solution or 

magnesium hydroxide was added to the process stream by injection into a port located upstream of the LIBS 

analyser take-off port.  On detection of the “spike”, the LIBS analyser displayed the relevant chemical name on 

the computer monitor and opened the solenoid valve for 5 seconds to take a sample of the process stream.  The 

LIBS analyser continued to analyse the process stream and, after the “spike” had been flushed through, the 

analyser showed that the process stream had returned to normal.  This was repeated a number of times. 

 

Process stream: Tap water containing a suspension of magnesium hydroxide 

A further demonstration was conducted whereby the simulated process stream was tap water containing a 

suspension of magnesium hydroxide.  The LIBS analyser was “trained” to recognize this as being the normal 

process stream and then a ~3 ml chemical “spike” of saline solution added to show that the LIBS analyser was 

capable of detecting this in a process stream of different chemical composition to that used in the first 

demonstration.  This was repeated a number of times to demonstrate that the LIBS analyser was capable of 

detecting the saline solution “spike” and correctly detecting when the process stream had returned to normal. 
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Long-range ST-LIBS instruments designed & manufactured by APL 

Most of the ST-LIBS instruments described so far in this report have operated at relatively short range (~0.5 

metre to several metres).  APL also has extensive experience in designing and manufacturing ST-LIBS 

instruments to operate at much greater ranges (up to 200 m) developed primarily for the US military, but with 

potential application elsewhere.  The following is a summary of this work. 

 

History 

December 2004 

Organised by Dr Andrzej Miziolek of US Army Research Laboratory (ARL) and funded by NATO, field trials 

of various configurations of LIBS instrument were conducted during December 2004 in the Arizona desert, 

USA, with the aim of demonstrating the detection of trace residues of explosive materials.  The team consisted 

of research scientists from ARL, the University of Malaga (Spain), Applied Photonics Ltd (UK) and Ocean 

Optics Inc (USA).  Three types of LIBS instrument were tested in Arizona - a Stand-Off LIBS (ST-LIBS) 

device developed by University Of Malaga, a Fibre-Optic LIBS (FO-LIBS) device developed by Applied 

Photonics Ltd, and a Man-Portable LIBS (MP-LIBS) device developed by Ocean Optics Inc. 

   

TeleLIBS™ (University of Malaga) 

during field trials in Arizona 

FO-LIBS™ (Applied Photonics Ltd) 

during field trials in Arizona 

MP-LIBS (Ocean Optics Inc) during 

field trials in Arizona 

 

May 2005 - July 2006 

During this period we designed and manufactured three experimental prototype ST-LIBS instruments for US 

Army Research Laboratory (ARL).  The three instruments were of the following general specifications: 

Generation 1:  

• Double-pulse, 1064nm (300mJ) Q-switched Nd:YAG laser (Big Sky CFR 400) 

• Meade LX90 GPS Schmidt-Cassegrain 8" telescope 

• Ocean Optics LIBS 3000 broad-band spectrometer 

• Operating range 10 - 30 metres 

 

Generation 2:  

• Double-pulse, 1064nm (300mJ) Q-switched Nd:YAG laser (Quantel Brilliant Twins) 

• Meade LX200 GPS Schmidt-Cassegrain 14" telescope 

• Ocean Optics LIBS 3000 broad-band spectrometer 

• Operating range 10 - 60 metres 

 

Generation 3:  

• Quantel Brilliant B plus NCAR Raman cell to produce "eye-safe" output beam of 1543nm 

• Meade LX200 GPS Schmidt-Cassegrain 14" telescope 

• Ocean Optics LIBS 3000 broad-band spectrometer 

• Operating range 10 - 20 metres 
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Generation 1 Generation 2 Generation 3 

 

April 2007 - March 2009  

During this period we have designed and manufactured two further ST-LIBS™ instruments for the US Army 

Research Laboratory (ARL): Generation 4 and Generation 5. 

The Generation 4 ST-LIBS instrument was designed specifically for a series of field trials conducted at Fort 

Irwin, California, and Yuma Proving Ground (Arizona) between Dec 2007 and August 2008.  The field trials 

involved mounting the Generation 4 instrument (plus a suite of other sensors including a Stand-Off Raman 

system developed by a US company) to an M35 military truck which was then driven to various locations in the 

Mojave and Arizona deserts.  Operating conditions were harsh due to fine airborne dust, shock and vibration 

from the movements of the M35 truck, and daytime temperatures reaching 120 F. 

The outline specification of Generation 4 is as follows: 

• Operating range up to 60 metres. 

• Double-pulse 1064 nm laser (2 x 800 mJ) or 355 nm laser (2 x 150 mJ) configurations.  

• Three spectrographs covering the wavelength range 245 nm to 950 nm. 14” telescope (modified Meade LX200R) with 

custom-made robotic forkmount. 

• Integral laser range finder under system software control to achieve autofocus of laser beam and telescope optics. 

• Two on-board cameras, one equipped with high-power zoom lens. 

• Entire system ruggedized for field use with all sensitive components protected against shock and vibration. 

• External air-conditioning unit used to feed chilled air to Gen 4 electrical and electronic components.  System software written 

in LabVIEW, allowing for full wireless remote control of Gen 4. 

  

Generation 4 arriving at Fort Irwin, CA Generation 4 during field trials 

 

The Generation 4 ST-LIBS instrument is currently located at US Army Research Laboratory, Aberdeen Proving 

Ground, Maryland (USA). 

 

http://www.arl.army.mil/
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The Generation 5 ST-LIBS instrument is a more advanced version of the Generation 4 ST-LIBS instrument 

and is fully ruggedized for field-deployable.  Tt is user-configurable as either 1064 nm or 355 nm (both double-

pulse capable).  In 1064 nm configuration, either one of two laser beam expanders may be fitted – a 3-inch 

beam expander which is good for approaching 100 metres range, and a 6-inch beam expander which should be 

good for 200 metres range.  Gen 5 utilizes two Quantel Brilliant B lasers, a PI-Acton VSMS broad-band 

spectrograph, and a modified RC Optical Systems 16” military-grade Ritchey-Chretien telescope with UV-Vis-

NIR optics.  It also has a built-in air-conditioning system which supplies filtered and chilled air to the base unit, 

optics and telescope.  The whole system has been ruggedized for field use, with all sensitive components 

protected against shock and vibration. 

  

Generation 5 ruggedised ST-LIBS instrument Generation 5 ST-LIBS fitted with 6" beam expander 

 

October 2009 – February 2010 

During this period the Generation 5 Stand-Off LIBS instrument located at U.S Army Research Laboratory 

(ARL), Aberdeen Proving Ground, Maryland, USA, was upgraded to include i) a new-design laser beam 

expander for 355 nm laser wavelength, and ii) improved system software providing a more user-friendly 

interface with the operator.  The new hardware and software were installed and tested at ARL in February 2010. 

  

Generation 5 ST-LIBS ruggedised instrument: 

CAD model showing 1064 nm beam expander 

Generation 5 ST-LIBS ruggedised instrument: 

CAD model showing 355 nm beam expander 

 

 
Generation 5 ST-LIBS instrument 
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Outline specification for Generation 5 ST-LIBS instrument 

• Range capability: 30 - 100+ metres 

• Ruggedised design for field-deployment 

• Full auto-focus with manual override and auto / manual line and raster scanning of target area 

• Integrated remote viewing camera with zoom capability 

• Collection telescope (16" "Military", RC Optical Systems - modified by APL) 

• Robotic fork mount for collection telescope and laser system (custom designed, APL) 

• Lasers (two 850 mJ @ 1064 nm Nd:YAG lasers, Quantel Brilliant B) 

• 1064 nm and 355 nm configurations, double-pulse 

• Laser beam expander (3 configurations, custom designed, APL) 

• Spectrometer (broad-band VSMS spectrometer and ICCD, PI-Acton) 

• Mobile platform with powered lift jacks and motor drive 

• Integrated air-conditioning unit and thermal management system 

• System software (semi-automated and manual control via LabVIEW system software) 

 
Generation 5 ST-LIBS instrument - exploded view 

 

 
16-inch RC telescope and laser assembly on custom robotic fork mount 
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Advanced design ST-LIBS instrument suitable for “through-window” hot cell use 

As for the basic design ST-LIBS instrument, the actual design of the advanced design version will depend on 

the application requirements.  An example of an advanced design ST-LIBS instrument utilising a Quantel 

Brilliant B laser (850 mJ @ 1064 nm) and with an operating range of up to approx. 6 metres is illustrated in the 

following diagram and images. 

 
CAD illustration of an advanced design ST-LIBS instrument with 6 metre range capability 

(red indicates laser beam path, blue indicates plasma light path) 

 

    

Images of an advanced design ST-LIBS instrument with 6 metre range capability 

(Quantel Brilliant B laser head not fitted) 

 

The advanced design ST-LIBS instrument illustrated above utilises an 8-inch telescope for plasma light 

collection which is integrated with a co-axial laser beam expander, each having an independent focus 

adjustment over the range approx. 1.5 metres to 6.0 metres.  The entire assembly, which weighs approx. 40 kg, 

may be mounted on a heavy-duty tripod with pan/tilt capability to facilitate targeting of the laser beam at the 

sample.  The laser power supply (not shown in the above diagrams) has dimensions of approx. 300 mm x 600 

mm x 600 mm (weight approx. 50 kg) and is connected to the laser head via a flexible umbilical of length 3 

metres.  A separate spectrometer and laptop computer are connected to the remainder of the hardware in order 

to form the complete ST-LIBS instrument.  The modular nature of the equipment facilitates transportation to / 

from the work area and allows different types of spectrometer to be used according to the requirements of the 

application.  Depending on the application requirements and budget constraints, additional features may be 

included in the advanced design ST-LIBS instrument including auto-focus, computer-controlled pan/tilt fork-

mount, double-pulse laser, high-resolution video camera and alternative laser wavelengths (eg. 532 nm, 355 

nm, 266 nm).  Examples of advanced design ST-LIBS instruments for long range applications are given in 

Section 1 of this report. 
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