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What is LIBS?

DTE’s analyzers are based on Laser-Induced Breakdown Spectroscopy (LIBS), a method that
falls within the broader class of atomic emission spectroscopies (AES). More specifically, DTE’s
analyzers are designed for analysis of molten metal and consequently, the method is referred to as
liquid-phase LIBS (LP-LIBS). Other AES techniques include flame analysis, inductively coupled
plasma emission spectroscopy and arc or spark optical emission spectroscopy (here referred to
as OES or spark-OES). These methods all rely on the measurement of spectrally resolved light
emission from a hot gas or plasma. The term plasma denotes the state of matter where one or
more electrons have been removed from at least a portion of the atoms in the gas. The difference
between AES methods mainly relates to the way in which the plasma is created. As the name
implies, LIBS uses laser light to generate the plasma. A recent review of AES techniques and their
applications can be found in Ref. [1].
Upon relaxation from higher-energy to lower-energy electronic states, the atoms of each chemical
element present in the plasma emit a unique spectrum of discrete spectral lines, characteristic
for the element. The emission spectra of the individual elements of the periodic table are widely
different, both in overall intensity and the position of the spectral lines, as illustrated in Fig. 1
for the pure elements aluminum and iron. The atomic emission can range from the ultraviolet
(<400 nm), across the visible range (400–700 nm) and to infrared wavelengths (>700 nm). The
exact nature of the plasma emission also depends on other parameters, such as background pressure,
degree of ionization of the plasma and plasma temperature.
The analysis of intensities of particular spectral lines forms the basis of quantification of each element. Separating the spectral lines typically requires a high-resolution spectrometer and evaluation
of the line intensities requires individual detectors, such as photomultiplier tubes or the pixels of
a digital camera. The choice of spectrometer and detector combination represents a trade-off between multiple factors, including elements to be measured and the detection limits to be achieved,
as well as size and cost of the equipment.
In a LIBS configuration, the plasma is generated using a high-energy laser pulse focused on the
surface of the sample to be analyzed. The duration of the pulse is typically of the order of
nanoseconds, picoseconds or femtoseconds, depending on the laser system used. The pulse energy
must be sufficiently high to ablate a portion of the sample and convert a part of the ablated material
into a plasma. In some LIBS systems, the first laser pulse is closely followed by a second pulse for
reheating the plasma. Using a separate calibration procedure, explained in more detail below, the
recorded intensity of particular emission lines is correlated with the amount of the corresponding
material in the sample.

Figure 1: Simulated plasma emission spectra for aluminum (left) and iron (right). Black lines
denote spectral emission from neutral atoms while red lines indicate emission from singly ionized
atoms.
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Figure 2: Left: A typical LIBS setup, including laser, optics, spectrometer, camera detector and
timing circuit (digital delay generator). Right: A conventional PMT-based spark-OES system
including high-voltage circuit, spark electrode, collection optics, spectrometer and individual photomultiplier tubes.
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What is the difference between LIBS and OES?

The basic components of LIBS and spark-OES systems are shown in Fig. 2. In the case of LIBS,
this includes a laser source, spectrometer, detector and a delay generator for synchronizing the
excitation and detection. In the spark-OES system, a high-voltage pulse source excites a plasma
between the electrode and the sample. The light from the sample is transmitted to a spectrometer
where it can be detected with an array of photomultiplier tubes, a digital camera or a linear
detector array. The spark-OES system requires an electrically conductive sample, while the LIBS
analysis can be performed on any type of sample, including liquid and gas samples.
Generally speaking, the light collection, dispersion and detection can be performed in different ways
in both LIBS and OES systems. Common approaches include using large and highly dispersive
spectrometers with fixed slits and individual detectors, more compact spectrometers with digital
camera detectors, or multiple narrow-wavelength-range spectrometers and linear detector arrays.
The size of both LIBS and OES systems can range from handheld devices to the size of a small
car, depending on the required performance.
In both LIBS and OES, inert gas (typically argon) is often used to ensure a stable environment for
the plasma and, in some cases, to minimize absorption of deep-UV plasma emission by atmospheric
oxygen. In order to protect the spark electrode, OES systems often require a level of continuous
argon flow, even when the equipment is not in use. Since the LIBS system does not have a spark
electrode, argon need only be introduced during the measurement, leading to substantially lower
overall argon consumption in LIBS systems.
Samples for chemical analysis of aluminum are typically cast into standard (often pre-heated)
molds, quenched, and subsequently milled to a certain depth, according to accepted standards (as
defined, for example, by ASTM [2]). Different molds and different casting and milling procedures
may be required for different types of aluminum alloys, due to potential segregation of elements
during solidification.
In a spark-OES measurement, material from a certain area of the milled sample surface is ablated,
as shown in Fig. 3. In cases where the distribution of elements in the sample is inhomogeneous,
this serves to average out the chemical concentration, yielding a measurement result that is more
representative of the average chemical concentration across the surface. Typically, an initial sequence of sparks is also used for pre-melting the sample surface to further improve homogeneity
and reduce the influence of surface preparation on the measurement result. In cast OES samples,
however, gradients in chemical composition may still be present, both radially and with depth in
the sample. Therefore, a measurement procedure must be developed where the milling depth is
selected to yield a result that is representative of the bulk concentration of the initial melt. Typically, samples are also measured within a certain radial range, avoiding the edge and center of the
cast sample.
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Figure 3: Aluminum sample showing marks after three spark-OES measurements (top) and three
LIBS measurements (bottom). The sample diameter is 40 mm.
In contrast, a single LIBS measurement ablates material from a much smaller area, as shown in
Fig. 3. LIBS measurements on solid samples may therefore be more sensitive to local chemical distribution than OES measurements. For this reason, LIBS analysis has been used for high-resolution
2D and 3D chemical mapping of solid samples. An averaged LIBS concentration measurement is
easily obtained by moving the excitation spot and measuring in multiple locations on the sample.
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What are the advantages of LP-LIBS analysis?

Although DTE’s analyzers are fully capable of chemically analyzing solid samples, they are designed
specifically to handle and directly measure liquid metal. For decades it has been recognized that
laser-induced plasma excitation is suitable for analysis of liquids, including molten metal. DTE’s
proprietary and patent-pending LP-LIBS analysis technology has made such measurements possible
at the level of accuracy required by the aluminum industry. Five distinct advantages of performing
chemical analysis directly on the liquid metal are listed below.
• It is immediately obvious that analysis of the liquid metal avoids all the steps of preparing
solid samples for laboratory analysis. In cases where the metal sampling can be automated,
this further avoids any handling of the liquid metal by human operators, improving plant
safety and ensuring repeatable sample handling procedures. From the liquid metal, chemical
information can be obtained in a matter of seconds.
• The LP-LIBS measurement does not suffer from the problem of chemical segregation observed
in solid samples, especially aluminum alloy samples. For a homogeneous aluminum melt, the
LIBS measurement will be representative of the bulk melt concentration, as confirmed by
the high correlation observed between LIBS measurements and the bulk melt concentration
measured by conventional methods [3].
• The LP-LIBS measurement circumvents multiple issues that may arise when measuring solid
samples, including uncertainties related to improper surface finish, cracks or voids, adsorption
of chemicals from the atmosphere, and other potential surface contamination. Furthermore,
the LIBS measurement has no “memory” of previous measurements, as can happen as a
result of electrode contamination in a spark-OES system.
• The LP-LIBS measurement does not permanently alter the sample surface. This is in contrast
to LIBS and spark-OES measurements on solid surfaces that are destructive in the sense that
surface modifications may influence subsequent measurements carried out on the same spot.
In the case of liquid metal, an unlimited number of measurements can be made on a virtually
identical surface, contributing to the stability of the chemical concentration measurement.
With DTE’s analyzers, a measurement-to-measurement stability within 1% of the measured
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Figure 4: Concentration measurements (black symbols) monitoring the dissolution of Mn (left)
and Ti (right) in aluminum melt at 730◦ C. Exponential fits (red curves) are provided as guides
to the eye. During the dissolution phase, the variance of the LIBS measurement (red symbols)
increases dramatically, indicative of a chemically inhomogeneous melt.
concentration has been routinely demonstrated for a range of elements and concentrations,
even with tens of thousands of laser pulses impinging of the sample [4].
• The rapid nature of the automated liquid metal analysis allows for multiple measurements
to be carried out at short time intervals, well beyond what would be feasible with manual
sampling and analysis methods. In this way, dissolution of alloying elements can be monitored
in real-time, as shown in Fig. 4. In the case of an inhomogeneous melt, e.g., where alloying
elements are not fully dissolved, an increased variance will be observed in LIBS measurements,
as clearly observed in Fig. 4. Consequently, the LIBS measurement variance can be used as
a real-time indicator of melt homogenization. Similarly, DTE’s liquid metal analysis has
been used to follow the decreasing concentration of volatile elements in melt samples on a
minute-by-minute basis [4]. Continuous real-time concentration measurements give a much
better picture of the overall process dynamics, as compared to manually collecting individual
samples at longer time intervals for off-line laboratory analysis.
It can be noted that the liquid metal analysis is not affected by thin layers of oxidation on the liquid
metal surface appearing during sample handling or between subsequent laser pulses. This has been
confirmed also for alloys with a high magnesium content, where surface oxidation is significantly
accelerated.
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What is the accuracy of DTE’s liquid metal analysis?

For many of elements, DTE’s LP-LIBS analyzers have been shown to deliver analytical performance
matching that of conventional laboratory (spark-OES) analysis of process samples [4, 5]. In a plant
setting, the main sources of error in laboratory analysis are related to the casting and handling of
the process samples, rather than the OES instrument itself [6].
This section will discuss how the accuracy of particular measurement is defined and show performance data for DTE’s analyzers. Following ISO convention, the term accuracy is understood
here as the combination of trueness and precision. Trueness represents the agreement between the
average of a large number of measurement results and a true reference value, while precision refers
to the closeness of repeated measurements of the same quantity to each other [7]. The precision is
influenced by random error(s) in the measurement, while a deviation between an average of many
measurements and the true value is the result of systematic error(s).
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4.1

Precision

For DTE’s liquid metal analysis, the level of precision is easily determined by observing the variance
of repeated concentration measurements of a given element in the same aluminum melt, assuming
that the concentration of that element is stable in the melt over time. Without getting into
unnecessary detail, it can be stated that the square root of the variance of a large number of such
measurements approaches the proper measurement standard deviation. These terms are often
used quite loosely, however, and the square root of the relative sample variance calculated for any
number of measurements is often referred to as the standard deviation or standard error. In some
cases, it is expressed as a percentage of the value being measured and referred to as the relative
standard deviation (%RSD).
Neither the absolute nor the relative standard error can be specified with a single number as they
will be different for different elements and, furthermore, will depend on the concentration of the
element in question. It can be generally stated, however, that the measurement precision follows
approximately the relationship a + b × C, where a and b are constants and C is the element
concentration. Based on a large number of measurements of different aluminum melts under
controlled conditions it has been confirmed that, in the vast majority of cases, these constants
are within the ranges a =1–20 ppm and b =0.5–2% for DTE’s analyzers. In cases where the melt
temperature is stable, averaging of multiple measurements is possible, due to the non-destructive
nature of the LP-LIBS analysis, further improving precision at the cost of increased measurement
time.

4.2

Trueness

The trueness of the measurement of chemical concentration in the liquid metal is more difficult
to quantify, as is must be compared against a “true” reference value, which may not be easily
determined. Measurements may be compared to conventional spark-OES measurements performed
on samples cast from the same melt. The spark-OES measurement, however, is subject to its own
random and systematic errors, as partly discussed above. The comparison between liquid and
solid samples can be problematic in the case of highly volatile elements, where it is known that
the concentration can change rapidly during the handling of the liquid metal. The majority of
commonly measured elements, however, are sufficiently stable in the melt for the comparison
between melt analysis and solid reference samples to be reliable, provided that the solid reference
samples are collected concurrently with the LIBS measurement and prepared in a careful and
consistent manner.
Customers in primary or secondary aluminum smelters are typically interested in measuring a
particular set of elements in as-produced aluminum or in aluminum alloys, across a defined range
of concentrations for each element. The trueness of the measurement across the concentration
range of interest is best ensured by factory-calibrating the LIBS analyzer over the same or slightly
wider range, using multiple samples of molten aluminum or alloy with varying concentrations of
trace and alloying elements. As a reference, the composition of each melt sample is independently
determined by other methods. This is closely comparable to the factory calibration of spark-OES
analyzing equipment, performed using a wide range of known reference materials. For spark-OES
equipment, separate calibration programs are usually established for specific classes of materials,
i.e., low-alloy aluminum, aluminum-silicon alloys, aluminum-magnesium alloys, etc.

4.3

Factory calibration and confidence intervals

Factory calibration of DTE’s analyzers establishes a relationship between the LIBS analysis and
separate measurements of the composition of individual melt samples. A correlation coefficient
(the so-called Pearson r) between the two data sets can be calculated to represent the quality
of the calibration. For elements that are stable in the melt, DTE has repeatedly demonstrated
a correlation between such sets of measurements exceeding r = 0.999 across a wide range of
concentrations. In practical terms, however, it is better to represent the trueness of the calibrated
readings in terms of confidence intervals across the calibrated range, rather than as a single r value.
6

Figure 5: Left: Correlation between independent measurements of the same parameter, such as
the concentration of a particular element, showing upper (UCL) and lower (LCL) confidence levels.
Yellow lines show how an average of a number of B measurements translates to a prediction with an
uncertainty represented by the confidence interval. Right: An example of a variation in prediction
uncertainty across a calibration range.
The left panel of Fig. 5 illustrates how a relationship is established between two independent sets of
concentration measurements, A and B, that both have an associated measurement uncertainty. A
least-squares fit between the two data sets is performed (this may be a linear or a higher-order fit).
Associated with this fit there will be upper and lower confidence levels (labeled UCL and LCL in
the figure), given by hyperbolic curves. The mean value of a set of measurements of type B on an
unknown sample will therefore correspond to a value A with a certainty defined by the half-width
of the confidence interval. As a result, the prediction uncertainty will vary across the calibration
range as shown schematically in the right panel of Fig. 5. The confidence interval is therefore
influenced by multiple factors, including the number and distribution of points used for calibration
and the respective uncertainties of the two measurement methods being compared, as well as
the concentration being measured. Consequently, the prediction uncertainty for a concentration
measurement of a given element in liquid metal analysis is therefore not a fixed parameter but
depends on the details of the calibration procedure and the nature of the reference measurement. In
principle, with a large enough number of calibration measurements and in the absence of systematic
errors, the prediction uncertainty can be made arbitrarily small.
An example of experimentally determined confidence intervals for selected elements is shown in
Fig. 6. By convention, 95% confidence limits are used here, meaning that for the mean value
of measurements of type B, there is a 95% certainty (±2σ) that the true value according to the
reference measurement will lie within the limits given by the confidence interval. The figure depicts
confidence intervals determined from measurements on molten primary aluminum with added
impurities (from Ref. [3]) and for samples within the 6000-series of aluminum alloys. Generally,
the prediction certainty of the calibrations for most of the elements shown here falls in the range
1–3% of the measured concentration, but for some elements it is in the 3–10% range. In order to
increase prediction certainty even further, DTE is continuously working to collect additional data
on these and other elements and to reduce systematic errors in the analysis and in the reference
measurements.
In a plant setting, the accuracy of liquid-metal analysis will be affected by changes in external
conditions, such as the melt temperature. In cases where it is not possible to ensure a stable melt
temperature, DTE strongly recommends that the analyzer is fitted with a sampling robot and
an induction heating unit. DTE’s portable liquid metal analyzers, on the other hand, perform a
rapid measurement of liquid metal within a defined temperature window during cooling. Due to
an increased uncertainty in the melt temperature, such analyzers will therefore typically not reach
the levels of accuracy offered by stationary analyzers.
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Figure 6: Confidence intervals for measurements of individual elements in DTE’s analyzers, plotted
for primary aluminum with added impurities (red curves) and samples within the 6000-series of
aluminum alloys (black curves). Lines representing fixed percentages of the measured concentration
are shown for comparison.

4.4

Interlaboratory comparison

Accuracy of measurement results between laboratories is regularly evaluated, e.g., through dedicated proficiency test programs conducted by ASTM International. DTE has participated in such
a proficiency test, aimed at comparing different AES methods for the analysis of aluminum. Two
casting alloy samples of unknown composition were distributed to the different laboratories for
analysis.
Interlaboratory test results are often compared using so-called Youden plots, where the Z-score
(deviation from the mean in units of the standard deviation of the full set of measurement results) is plotted for the two samples on the x and y axes, respectively. Results from the ASTM
Aluminum Chemical Analysis test of November 2020 are shown in Fig. 7, illustrating the distribution of results from up to 20 laboratories conducting spark-OES measurements (according
to the ASTM E1251 standard), together with results obtained from DTE’s liquid metal analysis, confirming that for the elements shown the liquid metal provides a level of accuracy in line
with OES laboratory results. The laboratory average composition and standard deviations of
the test samples were Cr 322±14 ppm, Ga 63±5 ppm, Fe 4979±131 ppm, Mg 813±38 ppm, Mn
2973±76 ppm, Ni 1553±60 ppm, Si 5.99±0.10%, Sr 233±40 ppm, Ti 1210±43 ppm (Sample 1)
and Cr 111±6 ppm, Ga 189±17 ppm, Fe 1437±45 ppm, Mg 0.351±0.013%, Mn 224±13 ppm, Ni
109±5 ppm, Si 7.01±0.11%, Sr 124±22 ppm, Ti 1230±58 ppm (Sample 2). In addition, DTE’s
result was within 1 standard deviation for one of the samples for Cu 60±16 ppm and Sn 108±36,
while the concentration in the other sample (Cu 3.4% and Sn 0.1%) was outside range that the
analyzer had been calibrated.

4.5

Conclusion

The accuracy of DTE’s liquid metal analysis is a combination of multiple factors, including the
time available for analysis, the concentration range of elements to be measured and the stability of
external conditions. An exact evaluation of accuracy must therefore be conducted on a case-by-case
basis.
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Figure 7: Youden plots with results of ASTM interlaboratory test, showing results for spark-OES
laboratories (black symbols) and DTE’s result (orange symbols). The inner and outer squares indicate one and two standard deviations of the full set of spark-OES laboratory results, respectively.
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What are the concentration ranges and detection limits?

In Fig. 6 above, confidence intervals are shown for element concentrations ranging from 20 ppm to
1%. For a number of elements, DTE has demonstrated concentration measurements below 10 ppm
[3, 5] and, in some cases, even below 1 ppm [4]. As is the case with measurement accuracy, the
lowest detectable signal is element-dependent and also a function of the measurement conditions.
Furthermore, there are different ways to define the detection limit. A frequently used approach is
to use the expression LOD = 3σB /α, where σB is the uncertainty of the intercept of a calibration
curve such as the one schematically shown in Fig. 5 (left panel) with the y-axis and α is the
linear (first-order) coefficient of the least-squares fit. As was the case with the prediction certainty
discussed above, the σB parameter depends on the number and distribution of points on the
calibration curve. Therefore, calibration curves must be tailored specifically for the determination
of minimum detection limits.
With the above expression, a LOD of approximately 2 ppm was demonstrated in DTE’s liquid
metal analysis for elements Cu,Cr,Mn and Sn in primary aluminum [5]. Further work is required
to conclusively determine detection limits for other elements. In addition, a reference method must
also be used that can provide accurate measurements of ppm-level concentrations. In spark-OES
systems, quantification limits of 1–2 ppm are typical for low-alloy aluminum programs, although
for some elements the quantification limits may be as high as 10 ppm.
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On the high-concentration side, DTE’s liquid metal analysis has so far been used to characterize
molten aluminum alloys with high concentration of alloying elements including Si (up to 11%),
Mg (up to 4.5%), Mn and Fe (up to 1%), and Cu (up to 0.6%). It should be noted that these are
not to be understoof as upper limits for the listed chemicals, the measurement range can in all
cases be extended by establishing the corresponding calibration curves. As in spark-OES analysis,
it is in some cases necessary to use different spectral emission lines as a basis for quantification
of elements in low and high concentration ranges, due to significant non-linearities that may be
present for some emission lines at high elemental concentrations. The CCD-based design of DTE’s
analyzers makes them highly flexible with respect to line selection and no additional hardware is
needed to extend the calibration ranges to higher concentrations.
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How is stable on-site performance ensured?

As mentioned above, DTE’s analyzers are factory-calibrated before shipping, using a range of
molten metal samples of known chemical composition. At the customer’s site, an initial calibration
adjustment and periodic drift adjustments are always recommended. For the most part, this is
a fully automated process that requires minimal intervention from the operator. The customer
is responsible for providing stable electricity (for stationary devices), a supply of clean argon gas
(purity 4.8 or better) at a stable input pressure, and a wired or wireless (for portable devices)
network connection for cloud-based support.
Most analysis devices show some level of measurement drift over their lifetime. In the case of sparkOES systems, short-term drift may, for example, be associated with erosion of the spark electrode,
which must be replaced at regular intervals. Spark-OES devices that are in continuous operation
may require daily recalibration. In DTE’s LIBS-based analyzers, there is no spark electrode and
the plasma generation is highly repeatable. DTE has, in some cases, run stationary equipment for
weeks or months without recalibration. Over time, however, both spark-OES and LIBS systems
may experience a slower drift due to mechanical misalignment, contamination of optics, changes
in detector response, etc.
In DTE’s analyzers, signs of instrument drift are monitored automatically. Minimal manual interventions by the user are required. The spectrometer is autocalibrated with respect to wavelength
drift and the overall spectral response of the system is continuously monitored in order to identify
issues related to contamination, detector response or changes in external measurement conditions.
DTE’s analyzers are equipped with a solid sample of certified reference material that is regularly analysed to confirm stable operation, either automatically or at the request of the operator.
DTE’s cloud-based support can identify problems in operation and inform the user when maintenance steps are required. Finally, if required by the customer, samples of liquid metal can be
manually collected concurrently with a LIBS measurement at predefined intervals and analyzed
using conventional laboratory equipment, such as spark-OES. The frequency of calibration checks
and adjustments will depend on the operator’s accuracy and operational stability requirements.
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