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ATOMIC PERSPECTIVES

Single-Cell Analysis by Inductively 
Coupled Plasma–Time-of-Flight Mass 
Spectrometry to Quantify Algal Cell 
Interaction with Nanoparticles by 
Their Elemental Fingerprint 

Single-cell analysis has recently be-
come a growing research field, and 
has found many applications in a 
variety of disciplines such as bio-
chemistry, toxicology, metallomics, 
and even medical diagnosis and 
pharmaceutics for drug and cancer 
research. Although several analytical 
methods exist for the analysis of indi-
vidual cells and their cellular content, 
this article focuses on highlighting 
the latest applications and trends in 
which inductively coupled plasma–
time-of-flight mass spectrometry 
(ICP-TOF-MS) is applied to single-
cell analysis. The novelty of this 
method relies on the determination 
of the elemental fingerprint through 
the detection of elements intrinsically 
present in cells. By always measuring 
a full mass spectrum, there is no need 
for compromising which analytes are 
measured, and nothing is missed. This 
is particularly beneficial for nanotoxi-
cology studies, where a direct and 
complete picture of the nanoparticle–
cell association is provided.

Lyndsey Hendriks and Lars Michael Skjolding 

The conventional approach 
to determine the bioavailabil-
ity of metals in cells involves 

the acid digestion of a cell pellet 
and a subsequent analysis with in-
duc t ively coupled plasma – mass 
spectrometry (ICP-MS). This proce-
dure has the drawback of requiring a 
large number of cells, and only pro-
vides an average value for a given 
cell population (1). However, cells 
are known to be heterogeneous (2), 
and only their analysis on an indi-
vidual basis using single-cell ICP-MS 
will make it possible to obtain infor-
mation related to their heterogene-
ity (see Figure 1). Single-cell ICP-
MS (sc- ICP-MS) is comparable to 
single-particle ICP-MS (sp-ICP-MS); 
indeed, both techniques rely on the 
same fundamental principles and 
the capability to measure data at 
high time resolution, thereby allow-
ing the acquisition of time-resolved 
transient signals produced by single 
entities, such as (but not limited to) 
nanoparticles (NPs) or cells. Since 

the first seminal paper of Degueldre 
and Farvagner in 2003 establishing 
the basics of sp-ICP-MS (3), the last 
two decades have witnessed a rapid 
maturation of the technique through 
the development and commercial-
ized of improved hardware and 
dedicated sof tware for data pro-
cessing, as well as by a continuously 
growing number of publications. 
The research and ef for ts invested 
i n  s p - I C P- M S h a v e  s i m u l t a n e -
ously benefited single-cell analysis  
by ICP-MS. 

In sc-ICP-MS, the cells are car-
ried in droplets generated by nebu-
lization of the suspension into the 
plasma, where they are successively 
vaporized, atomized, and f inally 
ionized. Each cell produces an ion 
cloud, which is detected as an indi-
vidual spike above the background. 
Similarly, as in sp-ICP-MS, the fre-
quency of the recorded spikes is 
propor t ional to the cell  number 
concentration, and the magnitude 
of these spikes relates to the cell’s 
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element mass. The applicabil i t y 
of this technique was successfully 
demonstrated by determining mag-
nesium levels in algae (4), and was 
fur ther applied in nanotoxicology 
studies assessing the cellular uptake 
of NPs (5–7). 

Although the measurement strat-
egy behind single-cell ICP-MS ap-
pears straightforward, implemen-
tation to obtain reliable data can 
be quite challenging. Besides high 
background from the culture media 
and cell fractionation in the sample 
introduction system, a major bottle-
neck repeatedly reported in single-
cell studies is inefficient transport 
of the cells because of their larger 
sizes, when compared to NPs. In-
deed, conventional systems, which 
usually consist of a cyclonic spray 
chamber, are designed for the in-
troduction of smaller droplets of 
solution, and result in transport ef-
ficiencies of less than 10%. Tailored 
systems for single-cell introduction, 
including improved nebulizers or 

full consumption spray chambers 
(8,9), as well as innovative setups 
(10,11) have been developed and 
tested over the years to ensure a 
high transport ef ficiency of intact 
cells into the ICP, and are key for 
successful analyses. Another limita-
tion relies in the performance of the 
mass analyzer; conventional ICP-MS 
instruments featuring a quadrupole 
or sector-field mass analyzer are re-
stricted to the simultaneous detec-
tion of one to two isotopes at most. 
This is particularly disadvantageous 
when trying to quantify the associa-
tion of NPs and cells in nanotoxicol-
ogy studies. To obtain the full pic-
ture, a simultaneous mass analyzer, 
such as time-of-flight, is beneficial. 

Time-of-Flight Technology
In time-of-flight mass spectrometry 
(TOF-MS), the fundamental prin-
ciple is based on the separation 
of ions based on their f light time 
through a f light tube with known 
length before reaching the detector. 

Having the same kinetic energy after 
a pulse acceleration voltage, light 
ions will travel faster than heavier 
ones. The measured arrival times of 
all ions yields a time spectrum that, 
after simple calibration, can be con-
verted into a mass spectrum. Major 
advantages of TOF mass analyzers 
include no limitations on the num-
ber of isotopes analyzed, and fast 
data acquisition. The latter is par-
t icular ly impor tant when dealing 
with discrete entities such as single 
cells, which produce short transient 
signals < 1 ms.

However, it should be noted that 
TOF technology is not a new con-
cept in the field of single-cell analy-
sis, and was initially introduced in 
2009 by Bandura, with a prototype 
instrument (12) for t ime-resolved 
analysis of individual cells, thereby 
opening the door for the develop-
ment of “mass cytometry” as a new 
field. Mass cytometry instruments 
are ICP-TOF-MS ins truments re-
designed for specif ic single-cell 

(a) Bulk ICP-MS analysis

(b) Single-cell ICP-MS analysis

Time

Time Analyte/cell

Analyte/cell

# 
ce

lls
# 
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Si
g
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l
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g

na
l

Data
Analysis

Data
AnalysisICP-MS

sc-ICP-MS
Dilution

Acid
Digestion

Average

FIGURE 1: (a) After acid digestion of the pelletized cells, the resulting solution is introduced into the ICP-MS by con-
ventional nebulization, where a steady state signal is recorded. In this bulk method, an average value is obtained for 
the thousands of cells contained in the initial pellet, masking the stochastic diversity of individual cells, and assuming 
a homogeneous population. Consequently, minority cell populations (represented by the colors green and purple), 
exhibiting differences in their elemental composition compared to the majority cell population, will pass unnoticed, 
and perfectly illustrates Simpson’s paradox. (b) In single-cell ICP-MS analysis, a dilute suspension of cells is introduced 
into the plasma. Each cell produces a distinct ion cloud, recorded as a signal spike. This approach enables the detec-
tion of each individual cell, and thereby guarantees the conservation of cell variability information. By analyzing cells 
on a cell to cell basis, three distinct populations based on their different analyte content can be recognized rather than 
yielding an average.
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applications (13).The principle of 
this applicat ion is to use s table 
rare ear th metal isotopes to label 
cells, thereby allowing their detec-
t ion through their metal marker 
(14). Similar to fluorescence-based 
f low cytometry, this labeling pro-
cedure enables a multiparametric 
analysis of single cells. Beside a big 
interest in biological research and 
drug screening applications, mass 
cy tometry has also been used to 
detect silver NPs in bacteria cells 
(15). The detection of many intrinsic 
elements is, however, not possible 
with mass cy tometry, because of 
a limited mass range (>80 Da) and 
sample preparation procedures that  
involve staining. 

I C P-TO F - M S  c a n  m e a s u r e  a 
full mass spec trum ranging from  
m/z = 14 to 280 (16), thereby allow-
ing to detect light mass elements 
such as Na, Mg, P, S, K, Ca, Mn, Fe, 
Cu, and Zn. These elements are in-

trinsic elements of a living cell, and 
their distribution (also referred to as 
the cell ionome [17]) can provide in-
sights into the development state of 
the cell (18). For example, phospho-
rous is found in nucleic acids (DNA 
and RNA), and also is an important 
constituent of energy compounds 
in cells, such as adenosine triphos-
phate (ATP), cytidine triphosphate 
(CTP), guanosine-5’-tr iphosphate 
(GTP), and uridine-5’-triphosphate 
(UTP). Sodium and potassium are 
active in the transmission of elec-
trical signals, and zinc is used as a 
catalyst by several enzymes in vari-
ous biological processes. Thanks 
to its simultaneous multi-element 
detection capabilities, ICP-TOF-MS 
can enable fingerprinting based on 
the correlation analysis of multiple 
elements (19). As illustrated in Fig-
ure 2a, magnesium, phosphorous, 
manganese, iron, copper, and zinc 
were identified as fingerprint ele-

ments of the analyzed algae. Con-
sequently, no labeling nor staining 
is required, as the cells are detected 
on the basis of their “natural” ele-
mental fingerprint (20,21). Moreover, 
a more specific fingerprint can be 
acquired by measuring metallic mi-
cronutrients that are specific for a 
certain cell type. Algal cells are rich 
in metallic micronutrients, such as 
Mg, which is a core building block 
for chlorophyll pigment, vital for 
photosynthesis.  As a result ,  the 
metallic micronutrient composition 
can be used as a unique fingerprint 
to c lear ly ident i f y d i f ferent cel l 
species. By measuring metal atoms 
at the cellular level, the goal is to 
achieve a better understanding of 
essential biological processes reg-
ulated by metalloproteins and me-
talloenzymes, thereby unlocking 
the keys to dif ferentiate dif ferent 
states of a cell’s life cycle (22). Al-
though the biochemistry of a cell is 

Sample courtesy of Dr. Amy Managh, Loughborough University
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not utterly reflected by its ionome, 
deeper insights into the cell’s con-
ditions and biological processes in-
side a cell can definitively be gained 
by monitoring changes in the cell’s 
metal content.

By using a TOF mass analyzer as 
a detector, a full mass spectrum is 
systematically acquired, allowing for 
the characterization of the environ-
ment in which a specif ic entity is 
found. Therefore, in the context of 
nanotoxicology, one can easily de-
termine whether NPs are associated 
with cells or not.

Application Example of  
Single-Cell Analysis by ICP-TOF-MS
The analysis of single entities, which pro-
duce mass-limited signals as opposed 
to bulk measurements, requires higher 
sensitivity. Here, the capabilities of the 
specific ICP-TOF-MS (icpTOF S2, TOF-
Werk, Switzerland) used for the analysis 
of single entities (such as single cells or 
NPs), are highlighted in the following  
case study. 

Following the rapid increase in 
the manufac ture and widespread 
use of NPs, nanosafety and nano-
toxicology have been topics of in-
tensive research for the past two 
decades. An important parameter 

in safety assessment studies is the 
analysis and quantification of the 
cellular uptake. 

Owing to their high spatial reso-
lution, transmission electron micros-
copy (TEM) and scanning electron 
microscopy (SEM) are of ten used 
for the localization of NPs in cells 
(23,24). Nevertheless, despite the 
impressive imaging capabilities of 
TEM and SEM, a major drawback of 
electron microscopy-based meth-
ods is the extensive sample prepa-
ration required. Fur thermore, the 
obtained information is qualitative, 
and can be difficult, as well as very 
time-consuming, to interpret with-
out additional elemental quantifi-
cation or automated image analysis 
(25,26). As introduced previously, 
single-cell ICP-MS can also be used 
to quantify cellular uptake of NPs, 
providing information regarding 
the number of NPs associated with 
cells based on the magnitude of the  
observed spikes (5,6).

Three distinct observations are 
then typically expected from single-
cell experiments using sc-ICP-TOF-
MS and sc-ICP-MS:
• detec tion of only NP elements,  

indicating the presence of NPs in 
the solution

• detec tion of only cell elements 
without any NP elements, suggest-
ing that no NPs were associated 
with the cells 

• simultaneous detection of cell el-
ements and NP elements, imply-
ing that NPs were associated with  
the cells.
Depending on the f requenc y 

and the magnitude of the associ-
ated NPs observed, the percent-
age of cells associated with NPs, as 
well as an estimate of the number 
of NPs associated with each algal 
cell, can be determined. In ideal 
cases, a dynamic evaluation of the 
possible increase of NP associated 
with algal cells as a function of both 
concentration and exposure time  
is performed.

In the present case study, algal 
cells were exposed to BaSO4 (NM-
220) for a period of 72 h, and sub-
sequently washed fol lowing the 
procedure proposed by Merrifield 
and associates (5), thereby remov-
ing unbound NPs. Af ter exposure 
and subsequent rinsing in ISO 8692 
algal media (27), the samples were 
expected to contain exclusively algal 
cells with associated NPs, and were 
stored in 15 mL falcon tubes wrapped 
in aluminum foil until analysis.
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FIGURE 2: (a) Transient signal of a raphidocelis subcapitata (a freshwater algal cell), acquired with a time resolution 
of 48 µs. For each data point, a full mass spectrum is recorded, allowing the determination of the cellular fingerprint, 
which consists of Mg, P, Mn, Fe, Cu, and Zn. (b) Algal cells are commonly used in toxicological risk assessment stud-
ies, and were analyzed here after exposure to Au NPs to investigate their uptake. The simultaneous detection over the 
full mass range of the ICP-TOF-MS instrument allows the tracking of cells based on the detection of their elemental 
fingerprint, and enables a direct quantitative measure of the NP-cell association.
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Initial studies using a quadrupole 
ICP-MS instrument setup for sc-ICP-
MS showed the presence of BaSO4 
NPs in the washed cells suspension, 
which were proposed to be associ-
ated with algal cells as illustrated 
in Figure 3a). However, it was not 
possible to confirm this hypoth-
esis as only one element, 138Ba, was 
measured. Consequently, a similar 
experiment was per formed using 
single-cell ICP-TOF-MS (see Figure 
2a). As the elemental fingerprint of 
the analyzed algae cells is already 
known from Figure 2a, only events 
for which Mg, P, Mn, and Fe were 
detected concurrently, were attrib-
uted to algae cells. Surprisingly, 
analysis of the samples using sc-ICP-
TOF-MS showed no association of 
BaSO4 NPs with the fingerprint sig-
nals from the algae cells after expo-
sure for 72h as displayed in Figure 
3b). Moreover, the barium signals 
were detec ted concurrently with 
traces of Mg and Fe. It should be 
emphasized that the Ba signals were 
exclusively observed along with Mg 
and Fe signals but none of the other 
constituents of the algae fingerprint 
were seen. Although it is possible 
that the missing signals were below 
the limit of detection, the observed 
elements did not match previously 
observed fingerprints for the algal 
cells. Without the multiple element 
detection, the detection of NP sig-
nals in the washed cells suspension 
step could easily be misinterpreted 
as NP association with algal cells. 
However, when using ICP-TOF-MS 
it becomes evident that the BaSO4 
NP signals were not associated with 
the algal cell.

These findings triggered the dis-
cussion of new possible mechanisms 
explaining the observed phenome-
non. A plausible explanation is the 
clearance of NPs adhered to the sur-
face of algal cells by, for example, 
release of extracellular polymeric 
substances (EPS). EPS have been 
proposed to be a key factor for the 
bioavailabil i t y of NPs in relat ion 

to algal cells (28,29). An increased 
production of EPS would enable the 
algal cells to shed NP, thus actively 
mitigating uptake or adsorption to 
the exterior of the cell, while the NP 
would still be present in the sam-
ple, in the form of EPS containing 
NP. Although quantitative data on 
this behavior is lacking, this could 
explain the association of the BaSO4 
NPs with Mg and Fe. The presence 
of Fe concurrent with the NP can be 
explained through complexation of 
dissolved Ba with EDTA from the 
ISO 8692 media, added to keep Fe 
in a bioavailable form. Using TEM 
as complementary technique, EPS 
clusters containing NPs can be ob-
served, as shown in Figure 4. How-

ever, the exact mechanism and the 
frequency of the behavior are diffi-
cult to quantify, due to the qualita-
tive analysis and the delicate nature 
of the EPS structures. Sc-ICP-TOF-
MS would enable direct quantitative 
analysis of the phenomenon without 
the need to embed the samples, 
while also analyzing a larger num-
ber of algal cells or EPS clusters 
within a relatively short time span, 
providing robust statistics. Addi-
tionally, sc-ICP-TOF-MS could be 
used dynamically to sample from 
an algal suspension to evaluate the 
frequency of this clearance behav-
ior as a function of concentration 
and time to further understand the 
interaction between algal cells and 
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NP. This line of thought using ICP-
TOF-MS to study the dynamic up-
take and clearance behavior as a 
function of time and concentration 
is not only l imited to algal cells, 
but could be expanded to other 
cell types, such as mammalian cells 
or bacteria used in nanomedicine  
or nanobiotechnology. 

As highlighted through this study, 
although conventional sc-ICP-MS 
using quadrupole MS can be used 
to measure cells on an individual 
basis, it is limited to the simulta-
neous measurement of one or two 
isotopes at most. Consequently, 
even if NP signals are detected, no 
direct association with cells can be 
established. This information is cru-
cial in determining whether the NP 
is, in fact, interacting with the algal 
cell. Fur ther TEM analysis is then 
required to determine whether the 
NP is taken up by the algae, or ad-
sorbed to its exterior. Additionally, 
using ICP-TOF-MS, the ionome of 
the exposed algae can be compared 
with that of control algae, allowing 
the assessment of their condition. 
This information is extremely valu-
able for a mechanistic understand-
ing of algal cell interac tion with 

NP. It could fur ther facili tate the 
development of physiologically an-
chored tools for NP risk assessment 
by assessing precursors for stress 
responses experienced by the algal 
cell prior to the expression of clas-
sical endpoints, such as inhibition of 
population growth.

Conclusion and Future Direction
Sc-ICP-TOF-MS is a new, exciting, 
and fast-growing research f ield, 
which will still benefit from a few 
years before reaching the level of 
mass cytometry in multiparametric 
analysis of single cells. Thanks to 
its improved sensitivity and simul-
taneous full mass spectrum detec-
t ion capabil i t y,  ICP-TOF-MS has 
the capability to detect untagged 
cells based on their elemental fin-
gerprint, thereby allowing for new 
creative experimental designs. For 
example, in addition to measuring 
the direct association of NPs and 
cells, the multi-elemental data re-
corded by ICP-TOF-MS may be used 
to assess the different states of cells 
in response to NP-mediated toxicity. 

A l ternat ively to l iquid sample 
introduc tion, single-cell analysis 
can also be performed using laser 

ablation (LA)-ICP-TOF-MS (30,31). 
By applying the cells on a sample 
holder and rastering over the sam-
ple with a laser, a two-dimensional 
image of the elemental distribution 
across the cells is produced, where 
each pixel contains a full mass spec-
trum. The elemental distributions 
observed in the cells provide addi-
tional insights into various phenom-
ena, such as uptake, accumulation, 
and release on a single-cell level. 
The high spatial resolution of LA-
ICP-TOF-MS images is particularly 
interesting for nanotoxicology stud-
ies, as it enables sub-cellular local-
ization of NPs and the determination  
of aggregates (22). 

Fur thermore, the large amount 
of data generated can be over-
whelming; therefore, it is advisable 
to apply dimensionality reduction 
techniques, such as principal com-
ponent analysis (PCA), commonly 
p e r f o r m e d i n  m a s s  c y to m e t r y 
workflows. Machine learning tools 
could help reduce the dimension-
ality the data, and extract informa-
tion relative to the cell state and 
type, thereby making the classifica-
tion of the data easier. Either way, 
continued ef for ts to improve this 
technique, followed by application- 
driven studies that are not limited to 
nanotoxicology studies, but that can 
be extended to metallomics and cell 
biology, are the necessary steps to 
unveil the potential of ICP-TOF-MS 
for single-cell analysis. 
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CHEMOMETRICS IN SPECTROSCOPY

Classical Least Squares (CLS),  
Part 3: Expanding the Analysis to  
Include Concentration Information 
on Principal Component Regression 
(PCR) and Partial Least Squares  
(PLS) Algorithms 

From the spectra alone, we have 
been able to deduce some inter-
esting things about the behavior of 
data. We can now extend our data 
analysis to apply algorithms that in-
clude the constituent information as 
well. This article examines the be-
havior of data when subjected to 
the popular principal component 
regression (PCR) and partial least 
square (PLS) algorithms. PCR is es-
sentially the same as principal com-
ponent analysis (PCA), but it takes 
the results a little further by relating 
them to known information about 
the composition or other character-
istics of the material being studied. 

Howard Mark and Jerome Workman, Jr.

This is our first exploration into 
evaluating the effect of using an 
advanced calibration algorithm 

on calibration performance. We also 
look at the effects of different algo‑
rithms, different numbers of factors for 
both principal component regression 
(PCR) and partial least squares (PLS) 
algorithms, and different ways to look 
at the results. Although we do not es‑
chew use of the simple numerical mea‑
sures commonly used to evaluate cali‑
bration performance, we consider the 
way the common diagnostic statistics 
change under the different conditions 
to be of much greater importance. 
Therefore, the bulk of our article here 
consists of graphical displays that pro‑
vide much more information that the 
raw numbers alone.

Figures 1, 2, 3, and 4 show the re‑
sults of applying the PCR and PLS cali‑
bration algorithms to the same spec‑
tral data. For each algorithm, volume 

fractions and weight fractions served 
as the constituent values. The results 
are summarized as the residual vari‑
ance. Table I presents the organization 
of these four figures.

As we reported in our previous col‑
umn on this topic (1), the use of five 
chemical components to construct the 
sample set means that theoretically 
there should be only four degrees of 
freedom in the data set. Despite that, 
we discovered that some of the ana‑
lytes required the use of up to six PCR 
or PLS factors. However, artifacts re‑
vealed in the results already presented 
(such as the patterns of residuals seen 
in the data plots) indicate that there is 
more to the story. To ensure that we 
did not miss any important effects, 
we continued the calculations for both 
PCR and PLS analysis to include all 
numbers of factors up to ten factors, 
for each calibration, and we report all 
of those results.
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Effect on PCR Analysis
Figure 1 shows the effect on the resid‑
ual variance of volume fractions. The 
residual variance is the basic measure 
of the error of the constituent value, 
from which statistics such as the stan‑
dard error of estimate (SEE) and stan‑

dard error of calibration (SEC) are cal‑
culated. Principal component analysis 
(PCA) is used to generate the model 
and the constituent is presented as 
volume fraction. Figure 1 shows the re‑
sidual variance for each ingredient at 
the different stages, where they have 

various numbers of principal compo‑
nents included in the calibration. 

We note in Figure 1 that changes 
in calibration performance depend on 
the number of principal components 
used. Some of the ingredients (such as 
methanol and methylene dichloride) 
show large improvements in the cali‑
bration performance for early principal 
components (PCs), whereas for others 
(such as butanol and dichloropropane) 
no appreciable improvement in cali‑
bration performance was noted until 
three or more PCs have been included 
in the calibration model. This observa‑
tion is consistent with the behavior we 
observed in the previous installment, 
where the variance of the spectra also 
required more than the theoretical 
number of PCs (four). We also note in 
Figure 1 that for these latter two in‑
gredients, at least one early PC makes 
no contribution to improvement of the 
performance of the calibration model, 
as marked in the figure.

The calibration per formance of 
these various ingredients is compli‑
cated to describe. Acetone and di‑
chloropropane are two ingredients 
that required more than four PCs 
to produce a calibration where the 
residual error approached the noise 
level. Those two ingredients are also 
the ones for which one or more early 
PCs make very little contribution to 
their calibration per formance. Di‑
chloropropane showed some im‑
provement when the second PC was 
included in the calibration model, 
but the third PC did little to improve 
it further. For methylene dichloride, 
neither of the first two PCs appre‑
ciably improved the calibration per‑
formance. For both of those ingredi‑
ents it required more than four PCs 
to improve the performance values 
to be comparable to the other in‑
gredients. It thus appears that each 
ingredient individually requires four 
PCs to achieve an optimum calibra‑
tion. However, depending on the 
ingredient, these four PCs are not 
necessarily the first four PCs that are 
computed from the spectral varia‑
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FIGURE 1: Residual variance from PCR calibrations for varying numbers of 
principal components included in the calibration calculations and using vol-
ume fractions as the constituent concentrations. Important features of the 
behavior of the data are marked. See text for full explanation.

TABLE I: Designation of figure numbers for the residual variance as a func-
tion of PCR or PLS algorithms, and weight fraction or volume fraction as the 
concentration units

Concentration 
Units

Calibration →→ 
Algorithm PCR PLS

Weight fraction Figure 11 Figure 13

Volume fraction Figure 12 Figure 14
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FIGURE 2: Residual variance from PCR calibrations for weight percent. This 
figure shows varying numbers of principal components included in the cali-
bration calculations and uses weight fractions as the constituent concentra-
tions. Analytes that require more than four PCs are the ones where the lower 
PCs had no effect. In all cases, four PCs explain the variance in the spectra, 
but not necessarily the first four PCs. 
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tions. This finding explains that the 
previous observation (1) required six 
PCs to account for the total spectral 
variability in the data. It is here that 
we see the underlying cause of that 
behavior: Some of the PCs do not 
explain the variance of some of the 
mixture constituents. Therefore, it 
requires more PCs than expected to 
account for all the variance caused by 
all the ingredients, even if only a few 
of the ingredients require the higher  
principal components.

Both butanol and methylene dichlo‑
ride had virtually all of their respective 
variances accounted for by the point 
where four PCs have been included 
in the calibration model. As we see, 
both of these ingredients are indis‑
tinguishably close to the x‑axis by the 
point where four PCs are included in 
the model. Moreover, while dichloro‑
propane required the full six PCs to 
reach zero residual variance, acetone 
only required five despite the fact that 

the first two PCs made little contribu‑
tion to the calibration performance for 
this ingredient; all the “heavy lifting” 
for this constituent was done by PCs 
4 and 5. For butanol, the major con‑
tribution to calibration performance is 
attributed to PCs 3 and 4.

Now let’s compare the results from 
calibrating for weight fractions to what 
happens when the constituent concen‑
trations are expressed as volume frac‑
tions. Figure 2 presents the application 
of the PCR algorithm on the dataset we 
have been exploring, using the weight 
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FIGURE 3: Residual variance from PLS calibrations for varying numbers of 
principal components included in the calibration calculations, and using vol-
ume fractions for the constituent concentrations.
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fraction for the “concentration.” This is 
exactly analogous to our previous dis‑
cussion except using weight fractions 
instead of volume fractions.

Comparing the ef fec ts on per‑
formance in Figure 1 with the cor‑

responding ones in Figure 2, we see 
that the same effects are operative. In 
Figure 1, however, the way they affect 
the performance‑versus‑number of 
PCs agreement in a clearer way than 
in Figure 2. On the other hand, there 

is the same tendency for only two of 
the PCs to account for most of the re‑
duction in error, for acetone, methanol 
and butanol, as there was when the 
analyte concentration was expressed 
as volume fraction in Figure 1.

We noted above that for acetone 
and butanol the value of the residual 
variance became indistinguishable 
from the x‑axis when the first four 
PCs are included in the model. When 
weight fractions are used for the con‑
stituent concentrations, however, 
there is still some variance not ac‑
counted for at that point, as evidenced 
by the fact that for both constituents, 
there is a noticeable space between 
the graph point corresponding to four 
PCs and the x‑axis, when the units of 
the constituent are weight fractions.

This is a fine point, but it raises an 
important question: Why is the re‑
sidual variance for four PCs smaller 
when volume fractions are used? We 
attribute that behavior to the fact that 
the first four PCs are in fact enough 
to account for the real spectral vari‑
ability of the data when volume frac‑
tions are used, and this is consistent 
with our previous findings. When 
weight fractions are used to describe 
constituent concentrations, however, 
there is additional variance due to the 
nonlinear relationship between this 
component “concentration” value 
and the spectral data. This excess 
variance is not present when volume 
fractions are used; therefore, there is 
no excess variance to show up in the  
volume–fraction plot. 

The same PCs are computed in 
both cases (because the computation 
of PCs do not involve the constituent 
values), and because PCs are orthog‑
onal, those that improve the calibra‑
tion performance will make the same 
contribution to that improvement re‑
gardless of the presence or absence of 
other PCs. Thus, equivalent calibration 
performance for any given ingredient 
should be obtainable by including only 
those PCs in the calibration model 
that contribute to the improvement of 
the performance for that ingredient, 
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FIGURE 5: PCR predictions for dichloropropane using five principal compo-
nents. (a) Residuals for weight fractions versus predicted values and (b) re-
siduals for volume fractions versus predicted values.
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FIGURE 4: Residual variance from PLS calibrations, for varying numbers of 
principal components included in the calibration calculations, and using 
weight fractions for the constituent concentrations.
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answering the question posed above 
(“why is the residual variance for four 
PCs smaller when volume fractions are 
used?”). The answer to that question 
is based on the same considerations 
we concluded previously: The excess 
PCs are attempting to compensate for 
the nonlinear behavior of the relation‑
ship between the weight fraction and 
the spectroscopic measurement. Thus 
we see that it is not necessary, and in‑
deed it is to be likely counterproduc‑
tive, to include excess numbers of PCs 
in a calibration model (conventionally 
called “overfitting”) solely because 
the software being used requires that 
all PCs from the first to the nth be in‑
cluded in the model. If nothing else, 
it will add unnecessary noise to the 
results of the computation.

Effect on PLS Analysis
Figures 3 and 4 present graphs cor‑
responding to Figures 1 and 2 but 
show the results of performing PLS 

analysis on the data instead of PCR 
analysis. Not surprisingly, the graphs 
are very different from the ones in 
Figures 1 and 2. This results from 
the nature of the two algorithms and 
the differences between them. The 
extraction of the spectral variance 
by PCR is performed independently 
of the constituent values, and each 
PCR loading indicates only the actual 
changes that result from the spectra of 
the constituents and their respective 
concentrations. As we noted above, 
the same PCR loading is therefore cal‑
culated regardless of the constituent 
under consideration for the calibra‑
tion. In the case of PLS, however, the 
calculation of each loading includes 
a contribution from the constituent 
for which the calibration is being per‑
formed, and each loading differs from 
the corresponding loadings for the 
other constituents. The result is that 
each PLS loading is optimized for the 
constituent it was generated to cali‑

brate for, and therefore includes the 
maximum amount of variance from 
that constituent. It is nearly impos‑
sible, therefore, for any PLS loading 
to not include some of the remaining 
variance in either the constituent or 
spectral values; therefore, there can‑
not be any PLS loadings which do not 
remove variance from the data as, for 
example, the second and third PC did 
for acetone in Figure 1, or the third PC 
did for dichloropropane, in Figure 1.

The mathematical properties of 
the PLS analysis thus overwhelms the 
inherent properties of the spectral 
data itself while some small vestiges 
remain. Figure 3 notes the shape and 
rate of descent of the plotted values of 
the residual variance of acetone, and 
compares that with the corresponding 
plotted values of dichloropropane in 
Figure 4. In both cases, the speci‑
fied values of residual variance are 
the largest in their respective plots; 
furthermore, the shapes of these two 
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plots are very similar. Similar effects 
can also be seen for all the other con‑
stituents as well.

Although we cannot include all the 
graphs we created in this column, 
we would be remiss if we did not in‑
clude at least a minimum number of 
examples of the utility of examining 
residual plots. Figure 5 presents two 
residual plots for dichloropropane. 
These plots are both results obtained 
from performing PCR analysis of the 
data, and plotting weight fractions 
and volume fractions, respectively, 
against the PCR predicted values. 
The curvature of the weight fraction 
plot is observable while the corre‑
sponding plots using volume frac‑
tions can be seen to be free from any  
noticeable nonlinearity. 

Direct plotting of the weight frac‑
tion and volume fraction plots against 
the PCR predicted values nearly erases 
the distinctions between the differ‑
ent cases; to the unaided eye, they all 
look like straight lines. It is possible 
to aid the eye by overlaying an actual 
straight line onto the graph. Then the 
difference between the weight frac‑
tion and volume fraction graphs can 
be observed, as can be seen from the 
plots on the CD, although we cannot 
include them here. 

Conclusions
Our previous result (1) showed that 
the data do not conform to the theo‑
retical expectations for the number of 
PCs needed to account for all of the 

spectral variance. This was a mystery 
until we saw the results reported here. 
Now we see that, because the PCs are 
computed solely from the spectral 
data, the use of different units for the 
constituent values cannot play a di‑
rect role in the need for those “extra” 
principal components that are com‑
puted. But figures 1 and 2 give us a 
clue as to the reasons why that hap‑
pens nonetheless. In the absence of 
any prior information, we might ex‑
pect that each PC would account for a 
more‑or‑less equal amount of variance 
from the spectrum of each constitu‑
ent. Figures 1 and 2, however, show 
that is not the case. The first PC, for 
example, accounts for almost none of 
the acetone or butanol variance. The 
second PC accounts for almost none 
of the acetone or dichloropropane 
variance. We can see in Figure 1 that 
in several places, variance resulting 
from one or another particular PC is 
unaffected; several of these places are 
marked on the figure. 

In the end, however, each of the 
constituents individually requires 
that four PCs contribute to the ac‑
commodation of the variance of that 
constituent and are therefore needed 
to remove all the variance from the 
data. Given, however, that for some 
constituents the early PCs do not re‑
duce the variance, more than four total 
PCs are needed to explain the total 
variance of the data set. The conclu‑
sion previously ascribed (2) solely to 
the nonlinear relationship between 

spectroscopy and “concentration” 
expressed in incorrect units is now ad‑
ditionally seen to have another cause 
as well: It is a consequence of the di‑
rect relationship between the physical 
property (density) and mathematical 
properties (order of calculating PCs) 
of the spectroscopic data measured 
on samples affected by that physi‑
cal property, and thus is only part of 
the explanation for the need for  
“extra” factors.

This finding is probably the most 
unexpected and surprising outcome 
from the analysis of this dataset. The 
finding that using the correct units for 
expressing concentration improves 
the analytical results and also makes 
the models more robust and repro‑
ducible is not nearly as dramatic, nor 
as much fun to use, as the application 
of increasingly complicated and so‑
phisticated multisyllable chemometric 
methods. Nevertheless, being arrived 
at, and connected by a pure physical 
and chemical basis, it can improve the 
accuracy as well as our confidence in 
the results we obtain. Furthermore, 
contrary to our statement at the be‑
ginning of this subseries (1) about the 
state of near–infrared (NIR) spectros‑
copy analysis, we have now connected 
this field of endeavor to the rest of the 
universe of physical and chemical phe‑
nomena. There is still much to learn 
about the details, but now we can go 
in the right direction without being 
misled by the chemometric algorithms 
whose inner workings are impossible 
to understand.

Other Conclusions
Our study also yielded several other 
important conclusions that are worth 
highlighting. For example, even 
though the number of PCs needed to 
explain the variance introduced by the 
mixtures in the data set equals theo‑
retically expected value, these are not 
necessarily the first n factors.

We also concluded the following for 
several chemical compounds: For the 
methanol results, there was a curva‑
ture seen on calibrations for weight%. 

TABLE II: Reference laboratory values and spectroscopic predicted values 
have several source differences that are worth noting.

KNOWN SOURCES OF DIFFERENCE BETWEEN REFERENCE LAB AND 
PREDICTED VALUES

1. Optical scatter
2. Random error in reference (Y) values (reference lab error)
3. Random error in predicted (X) values magnified by calibration model
4. Instrumental nonlinearities (stray light, detector saturation)
5. Intrinsic nonlinearity in Y values (wrong units)
6. Induced nonlinearity in X values (interactions)
7. Calibration issues (“wrong” data transforms,  or “wrong” 

calibration algorithm or choice of factors)
8. Unknown relation between spectrum and composition
9. Sample inhomogeneity
10. Calibration algorithm attempts to accommodate all the 

above (may favor one phenomenon or another)
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We observed that it was masked by 
random variations at a low number of 
factors, and it was visible at a medium 
number of factors. The calibrations 
were reduced at a high number of fac‑
tors and not observed on calibrations 
for volume%.

Meanwhile, for the dichloropro‑
pane results, we observed that the 
weight% exhibits a curvature at a low 
and high number of factors, and that 
the volume fraction shows no curva‑
ture at a low number of factors while 
reversing the curvature at a high num‑
ber of factors, which “overcorrects”  
the non‑linearity.

The PCR and PLS calibrations need 
the number (n) of factors expected 
from mathematical considerations. A 
possible explanation for the results 
is that the calibration algorithms re‑
duce the random error contribution 
to the SEC but leaves the system‑
atic error (such as the nonlinearity)  
relatively unaffected.

There were three regimes for op‑
erative changes to performance sta‑
tistics: 1) Calibration corrects for ac‑
tual changes in sample composition, 
2) calibration accommodates itself to 
random noise, and 3) calibration ac‑
commodates itself to the nonlinearity 
of data.

Whether the effects 2 or 3 domi‑
nates depends on the data, and 
can change during the course of  
the calibration. 

In addition to the above, we present 
here an expanded version of Table II 
from (1) listing the known sources of 
differences between the reference lab 
and predicted values.
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Steve Buckley

LASERS AND OPTICS INTERFACE

Lasers at the Intersection of Material 
Processing and Spectroscopy,  
Leading to Developments in 
Laser Ablation and LIBS

Material processing applications 
are one of the key drivers for laser 
development. Major intersections 
between the industrial world of la-
ser-based material processing and 
spectroscopy exist, with needs and 
advances in one area often driving 
innovation in the other. Here, we 
discuss evolutions in instrumenta-
tion in laser-induced breakdown 
spectroscopy (LIBS) and laser ab-
lation resulting from the explosive 
development in laser technology 
devoted to materials processing. 
Current industry participants and 
new products are discussed.

From the standpoint of technol-
ogy and science in laser ablation 
and laser-induced breakdown 

spectroscopy (LIBS), large gains have been 
made in the past decade; our understand-
ing has never been better. At the core, 
many of these advances in science have 
been enabled by developments in laser 
technology driven by the rapid growth of 
the market for lasers in industrial materials 
processing, welding, and manufacturing. 
The industrial lasers market is between $4 
billion and $6 billion per year, depending 
on the definition, and growing at a com-
pound annual growth rate of between 6 
and 10%. The competition between types 
of lasers (such as CO2, fiber laser, and 
diode-pumped solid state) for particular 
applications has driven innovations in the 
lasers and dramatic reductions in cost. On 
the 60th anniversary of the invention of 
the laser, it seems appropriate to highlight 
these developments.

Highlights in Industrial  
Laser Development
One of the big news items in lasers over 
the past decade, as has been covered in 
previous installments of this column, has 
been the rise in fiber lasers. By pumping 

a gain medium into specialty fiber, a wide 
range of laser energies and pulse dura-
tions can be realized. Prices start below 
$10K USD. Moreover, fiber lasers have the 
most flexible deployment of all laser types, 
because they are already obviously fiber 
coupled. Hence, delivery from robotic plat-
forms or relatively far from the laser source 
is easily possible.

SPI Lasers makes a range of industrial 
fiber lasers that spans from 20 W to 10 kW, 
with lower-energy versions having a range 
of pulsewidths from 3 ns up into the mi-
crosecond range, while the higher-energy 
versions have both continuous-wave and 
modulated modes of operation. Market 
leader Coherent focuses on the 1–10 kW 
range for its fiber lasers, providing widely 
adjustable beam qualities to optimize for 
various industrial processes, including 
laser welding, drilling, cutting, and surface 
treatment. Technology leader nLIGHT has 
optimized their CW fiber lasers for metal 
cutting and working, with variable beam 
shapes and powers available from 500 
W to 15 kW, while IPG Photonics makes 
high-powered continuous-wave fiber la-
sers up to 100 kW, and has product over 
a broad spectral range from 512 nm to  
2.05 micrometers.
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NKT Photonics, Amplitude, and IPG Pho-
tonics are leaders in femtosecond fiber la-
sers for industrial applications. All three have 
lasers that cover the sub-500 fs range to 
approximately 20 ps, with a range of pulse 
energies and average powers up to 50 W. 

Beyond femtosecond fiber lasers, solid-
state femtosecond lasers have gotten 
much more rugged. For example, the Light 
Conversion Pharos systems provide be-
tween 190 fs and 20 ps pulses, at variable 
energies up to 2 mJ per pulse, repetition 
rates from 1 kHz to 1 MHz, and average 
power up to 20 W. Based on a Ytterbium 
gain medium, they have a fundamental 
wavelength of 1030 nm, and lasers are 
available including any of the harmonics 
to the 5th harmonic, 206 nm. These me-
chanically rugged packages are used in 
machining workstations.

Diode-pumped solid-state lasers have 
also come far in the past decade. Prices for 
laser diodes have fallen dramatically as de-
mand for the reliability of diode-pumped 
over flashlamp-pumped Nd:YAG and other 
solid-state lasers has increased. These la-
sers have thus provided a cost-effective so-
lution, with typically the highest wall-plug 
efficiency in a compact package. Along 
with excimer lasers, they are often used in 
semiconductor processing, where short 
wavelengths are key for producing small, 
diffraction-limited features.

Coherent and nLIGHT are examples 
of innovators in different domains of the 
diode laser space. While nLIGHT produces 
highly compact, high-brightness lasers up 
to 400 W in a handheld size, Coherent pro-
duces fiber-coupled diode systems largely 
in the higher-power range, between 1 and 
10 kW. Several other manufacturers also 
compete in this space. 

The other innovation in lasers for ma-
terial processing has been the advent 
of sealed-cavity CO2 lasers. Traditional 
flowing-gas CO2 lasers are large installa-
tions, and have substantial ongoing costs 
for gases and maintenance. Sealed CO2 
lasers became mature in the marketplace 
approximately a decade ago, and are val-
ued for their high power, continuous out-
put, compact size, and low cost. Leading 
producer Synrad has produced more than 
250,000 sealed-cavity CO2 lasers.

The materials processing-related in-
novations in lasers have fed directly into 
the scientific arena, powering innovations 
in laser ablation and LIBS systems. In fact, 
prior knowledge about laser-material in-
teractions allows proper laser selection in 
the industrial arena, and has spurred the 
developments noted above, in a virtuous 
cycle. Let’s investigate some of the devel-
opments that these lasers have allowed in 
the scientific arena.

Evolutions in Laser Ablation
Laser ablation creates aerosols that can be 
analyzed by inductively-coupled plasma–
mass spectrometry (ICP-MS) or time-of-
flight mass spectrometry (TOF-MS), among 
many downstream analysis methods. This 
method was pioneered on solid geological 
samples, but has been extended to many 
other types of samples. These laser ablation 
front ends are typically coupled to ICP-MS 
systems from manufacturers such as Agi-
lent, Thermo Fisher, or Nu Instruments, or 
TOF-MS from TOFWerk. 

The biggest advantages in laser ablation 
from new laser technologies have come 
from the dramatically increased reliability of 
femtosecond systems over the last decade, 
combined with lower cost, as well as the ad-
vent of long-lifetime excimer lasers that min-
imize halogen gas handling. Femtosecond 
lasers allow athermal removal of material, 
because the laser pulse duration is shorter 
than the typical phonon relaxation time, so 
no heat is transferred during the femtosec-
ond laser pulse. The near-stoichiometric 
removal of material that results minimizes 
the need for inter-element corrections that 
are required for longer-pulse lasers. Excimer 
lasers and quintupled Nd:YAG lasers are fa-
vored because of their short (193 nm and 
216 nm) wavelengths that are absorbed well 
in many “transparent” materials, allowing 
analysis of glass or particular minerals.

Through industry consolidation, several 
of the players in laser ablation have changed 
names in recent years. The biggest merger 
was the purchase of CETAC Technologies 
by Teledyne, followed by the subsequent 
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purchase of Photon Machines, which is cur-
rently doing product development for Tele-
dyne CETAC. This combination has yielded 
the greatest breadth of products available 
from any single manufacturer. Prior to the 
combination, CETAC offered ablation sys-
tems based on Nd:YAG platforms, while 
Photon Machines offered excimer and 
femtosecond laser-based platforms. Today, 
they offer 193 nm excimer-based systems, a 
213 nm Nd:YAG system, and a femtosecond 
system. The femtosecond system is based 
on the aforementioned Pharos laser by 
Light Conversion. The system can provide 
more than 1.5 mJ (on-sample) per pulse, 
with spot sizes ranging from 1 to 65 µm at a 
fundamental wavelength of 1028 nm. 

In addition, Teledyne CETAC also offers 
the Fusions CO2 and the Fusions Diode 
stepped heating systems. These devices 
provide highly controllable heating to 
solid samples, allowing measurements of 
evolved gases, such as for geochronology 
studies. The sealed-gas CO2 system oper-
ates at the fundamental 10.6 µm wavelength 
of the CO2 laser, while the diode laser-based 
system runs at 970 nm. Both depend on 
highly stable and rugged industrial lasers 
for long lifetimes.

Another change of hands happened 
when Elemental Scientific Inc. (ESI) pur-
chased the laser ablation division of Elec-
tro Scientific Industries (also ESI) in 2017. 
This rather confusing non-change of 
initials brought back the New Wave Re-
search brand that had been purchased 
by Electro Scientific Industries in 2007. For 
those interested, they also brought back 
the flashlamp-pumped research work-
horse Tempest Nd:YAG laser. The newly 
formed subsidiary is called Elemental  
Scientific Lasers. Similar to Teledyne CETAC, 
they offer YAG, excimer, and a femtosecond 
laser ablation system based on the Pharos 
laser. Notably, they also offer a dedicated 
system for biological samples, optimized for 
low fluence, to prevent sample damage and 
fast washout times of the sample cell into 
the analyzer to optimize resolution. 

A new application for laser ablation 
is the introduction by Zeiss of a laser 
ablation–based sample preparation 
step into its Crossbeam SEM. A diode-
pumped solid-state laser/crystal fiber laser  

generates >350 fs pulses (10 µJ at 1 MHz) to 
burrow into a solid sample, exposing fea-
tures at depth for detailed analysis by the 
scanning electron microscope. This novel 
combination is intended for rapid failure 
analysis in semiconductor manufacturing.

Offering products in both laser ablation 
and LIBS, Applied Spectra offers a new 
compact femtosecond system, as well as a 
combined laser ablation and LIBS system. 
This system has a compact sample cham-
ber with a laser ablation sample cell, and 
can collect LIBS emission along with laser 
ablation solid sampling.

Evolutions in LIBS
The landscape of the product offerings 
in LIBS is changing with the changing mix 
of laser sources as well. While flashlamp-
pumped Nd:YAG lasers still predominate 
in the research laboratory, as the best per-
formers in terms of cost per laser power, 
more applied and industrial systems are 
using fit-for-purpose lasers.

Ocean Insight (formerly Ocean Optics) is 
building bespoke LIBS systems using both 
high-energy DPSS lasers and fiber lasers. 
The DPSS lasers are favored for their com-
bination of high energy and long lifetimes, 
allowing them to create plasma on more 
refractory materials, such as minerals and 
soil, while remaining sealed and in-service 
for lengthy periods. The fiber lasers are 
used on materials that are easier to create 
plasma on, such as metals. These also have 
long lifetimes, and the high repetition rates 
are useful for in-process measurements. El-
emission, Inc. was one of the first to use fiber 
lasers commercially, and has built systems 
for core analysis and slurry analysis. Among 
the first uses of fiber lasers for metals analy-
sis were researchers led by Mohamad Sab-
sabi and François Doucet at the National 
Research Council (NRC) Canada.

Lightigo s.r.o, a startup in the Czech city 
of Brno, has introduced a new LIBS desktop 
called the Firefly, that has a motorized stage, 
gas handling, and a variety of spectrometer 
options, and uses a diode-pumped Nd:YAG 
laser at the fundamental, second, or fourth 
harmonic. Secopta of Berlin, Germany, has 
a desktop and industrial systems based on 
fiber lasers, as well as a DPSS-based indus-
trial system. Another relatively new entrant, 

Leica Microsystems, has recently introduced 
the DM 6 LIBS, a confocal microscope for 
inspection that also incorporates a LIBS 
system for chemical contamination analysis 
and microstructure contamination analysis.

As with the laser ablation systems dis-
cussed above, many of these new LIBS sys-
tems just mentioned are reliant on DPSS 
and fiber lasers that until recently were not 
available with the features or at the price 
points that would have made them viable 
solutions for incorporating into scientific and 
industrial spectroscopy devices. A decade 
ago, nearly all of the lasers in LIBS systems, 
for example, were flashlamp-pumped 
Nd:YAG lasers, and laser ablation systems 
were just emerging with femtosecond lasers 
that at the time were still very high-mainte-
nance and potentially unstable. 

Conclusion
On the 60th anniversary of the laser, it 
seems fitting to note that what was a labo-
ratory curiosity in 1960 is now very much a 
part of our industrial toolset, and that many 
of the tools that we take for granted in the 
laboratory rest on innovations in the laser 
that were spurred on by its wide adoption 
in industry. Truly, the laser has “crossed 
the chasm” from scientific innovation to 
the mainstream, and is now reaching back 
across that chasm to spur new science and 
new discoveries in a variety of fields of study. 
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Quantitative Analysis of Sodium in 
Aqueous Samples Using Laser-
Induced Breakdown Spectroscopy 
with a Thermoelectric Cooler  
as the Sample Preparation Method

In this work, a microcontroller-
based thermoelectric cooler (TEC) 
system was proposed as a sample 
pretreatment method to freeze liq-
uid samples prior to laser-Induced 
breakdown spectroscopy (LIBS) 
analysis. Initially, direct laser irra-
diation of liquid and frozen NaCl 
solutions were analyzed, and later 
analyses were focused on laser ir-
radiation of the frozen NaCl solu-
tions under different temperatures. 
The direct irradiation on aqueous 
NaCl was carried out at concentra-
tions ranging from 0.2 to 2.5 mol/L. 
The irradiation of the frozen NaCl 
solutions showed a much lower 
detection limit (2.5x), higher sig-
nal-to-noise ratio (S/N) (3x), and 
improved precision and accuracy. 
The analysis of the frozen NaCl so-
lutions at different temperature led 
to higher S/N as the temperature 
was kept constant at the freez-
ing point of -1, -2, and -3 °C for  
each 0.2, 0.5, and 1.0 mol/L frozen 
samples, respectively. 

Hanin Athirah Harun and Roslinda Zainala  

Laser-induced breakdown spec-
troscopy (LIBS) is an atomic 
emission spectroscopy technique 

that uses a pulsed laser beam to initiate 
plasma from the ablated target sample 
including solids, gases, liquids, and aero-
sols (1). The plasma emits light from the 
excited species, thereby generating a 
spectrum through a spectrometer and 
detector, providing spectral fingerprints 
characteristic of the chemical species in the 
target sample (2). Despite limitations of the 
LIBS technique, including lower detection 
sensitivity (parts-per-million range), other 
analytical techniques, including atomic 
absorption spectroscopy (AAS), tend to 
be more time consuming, whereas in-
ductively coupled plasma–optic emission 
spectroscopy (ICP-OES) and inductively 
coupled plasma–mass spectroscopy (ICP-
MS) have higher operational and functional 
costs (3). LIBS has proved to be useful in 
numerous fields as a result of its ability to 
analyze various types of samples, collect 
real time data, adapt to diverse experimen-
tal surroundings, and assess remote mate-
rial (1,2,4). There have been a number of 

recent LIBS applications, such as aiding the 
aluminum electrolysis industry (5), monitor-
ing corrosion behavior in molten metal (6), 
analyzing gold- and silver-bearing minerals 
(7), and diagnosing human malignancies 
(8), among many others.

Although LIBS has provided excellent 
results in the quantitative and qualitative 
analysis of solid samples, less attention has 
been given to analyses inside a bulk liquid 
or on a liquid surface. The most common 
problems in liquid samples are shorter 
plasma duration, splashing, and surface 
ripple, resulting in more noise and less 
stability, which has lead to poorer figures-
of-merit, and a shorter plasma lifetime 
(9,10). To overcome these inherent draw-
backs, several experimental configurations 
have been derived, such as horizontal (11) 
and vertical (12,13) liquid jet systems for 
laminar flow, liquid-to-aerosol conver-
sion (14,15), and sample preparation (such 
as liquid sample in droplet form (16–18) 
and liquid-to-solid matrix layer conver-
sion (10,19) methods. However, some of 
these alternatives involve a more com-
plicated experimental setup that is not 
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practical for real-time measurements or for limited quantities or  
hazardous samples (20). 

The ablation of solids provides several benefits, such as lower 
threshold laser energy and higher sampling acquisition rate. 
Therefore, liquid-to-solid sample phase conversion by freezing 
is a suitable method for maintaining the sample-inherent homo-
geneity and reducing splashing, thereby providing improved 
LIBS measurement and emission enhancement (21,22). To yield 
higher LIBS measurement accuracy, it is also critical to maintain the 
frozen sample temperature because of its relation with ablation 
rate and plasma intensity (23). In the literature, most of the studies 
have used liquid nitrogen for the purpose of freezing the sample 
(21,22,24). However, using liquid nitrogen (N2)could cause difficul-
ties in maintaining the precise sample temperature, because liquid 
N2 is also affected by ambient temperature.

To improve the quantitative accuracy of liquid analysis using 
LIBS, a thermoelectric cooler (TEC) system is proposed in this 
study. This present work serves as the continuation of our previ-
ous paper (25) on the feasibility of using TEC to facilitate a liquid-
to-solid sample phase conversion for LIBS applications. The TEC 
is a thermoelectric energy conversion device that employs the 
Peltier effect by delivering heat energy from one side of the device 
(heat source) to the other side (heat sink). The Peltier effect oc-
curs when two different semiconductor materials that are n-type 
and p-type are joined together with an electric current passing 

through its junction. When voltage is applied at both free ends of 
the semiconductors, the direct current flows across the material 
junction, leading to a temperature difference. By adjusting the 
power supplied to the TEC circuit, the temperature of the device 
can potentially be controlled. This can be done by applying pulse 
width modulation (PWM) modification to control the amount of 
power delivered to the TEC (26). TEC devices also requires no 
maintenance or complex water distribution pipes, and bonus fea-
tures include longer lifetime, environmental friendliness, satisfac-
tory performance, noiselessness, and lighter weight (27).

In contrast to the previous study, this microcontroller-based 
system was upgraded to simultaneously control the sample tem-
perature and monitor the temperature reading acquired from a 
temperature sensor. The main objective of this study is to deter-
mine the relationship between the frozen sample temperature 
and the emission intensity enhancement of its LIBS spectra. The 
aqueous sodium chloride (NaCl) samples were frozen at five dif-
ferent temperatures (≤0 °C), with the subsequent LIBS spectra of 
each temperature being compared and discussed to evaluate the 
influence of the sample temperature on signal-to-noise ratio (S/N). 

The second objective is to evaluate the figures-of-merit analysis 
of the frozen samples, and compare it to the analysis acquired with 
LIBS performed on the surface of NaCl solution, thereby proving 
the upgraded TEC system’s ability to improve LIBS measurements. 
NaCl has been chosen as the sample not only because NaCl so-
lutions are present in a variety of products used in the medical 
sector (for example, isotonic and saline solutions) (11), but because 
NaCl solutions also test the ability of the system in freezing them, 
despite their lower freezing point. To do so, NaCl was quantitated 
using emission from atomic sodium. In essence, the samples were 
analyzed in two ways: first, as liquid and frozen specimens, and 
second, as frozen specimens with different temperatures.

Materials and Methods
Sample Preparation
The samples were prepared from 99.9% vacuum salt diluted in 
deionized water. The samples were then stirred to ensure homo-
geneity. Nine concentrations, ranging from 0.2 to 2.5 mol/L, were 
investigated. They were sorted in two categories for use as cali-
bration samples (0.2, 0.5, 1.0, 1.3, 1.5, 2.0, and 2.5 mol/L) and test 
samples (0.7 and 1.8 mol/L). For direct analysis, liquid samples were 
placed inside a 3.5 cm³ cylindrical aluminum foil sample holder, 
while the TEC system was used to freeze the samples to obtain 
the required frozen NaCl solution prior to ablation. 

TEC System Instrumentation
Figure 1 shows the basic layout of the TEC system. This system 
includes a microcontroller attached to a computer using a uni-
versal serial bus (USB) cable, a power supply unit (PSU S-360-
12), a metal oxide semiconductor field effect transistor (MOS-
FET UO4), a thermoelectric cooler (Peltier module TEC1-12715) 
with attached heat sink and fans (also connected with a PSU), 
and an LM335 temperature sensor. In this study, an inexpen-
sive open source microcontroller known as Arduino was used.  
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This microcontroller board is based on the 
Atmega328P microprocessor, developed 
with the aim to create control devices for 
various projects (28). Several of its platform 
applications include its use as an ultrasonic 
radar system (29), in agriculture (28), and  
in construction (30,31). 

The Arduino IDE is able to run on all 
major operating systems, while also sup-
porting simplified C/C++ programming 
language. Its conventional code consists 
of two main functions. The first, setup, 
indicates the beginning of the program 
with the intention to set the environment 
where the program will run. The sec-
ond, loop, is where the function will be 
called repeatedly until the board pow-
ers off. Both functions were compiled 
and linked with a program main into an 
executable cyclic executive program (32). 
This IDE feature was then executed on 
a computer to help monitor and control 
the sample temperature. Pulse width 
modulation (PWM) is employed to con-
trol the power of the Peltier TEC device 
by adjusting the duty cycle. PWM is a 

technique applied for controlling analog 
circuits with digital outputs of the micro-
processor (33). Increasing the duty cycle 
would also increase the power consump-
tion of the TEC, thereby lowering the  
sample temperature.

LM335 is a compact, low-cost tem-
perature sensor device that provides an 
output voltage linearly proportional to 
Celsius temperature, suitable for remote 
analysis applications. In contrast to our 
previous study (25), this version of the 
temperature sensor was chosen due to 
its ability to measure temperature in the 
negative range, making it compatible for 
frozen NaCl temperature measurement. 
To acquire data from this sensor, its open 
source library can be easily downloaded 
and saved under the IDE “libraries” folder. 
We also used MOSFET4 UO4 as a switch 
to power the TEC, and an aluminum heat 
sink with two mounted cooling fans to 
manage heat dissipation. For future ref-
erence, a schematic diagram of the TEC 
system and temperature sensor circuit is 
shown in Figure 2.

LIBS Instrumentation
The experimental setup used in the pres-
ent study (Figure 1) is somewhat similar to 
the setup used in our recent study (25). It 
consists of a Q-switch Nd:YAG laser (My-
chway, model HR-LS450) operated at 1064 
nm, capable of delivering output energy 
in the increment of 50 mJ from 0 to 1000 
mJ, with 6 ns pulse width and 1 Hz repeti-
tion rate. Laser frequency was kept fixed 
at 1 Hz to reduce shot-to-shot emission 
variation due to the sample splashing 
(22). To address the mushy texture of the 
frozen sample as the concentration is in-
creased, the laser energy was kept at 100 
mJ to avoid damaging the sample sur-
face once the energy increased. The laser 
beam was focused on the sample surface 
placed on the Peltier TEC (TEC is switched 
off during liquid LIBS measurements)  
at atmospheric pressure. 

Plasma emission was collected at a dis-
tance of 2 cm and an angle of 45 ,̊ with re-
spect to the sample surface normal by an 
optical bundle fiber. The plasma emission 
was guided through an optical fiber, and 
transmitted into a spectrometer (ASEQ-
instruments, model LR1-version V2.1) cov-
ering the wavelength range from 200 to 
1200 nm with spectral resolution of <2 nm 
achieved from a 50 µm slit. The data were 
stored on a PC using the ASEQ Spectra 
software for further analysis. The system 
components were synchronized by a cus-
tom made control unit to gate the detec-
tor, thereby avoiding the delay between 
continuum and characteristic radiation 
(comprising various spectral lines). This 
setup was fixed throughout this experi-
ment, due to its influence on the energy, 
spot size, and the beam pattern of the laser 
pulse, hence affecting the emission inten-
sity (34). To reduce the effect of the laser 
energy fluctuation on the spectral intensity, 
an average of 10 to 20 spectra from 5 dif-
ferent sites were taken from each sample.

Data Analysis
The analyses conducted in this study in-
clude finding the limit of detection (LOD), 
S/N, root mean square error of prediction 
(RMSEP), maximum relative error (MRE), 
and relative standard deviation (RSD) 
of the Na emission line at 589.00 nm.  
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FIGURE 1: (a) Basic layout of the TEC system, and (b) a schematic diagram of 
experimental arrangements, including laser, sample, fiber optic, control unit, 
spectrometer, computer, and the microcontroller-based TEC system. The la-
ser-induced plasma was produced by focusing the laser beam on the sample 
surface placed on the TEC device.
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These figures-of-merit are necessary in describing and comparing 
the performance of liquid and frozen samples undergoing LIBS 
analysis under similar experimental condition. 

The LOD of LIBS is defined as the smallest quantity of an ele-
ment that can be detected by LIBS, evaluated using equation 1 (4): 

LOD = 3σ
m                                      [1]

where σ is the sample standard deviation of the analytical blank/
background, estimated in vicinity of the analytical line, and m is 
slope of the calibration curve.

To study the influence of temperature on spectral emission, the 
S/N is calculated, as its result could aid in finding out optimized 
experimental condition. The S/N is calculated from equation 2 (35):

SNR = 2H
h                                    [2]

where h is the width of the noise, and H is the height of the 
peak, measured from the maximum of the peak to the baseline 
of the signal. 

The precision of the regression line in a given concentration 
range can be expressed with the relative standard deviation of 
the calibration RSD (36). Precision is important in describing mea-
surement repeatability (a closeness of one measurement with 
other measurements carried out under the same experimental 
conditions). The standard deviation of the residuals s has to be 
determined by equation 3:

[                      ]s = ∑     (xi – M)2

n – 1

1
2ni=1                              [3]

where M is the mean value of the predicted concentration of the 
test sample set, xi is each of the predicted concentrations from 
the regression, and n is the number of the measurements. Thus, 
the relative standard deviation of the calibration RSD is given by:

RSD =          x 100 s
M                                [4]

To compare the accuracy between the LIBS signal acquired 
from liquid and frozen samples, RMSEP and MRE could provide 
an estimation of the error between predicted and actual concen-
tration values, and maximum error in the prediction of concentra-
tion in test samples, respectively. The RMSEP and MRE can be  
defined as (2,37):

RMSEP = ∑     (Mi – hi)
2

N
Ni=1                   [5]

(|                       |)MRE = max x 100%Mi – hi
hi

                 [6]

where hi is the actual concentration of the test sample, N is the num-
ber of prediction samples, and i refers to the test sample number. 

Results and Discussion
LIBS Analysis of Liquid and Frozen NaCl Samples 
The analyses of liquid and frozen samples were performed under 
the same experimental conditions to ensure comparable results. 
Prior to these measurements, the background spectrum was re-
moved using a feature available in the ASEQ Spectra software. 
An in-depth explanation on the application of this software is pro-
vided on the www.aseq-instruments.com/LR1.html website. Given 
that this part of the study focused only on comparing liquid and 
frozen samples, the data acquisitions of the frozen samples were 
obtained immediately after the sample was fully frozen, regardless 
of the sample temperature. 

Figure 3 compares the emission spectra of 2.0 mol/L NaCl so-
lution in liquid and frozen form, with offset added to one of the 
plots to allow comparison. This figure shows the observed emis-
sion lines of different elements from the NaCl solution (Na and 
Cl) and ambient gas (N, O, and H). It is indicated that when the 
laser pulse was focused on the surface of the sample, the NaCl 
solution and ambient gas were ablated, while the ablating process 
would produce a high-temperature plasma. The chosen repre-
sentative lines for species in the plasma were considered under 
the assumption of negligible self-absorption. The selected lines 
should allow a complete representation of the distributions of ele-
ments evaporated from different sections of the sample, such as 
the target and the ambient gas (10). In this study, according to the 
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above criteria, the Na I (589.00 nm) and Cl 
II (479.56 nm) evaporated from the sample, 
with line 589.00 nm as the only line of inter-
est for sodium detection. However, due to 
the limited sensitivity of the spectrometer 
used in this study (600 grooves∕mm diffrac-
tion grating), the Na emission doublet that 
was usually found around 589 nm was not 
completely resolved (11).

The spectral emission obtained from 
frozen sample is more enhanced than the 
liquid sample. Freezing liquid samples 
prior to LIBS measurement seems to pro-
vide emission enhancement, likely due 
to the increased of ablation rate (20,22). 
In the case of a liquid sample, a loss of 
energy due to the sample splashing and 
shockwave would be expected, thereby 

decreasing the efficiency of ablating 
through the liquids. Although the ablation 
threshold of liquid samples is predicted 
to be lower than frozen samples if it is 
assumed as an amorphous solid (22,38), 
this study suggests otherwise. This is 
because physical imperfections such as 
spores, grooves, and cracks existing on 
the solid surface could assist surface ab-
lation. Therefore the electric breakdown 
at the frozen sample surface is caused by 
those imperfections, leading to the incre-
ment of the ablation rate. In addition, the 
breakdown threshold can be increased by 
polishing the surface (39). 

Figures-of-Merit Analysis 
Sodium LODs were calculated in both liq-
uid and frozen samples. Although chlorine 
emission could also be used to quantitate 
the NaCl solution, it is more difficult to de-
tect because of its high activation energy 
(11). Therefore, the Na I line at 589.00 nm 
was selected for the estimation of LOD. 
The LIBS signal intensity was plotted as a 
function of the sample actual concentra-
tions, and the detection limit was calcu-
lated according to equation 1. 

Figure 4 illustrates the calibration plot 
for LIBS analysis in liquid and frozen sam-
ples as a function of actual sample con-
centrations. The test samples were plotted 
only for reference, and were not included 
when plotting the calibration curves. Each 
data point was an average of 20 spectra 
to ensure repeatability, and the error bars 
corresponded to the mean standard devia-
tion. The mean standard deviation refers to 
the quantification of the amount of varia-
tion of data set value, the extent to which 
values of a variable differ from a fixed value 
(mean). The estimated LOD of Na was 0.33 
mol/L in the liquid sample, and in the fro-
zen sample, its value was improved as  
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FIGURE 3: LIBS spectra of 2.0 mol/L sample obtained from frozen and liquid 
samples. The emission lines shown are Na I (589.00 nm), Cl II (479.56 nm), N 
II (404.13, 444.70, 500.51 and 568.00 nm), H I (434.00 and 656.30 nm), O I 
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TABLE I: Comparison of the figures-of-merits obtained for liquid and frozen samples

Type of 
Samples

LOD 
(mol/L)

Actual Concentration of 
Test Sample (mol/L)

Mean Predicted Concentration 
of Test Sample (mol/L)

RSD 
(%)

MRE 
(%)

RMSEP 
(mol/L)

Frozen 0.13
0.70 0.64 5.96 8.57

0.04
1.80 1.75 5.25 6.25

Liquid 0.33
0.70 0.62 37.75 10.71

0.13
1.80 2.05 25.59 13.89
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0.13 mol/L. Both fits also showed a good 
linearity with the linear regression coeffi-
cient, R, exceeding 0.99. It is quite evident 
from Figure 4 that the limit of detection 
of Na can be improved by using a TEC 
system prior to each LIBS measurement. 

Figure 5 illustrates the S/N as a func-
tion of concentration for both types of 
samples. Data points in this figure were 
taken from both calibration and test 
samples, at a concentration of 0.2 to 
2.5 mol/L. The studied transition corre-
sponds to the 589.00 nm sodium emis-
sion line. The ablation on frozen sample 
provided better S/N at all concentra-
tions, having an increased emission en-
hancement as the concentration gets 
higher, and proving an improved detec-
tion sensitivity. Within the sample con-
centration range of 1.3 to 2.5 mol/L, the 
plasma generated in the frozen sample 
produced higher S/N values (to up to 
a factor of 3) than that obtained in the 
liquid. Higher S/N of the frozen samples 
is caused by a more extensive plasma 
excitation, resulting in higher emission 
intensity. Unlike frozen samples, only a 
small portion of the laser energy is avail-
able for plasma excitation in the liquid, 
as most of the energy is used for liquid 
vaporization, thereby forming a less  
efficient plasma (23,40). 

The LODs and FOM elements of liquid 
and frozen samples that were acquired 
under similar experimental conditions 
are summarized in Table I. The calcula-
tions of RSD, MRE, and RMSEP were ob-
tained to investigate the precision and 
accuracy of the LIBS measurements with 
and without the sample pretreatment 
method. These calculations were done 
based on the calibration plots (see Fig-
ure 4) and obtained by using equations 
3 through 6. In Table I, frozen samples 
show lower RSDs (around 5%), MRE 
(ranging from 6 to 9%), and RMSEP val-
ues (0.04 mol/L) indicating a more clus-
tered data with smaller measurement 
error when compared to liquid samples 
(RSD of 25–37%, MRE of 10–14%, and 
RMSEP of 0.13 mol/L). These improve-
ments proved the feasibility of using the 
TEC system prior to any LIBS measure-
ments of liquid samples. 

LIBS Analysis of Frozen NaCl  
Solutions at Different Temperatures
Due to the sample pretreatment abil-
ity in improving LIBS measurements of 
aqueous NaCl, further investigation on 
the influence of the frozen sample tem-
perature was made. In contrast to the 
previous section, this part of the study 
focused only on frozen samples with its 
subsequent LIBS signal obtained when 
the sample temperature reached 0 °C 

and lower. Three different concentra-
tions (0.2, 0.5, and 1.0 mol/L) of NaCl so-
lutions were used for this analysis. 

Figure 6 shows the comparison of 
time needed for each sample to drop 
to a specific temperature. This figure 
shows that 60 s was the minimum time 
available before the sample tempera-
ture decreased by 1 °C. Therefore, the 
averaged LIBS spectra obtained were 
reduced to 10 to overcome the issue 
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of temperature rise during data acqui-
sition. This is because, for frozen sam-
ples, LIBS measurement accuracy and 
reproducibility is heavily influenced by 
temperature changes. Previous litera-
ture emphasized that the ablation rate 
and the plasma intensity are affected by  
temperature changes (20).

The 1.0 mol/L sample was only frozen 
until -4 °C because after 30 min have 
passed, the sample temperature was un-
changed. Therefore, the lowest tempera-
ture achievable was determined as -4 °C, 
which is dissimilar with the other two sam-
ples (-5 °C). The surrounding temperature 
and the higher content of sodium chloride 

might be the contributing factors that lead 
to the inability of the TEC system to lower 
the sample temperature. Meanwhile, 0.2 
and 0.5 mol/L samples were unable to be 
maintained at -4 °C for a very long time 
(temperature was fluctuating throughout 
data acquisition), resulting in -5 °C being 
chosen as the lowest temperature. 

In essence, the LIBS measurements 
were made from an average of 10 spectra 
obtained by first freezing the samples to 
5 different temperatures (≤0 °C) using the 
TEC system. 

In Figure 7, the S/N of the sodium 
emission line was directly plotted as a 
function of the sample temperature, 
so as to show a clearer depiction of the 
relation between both parameters. This 
figure shows that the S/N of 0.2, 0.5, 
and 1.0 mol/L frozen samples was high-
est when the temperature was -1, -2, 
and -3 °C, respectively. Although lower 
sample temperature corresponds to a 
higher ablation rate and LIBS signal (41), 
the S/N results showed otherwise. In the 
literature, some factors, including the 
presence of salts and other impurities, 
should be considered in LIBS measure-
ments, due to their ability to disrupt the  
freezing temperature (41,42). 

The freezing point of the samples was 
determined according to the freezing-
point depression ΔTf (FPD) equation as 
shown in equation 7 (43). This equation ex-
plains the reduction in the freezing point 
of a pure liquid (deionized water) when 
another substance (NaCl) is dissolved in 
it. The extent of FPD is influenced by the 
NaCl concentration, under the assump-
tion that the solution is treated as an  
ideal solution (43–45): 

∆Tf = Tp – Ts = – i.Kf m          [7]

where Tp is the temperature of solvent in 
°C, Ts is the temperature of solution in °C, i 
is the van’t Hoff factor (i = 2 for NaCl), Kf is 
the molal freezing point depression con-
stant or cryoscopic constant in °C kg/mol 
(Kf = 1.86 for water) and m is the molality of 
the solute in mol solute/kg solvent. There-
fore, the freezing point of 0.2, 0.5, and 1.0 
mol/L frozen samples were -0.74, -1.85, and 
-3.72 °C, respectively.
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The relatively similar temperature find-
ings between the best S/N and the FPD 
of each frozen sample suggested that the 
samples should only be frozen to its re-
spective freezing point prior to LIBS anal-
ysis. This situation was probably caused 
by the formation of a thin sheet of small 
water droplets on the surface of the fro-
zen sample when the sample temperature 
was too high. As the sample surface cools 
down by releasing heat, the moisture in 
the atmosphere condensed at a rate 
higher than its evaporation rate, causing 
the formation of water droplets. Once the 
temperature is low enough, the droplets 
then started to freeze (46). This thin sheet 
of small ice flakes would act as a shield, 
leading to poorer coupling between the 
laser pulse and the sample components. 
This phenomenon can be seen clearly as 
the S/N of each concentration started to 
decrease as the temperature gets lower 
than the FPD. 

The S/N of samples with temperature 
higher than the FPD is also lower because 
the sample is not fully frozen, and is still 
in the solid–liquid state. Therefore, LIBS 
experiments performed on the sample 
surface would still present splashing and 
surface ripples as the sample still adopt 
sample characteristics similar to those of 
the liquids. 

The best spectral enhancement can be 
achieved as long as the sample tempera-
ture is kept constant at its freezing point, 
thereby providing better laser–sample 
interaction for plasma emission. This out-
come agrees with a previous study on 
water ice where the spectra line was the 
most intense between -20 and 0 °C while 
the signal repeatedly shows deep minima 
at even lower temperatures (41). 

Conclusion
By incorporating the TEC system with 
LIBS, there was an improvement on the 
figures-of-merit of LIBS for sodium de-
tection. The limit of detection of Na has 
been improved from 0.33 mol/L to 0.13 
mol/L when the aqueous NaCl was frozen 
before LIBS analysis. The emission from 
frozen samples provided better S/N up to 
a factor of three than the liquid samples, 
due to reduced splashing phenomenon. 

The frozen samples have enhanced LIBS 
measurement accuracy and precision with 
lower RSD (around 5%), MRE (6 to 9%), and 
RMSEP (0.04 mol/L) values. The observed 
improvement of figures-of-merit were likely 
due to an increase of the ablation rate. Ab-
lation of frozen samples prevents splashing 
and surface ripples that are usually associ-
ated with the poor analytical performance 
in liquids. 

For the emission enhancement inves-
tigation, with respect to the temperature 
influence on frozen NaCl solutions, the 
samples should be kept constant at their 
own freezing point. Lowering of the sam-
ple temperature further than the freezing 
point does not give any improvement in 
the S/N, because of the development of 
a thin layer of ice flake on the sample sur-
face as the temperature drops. Increasing 
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the temperature also does not increase 
the S/N, because the samples may not be 
fully frozen.

In this work, the performance of an 
inexpensive and simple TEC system was 
demonstrated. The system was capable of 
effectively maintaining both the chemical 
composition and temperature of the fro-
zen samples. The simplicity of this sample 
pretreatment method makes it compatible 
for laboratory as well as field in situ analysis 
of elements in liquids.
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Whisky Analysis with Raman  
Spectroscopy in the Near-Infrared 
Spectral Range: Comparison of 
785– and 1064–nm Excitation

Raman spectroscopy in the near-
infrared spectral range is com-
monly used in many application 
areas, including in the analysis of 
beverages, such as whisky. For this 
purpose, lasers with 785 or 1064 
nm wavelength are very popular. 
In the studies presented here, we 
compare the two wavelengths in 
the context of whisky analysis and 
authentication. Our results reveal 
that both excitation wavelengths 
have benefits and drawbacks. 
For example, 1064 nm is capable 
of performing through-container 
measurements even in green glass 
bottles, which is not possible with 
785 nm. On the other hand, the 
moderate fluorescence signal gen-
erated with 785 nm makes it pos-
sible to determine a variety of ad-
ditional parameters including the 
type of cask in which the whisky 
was matured.

Johannes Kiefer and Lynda Kiefer

Raman spectroscopy is gain-
ing ever inc reasing at ten-
tion in the analysis of food 

products and especially of bever-
ages such as spir it s. It s capabil-
ity to analyze samples through the 
wall of glass and polymer bottles 
is a particularly interesting feature 
(1–3). When valuable spirits (such as 
single malt Scotch whisky that was 
aged in casks for decades) need 
to be authenticated, analysis using 
methods that require sampling are 
not the first choice, because opening 
the bottle would mean a significant 
loss in value. Therefore, many tech-
niques such as gas chromatography 
(GC), mass spectrometry (MS), Fou-
rier-transform infrared (FT-IR) spec-
troscopy, X-ray fluorescence, and the 
recently developed nanoplasmonic 
tongue cannot be used despite their 
demonstrated capability for whisky 
authentication (4–11). As a result, 
Raman spectroscopy is a suitable al-
ternative in this context.

The laser wavelength (λ) used in 
a Raman experiment is a crucial pa-
rameter, because it has a manifold 
impact. The Raman scattering cross 

section depends on λ-4, which means 
that a shorter wavelength results in 
a higher signal intensity. Moreover, 
this is further enhanced by the ex-
cellent quantum efficiency of com-
mercially available detectors in the 
visible spectral range. On the other 
hand, owing to the higher photon en-
ergy, a shorter wavelength increases 
the probability certain species in the 
sample that will photodissociate and 
generate laser-induced fluorescence 
that could completely mask the de-
sired Raman signal (12). Moreover, if 
the measurement needs to be done 
though the original sample con-
tainer, the transmission properties 
of the bottle need to be considered 
as well. Figure 1a displays the UV-vis 
transmission spectrum of a typical 
whisky sample. It exhibits a strong 
and broad absorption band in the UV 
with a wing that lasts up to about 700 
nm. The figure also shows the wave-
lengths of the typical lasers used in 
Raman spectroscopy instruments. 
It becomes clear that excitation at 
wavelengths shorter than ~700 nm 
results in significant levels of f luo-
rescence as electronic transitions in 
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certain molecules are excited reso-
nantly. As will be shown later, even 
with a 785-nm laser the spectrum 
will contain moderate fluorescence 
signals. Figure 1a also shows a non-
negligible absorption around 1064 
nm, which is a common Raman wave-
length as well. However, this absorp-
tion is not associated with electronic 
excitation. Instead, this band origi-
nates from vibrational overtone and 
combination bands (13) and hence 

its excitation does not result in laser-
induced fluorescence signals.

Published data suggest that even 
an excitation wavelength of 830 nm 
results in noticeable f luorescence 
signatures (1). From the absorption 
spectrum in Figure 1a and the above 
discussion, a schematic energy level 
diagram can be developed, as shown 
in Figure 1b. The figure shows that 
wavelengths shorter than ~850 nm 
yield electronic excitation and sub-

sequent fluorescence emission from 
the vibrational ground state of the 
excited electronic state. Photons at 
longer wavelengths (such as 1064 
nm) cannot excite the molecules in 
the sample electronically; because 
of this, they cannot fluoresce. A de-
tailed theoretical and mathematical 
account of the underlying scattering 
and fluorescence phenomena can be 
found in the literature (14,15). 

There have been a number of 
Raman studies of whisky samples 
using a variety of laser wavelengths, 
mainly in the near-infrared spectral 
range. Because whisky commonly 
contains natural or ar tificial colo-
rants (caramel color), the inter fer-
ence from f luorescence emission 
obscures the inherently weak Raman 
signal when lasers in the visible or 
ultraviolet are used. Because of this, 
an 830-nm diode laser was used for 
spatially offset Raman spectroscopy 
(SORS) in whisky bottles (1). They 
achieved high sensit iv i t y detec-
tion of minor species, allowing the 
authentication of the whisky. The 
common 785-nm excitation was em-
ployed by Backhaus (16) and Kiefer 
and Cromwell (2). This work showed 
that data analysis by chemometrics 
and machine learning tools enable 
whisky classification. Vaskova’s team 
demonstrated methanol detection 
in whisky using 785-nm lasers while 
Goodacre’s team used 1064–nm la-
sers (3,17,18). However, a systematic 
comparison of different near-infrared 
Raman schemes to identify the most 
versatile approach for practical and 
potentially industrial whisky analysis 
has not been performed.

Experimental
This article aims to discuss the ben-
efits and drawbacks of using Raman 
spec troscopy at d i f ferent near-
inf rared excitat ion wavelengths. 
We applied Raman spectroscopy 
wi th 785 – and 10 6 4 – nm exc i ta -
tion to 83 different whisky samples 
(mainly Scotch single malt whiskies, 
t wo German single malt s,  three 
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FIGURE 2: Through-container application of Raman spectroscopy to whisky in 
the bottle using a fiber probe.
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Irish whiskies, one American whisky, and four blended 
Scotch whiskies). The measurements were carried out 
through the glass walls of the container bottles (see 
Figure 2) using Raman devices from Avantes (785 nm) 
and Anton Paar (785 and 1064 nm), both equipped 
with fiber probes. For each sample, 10 spectra were 
recorded. The details of the data analysis have been 
outlined in our previous work (2). In brief, principal com-
ponent analysis (PCA) was used to classify the samples 
and par tial least squares regression (PLSR) was em-
ployed for the quantitative analysis. The methods were 
implemented in Matlab using the functions “princomp“  
and “plsregress.”

Results and Discussion
The first aspect investigated was the ability to perform 
the measurements through the container wall. Whis-
kies (as well as other beverages) are typically contained 
in glass bottles made of clear, green, or brown glass. 
Colored glass results from adding metal oxides such as 
iron oxide (pure and in combination with others) dur-
ing the production process, and the metal ions yield 
a characteristic optical absorption spectrum. Similar 
to the phenomena discussed in the introduction (see 
Figure 1b), colored glass can f luoresce upon optical 
excitation. Previous experiments (1,3) have shown that 
785 and 830 nm, respectively, excite significant levels of 
fluorescence inside green and brown glass. Moreover, 
due to the strong absorption inside the glass, not much 
of the laser light will reach the actual sample. There-
fore, these wavelengths are not suitable for through-
container analysis when a spirit is contained in colored 
glass bottles. On the other hand, 1064–nm radiation as 
well as the corresponding Raman signal is transmitted 
through green glass. Hence, 1064–nm Raman spectros-
copy has wider applicability in this respect.
We note that basically all the sharp signatures in the 
Raman spectra of the whiskies (see Figure 3 for an exam-
ple) can be assigned to the vibrational modes of ethanol. 
The assignment of the main peaks is summarized in Table 
I using a previous study (19) as a benchmark. The peak 

positions agree well within the limited spectral resolution 
of the instruments. The ethanol signatures can be used 
to quantify the amount of alcohol in the samples.

The second aspect studied was the capability to clas-
sify the samples. In previous work (2), it has been shown 
that PCA is suitable to determine the cask type a whisky 
was aged in. This can be a key in the authentication of 
whisky. An important feature in this classification, how-
ever, was the presence of moderate but characteristic 
f luorescence signals in the data. These f luorescence 
signals are not present in the Raman spectra recorded 
with the 1064–nm laser, as shown in Figure 3. As a conse-

TABLE I: Observed Raman signatures using 785 and 1064 nm excitation and their vibrational assignments (19,20)

785 nm 1064 nm Ref. (19)
Tentative Vibrational Assignment

Peak Position (cm-1) Peak Position (cm-1) Peak Position (cm-1)

431 425 433 Deformation of CCO and CCC

879 874 880 Stretching of CC

1048 1040 1048 Stretching of CO

1088 1081 1091 Rocking of CH3

1278 1268 1272 Deformation of COH and wagging of CH2

1456 1447 1449 Scissoring of CH2

http://www.starna.com
mailto:sales@starnacells.com
http://www.starna.com
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quence, feeding the 1064–nm spec-
tra into the PCA algorithm did not 
result in a classification of the casks. 
The scores plots obtained from the 
data acquired with 785 and 1064 nm 
are displayed in Figures 4a and 4b, 
respectively. Note that only those 
data points associated with whiskies 
that could clearly be assigned to 
one cask type are shown. Whiskies 
that were matured in multiple casks 
(such as sherry and port) are not in-
cluded for clarity. The plot in Figure 
4a reveals that the excitation at 785 
nm facilitates the distinction of the 
dif ferent cask types. On the other 
hand, the score plot of the Raman 
spectra acquired with the 1064–nm 
laser mainly provides information 
about the ethanol content. We note 
that the higher principal components 
in the 1064–nm data set were not 
meaningful because they essentially 
represent noise.

The potential to do a quantitative 
analysis was tested, examining the al-
cohol content. For this purpose, PLSR 
was used. Figure 5 shows the PLSR 
model employed to two components 
and resulted in strong accuracy for 
all data sets. The plot shows that the 
results obtained from the 1064–nm 
data set are slightly more accurate, 
because the scattering of the data 
points is reduced. The presence of 
the fluorescence background in the 
785-nm spectra may be the reason 
for the observed behavior. Its impact 
can certainly be minimized by em-
ploying a baseline correction prior to 
the PLSR analysis. This was not done 
here because we wanted to keep the 
method as simple as possible and 
hence the raw data were evaluated.

In  addi t ion,  prev ious ex per i -
ments (3) have shown that 1064 nm 
excitation is well suited for detect-
ing methanol in whisky. In addition 
to the points described above, the 
ability to determine the presence 
of methanol and artificial colorants 
was tes ted in terms of caramel 
color. The results of the entire com-
parison are summarized in Table II. 
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The individual aspects have been 
graded with a plus (+) and minus 
(–) to allow a straightforward quali-
tat ive assessment for dec is ion-
mak ing in a data or ins t rument  
procurement process. 

Conclusion
In conclusion, a detailed comparison 
of Raman spectroscopy with near-in-
frared lasers at 785 and 1064 nm re-
vealed the particular advantages and 
disadvantages of detecting methanol 
in various whiskies. Both approaches 
demonstrate that they are capable 
of quantitative measurements such 
as for the determination of the etha-
nol or methanol content. Moreover, 
both can be applied through the wall 
of clear glass bottles. The 1064–nm 
wavelength can also measure through 
green glass, which is not possible 
with 785 nm. In the case of brown 
glass, both methods failed. The spec-
tra recorded with 785 nm contain a 
moderate level of fluorescence sig-
nals, which turn out to carry impor-
tant additional information. These 
signatures enhance the capability of 
Raman spectroscopy for authentica-
tion and a wider qualitative analysis, 
for example with respect to determin-
ing the cask type and the presence of 
artificial colorants. Overall, the com-
bination of Raman and fluorescence 
signals can draw a detailed picture 
of a whisky and can help to identify 
adulterated or counterfeit products. 
For example, producing fake whisky 
may yield a f luid with very similar 
properties in terms of alcohol con-
tent, color, and taste using artificial 
colors and flavors. However, because 
the spectra are sensitive to the cask 
type and the aging period, they are 
very difficult to produce artificially. 
Therefore, Raman spectroscopy in 
the near-infrared is a powerful tool 
for the analysis of whisky. The in-
creasing number of handheld, easy-
to-use instruments on the market 
makes it likely that it will become the 
standard in the whisky industry in the  
foreseeable future.
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TABLE II: Qualitative summary of the comparison of Raman spectroscopy in 
whisky using 785– and 1064–nm excitation.

Task 785 nm 1064 nm

Application through clear glass + +

Application through green glass - +

Application through brown glass - -

Straightforward authentication + -

Determination of cask + -

Alcohol quantification + +

Methanol detection + +

Determination of artificial color + -
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Reliable Chemical Analysis of 
Aerosols by Reference-Free  
X-ray Spectrometry for Monitoring 
Airborne Particulate Matter

The physical and chemical analysis 
of aerosols using reliable and phys-
ically traceable methods is impor-
tant for the thorough investigation 
of airborne particles to support a 
better understanding of their ori-
gin as well as their health and cli-
mate impacts. Within the European 
Metrology Research AeroMet proj-
ect, the aim of Physikalisch–Tech-
nische Bundesanstalt’s (PTB) X-ray 
spectrometry group is to develop 
and establish traceable and reli-
able X-ray methods to measure the 
elemental mass deposition per unit 
area, the elemental composition, 
and the chemical binding state of 
particulate matter supported by a 
flat substrate. This approach can 
substantially contribute to sup-
port quantitative analytical meth-
ods during on-site measurement 
campaigns where portable instru-
mentation is employed by qualify-
ing suitable calibration samples 
for commercial analytical X-ray 
instruments and by investigat-
ing samples collected during the  
field campaign. 

Yves Kayser,  Armin Gross, Philipp Hönicke, Janos Osan, 
Beatrix Pollakowski-Herrmann, Stefan Seeger, and Burkhard Beckhoff 

The legal definition and enforce-
ment of air quality regulations re-
quire an accurate and reliable mon-

itoring of airborne particulate matter (PM). 
The monitoring needs to be evaluated at 
different levels to correctly assign the ori-
gin or source of airborne PM and pinpoint 
the possible adverse effect on health while 
assessing the impact of anthropogenic 
sources on atmospheric processes. Ana-
lytical techniques are therefore required 
to deliver quantitative information on the 
size of the PM, along with the chemical 
composition in terms of each element’s 
mass. For example, this applies to the PM 
collected during outdoor field campaigns 
aimed at making adequate and correct 
correlations with human activities and 
environmental processes. The analytical 
techniques need to be able to cope with 
collection times of airborne PM of only a 
few hours to deduce or assign changes in 
PM load resulting from industrial activities 
and changing weather conditions. This 
means that sufficient sensitivity is required 
in order to enable sufficient time resolu-
tions and to provide accurate data on the 
mass of each element collected, even for 
fine and ultrafine particles, which are in 
the size range below 1 μm. Only with this 

information can appropriate preventive 
measures to protect health and climate 
be realized and controlled.

Different analytical techniques with suit-
able sensitivity are available for the detec-
tion of trace level amounts of airborne PM 
collected during outdoor campaigns (1). 
Among them, the combination of cascade 
impactors using quartz or silicon substrates 
and total reflection X-ray fluorescence 
(TXRF) has emerged as a promising con-
tributor to the field. TXRF is routinely used 
for the detection of trace-level contami-
nants on semiconductor samples (2). The 
technique presents several advantages: 
First, sample preparation and handling re-
quirements are minimal because the sub-
strates used for the collection of airborne 
PM can be directly used for analytical pur-
poses. Second, the nonconsumptive char-
acter of the analysis leaves intact samples 
for cross-comparative analytical studies by 
means of different techniques as long as 
validation studies are feasible. This aspect 
is important within the European Metrol-
ogy Research AeroMet project where the 
aim of PTB’s X-ray spectrometry group is 
to develop and establish traceable and 
reliable X-ray methods to measure the 
elemental mass deposition per unit area, 
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the elemental composition, and the chemi-
cal binding state of PM collected on the 
top of a flat substrate. This approach can 

substantially contribute to support quan-
titative analytical methods during onsite 
measurement campaigns where portable 

instrumentation is employed by qualifying 
suitable calibration samples for commer-
cial analytical X-ray instruments and by in-
vestigating a posteriori samples collected 
during field campaigns.

References
In one study, airborne PM was sampled 
during field campaigns in a time and size-
dependent partitioning using two differ-
ent cascade impactors and substrates 
suitable for TXRF analysis. Some of the 
results using TXRF instrumentation are 
reported elsewhere (3). The cascade im-
pactors used were a commercial Dekati 
(DLPI10) and a May-type instrument. A 
selection of the samples collected has 
been reinvestigated using reference-free 
X-ray spectrometry (XRS). In reference-
free XRS, radiometrically calibrated 
instrumentation and knowledge of fun-
damental parameters involved in the pro-
duction of the detected XRF are used in 
a forward calculation to extract the mass 
deposition (number of atoms or mass of 
a specific element per unit area) from the  
experimental data (4). 

The reference-free XRS investigation 
on the samples from the Dekati impac-
tor were realized at 10 keV incident pho-
ton energy and at a shallow incidence 
angle of 10°. This shallow incidence angle 
means that standard excitation conditions 
are used without the creation of an X-ray 
standing wave (XSW) technique and that 
the quantification scheme can be real-
ized on the basis of Sherman’s equation 
(5). The size of the synchrotron radiation 
beam used required a mapping of the 
collected PM to probe the whole sample 
surface and to provide the correct mass 
for each element collected (Figure 1). Due 
to possible beam overlap in neighboring 
measurement positions, a deconvolution 
of each elemental mass deposition map, 
considering the spatial incident beam pro-
file, is required before a two-dimensional 
integration provides the total elemental 
mass collected on the substrate analyzed. 
The investigation described makes it pos-
sible to verify that the deposition pat-
terns, in terms of spatial distribution of 
the collected PM, match the expectation, 
which is the pattern of the nozzles used 
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FIGURE 2: Examples of a GIXRF scan on two different silicon wafers from the 
same impactor stage where (a) a low amount of airborne PM was collected and 
(b) a large amount of airborne PM was collected. In the first case the quantifica-
tion performed in the TXRF and XRF regime agree within statistical deviations 
since the XSW can be calculated using (c) the reflectivity measured from the 
sample. In the (d) second case no accurate quantification can be performed 
because of matrix effects. The different results between the varying excita-
tion conditions indicate that the absorption within the PM collected requires 
absorption corrections for the incident radiation and emitted XRF radiation.
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in the corresponding impactor stage in 
order to exclude possible contamination 
contributions to the measurement. More 
importantly, this procedure allows for an 
independent validation of the quantitative 
results reported during field campaigns. 
This aspect is important for a systematic 
monitoring of the air quality.

In another study, the impact of the 
collected PM mass on the TXRF results 
was investigated. In TXRF, the detected 
intensity depends on the composition of 
the matrix on the top of the substrate. The 
mass of each element within the area il-
luminated by the incident X-ray beam 
is often considered to be in a linear re-
lationship from the detected count rate. 
This approach is, however, compromised 
when an XSW is involved in the experi-
ment and the total mass of the depos-
ited PM is unknown. The modulation of 
the XSW influences the excitation prob-
ability for XRF radiation, and an accurate 
quantification can only be deduced when 
the XSW is correctly modeled. 

To assess the impact of the different 
masses of PM, grazing incidence XRF 
(GIXRF) measurements were performed at 
an incident photon energy of 1622 eV on 
silicon wafers used for the collection of PM 
in the May-type cascade impactor. Here, 
the deposition pattern corresponded to a 
line, which was aligned prior to the GIXRF 
measurements along the incidence di-
rection of the synchrotron radiation. The 
PM was found to be distributed uniformly 
along the line. In GIXRF, the dependence 
of the XRF signal on the incidence angle 
is monitored above and below the critical 
angle of total external reflection. 

As a result, a GIXRF measurement 
includes more data than TXRF. This ad-
ditional information can be used to as-
sess the reliability of the quantification 
performed. The goal of making GIXRF 
measurements on samples with different 
amounts of PM was to compare the quan-
tification under TXRF conditions (where 
the XSW needs to be considered) to XRF 
under shallow incidence conditions (where 

no XSW is created). It was found that the 
XSW field is drastically changed for high 
particulate load, which makes correct 
quantification tedious and requires cor-
rection factors for the attenuation within 
the collected deposit (Figure 2). Finally, 
an accurate quantification relies heavily 
on the sample loading on the top of the 
substrates, hence on the collection time of 
airborne PM, the PM size distribution, the 
cascade impactor related spatial deposi-
tion pattern, and the pollution level. For the 
reliability of TXRF quantification it will be 
crucial to establish thresholds on the mass 
of the collected PM. If no dependence on 
the grazing incidence angle of the XRF sig-
nal is measured, additional information like 
the reflectivity of the sample investigated 
or the XRF intensity of the substrate mate-
rial should be considered and compared to 
blank substrates to deduce if matrix effects 
are crucial for the experiment realized. In 
case of large amounts of PM, accurate 
quantification can only be performed if ab-
sorption effects within the PM are consid-
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manufactured in California and well-regarded globally. 

Made in USA
ISO-9001 Certified

http://www.microxray.com
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ered, which requires, however, complete 
knowledge of elemental composition of 
the matrix.

Finally, reference-free XRS is a suitable 
means for an independent validation of 
results obtained by means of laboratory-
based TXRF instrumentation, which can be 
used for a high-throughput investigation of 
airborne PM collected on substrates. It was 
shown that additional information can be 
delivered that allows tracing back possible 
correlations within the elemental maps col-
lected with the Dekati impactor, respec-
tively assessing limits for PM mass which 
can reliably quantified by means of TXRF. 
Means of control can be straightforwardly 
implemented by means of X-ray reflectivity 
of angular variations to assess the validity 
of absolute quantification. 

Conclusions
One may conclude that XRF analysis under 
grazing incidence conditions, also available 
as commercial TXRF and GIXRF laboratory 
instruments, provides access to quantita-

tive elemental analysis of size-fractionated 
air-borne particles allowing to substantially 
contribute to regulated toxicity assess-
ments and validation of orthogonal analyti-
cal techniques such as inductively coupled 
plasma mass spectrometry.
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PRODUCTS & RESOURCES

Palm spectrometer
The Breeze palm-held 
spectrometer from 
BaySpec is designed 
for 400–2500 nm 
with a one-button 
operation. According 
to the company, the 
spectrometer is suitable 
for the analysis of 
plastics, illicit drugs, 
pharmaceuticals, 
explosives, biological 
warfare agents, medicine, food, and other materials. 
BaySpec Inc., San Jose, CA. www.bayspec.com

Raman microscope
Edinburgh’s RM5 Raman 
microscope is designed  
to be compact, automated, 
and easy to use. According 
to the company, the 
confocal design of the  
RM5 microscope is unique 
to the market, and suitable 
for analytical and  
research purposes.   
Edinburgh Instruments, 
Livingston, UK. 
www.edinst.com
https://www.edinst.com/products/rm5-raman-microscope/

Laser
The 08-NLD 488 nm laser intro-
duced by Hübner Photonics is 
part of the Cobolt 08-01 Series. 
According to the company, the 
laser complements the com-
pact high-performance single 
frequency and narrow linewidth 
lasers, covering a range of 405 
nm–1064 nm. The laser has reported wavelength stability of 
<1 pm (over 8 h, ±3 °C), spectral bandwidth <1 pm, and spec-
tral purity >40 dB with fully integrated electronics.  
Cobolt AB, a part of Hübner Photonics,  
Solna, Sweden.  https://hubner-photonics.com/products/
lasers/narrow-linewidth-lasers/08-01-series/

Diffraction database
ICDD’s PDF-4+ powder 
diffraction database 
is designed for phase 
identification and 
quantitative analysis. 
According to the 
company, the database 
provides material 
coverage with 444,000+ 
entries combined from 
both powder and single 
crystal data. 
International Centre for Diffraction Data, 
Newtown Square, PA. www.icdd.com

UV LEDs
Three light-emitting 
diodes (LEDs) from Light 
in Motion are designed to 
emit at 308 nm (F5U308), 
325 nm (F5U325), and 340 
nm (F5U340). According 
to the company, the 
LEDS provide spectral 
and power stability, high 
on-axis intensity, and  
low voltage to enable a  
5V drive. 
Light in Motion, Milpitas, CA.
www.lightinmotion.com 

X-ray tubes
Micro X-Ray’s low power 
X-ray tubes are designed 
for applications such 
as X-ray fluorescence 
(XRF), X-ray diffraction 
(XRD), medical imaging, 
and thickness gauging. 
According to the company, 
which specializes in 
spectral purity, μfocus 
spots, and high stability, 
the tubes are designed and 
manufactured in California.
Micro X-Ray, Inc., Santa Cruz, CA. www.microxray.com 

X-ray window
The BX-1 X-ray window 
from Moxtek is designed 
for light element 
detection in microanalysis 
applications. According to 
the company, the window 
is constructed entirely 
of low-Z materials, and 
is specifically built for 
applications requiring 
high transmission of low-
energy X-rays.  
Moxtek, Orem, UT. 
www.moxtek.com 

Tunable laser 
system
Opotek’s Radiant X 
tunable laser system is 
designed to advance 
technology for 
researchers, scientists, and 
industrial OEM customers 
worldwide. According to 
the company, the laser 
system is robust, and 
requires no manufacturing 
installation.
Opotek, Carlsbad, CA. 
www.opotek.com
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ICP consumables
REFLEX Analytical’s selection 
of inductively coupled 
plasma–mass spectrometry 
(ICP-MS) sampling cones, 
skimmer cones, and shields are 
designed in available materials 
that include aluminum, 
copper, nickel, and platinum. 
According to the company, the 
product line is complemented 
with a selection of ICP and 
ICP-MS glassware.
REFLEX Analytical Corporation, Ridgewood, NJ.  
www.reflexusa.com

ATR accessory
The IRIS diamond 
attenuated total reflection 
(ATR) accessory from PIKE 
is designed for infrared (IR) 
spectroscopy. According 
to the company, the 
accessory provides access 
to the full mid-IR spectral 
range, and provides 
spectra covering a range 
of samples, including gels, 
liquids, solids, and more. 
PIKE Technologies, Madison, WI.  
www.piketech.com

Particle analysis module
Renishaw’s particle 
analysis software module 
for its inVia confocal 
Raman microscope is 
designed to automate 
the microscope so that 
it can identify particles 
on images, and then 
chemically analyze them 
using Raman spectroscopy. According to the company, the 
software provides chemical information on each particle, and 
its morphology statistics.  
Renishaw, West Dundee, IL.  
www.renishaw.com

Mass spectrometer
The icpTOF from TOFWERK 
is an inductively coupled 
plasma mass spectrometer 
that couples the source 
and interface hardware of a 
Thermo Scientific iCAP RQ 
to a TOFWERK TOF mass 
analyzer. According to the 
company, the spectrometer 
is suitable for multi-element 
single-particle analysis or fast 
laser ablation imaging.  
TOFWERK, Thun, Switzerland.  
www.tofwerk.com/products/icptof
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The 59th Eastern Analytical 
Symposium Offers a Virtual 
Experience in 2020

Once again, the Eastern Analytical Symposium takes 
the spotlight November 16–19, providing analysts 
with the latest developments in areas ranging from 

biopharmaceutical analysis to materials characterization, from 
quality assessment to green analysis, and from environmental 
contaminant determination to antibody analysis, to name a 
few of the many areas covered.

Of course, this year’s meeting is dif ferent because 
of our response to the presence of COVID-19. It will be 
virtual! There will be live on-line sessions each day during 
the week of November 16 to November 19. Additionally, 
the EAS will present pre-recorded on-demand sessions 
available at any time through December 31 to those 
who register for the Symposium. In addition, be sure 
not to miss the online vir tual exhibition for the latest 
innovations from the vendors you have come to rely on.

This year, the EAS Awards for achievements in 
spectroscopy recognize the outstanding contributions 
of Barbara S. Larsen (mass spectrometry), Arthur Palmer 
(magnetic resonance spectroscopy), and John Reffner 
(vibrational spectroscopy), and you can tune in live to 
these award sessions. Also live are the sponsor awards 
such as the SAS Gold Medal, honoring Howard Mark 
and Jerome Workman, as well as the Ernst Abbe Award 
to Brian J. Ford. But there also are many pre-recorded 
on-demand sessions and posters on topics such as 
spectroscopic analysis of materials, forensic analysis, 
biological and pharmaceutical analysis, microscopy, 
Raman imaging, LIBS, and many more.

Two highlights of the EAS in years past have been 
the keynote lecture and the plenary lecture, and this 
year’s lectures should be exceptionally enter taining 

for attendees. The keynote lecture by Eric Green of the 
National Institutes of Health is titled “The Human Genome 
Project Was Just the Beginning: Research Opportunities 
at ‘The Forefront of Genomics’.” The plenary lecture, 
“The Fascinating Impact of Nanoscale Structure on 
Chromatography and Mass Spectral Ionization,” will be 
given by Susan Olesik, this year’s winner of the EAS Award 
for Outstanding Achievements in the Fields of Analytical 
Chemistry. Her lecture combines two themes that should 
interest a wide audience. In addition, this year there is a 
special lecture presented by Adam Lanzarotta of the U.S. 
Food and Drug Administration titled “The FDA Forensic 
Center’s Role in the 2019 Vaping Crisis.” These three 
lectures focus on important issues in science, and how 
these issues affect the world around us.

The Eastern Analy t ical Symposium is known for 
its large suite of short courses tailored to the needs 
of analysts. This year, we are proud to continue the 
tradition of short courses on a wide range of traditional 
and novel topics in analysis. Whether it’s gas or liquid 
chromatography, hyphenated methods, spectroscopic 
methods including imaging, NMR spectroscopy, FT-IR 
spectroscopy, or topics like communication or process 
analysis, there is a course at EAS for you!

These courses will be presented in a live video format 
that allows interaction with the instructor, over several 
weeks, allowing interested persons to attend multiple 
short courses.

So, visit our website, eas.org, for the latest news and 
registration information for this year’s vir tual EAS. Be 
sure to take advantage of the discounted pricing we offer 
to those who register early!

Cecil Dybowski
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