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IR SPECTRAL INTERPRETATION WORKSHOP

The Grand Review II: Why Do  
Different Functional Groups Have 
Different Peak Heights and Widths?

As part of our ongoing review of infra-
red spectroscopic theory, we will dis-
cuss why different functional groups 
have different peak heights and widths. 
We find that Beer’s law determines 
peak height, and that the absorptivity 
in Beer’s law depends upon a mysteri-
ous quantity called the dipole moment, 
and is in large part responsible for why 
infrared peaks vary in size, from large 
to non-existent. Infrared peak widths 
can vary from a few wavenumbers to 
thousands of wavenumbers in width. 
We explore the role of intermolecu-
lar interactions in this phenomenon.  
We will wrap up by discussing the im-
portance of integrating peak position, 
height, and width information to properly  
interpret spectra.

Brian C. Smith 

When I first introduced  
infrared spectral interpreta-
tion theory many columns 

ago (1), it was interspersed with discussions 
of the interpretation of specific functional 
groups. This approach made sense at the 
time, but, by not presenting all the theory 
of a piece, some important concepts that 
you need to know to interpret spectra suc-
cessfully might have gotten short shrift. 
Hence the need for this Grand Review. 

There are three important pieces of 
information in an infrared spectrum; peak 
positions, peak heights, and peak widths. 
All these pieces of information can be used 
to distinguish different functional groups 
from each other, and I have emphasized re-
peatedly in my columns the importance of 
integrating all these pieces of information 
to interpret spectra. It then makes sense 
for you to learn the reasons why differ-
ent functional groups have different peak  
position, heights, and widths. 

In my last column, I discussed why differ-
ent functional groups have different peak 
positions (2). Here, we will discuss why 
different functional groups have differ-
ent peak heights and widths. We will find 
that Beer’s law determines peak height,  
and that the absorptivity in Beer’s law de-
pends upon a mysterious quantity called 
the dipole moment,and is in large part 
responsible for why infrared peaks vary 

in size from large to nonexistent. Infrared 
peak widths can vary from a few wave-
numbers to thousands of wavenumbers in 
width. We will explore the role of intermo-
lecular interactions in this phenomenon.

Peak Heights
When plotted in absorbance, the peak 
heights in an infrared spectrum are pro-
portional to concentration, allowing in-
frared spectra to be used to determine 
the concentration of chemical species in 
samples (3). The relationship between ab-
sorbance and concentration is summarized 
in Beer’s law (3):

           A = ɛlc                        [1] 

where A equals absorbance, ɛ equals 
absorptivity, l equals pathlength, and c 
equals concentration.

The pathlength is simply the thickness 
of sample seen by the infrared beam. The 
absorptivity is the proportionality constant 
between absorbance and concentration. 
The absorptivity also has physical meaning; 
it is a constant for a given pure molecule 
at a given wavenumber. For example, the 
absorptivity of pure acetone at 1716 cm-1 
(if not stated, assume all peak positions 
are in cm-1 going forward) under standard 
conditions of temperature and pressure is 
a constant. This means that, under these 
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conditions and for a fixed pathlength, a sample of pure acetone 
will always absorb the same amount of light at 1716.

Since different molecules have different absorptivities, this 
quantity must somehow be related to chemical structure. 
Consider the electronic structure of the CO2 molecule seen 
in Figure 1.

In CO2, the electronegativity difference between the carbon 
and the oxygen atoms causes the electrons to be shared un-
evenly (4), leading to a partial positive charge on the carbon, and 
partial negative charges on the oxygens. In Figure 1, a partial 
positive charge is represented by a δ+, and a partial negative 
charge by a δ-.

A dipole moment can be defined as two charges separated 
by a distance. Since chemical bonds, such as the ones in CO2, 
can consist of charges separated by a distance, chemical bonds 
have what are called bond dipole moments. The bond dipole is 
a vector quantity; it has a magnitude and direction. The arrows in 
Figure 1 show the dipole moment vectors for CO2. Each arrow’s 
length represents the magnitude of the dipole moment for that 
bond, while the arrow head denotes its direction.

The magnitude of a bond dipole is simply the size of 
the charges multiplied by their distance apart, and can be  
calculated as such:

µ = qr                         [2]              

where µ equals dipole moment, q equals the charge, and r equals 
the distance.

The bond dipole is a measure of charge asymmetry, and 
bonds with large charges held far apart having bigger di-
pole moments than bonds with small charges held close to-
gether. Thus, polar bonds, such as O-H and C=O, have large 
charge asymmetry, and therefore large dipole moments.  
Covalent bonds such as C-C bonds have small change asym-
metry, and therefore small dipole moments.

The net dipole moment for a molecule is the sum of the 
bond dipoles for that molecule. Note in Figure 1 that, for CO2 at 
equilibrium, the two bond dipoles are equal in magnitude and 
opposite in direction. When added together, these two dipole 
moments cancel each other, giving a net dipole of zero.

So what does all this dipole moment stuff have to do with 
molecular vibrations and peak heights? Consider the symmetric 
and asymmetric stretching peaks of CO2, seen in Figure 2.

During the symmetric stretch, the length of the bonds 
changes, but, since they stretch in phase with each other, the 
two bonds are always the same length, and always point in op-
posite directions. We say the symmetry of the molecule is main-
tained during the symmetric stretch (hence its name), and further 
meaning that the net dipole of the molecule is always zero at all 
points during this stretch. We can then say that, for the symmetric 
stretch of CO2, the change in dipole moment, dµ, with respect 
to the bond length, dx, is zero. In other words:

dµ/dx = 0             [3]

An inspection of the infrared spectrum of CO2 shows the inten-
sity of its symmetric stretching peak is zero, which means there is 
no peak corresponding to the symmetric stretch in CO2’s spec-
trum. Notice that there is a connection between dµ/dx being zero 
and the peak intensity being zero.

C OO
δ- δ-δ+

FIGURE 1: The dipole moments of the CO2 molecule. Par-
tial positive charges are represented by δ+ and partial 
negative charges by δ-. The dipole moment vectors are 
represented by arrows.

OO C
Symmetric Stretch

OO C
Asymmetric Stretch

FIGURE 2: The symmetric and asymmetric stretches of 
the CO2 molecule.
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On the other hand, when CO2 under-
goes an asymmetric stretch, as seen in 
Figure 2, the bond’s lengths are different 
at the same point in time. This means 
at points during this vibration, the two 
bond dipoles have different values, and 
that the net dipole is non-zero during this 
vibration. In this case, we say the sym-
metry of the molecule is broken, hence 
the name asymmetric stretch. Since the 
two bond dipoles values vary during the 

asymmetric stretch, this means the net 
dipole during this vibration has non-zero 
values. In other words:

dµ/dx ≠ 0           [4]

for the asymmetric stretch of CO2. In fact, 
dµ/dx is quite large for this vibration, since 
we are stretching large dipole moments 
asymmetrically. The asymmetric stretching 
peak in the spectrum of CO2 falls around 

2350 cm-1, and is quite intense, as seen in 
Figure 3. In fact, it is the intensity of this 
absorbance that makes CO2 such a potent 
greenhouse gas.

You may have seen 2350 peak before in 
sample spectra measured with a Fourier-
transform infrared (FT-IR) spectrometer. 
This peak occurs when the CO2 concen-
tration inside the spectrometer increases 
between the measurement of the back-
ground and sample spectra (please con-
sult my book on FT-IR to learn how to 
avoid this problem [5]). 

Note that dµ/dx for the asymmetric 
stretch of CO2 is large, and the vibration’s 
corresponding peak is large. What, then, 
is the connection between dµ/dx and in-
tensity, and how does this new discovery 
of ours fit in with Beer’s law? 

I will skip the derivation here, but quan-
tum mechanics tells us that (6):

  ɛ = (dµ/dx)2           [5]     

where ɛ equals absorptivity, dµ equals 
change in dipole moment during a vibra-
tion, and dx equals change in bond length 
during a vibration.

Therefore, the absorptivity depends 
upon the change in dipole moment with 
respect to bond length during a vibration 
squared. In other words, the absorptivity 
depends upon how the electronic struc-
ture of a molecule or functional group 
changes during a vibration. It is this equa-
tion that links peak height to molecular 
structure, and is why different functional 
groups have different peak heights.

A vibration such as the symmetric 
stretch of CO2 for which dµ/dx = 0 and the 
resultant peak intensity is zero is called an 
infrared inactive vibration. On the other 
hand, vibrations such as the asymmetric 
stretch of CO2 for which dµ/dx ≠ 0 and the 
resultant peak’s intensity is non-zero are 
called infrared active peaks. One of the 
reasons that the number of normal modes 
a molecule has is greater than its number 
of infrared peaks is that not all vibrations 
are infrared active.

Polar functional groups such as C-O or 
C=O have large values of µ, hence have 
vibrations with large values of dµ/dx, and 
generally have intense peaks. On the other 

CO2 Asymmetric
Stretching Peak
@2350 cm-1
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FIGURE 3: The mid-infrared spectrum of Earth’s atmosphere. Note the relative 
strength of the CO2 asymmetric stretching peak at 2350 cm-1.
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2228 cm-1 is less than 10 cm-1, as indicated by the red dot.
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hand, for non-polar functional groups, 
such as C-C bonds that have small val-
ues of µ and their vibrations have small 
values of dµ/dx, their peaks are gener-
ally small. This means that infrared spec-
troscopy is better at detecting some 
functional groups than others, and 
that polar functional groups are gener-
ally the easiest to see. In other words, 
infrared spectroscopy is not a democ-
racy, and, from the point of view of an 
infrared spectrometer, not all functional 
groups are created equal. This actually 

limits us as to what functional groups 
infrared spectroscopy can see. Fortu-
nately, other molecular spectroscopy 
techniques, such as Raman scattering, 
are excellent at seeing the functional 
groups infrared (IR) cannot see, and thus 
can take up the slack.

Peak Widths
In addition to peak positions and heights, 
peak widths can also be used to distin-
guish functional groups. Infrared peak 
widths vary greatly across the spectrum 

of known molecules. Figure 4 shows the 
infrared spectrum of liquid water.

Infrared peaks are generally narrow 
at their tops, and wider at their bottoms. 
How, then, do we measure peak widths in 
a standard fashion? One way spectrosco-
pists do this is to measure what is called 
the full width half maximum (FWHM) of a 
peak (6). To measure a FWHM, take the 
height of a peak, go to where it is half this 
height, and then measure its width there. 
For example, if a peak is 1.0 absorbance 
unit (AU) high, we would measure this 
peak’s FWHM at 0.5 AU. The FWHM of 
the O-H stretching peak of water at 3300 
cm-1 is about 500 cm-1, as illustrated in Fig-
ure 4. This is an unusually broad peak for 
an infrared spectrum.

Figure 5 shows an example of a spec-
trum with narrow peaks; it is of the mol-
ecule benzonitrile.

In Figure 5, the FWHM of the C≡N 
stretching peak at 2228 is less than 10 
cm-1. The barely discernible red dot shows 
the FWHM. This peak is 50 times narrower 

O

O

O

δ-

δ-

δ+δ+

H H

H H H H

δ-

δ+ δ+ δ+ δ+

Hydrogen
Bond

FIGURE 6: An illustration of the hydrogen bonding that takes place in liquid water.
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FIGURE 7: (a) The N-H stretching peaks of a primary amine. (b) The O-H 
stretching peak of an alcohol. Note the difference in peak widths.

than the FWHM of the O-H stretching 
peak of water. Why?

Consider Figure 6, which shows the 
interactions between neighboring water 
molecules, known as intermolecular in-
teractions. The O-H bond in water is 
polar, because of the electronegativity 
differences between oxygen and hydro-
gen. This means, in an O-H bond, the 
hydrogen has a partial positive charge 
on it, and that the oxygen has a partial 
negative charge on it. Because of this, 
individual water molecules coordinate 
with each other with the partially positive 
hydrogen of one molecule interacting 
with the partially negative oxygen on a 
neighboring molecule, as seen in Figure 
6. These two molecules form a weak, but 
very real, chemical bond called a hydro-
gen bond. These are represented by the 
dashed lines in Figure 6. Hydrogen bonds 
are an example of a strong intermolecular 
interaction, and note that water has broad 
peaks. In fact, any functional group that 
engages in hydrogen bonding, including 
alcohols, carboxylic acids, and amines, 
will have broadened peaks as a result of 
hydrogen bonding.

As noted, benzonitrile has narrow 
peaks. Why? The bonds in this molecule 
are non-polar, so there is no hydrogen 
bonding, and the interactions between 
neighboring molecules is weak, consisting 
of what are called van der Waals bonds 
(6). This shows us that molecules with 
weak intermolecular interactions have  

narrow peaks. Ultimately, then, the peak 
widths in infrared spectra are deter-
mined by the strength of intermolecu-
lar interactions; this is why peak width 
differences can be used to distinguish 
functional groups from each other. An 
example of this is seen in Figure 7.

The spectrum on the left in Figure 
7 shows the N-H stretching peaks of a 
primary amine and on the right is the 
O-H stretching peak of an alcohol. 
Note these peaks all appear around 
3300. The FWHM of the N-H stretch-
ing peaks is about 70 cm-1, whereas the 
FWHM of the O-H stretch is about 500 
cm-1. Even though these two functional 
groups have peaks in similar places, 
the difference in their peak widths 
can be used to distinguish them from  
the other.

The difference in peak width seen 
here exists because the polarity of an 
N-H bond is lower than that of an O-H 
bond; as a result, N-H hydrogen bonds 
are weaker than those of O-H bonds, 
meaning that amines have weaker in-
termolecular interactions than alcohols.

Conclusions
The pieces of information available 
to us in an infrared spectrum include 
peak positions, heights, and widths. 
All these pieces of information can be 
used to distinguish functional groups. 
We covered peak positions in the last 
column. Here, we saw that Beer’s law 

determines peak size, and that the ab-
sorptivity depends upon the change in 
dipole moment with respect to bond 
length during a vibration. We also saw 
that peak widths are determined by the 
strengths of intermolecular interactions. 
We now know why integrating peak po-
sition, height, and width information to 
interpret spectra is important.
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Steve Buckley

LASERS AND OPTICS INTERFACE

Narrowband Visible Light:  
The OPO Reigns 

Fundamental research often re-
quires narrowband light to accu-
rately map out fluorescence spec-
tra, reaction energetics, or other 
key questions in chemical, biologi-
cal, and physical systems. Tunable 
narrowband sources are often key 
to this endeavor. Pulsed or contin-
uous wave, the optical parametric 
oscillator (OPO) has come a long 
way, dropping in price while im-
proving in performance. We ex-
plore the landscape and some 
common uses of this essential tool 
for spectroscopists. 

When it comes to spec-
troscopy, the combination 
of narrowband light sources 

with broadband detectors (or the con-
verse, narrowband detection with broad-
band light sources) are the equivalent of 
the surgeon’s scalpel. They allow us to see 
deeply into the spectroscopic fine struc-
ture, providing experimental data to feed 
models, probing atomic and molecular 
structure, and allowing the science of spec-
troscopy to move forward.

For nearly a century before the advent 
of the laser, spectroscopists only had nar-
rowband detectors. Kirchhoff and Bun-
sen’s work with their “spectroscope” led 
to the discovery of rubidium and cesium, 
and the mapping out of many of the funda-
mental emission lines in atomic spectros-
copy, as the pair feverishly fed element 
after element into their “Bunsen Burner” 
and recorded spectra. Of course, Kirch-
hoff would go on to use the spectroscope 
to study radiative equilibrium (leading to 
the eponymous “Kirchhoff’s Laws”) and 
make contributions across the landscape 
of physics, including thermodynamics and 
fluid mechanics.

While Kirchhoff and Bunsen could 
even then get reasonable resolution and 
sensitivity on their detectors (Kirchhoff 
dispersed light from the sun over nearly 
three meters, for example, and at least 

for steady-state experiments in flames 
or studying solar emission, photographic 
plates could be exposed for long peri-
ods), it was hard to obtain sufficient in-
tensity of monochromatic light to do the 
inverse experiment. In other parlance, 
while it was easy to obtain fluorescence 
or absorption spectra, it was difficult to 
obtain excitation spectra.

This situation changed with the advent 
of the laser. Early solid state and gas lasers 
emitted one or more narrowband lines, 
which had some limited spectroscopic 
usefulness. It was the development of the 
organic dye laser in 1966 that provided 
revolutionary access to narrowband light in 
the visible and near-infrared. This resulted 
in an explosion of scientific and spectro-
scopic work, as nicely summarized by Frank 
Duarte in 2003 (1). However, as Duarte 
notes, “…over the years dye lasers have 
acquired a reputation in some quarters 
as being ‘user unfriendly.’” Duarte does a 
good job of defending the many contribu-
tions and the unique attributes of dye la-
sers, including the available high pulse en-
ergy, femtosecond, and narrow line width, 
among several. However, the reputational 
aspect is hardly addressed, except though 
technological advances, and your author’s 
opinion and experience is that although 
dye lasers offer a certain amount of “fun” 
and are great tools for certain problems, 
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they are also more difficult to maintain and 
operate than might be optimal.

Enter the optical parametric oscillator 
(OPO).

Optical Parametric  
Oscillator (OPO) Operation
OPOs were actually invented in ad-
vance of the dye laser, in 1965, by Giord-
maine and Miller of Bell Laboratories (2).  
Their work utilized lithium niobate, which 

continues to be an important crystal 
in many OPOs on the market today.  
They were able to convert incoming 529 nm 
light from a CaWO4:Nd3+ laser to tunable 
light over the range of 970–1150 nm by vary-
ing the temperature of the oscillator crystal.  
They observed conversion of only some 
of the pump pulses, and stated that the 
conversion appeared highly dependent 
on the mode structure of the pump beam. 
These observations would prove prescient; 

while research continued, development 
of the OPO into a practical device would 
depend strongly on the availability of very 
high quality crystals and appropriate laser 
sources and coatings that were not avail-
able until the late 1980s and 1990s.

I was fortunate to witness some of the 
explosion in OPO research as a post-doc 
and staff member at Sandia National Labs 
in the late 1990s. Colleagues Tom Kulp, 
Scott Bisson, and the late Peter Pow-
ers at the Combustion Research Facility 
were among those at the forefront of the 
developments, and I had a ringside seat.  
The race was on to develop wavelength 
coverage, and set new power and pulse-
length milestones. Many of the applica-
tions of OPOs have been focused around 
spectroscopy, and OPOs have opened up 
new vistas for optical sensing.

Harmonic processes for frequency 
conversion in crystals, including second 
harmonic generation, sum and difference 
frequency generation, and nonlinear pro-
cesses (such as OPO operation) have two 
fundamental constraints. The first, natu-
rally, is energy conservation—the sum of 
the energy of photons produced must 
equal that of the input photons. The sec-
ond requirement is a phase matching re-
quirement; briefly put, the crystal structure 
must support the generation of photons 
in phase, or the photons destructively in-
terfere, and there is no gain built up in the 
crystal. Changing the angle or the temper-
ature of the crystal changes the effective 
periodicity of the crystal, which can change 
the wavelength(s) generated.

The difficulty with the phase require-
ment is that there are few natural crystals 
that accommodate particular laser wave-
lengths, and, of course, those crystals 
would then only accommodate a single 
wavelength or its harmonics. The optimum 
condition (from a developer’s point of view) 
would be a crystal that could accommo-
date multiple wavelengths, or indeed any 
input wavelength.

Quasi-Phase Marketing
This is where periodically-poled lithium 
niobate (PPLN) re-enters the picture. For 
an incident wave E, a generated wave P will 
become out-of-phase and destructively  

Incident
Wave E

Generated
Wave P

POLE POLE POLE

L 2L 2L

FIGURE 1: Effect of periodic poling on the phase between the incident and 
generated waves.
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interfere after a certain number of periods. The method of 
quasi phase matching, which was developed independently by 
Armstrong and associates (3) in 1962, and by Franken and Ward 
(4) in 1963 (actually before OPOs were invented), can correct 
for this destructive interference. If the phase of the generated 
wave is inverted periodically, after a set “interaction length” L 
when E and P begin to get out of phase, the phase relationship 
is effectively reset: if the two waves were φ out of phase at the 
point of the inversion, they will be -φ out of phase after inver-
sion. If φ is relatively small, this allows gain to build up during 
each interaction length and minimizes destructive interference. 

Physically, quasi-phase matching is accomplished by peri-
odic poling in the crystal. This is done in PPLN by periodically 
(in space) imposing a very strong electric field on the crystal, 
that permanently switches the electric dipole (dependent on 
the position of the Li and Nb ions in the crystal). This periodic 
poling allows quasi-phase matching for particular sets of wave-
length, and, in fact, different poling spacings can be introduced 
at different points in the crystal. This allows a single crystal to 
be used for different wavelength regions. Figure 1 provides 
a conceptual illustration of the periodic poling on the gener-
ated wave, in the case that the generated wave has a slightly 
longer period than the incident wave. Figure 2 provides an il-
lustration of the gain build-up in the generated wave with and  
without poling. Without poling, destructive interference eliminates  
gain buildup.

Typical PPLN is doped with magnesium oxide to increase its 
optical damage threshold. Effective anti-reflective (AR) coat-
ings have also been key, because PPLN has a high refractive 
index (>2), and, without AR coatings, losses in OPOs would be 
extreme. Several other crystals are also used in OPOs, for ex-
ample BBO (barium borate), KTP (potassium titanyl phosphate), 
and ZGP (zinc germanium phosphide). Different crystals are 
used in various wavelength regions, some more suited for infra-
red (IR) generation, and some for the visible and ultraviolet (UV)

OPOs in Practice
With the principle of energy conservation and quasi-phase match-
ing, it is possible to understand not only straight harmonic gen-
eration, but nonlinear sum frequency and difference frequency 
generation. In sum frequency generation, two input photons are 
converted by the crystal to a single photon with the combined 
energy of the two input photons. Second harmonic generation 
is a special case of sum frequency generation, in which the two 
incoming photons are the same wavelength. 

Difference frequency generation may be considered to have 
several forms: 1) two input frequencies can go into a crystal to 
produce multiple output photons at the difference frequency; 2) 
a single input frequency can produce two lower frequency beams 
(where the higher frequency is called the signal and the lower is 
called the idler); 3) two input frequencies can be input into a crys-
tal, and one of them can be amplified, with the amplified output 
at one of the input frequencies, and a lower frequency output,  
in an optical parametric amplifier (OPA). 

With all of these options, it is not surprising that OPOs and 
their cousins take many forms. OPOs were quite temperamen-
tal early on, had limited tuning ranges with gaps in tuning, 
and were relatively low in power. OPOs available on the mar-
ket today have considerably improved in range and ease of 
use, while also coming down in price as crystals and coatings 
have become less expensive. The ability to grow very spatially 
precise poled crystals in multiple materials, combined with 
precision movements, has contributed to this improvement, 
to large extent, as well as the increasing availability of stable 
pump lasers at numerous wavelengths. To achieve reliable 
tuning, modern OPOs are all computer-controlled.

An example of the range of product offerings can be seen in 
the plethora of OPO and OPA products from Spectra-Physics. 
The Spirit-OPA is an ultrafast amplifier that is designed for 350 fs 
pumping at up to 30 W, and outputs 630–1020 nm on the signal 
and 1040–2600 nm on the idler beams. Either can be modified 
with harmonics to extend the range further. Their TOPAS Prime 
OPO is meant for pumping from 770–830 nm with a sub-150 fs 
beam and has even a wider range. The Spectra-Physics Inspire 
has a smaller range, but uses only a single set of optics and crys-
tals. They also offer the continuous wave MixTrain laser sum and 
difference frequency mixers among their many laser offerings.

There are also companies that specialize in OPOs, foremost 
among them Opotek, headquartered in Carlsbad, California.  

http://www.opotek.com
mailto:sales@opotek.com
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They focus on the nanosecond mar-
ket, with OPOs ranging from 210 nm 
to 3100 nm, typically 10–20 Hz repeti-
tion rate, and relatively high energy.  
Their Radiant and Opolette models 
are among their leading offerings; with 
4 to 7 cm-1 line width over the entire 
tuning range of each device. InnoLas, 
from Austria, has similar nanosecond-
class offerings of OPOs that operate 
from about 400 to 2100 nm, tailored 
either to diode-pumped or flashlamp-
pumped Nd:YAG, and reach 150 mJ in 
pulse energy. 

Other companies have niche offer-
ings, like APE, which offers an OPO 
solution able to reach below 200 nm, 
if deep-UV coverage is required. APE 
also offers picosecond and femtosec-
ond OPOs to be pumped with either 
NIR lasers around 1 µm, or Ti:Sapphire. 
The latter offerings include GHz repeti-
tion rates. Coherent markets and sells 
the Chameleon MPX and Compact 
OPO systems, produced by APE, that 
are Ti:Sapphire-pumped and cover 
wavelengths as broad as 340 to 4000 
nm. Toptica offers the TOPO CW OPO 
laser for NIR and MIR applications; the 
system covers 1450–4000 nm.

Finally, Ekspla has a notable range 
of picosecond- and nanosecond-class 
OPOs built in their factory in Vilnius, 
Lithuania, with possibly the broadest 
range of repetition rates and energies 
among the 15 models of OPO that they 
sell worldwide. Ekspla systems include 
models with an integrated pump laser 
and OPO, and also purpose-built sys-

tems like the PhotoSonus, with 150 
mJ of pulse energy for photoacous-
tic imaging. Ekspla also has systems 
with very narrow, transform-limited  
line widths.

OPOs Enabling Science
As one would expect, OPOs are used in 
a variety of ways to facilitate discoveries 
in science. They have largely replaced 
dye lasers as tunable sources, due to 
their convenience and relatively recent 
reliability gains. For example, in biopho-
tonics they are a popular tool for fluores-
cence microscopy. Tissue typically scat-
ters strongly under visible excitation, with 
the result that visible light penetration is 
limited to about 100 μm, unless the tissue 
is specially treated by a “clearing” tech-
nique to minimize the scattering. One 
way to circumvent this problem is to use 
near-infrared (NIR) light, which penetrates 
much more deeply (often millimeters).  
Intense, ultrafast pulses of NIR light 
can generate multiphoton absorbance 
and excitation in fluorescent tags and 
nanoparticles, as we discussed in this 
column in 2020 (5). 

Likewise, OPOs are an indispensable 
tool in physical chemistry, where the tun-
able source can be used to probe particu-
lar rotational, vibrational, and electronic 
states of molecules and atoms. This is 
useful, for example, for probing energy 
transfer in molecular beam experiments, 
or to precisely understand energy levels 
and particular transitions.

In my own home field of combustion 
science, planar laser-induced fluores-

cence is used to determine the distri-
bution of radical species (such as OH 
and CH), as well as pollutants (such as 
NO), as they form in prototypical lab-
oratory flames and in actual devices. 
OPOs are indispensable in such stud-
ies; their high repetition rates allow 
flame dynamics to be captured with 
fidelity, and statistical or spatial distri-
butions can be easily developed.

OPOs have evolved from the tem-
peramental creatures that they were 
in the relatively recent past, to reliable 
and versatile tools today. The variety 
of pump lasers, repetition rates, and 
wavelength range available on the mar-
ket today makes the OPO definitely the 
reigning king of tunable laser sources. 
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Using Raman Spectroscopy for the 
Characterization of Zeolite Crystals 

Jerome Workman, Jr.

Zeolites represent a cornerstone 
of today’s industry as the most-
used catalyst by weight in the 

world. Zeolites are nanoporous, crystal-
line, alumino-silicate materials with regular 
arrays of molecule-sized nanopores, giving 
rise to shape- and size-selective adsorption, 
diffusion, and reaction of adsorbed guest 
molecules. Synthetic zeolites can be fab-
ricated as pure silica (SiO2) polymorphs, 
alumino-silicates, alumino-phosphates, 
or include other elements such as boron, 
germanium, tin, titanium, zinc, or zirco-
nium. Because of this fabrication, a host 
of new, energy-relevant applications, such 
as biomass conversion to biofuels, carbon 
capture, hydrogen purification, and energy-
efficient separations, can be realized with 
targeted zeolite architectures. Zeolite struc-
ture is often thought of in terms of a col-
lection of rings that make up zeolite chan-
nels and cavities. Achieving the synthesis 
of tailor-made zeolites, with targeted rings 
and cavities, is greatly hampered by a poor 
understanding of how zeolite crystals actu-
ally form in solution. Solving this problem 
by identifying critical structures that lead 
to zeolite crystals has presented a difficult 
analytical challenge. Recently, we spoke to 
Scott M. Auerbach a professor of chemistry 
and chemical engineering at the University 
of Massachusetts Amherst, about his work 
in the use of Raman spectroscopy for zeo-
lite structure characterization, focusing on 
a collection of nine all-silica zeolites.

From both theory and experience, it 
is understood that the precursors for 
zeolites are not sufficiently well char-
acterized using infrared (IR), nuclear 
magnetic resonance (NMR) or X-ray 
diffraction (XRD). In researching the 

analysis of zeolites, you have recently 
recognized Raman spectroscopy 
as an analytical tool capable of un-
derstanding the formation of zeo-
lites, especially their individual ring 
structures (1). Is it possible to assign 
Raman spectral features to individual 
ring structures, or should assigned 
Raman spectral features be associ-
ated with other zeolite building units? 
Since the pioneering work in the 1980s by 
Prabir Dutta and others, there is a history of 
assigning Raman spectra of zeolites to indi-
vidual rings, especially for Raman bands in 
the 200–700 cm–1 range. This is perhaps not 
surprising, given that Raman spectroscopy 
can be sensitive to collective, nonpolar vibra-
tions, such as those of silica-based rings. This 
zeolite Raman assignment approach arises 
from observed correlations between known 
rings in zeolites and the locations of Raman 
bands. For example, zeolites with so-called 
“four-membered rings” (four alternating 
pairs of ...-Si-O-... atoms in a ring) are known 
to exhibit a strong Raman band around 450–
550 cm–1, while zeolites with six membered 
rings show Raman bands around 300–350 
cm-1, and those with eight membered rings 
show Raman bands at even lower wavenum-
bers, around 200–250 cm–1. 

The apparent anticorrelation between 
ring size and Raman wavenumber also 
makes sense, because frequency is ex-
pected to decrease with increasing wave-
length, and ring size should be related 
to vibrational wavelength. So, in the end, 
there is logic to assigning Raman bands to 
rings. However, the problem is that these 
rings exist in environments of other rings, 
raising the question, “How do nearby rings 
influence Raman excitations?” We thought 
to ask this question because of zeolites like 

Linde Type A (LTA) and Chabazite frame-
work (CHA), which have 4-rings, 6-rings, 
and 8-rings (in different arrangements), 
but exhibit different Raman spectra. We 
wondered why. Answering that question 
was the original reason for our study.

How is your Raman work on zeolite 
structural characterization different 
from what others have done previ-
ously to study these structures?
The innovative aspect of our approach is 
that we engaged in an integrated synthesis, 
spectroscopy, and simulation study to ad-
dress two big problems that exist in the pre-
vious literature. The first problem is the dif-
ficulty in comparing properties for different 
zeolites, which can exhibit distinct frame-
work structures, and contain different com-
positions, such as different silicon:aluminum 
ratios in alumino-silicate frameworks.  
As such, if Raman spectra for different 
zeolites were distinct, it’s not obvious why, 
because we typically have to change two 
variables at a time, and, in science, we’re not 
supposed to do that. The second problem 
is the difficulty in assigning Raman spectra, 
especially by first principles calculations, be-
cause of the large sizes of typical zeolite unit 
cells. We tackled both problems by identify-
ing nine distinct zeolites all sharing the same 
properties: 1) they could be synthesized as 
all-silica materials, which removes ambigui-
ties associated with locations of aluminum 
atoms in the zeolite framework, and loca-
tions of charge-compensating cations in 
zeolite pores; 2) they have unit cells small 
enough to be treated accurately with peri-
odic density functional theory, including the 
calculation of Raman intensities; and 3) they 
all share a common structural feature—the 
zeolite four-membered ring to determine 
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if Raman bands associated with four-mem-
bered ring vibrations are sensitive to differ-
ent local environments or not. Studying this 
disparate collection of zeolites was made 
possible by our zeolite synthesis capabili-
ties, allowing us to consider relatively novel 
zeolite materials that are not commercially 
available. In the end, our approach allowed 
us to make systematic comparisons among 
Raman spectra of different zeolite frame-
works in ways that others have not.

You and your coworkers have ap-
proached the question of zeolite 
structure using such methods as in-
tegrated synthesis, Raman spectros-
copy, and periodic density functional 
theory (DFT) modeling. How do these 
methods complement one another in 
understanding zeolite structures?
Insights in materials chemistry often follow 
the central dogma that structure explains 
properties. In the case of our study, struc-
ture means a given zeolite’s framework 
structure with its collections of interlock-
ing rings and cages, which after synthesis is 

tested and confirmed by comparing mea-
sured XRD patterns to known standards. 
Then, property means the corresponding 
Raman spectra, which were collected with 
our colleagues at Worcester Polytechnic In-
stitute (WPI). As mentioned above, using 
zeolite structure (rings) to explain prop-
erties (Raman band locations) has, in the 
past, required assumptions, and lacked 
accurate, first principles theory. We have 
bridged that gap in our study by apply-
ing periodic density functional theory on 
zeolite unit cells in a three-step process: 
1) optimizing atomic positions and lattice 
parameters; 2) computing normal mode 
frequencies and vibrational coordinates; 
and 3) computing dielectric susceptibili-
ties that underlie the Raman intensities. 
As such, the theory provides both accurate 
Raman spectra and illustrative pictures of 
key vibrations—the normal modes, thus 
answering whether bands can indeed by 
assigned to individual rings.

What are the larger questions associ-
ated with the accuracy of the assign-

ments of Raman spectra related to 
zeolite structure? What are the as-
pects of these spectral assignments 
that are not well understood?
Zeolite structures consist of “secondary 
building units,” such as four-membered 
rings, and “composite building units,” such 
as small and large cages. The big question 
is whether Raman bands can be assigned 
to rings, cages, or both, depending on the 
given zeolite. This is a burning question, 
because, after all these years in zeolite sci-
ence, we still don’t really understand how 
zeolites form small crystals that grow into 
larger ones. Discovering this could help 
us synthesize new zeolites for advanced 
applications in, for example, creating car-
bon-neutral biofuels and capturing carbon 
dioxide. That’s why we’re funded by the 
Department of Energy.

Two diametrically opposed theories for 
how zeolites form are 1) random monomer 
addition, like a sand castle forming from 
random addition of grains of sand, and  
2) hierarchical growth from populations of 
pre-formed rings and cages in solution, 
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like a sand castle forming from pre-formed 
buckets of sand. The former seems rather 
unlikely, but we don’t really have evidence 
for the latter yet. Being able to assign 
Raman spectra to rings and cages could 
answer this grand challenge question in 
materials chemistry, which is important for 
the reasons stated above.

Using normal-mode analysis, you dis-
covered that Raman bands can be as-
signed to tricyclic bridges (which are 
structures comprised of three zeo-
lite rings that share common Si−O−
Si bridges). You also found that the  
vibrational frequency of a given Raman 
band can be correlated to the smallest 
ring of its tricyclic bridge, and not to 
the ring that is actually vibrating. Lastly, 
you have discovered a precise anticor-
relation between Raman frequency 
and Si−O−Si angle. How do these dis-
coveries reveal new ways to investigate 
structures like those found in zeolites?
The new structural concept of the tricyclic 
bridge offers a new organizing principle for 
understanding Raman bands from different, 
though related, materials. Tricyclic bridges 
are both building blocks for understanding 
zeolite structure, and objects that collectively 
vibrate during Raman scattering. Grouping 
normal modes by the smallest ring of the cor-
responding tricyclic bridge allows us to cat-
egorize and structurally correlate vibrations 
with similar but slightly different band loca-
tions, and also explain the reasons for outli-
ers that don’t obey a given correlation. The 
angular correlation you mention allows us to 
identify specific molecular coordinates (the 
Si-O-Si angle) from Raman band locations. 
In the end, it’s like finding the key to unlock 
the treasure of zeolite structure, elucidated 
by Raman spectroscopy.

How do you properly sample mate-
rials like zeolites to understand their 
general structural properties?
The key to accurate calculations is opti-
mizing both geometrical and electronic 
structures. The key to a good geometry is 
a good first guess, and that is furnished by 
previous experimental XRD studies on zeo-
lite crystals. When we optimize atomic loca-
tions and unit cell parameters, we start from 

experimental data, and make small tweaks 
consistent with quantum density functional 
theory (DFT). The Nobel Prize in Chemistry 
was given to Walter Kohn in 1998 for DFT, 
which has revolutionized computational ma-
terials chemistry. DFT is tractable for zeolites 
because of the use of “plane waves,” which 
are great mathematical functions for mod-
eling valence electrons in crystals such as 
zeolites. The only problem with zeolites is 
their typically large unit cells, meaning many 
atoms, many valence electrons, and thus, 
many functions in the basis set. That’s why 
we had to focus on materials with smaller 
unit cells to make calculations tractable.

What were the key challenges you en-
countered during this research work?
Each component of the project—synthe-
sis, spectroscopy, and modeling—had its 
unique challenges. Synthesizing all-silica 
materials often requires an esoteric organic 
molecule to act as a sacrificial “structure 
directing agent” (SDA). Before our team 
could actually synthesize a given zeolite, 
we had to do the multistep organic syn-
thesis of a certain SDA, and that could take 
weeks. The spectroscopy was challenging-
to get good Raman signals, we needed to 
“hunt” for zeolite crystallites with an ori-
entation that happens to give good back-
scattering (our WPI collaborator, Dr. Geoff 
Tompsett, has Jedi skills when it comes to 
backscattering), and good signal to noise 
(S/N) requires plenty of time to collect and 
average over spectra. Finally, the quantum 
calculations of Raman intensities were, by 
far, the most computationally intensive 
aspect of our work. Our computations 
were performed on fast computers at the 
Massachusetts Green High Performance 
Computing Center in Holyoke, Massachu-
setts. In the end, the graduate students on 
this project, Tongkun Wang and Song Luo, 
showed heroic resilience and resourceful-
ness, leading to our breakthrough findings.

What do you consider to be the most 
useful contribution of your work?
Actually I see two: one about science, and 
the other about scientists. The science 
contribution is about the discovery of a 
new “Platonic form.” In other words, a new 
fundamental shape, the tricylic bridge, 

that helps us understand zeolite structure.  
The trycyclic bridge is an interesting shape, 
involving three rings that share one edge.  
I can’t help but wonder where else in nature 
we might find the tricyclic bridge. The con-
tribution related to scientists is about how 
our integrated science approach made 
a real difference. By crossing disciplinary 
boundaries in our team, we taught one an-
other about our respective fields, creating 
fertile ground for new ideas. I am the Execu-
tive Director of an integrated science pro-
gram for science, technology, engineering, 
and math (STEM) undergraduates at UMass 
Amherst called the UMass iCons Program 
(icons.cns.umass.edu), that gave me a head 
start in launching and running a research 
program aimed at creating breakthroughs 
through “radical synergies.”

What are your next steps in this work?
We’d like to connect the dots between 
Raman spectra of perfect zeolites (our 
recent JACS paper [1]), to Raman spectra 
during zeolite formation, to shed light on 
how zeolites form. To do this, we have to 
consider what’s in the soup that makes 
zeolites, the signature vibrations of each 
of these ingredients, and how interactions 
among these ingredients can be probed by 
Raman spectroscopy. Step by step, we will 
cross the chasm between zeolite structure 
to zeolite formation with the nexus among 
zeolite synthesis–Raman spectroscopy–
quantum modeling.
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Inductively Coupled Plasma–Mass 
Spectrometry (ICP-MS) Analysis 
of Nanomaterials for Use in  
Nuclear and Material Applications 

This article outlines the progress 
made at the United Kingdom’s Na-
tional Physical Laboratory (NPL) in 
using inductively coupled plasma mass 
spectrometry (ICP-MS) for nanomate-
rial research using three case studies. 
First, we examine the measurement of 
metal impurities in graphene as part 
of the development of international 
standards. Then, we assess the ura-
nium uptake of graphene oxide (GO) 
to optimize functionalization of the 
material for decontamination of aque-
ous nuclear waste. Finally, we establish 
the uptake mechanism of different cell 
and nanoparticle (NP) types to opti-
mize radiation dosimetry assessments. 
Further advancements made in ICP–MS 
analysis to characterize single-particles 
(SP-ICP–MS) are also discussed with 
recommendations for future work. 

Hibaaq Mohamud, Ben Russell, Andrew Pollard,  
Giuseppe Schettino, Renxiao Liu, and Guanglu Ge

The widespread use of nanoma-
terials has shown significant ben-
efits in the areas of sensors, nuclear 

waste treatment, and nuclear medicine. 
This is evident because of the increasing 
number of publications citing the use of 
graphene, functionalized graphene oxide 
(GO) and high-Z nanoparticles (NPs) for 
these applications on account of their in-
trinsic material properties at the nanometer 
level (1,4,6). These properties include high 
specific surface area, increased chemical 
surface functionality, and more effective 
radiotherapy treatment, respectively. As a 
result, the growing use of these nanoma-
terials has driven a need to produce robust 
characterization protocols. Inductively cou-
pled plasma–mass spectrometry (ICP-MS) 
is one of the characterization techniques 
available, and is being increasingly applied 
in nanomaterial research. The technique 
allows rapid multielemental information 
to be attained, as well as a thorough as-
sessment of the materials performance.  
This paper discusses the use of ICP-MS 
across several groups at the National Physi-
cal Laboratory (NPL) for nanomaterial mea-
surement to contribute towards material 
standardization, nuclear waste treatment, 
and nuclear medicine. 

Experimental
Instrumentation
An Agilent 8800 Triple-Quadrupole in-
strument (ICP-QQQ-MS) was used for 
the analysis of graphene, functional-
ized GO, and commercial high-Z NPs. 
The instrument was equipped with two 
quadrupole mass filters separated by a 
collision-reaction cell. The sample in-
troduction system was equipped with 
a glass concentric nebulizer, a quartz 
torch, a quartz spray chamber, stan-
dard nickel sampling, and skimmer 
cones. The main instrument operating 
parameters used for each study are 
listed in Table I. For all case studies, 
the instrument was tuned using a 1 
µg/L multielement (beryllium, yttrium, 
cerium, or thallium) standard solution 
to ensure the instrument sensitivity, 
uncertainty, doubly charged and oxide 
formation rates, and peak axes were 
within the accepted ranges. 

Each analyte of interest was mea-
sured using ICP-MS in single-quad (SQ) 
mode (that is, with only the second 
mass filter operating). For iron analy-
sis, helium gas was introduced to the 
collision-reaction cell at a flow rate of  
4 mL/min to remove the 40Ar16O+ poly-
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atomic interference formed in the sam-
ple introduction system that otherwise 
overlaps with the 56Fe signal.

Chemicals, Standards  
and Sample Preparation
Graphene-based materials were ob-
tained in powder form from Chinese in-
dustrial collaborators, and were sourced 
for the VAMAS TWA 41 Project 2 study 
(3,10). Carboxyl-functionalized graphene 
oxide (COOH-f GO) was prepared fol-
lowing the method outlined in the litera-
ture (9). The magnetic graphene oxide 
nanocomposite (MGO) was prepared 
by coupling (3-aminopropyl) triethoxysi-
lane-coated (APTES)-functionalized iron 
oxide (Fe3O4) NPs to COOH-f GO by fol-
lowing the EDC.HCl/s-NHS crosslinking 
protocol (5). The interaction between the 
target radionuclide species and func-
tionalized graphene oxide material was 
determined by suspending each pre-
pared material in a diluted natural ura-
nium stock solution (10 mg/L) and mea-
suring the uptake difference by ICP-MS. 

For radiation therapy treatment, three 
nanoparticles were investigated; freeze-
dried spherical gold NPs (Aurovist) with 
a mean diameter of 1.9 ± 0.6 nm (Nano-
probes Inc.) freeze-dried gadolinium-
based nanoparticles (AGuIX) with a 
mean diameter of 3 ± 1.5 nm (NH TherA-
guix, France); and magnetic dextran iron 
oxide nanoparticles (RCL-01) in water 
with a mean (Z-average) diameter of 140 
± 4 nm and a polydispersity index of 
0.25 ± 0.02 (Resonant Circuits Limited), 
stored at 4 °C. In the first experiment, 
two cell lines were investigated (MCF-7 
human breast adenocarcinoma cell line 
and U87 human glioblastoma cell line) 
(1) for the three types of nanoparticles 
while a second experiment focused on 
the gadolinium product (Dotarem) using 
a panel of six different cancer cell lines 
(H460 [lung], DU145 [prostate], MiaPaCa2 
[pancreas], MCF7 [breast], U87 [brain], 
and HEPG2 [liver]) (8,9). Both experi-
ments aimed to relate the cell survival 
(clonogenic assay) and DNA damage 
(immunofluorescence assay) induced 
by radiation in cells loaded with differ-
ent amount of nanoparticle.

Results and Discussion
Determination of Metal  
Impurities Present in Graphene
The growing industry uptake of gra-
phene has driven a need to develop 
international standards that ensure 
end users have available robust and 
reproducible measurement protocols.  
Currently, NPL is involved in the prepa-
ration of several international graphene 
standards, which are focused on the 

measurement of the material properties 
of graphene and related two-dimen-
sional materials through different char-
acterization techniques, including Raman 
spectroscopy and X-ray photoelectron 
spectroscopy (XPS). However, there are 
a limited number of standardized meth-
ods available that specifically describe 
sample treatment and measurement of 
the chemical properties of graphene by 
ICP-MS. Because of the limited number 
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of standardized methods available, an in-
ternational interlaboratory VAMAS study 
was developed to address the limits cur-
rently faced with ICP-MS analysis of the 
metal impurities present in graphene (3). 
The validation of a suitable protocol and 
the quantification of the associated uncer-
tainties will directly influence the develop-
ment of the international standard ISO/
PWI 23359 in ISO/TC229 “Nanotechnolo-
gies, for the chemical characterization of 
graphene,” that includes the application of 
ICP-MS. As such, the results from the inter-
laboratory study will help form the basis for  
future standards.

For the initial work completed for this 
VAMAS study to analyze quantitatively 
species and concentrations of metal im-
purities contained in graphene samples, 
a one-step digestion protocol developed 
was effective in ensuring complete disin-
tegration of certain graphene samples, 
with no solid material visible in the digest.  
ICP-MS analysis of the sample also indi-
cated that the digestion method enabled 
successful ionization and detection of 
select metal impurities present in such 
graphene samples (see Table II). However, 
because of the harsh sample treatment ap-
plied to graphene flakes for complete dis-
integration, it was difficult to assess if the 
metal impurity was bound to graphene or 
in free solution. Further work will explore 
the design of sample preparation condi-
tions and quantitative ICP-MS analysis to 
determine how strongly the metal impurity 
was incorporated on to graphene.

Radionuclide Uptake of  
Functionalized Graphene Oxide (GO) 
for Use in Nuclear Waste Treatment 
The Nuclear Decommissioning Au-
thority (NDA) has identified the need 
to research graphene materials (2). 
Therefore, in this study, the suitability 
of functionalized-GO materials was 
assessed by determining two solution 
parameters by ICP-MS. The first is sorp-
tion (S) and describes the process which 
target radionuclide species undergo at-
tachment to the surface of the material.  
The second is the distribution coeffi-
cient (Kd), which indicates the relative 
affinity of a material for a target radionu-

clide species and is represented as a mass-
weighted ratio between the solution and 
the material. 

The performance of each material was 
assessed by determining the uranium 
uptake by using equation 1 with the cor-
responding distribution coefficient, Kd, 
determined by equation 2.

S = 100 – (          ) ×100CPSf

CPSi

      [1]

Kd = (                     ) (      )CPSi – CPSf

CPSf

V
m

   [2]

where CPSi and CPSf refer to the ini-
tial counts per second detected by 
ICP-MS prior to the addition of the 
sorbent material and final counts 
per second detected by ICP-MS, re-
spectively; V refers to the volume of 
standard solution used (MES) in mL; 
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and m refers to the mass of sorbent 
material used in g. 

Figure 1 illustrates the difference 
in sorption capabili t ies between 
unmodified Fe3O4 nanopar ticles, 
COOH-f GO, and MGO. It was found 
that Fe3O4 has a low affinity for ura-
nium, with 17.8 % sorption and a 
distribution coefficient (Kd) value of  
1.41 × 102 mL/g observed. In contrast, 
it was found that attaching Fe3O4 NPs 

to the surface of COOH-f GO to form 
MGO lead to an increased retention of 
uranium; with 96.8 % sorption and a Kd 
value 3.1 × 104 mL/g. The high reten-
tion suggests that MGO is suitable for 
use in uranium remediation as the Kd 
value obtained is comparable to the 
values reported previously for GO (6). 
It was found that studying the solution 
parameters by ICP-MS allows for the 
increased radionuclide sorption rates 

seen in graphene oxide-modified  
materials to be effectively measured. 

Cell Uptake Mechanism of High-Z  
NPs for Dosimetry Assessments 
Nanoparticles are known to be able 
to locally enhance radiation dose 
deposition levels and cause tumors 
to be more sensitive to ionizing ra-
diation damage. However, there are 
differences in results between studies 
(for example with regards to differ-
ent cell lines, nanoparticle types and 
concentrations, incubation times,  
and irradiation parameters). Two stud-
ies focused on the use of nanoparti-
cles for increasing the level of cell kill 
by ionizing radiation when introduced 
into tumor cells. A range of analytical 
techniques were used in these stud-
ies (1,8), with ICP-MS used to inves-
tigate the dynamics of NP uptake in 
different cell lines.

The counts per second (CPS) found 
by ICP-MS in solutions obtained from 
lysed cells exposed to nanoparticles 
were compared to a calibration curve 
determined using bulk solutions 
containing known concentrations of 
nanoparticles. Figure 2 illustrates an 
example of the calibration curve ob-
tained for two nanoparticle systems 
studied—Dotarem and gold NPs. 

Analysis was performed to deter-
mine the average mass of NP per cell. 
The main conclusion from the data is 
the cell line specific nature of NP up-
take. In both studies, there was a mea-
surable difference in cell survival be-
tween the different nanoparticles and 
cell lines. The ICP-MS results improve 
the understanding of the biological 
impact of nanoparticles for radiation 
treatment, by comparing the variation 
in biological effects across cell line 
and nanoparticle type, as well as relat-
ing these findings with cellular uptake. 
A limitation of these measurements is 
that there is no indication of mecha-
nism of uptake, and where in the cell 
the NP is found, which can potentially 
be overcome by a time-based study, 
such as lysing the cells at different 
times post-exposure to NPs.

TABLE I: Typical instrument parameters used for each study outlined in this article

Parameter Operating Conditions

Sample Introduction

Carrier gas flow rate (L/min) 0.6

Dilution gas flow rate (L/min) 0.35

Plasma Conditions

Radiofrequency (RF) power (W) 1550

Sampling depth (mm) 8

Plasma gas flow rate (L/min) 15

Auxiliary gas flow rate (L/min) 1

Cell Set-Up

Scan mode Single quad – no gas mode.
Collision cell mode (He) for Fe analysis

Helium flow (mL/min) 4.0
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Conclusion and Future Work
ICP-MS has been used across sev-
eral groups at the National Physical 
Laboratory for application in mate-
rial standardization, nuclear waste 
treatment, and nuclear medicine.  
In this article, three case-studies were 
used to highlight how ICP-MS can be 

used to help resolve issues that are 
currently faced in these applications. 
ICP-MS has been shown to be effec-
tive for rapid bulk sample measure-
ment of graphene, functionalized-GO 
and high-Z NPs. However, challenges 
still remain with ICP-MS measurement 
at the nanoscale, specifically with re-

spect to understanding how surface 
interactions, which occur between 
analytes of interest and the nano-
material, can be further quantified.  
This information can potentially be 
a valuable tool and allow for fur-
ther insights to be made into the 
ef fec t of NP size, concentrat ion 

+
(a) (b)6.0E+07

5.0E+07
4.0E+07
3.0E+07
2.0E+07
1.0E+07
0.0E+07C

P
S 

g
ad

d
o

lin
iu

m

C
P

S 
g

o
ld

4.0E+06

3.0E+06

2.0E+06

1.0E+06

0.0E+06
0 0.001 0.002 0.003 0.004 0.005 0.006 0 0.00002 0.00004 0.00006 0.00008 0.00001

DOTAREM (nmol) Au NP concentration (nmol)

y = 1E+10x - 149258
R2 = 0.9998

y = 3E+10x - 8638.7
R2 = 1

FIGURE 2: Calibration curve of (a) Dotarem and (b) Gold NPs in solution. 

Spectrometers – See the difference

For more info visit www.hamamatsu.com or email us at photonics@hamamatsu.com

Stability without the bulky cooling

InGaAs Spectrometer

Wavelength (nm)

Te
m

po
ra

l S
ta

bi
lit

y

Sensitivity

Competitor 
(cooled)

Vertically integrated, Hamamatsu 
offers not just sensors, but also 
superior spectrometers. Thanks 
to our high-quality transmission 
grating and optical design, 
our spectrometers provide 
excellent stability and better 
absorption readings, at lower 
cost, so you can accurately 
control pharmaceutical and 
semiconductor processes. 

1

1.5

2
(non-cooled)

900 1100 1300 17001500

http://www.hammatsu.com
http://www.hamamatsu.com
mailto:photonics@hamamatsu.com


32  Spectroscopy 36(1)   January 2021 www.spectroscopyonline.com

PEER-REVIEWED RESEARCH

or shape on the quality, elemen-
tal and cell uptake capability of the  
material, respectively.

One technique which can over-
come this challenge is single particle 
inductively coupled plasma mass 
spectrometry (SP-ICP-MS). In this 
technique, a suspension of nanopar-
ticles is introduced, which has been 
diluted so that only one NP at a 
time is measured by the instrument.  
This then allows for several material 
properties to be measured including 
particle size, size distribution and 
the total concentration of both NPs 
and dissolved contents present in a 
sample. This would previously have 
required the use of multiple analytical 
imaging techniques. As a result, SP-
ICP-MS has been increasingly used 
over the last few years in applications 
including, consumer product safety 
and environmental analysis whereby 
insights into the size and bioaccumu-
lation of nanomaterials are vital. 

To date, SP-ICP-MS has not been 
widely used in nuclear and materials 
applications. As such, there is great 
scope to make progress in this area. 
For instance, most publications have 
reported mainly on the analysis of 
ideal NPs (for example, silica and 
titanium dioxide) (7). This indicates 
that SP-ICP-MS is not well-suited for 
the analysis of complex and irregular 
nanomaterial systems, such as those 
highlighted in this article. Therefore, 
further method development work is 
required in the future to allow for the 
shape of nanomaterials to be con-
sidered during SP-ICP-MS analysis. 
This can be potentially achieved by 
developing a database from offline 
transmission electron microscopy 

(TEM) measurement of nanomateri-
als, which can be feed directly to the 
instruments software. Overall, this 
will confirm that a fit-for-purpose 
measurement protocol exists for end-
users of SP-ICP-MS and will ensure 
that this technique remains a prime 
candidate for nanomaterial analysis.
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Investigating a Laser-Induced  
Titanium Plasma Under an  
Applied Static Electric Field

This paper investigates the effect of an ap-
plied electric field on the laser-induced tita-
nium plasma. We employed a Q-switched 
Nd:YAG laser system with a wavelength 
of 1064 nm, and focused on the surface of 
the titanium target. We observed that the 
intensities of the negative biasing voltages 
were higher than those of the positive bias-
ing voltages. We recorded an enhancement 
in the intensity 2.5 times higher with the -15 
kV voltage compared to one without. With 
an applied electric field of 15 kV, the spectral 
intensity of the titanium plasma recorded 
a 0.9 times decrease in the intensity with 
reference to the zero voltage. The electri-
cal characterization of the titanium plasma 
was also investigated. The results showed a 
sharp decrease in the electrical signal as the 
distance between the plates increased from 
15 to 60 mm. From the Saha-Boltzmann 
equation, the plasma temperature was cal-
culated at 9152 K with a laser energy of 100 
mJ and an applied electric field of -15 kV. 
The plasma temperatures were enhanced 
under the negative biasing voltage case 
compared to the positive biasing voltage 
case. The electron density of the titanium 
plasma was also examined, and the results 
predicted increasing electron density with 
increasing laser energy. At an applied elec-
tric field of -15 kV and laser energy of 300 
mJ, the highest electron density of the tita-
nium plasma was recorded as 1.51×1018 cm-3.

Emmanuel Asamoah, Yao Hongbing, Wei Pengyu, Cong Jiawei, Zhu Weihua, 
Zhang Lin, Anita Asamoah, Kwaku Ayepah, and Samuel Britwum Wilson 

Laser induced breakdown spec-
troscopy (LIBS) is a quantitative 
analytical technique that employs 

a high-power laser beam focused on the 
surface of a target, which then ablates the 
surface of the target. This process is carried 
out to investigate the elemental compo-
sition of the target material. The spectra 
analysis gives detailed information about 
the composition of the target sample.  
This technique and its applications have 
been used in many scientific fields and in-
dustries (1–11) such as material sciences, 
analytical chemistry, and plasma physics 
(12–14). Researchers all over the world work-
ing in the field of LIBS have studied the po-
tential of the LIBS technique for the analysis 
(15,16) of different target samples, such as 
liquids (17), solids (18), and gasses (19–23). 
The LIBS technique has numerous advan-
tages compared to other spectroscopic 
techniques, such as inductively coupled 
plasma-atomic emission spectroscopy (ICP-
AES) and atomic absorption spectroscopy 
(AAS) (24–26). These advantages include in 
situ analysis and little or no sample prepa-
ration (27,28). The analytical performance 
of the plasma mostly depends on several 
plasma parameters, such as the laser flu-
ence, the pulse repetition rate, and the 
wavelength (29). In LIBS, the plasma expan-
sion and the plasma parameters, such as 
electron temperature and density, can also 

be influenced by other experimental con-
ditions, such as the nature of the ambient 
environment, laser wavelength, the applied 
laser energy (30–34), the presence of cavity 
confinement, and the applied electric field. 

In our previous paper (9), we studied 
the influence of laser energy on the laser-
induced magnesium plasma. The results 
showed that the laser energy had a huge 
effect on the electron temperature. We also 
reported a study (35) on the influence of cav-
ity and magnetic confinements on the sig-
nal enhancement of a laser-induced mag-
nesium and titanium plasmas. The study 
employed both circular and square cavi-
ties to investigate the confinement effect 
on the spectral intensities of the plasmas.  
The spectra intensities of both the circular 
and square cavities were more enhanced 
when compared with the cavity-free case. 

Few papers have been reported on the 
laser-induced plasma under applied elec-
tric fields. Robeldo-Martinez and his team 
(36) investigated on the dipolar field and 
plasma expansion of a laser-induced break-
down in a uniform direct current (DC) field.  
They focused an Nd:YAG laser between 
two parallel plates connected to a DC 
power supply, and investigated the plasma 
expansion and formation of the LIBS in air 
by utilizing an electric field measurement 
and fast photography. Their results pre-
dicted that the plasma produces a dipo-
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lar electric field that is proportional to the 
strength of the bias. They reported that the 
dipole was caused by the redistribution of 
the charges over the surface of the plasma.

Elhassan and his group (37) also stud-
ied the effect of applying static electric 
field with different polarities on the laser-
induced plasma parameters. Their work 
revealed an enhancement in the signal-

to-noise ratio (S/N) of both the neutral 
and ionic lines of the aluminum plasma 
under forward biasing voltage. They also 
recorded a decrease in the emission inten-
sities of the plasma in the case of reverse 
biasing of the voltage.

Alvarez and his coauthors (38) pub-
lished a report on the spectral and  
electrical characterization of laser pro-

duced plasma. They studied the influence 
of transverse electric field produced by 
two parallel capacitor plates on the alu-
minum target. Their results showed that 
the electron temperature and density are 
directly proportional to the applied laser 
energy. They also recorded that the elec-
tric signal as a function of the distance of 
separation of the plates had a relationship, 
which is approximately the inverse of the 
square of the distance.

We present an in-depth study on the 
titanium plasma under static electric field 
by analyzing the plasma parameters of the 
titanium plasma. The aims of this study 
are to investigate the effect of the elec-
tric field on the electron temperature and 
density of the titanium plasma, and also to 
study the electrical characterization of the  
titanium plasma.

Materials and Methods
The experimental set-up in this work is 
similar to the report of (37,38). Figure 1a 
shows the experimental setup for the 
laser-induced plasma. The plasma was 
produced by a Q-switched Nd:YAG 
laser operating with a laser pulse of  
100 mJ/pulse, with a pulse duration of 8 
ns at its fundamental wavelength of 1064 
nm. An energy meter (Nova II, Ophir 
from Laser Measurement Group, Ophir 
Optronics Ltd.) was used to monitor the 
shot-to-shot laser pulse energy. The pulse 
laser beam was focused on the titanium 
target by a plano-convex lens with a focal 
length of 15 cm. The target was a highly 
polished titanium plate with 99.9% purity. 
The target was sandwiched between 
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FIGURE 1: (a) The schematic diagram of the experimental setup of the laser-induced plasma for the electric field confinement. 
(b) The setup to study the electrical characterization of the titanium plasma (where C is a capacitor and R is a resistor). 

TABLE I: The spectroscopic data of the titanium (Ti) spectral lines acquired 
from the NIST database (43).

Spectral Line λnm (mn) Em (eV) Amn gm

Ti I 336.2 5.99 1.58 9

Ti I 390.1 3.20 0.01 7

Ti I 430.1 3.72 0.16 7

Ti II 337.3 1.41 3.69 8

Ti II 368.5 3.97 0.00 6

Ti II 376.0 3.90 0.94 8

Ti II 376.2 5.89 0.22 8

Ti II 439.4 4.04 0.01 4

Ti II 450.1 3.87 0.09 6
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FIGURE 2: The emission spectra of titanium with an applied electric field of 
-15 kV in the spectral region of 200−800 nm, with a laser energy of 100 mJ.
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two polished copper plates at 2 cm apart.  
These copper plates were used as the elec-
trodes for the application of the voltage.  
The diameter of the two electrodes was 50 
mm, with a thickness of 5 mm. The elec-
trode between the focusing lens and the 
target sample had a hole with a diameter 
of 5 mm at the center to allow the focus-
ing of the laser beam on the target surface.  
To increase the S/N ratio and the reproduc-
ibility of the measurements, the collection 
of the spectra data was done by averaging 
15 single accumulations of spectra from 15 
different fresh positions on the target sur-
face. The voltage across the electrodes was 
varied from 0 to 15 kV to study the electric 
field effect on the plasma. The polarities of 
the electrodes were also reversed to further 
study their effect on the plasma. The spec-
tra were collected by a fiber bundle coupled 
with an echelle spectrometer (Andor Tech-
nology, Mechelle 5000. Wavelength range 
of 200–975 nm, wavelength accuracy pf 
±0.05 nm, focal length of 195 mm and high 
resolution power up to 6000 and with spec-
tral resolution of λ/Δλ=5000) with an inbuilt 
ICCD camera. The delay generator was also 
employed to vary the delay time (Stanford 
Research System, model DG645). 

The setup in Figure 1b was used to 
study the electrical characterization of 
the titanium target. The capacitor plates 
were connected parallel to the laser 
beam. One of the plates was connected 
to the ground through a 5.0 kΩ resister, 
and the other plate was connected to a 
high voltage source. The voltage source 
varied from 0 to 15 kV, and the distance 
between the two plates varied between 
15 mm to 60 mm, with an interval of 5 mm. 
The titanium sample was sandwiched 
between the two capacitor plates, and 
was affixed to a translation stage to en-
able fresh positions for the focusing of 
the laser beam onto the titanium target. 
The spectra from the emission were col-
lected by a fiber bundle that was coupled 
with an echelle spectrometer with an in-
built intensified charged coupled device 
(ICCD) camera (1024 × 1024 pixels iStar 
from Andor Technology). The ICCD was 
triggered by a photodiode in order to 
synchronize the delay time between the 
laser pulse and the ICCD. The analysis 

of the data was performed by a com-
puter with Andor software (Andor Solis,  
Andor Technology).

Results and Discussion
Spectral Emission Intensity
To investigate the influence of static 
electric fields on the titanium plasma, 
we studied the spectral analysis of the 
laser-induced plasma. The spectral 
emission of the plasma was recorded 

under several experimental conditions.  
Figure 2 shows the emission spectra of 
the LIBS plasma obtained with a laser en-
ergy of 100 mJ at atmospheric pressure in 
the presence of an applied electric field.  
The emission spectra revealed the 
spectral lines of titanium I at 336.2 nm, 
390.1 nm, and 430.1 nm, and titanium II 
at 337.3, 368.5, 376.0, 376.2, 439.5, and 
450.2 nm. From the emission spectra, 
we observed a strong continuum with 
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an increase in the laser energy. Varying 
the electric field resulted in an increase 
of the spectral intensities of the plasma.  
Furthermore, in the early stage of the 
plasma generation, the signal was mostly 
dominated by the continuum emission, 
because of the collision of the ions and 
atoms with the electrons.

The Electric Field Effect on the Plasma
Figure 3 depicts a three-dimensional plot 
of the emission spectra generated by an 
Nd:YAG laser operating with a laser energy 
of 100 mJ and a delay time of 15 ns under 
different applied electric fields by forward 
and reverse biasing of the electrodes.  
The figure reflects a wide titanium spec-

tral range from 300 to 500 nm. It also 
depicts the spectra intensity differ-
ences between the negative biasing 
voltages and the positive biasing 
voltages. After observing the peak 
intensities of both the negative and 
positive biasing cases, we found the 
intensities of the negative biasing volt-
ages were much higher than that of 
the positive biasing voltages. We also 
found that the intensities of both the 
ionic and atomic spectral lines were 
all influenced by the applied electric 
fields. We conducted thorough in-
vestigations on the obtained spectra, 
and plotted the intensities of the Ti II-
376.0 nm against the biasing voltages 
from -15 to 15 kV as shown in Figure 4.  
The plot reveals an enhancement in the 
Ti II-376.0 nm lines in the forward bas-
ing case. Comparing the zero voltage 
intensity with the -15 kV voltage case, 
we observed a 2.5 fold increase in the 
intensity of the -15 kV voltage. For the 
15 kV voltage case, we recorded a 0.9 
times decrease in the laser intensity 
with respect to the zero voltage inten-
sity. These decreases in the intensi-
ties can be attributed to the decrease 
in the recombination rate, the strong 
attractive field between the negative 
front electrode, and the positive ions 
within the plasma. The intensity en-
hancement of the titanium II-376.0 nm 
lines via the forward biasing case was 
a result of the repulsive fields between 
the positive front electrodes and the 
positive ions within the plasma. 

Electrical Characterization  
of the Titanium Plasma
The setup in Figure 1b was used to in-
vestigate the electrical characterization 
of the titanium plasma produced in air at 
atmospheric pressure. The oscilloscope 
was used to monitor and study the elec-
trical signals generated from the plasma. 
During the process of plasma formation 
within the two capacitors, an electric pulse 
was generated that can be measured as 
a potential difference across the resis-
tor connected to the ground. We further 
characterize these electrical signals as 
a function of the laser energy and the 
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distance of separation between the two  
capacitor plates. 

From Figure 5, we observed that, as 
the distance of separation between the 
two capacitors increased, the electrical 
signals decreased. The highest electri-
cal signal was recorded with a distance 
of separation between the plates as 15 
mm. From these results, we found that 
there was a sharp decrease in the elec-
trical signal as the distance between 
the plates increased from 15 to 60 mm. 
Figure 6 depicts the electrical signals as 
a function of the laser energy. As can be 
seen from the figure, the electrical signals 
increase with increasing laser energy.  
At a laser energy of 300 mJ, the maximum 
electrical signal was recorded as 18.2 V. 
We also observed a linear relationship be-
tween the electrical signals and the laser 
energies. The plotting of the electrical 
signal against the applied voltage across 
the capacitor plates is presented in Figure 
7. We also observed a linear relationship 
between the electrical signals and the 

applied voltages. It can be seen that the 
electrical signals increase with increasing 
voltage across the capacitor plates. 

Determination of Electron Temperature
Saha-Boltzmann Plot Method
The plasma temperature of the laser-
induced titanium plasma with and 
without applied electric field can be 
deduced from the Saha-Boltzmann 
equation used in our previous work 

(35). From the neutral and the ionic lines 
for the titanium spectra lines, we employ 
the Saha-Boltzmann plot method to cal-
culate the plasma temperature of the laser-
induced plasma. Equations 1 and 2a can 
be used to express the neutral and the 
ionic lines respectively (39–42). 

ln ( = -          E    + ln (hc
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g1A1
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where EIP is the ionization energy (eV), N0, Ne, and Z0 (T) represents 
the particle density, electron density and the partition function 
respectively. c, m, and A denotes the speed of light, mass of the 
electron, and the ionic broadening parameter, respectively. T is 
the plasma temperature, and h is the Planck’s constant.

From the Saha-Boltzmann equation, plotting the expres-
sion at the right-hand side of the equation (Em) against the 
expression in the left-hand side of the equation gives a lin-
ear fit with a slope which is equal to -1⁄(kBT ). Where kB and T 
are the Boltzmann’s constant and the plasma temperature 
respectively. Using the spectroscopic parameters of the tita-
nium spectra lines acquired from the NIST database as shown 
in Table I. The plasma temperature can be deduced from the 
slope of the Saha-Boltzmann plot, as depicted in Figure 8.

From the Saha Boltzmann plot, the plasma temperature was 
calculated to be 9152 K with a laser energy of 100 mJ and an 
applied electric field of -15 kV. With the same laser parameters, 
the plasma temperature of the titanium plasma with an applied 
electric field of -5 and -10 kV was found to be 7567 and 8425 K, 

respectively. Also, for the positive biasing voltage case with an ap-
plied electric field of 5, 10, and 15 kV with a laser energy of 100 mJ,  
the plasma temperatures of the titanium plasma were found to be 
6725, 6192, and 5427 K, respectively.

Figure 9 represents a plot of plasma temperature against 
applied electric field with different laser energies. The plasma 
temperature of the titanium plasma without electric field was 
recorded to be 7012 K at a laser energy of 100 mJ. From Figure 
9, we can see that the plasma temperature increases with in-
creasing laser energy under both positive and negative biasing 
voltages. However, comparing the positive and negative bias-
ing voltages, the plasma temperatures of the negative biasing 
cases were more enhanced as compared to the positive biasing 
cases. Comparing the plasma temperatures of the positive bias-
ing cases with the case without electric field, it was observed that 
the plasma temperature decreases in the presence of positive 
electric fields. At an applied electric field of -15 kV and a laser 
energy of 200 mJ, the plasma temperature was found to be 11274 
K. Also, for the positive biasing voltage of 15 kV at the same laser 
energy of 200 mJ, the plasma temperature was also calculated 
to be 7035 K. Figure 9 shows that the plasma temperature drops 
tremendously from the negative biasing voltage of -15 kV to posi-
tive biasing voltage of 15 kV. 

Electron Density
In this section, we discuss the effect of the applied electric field on 
the electron density of the titanium plasma. The electron density 
can be calculated by using the full width at half maximum (FWHM) 
of the spectral lines, which can be expressed as:

[1 -    ND    ]Δλ1/2(nm) = 2ω ( Ne

1016 ) 3
4

Ne   

1016 ) Ne   

1016+ 3.5A ( 1/4
-1/3 ω (        )       [3]

where ND is the number of particles in the Debye sphere, Ne 
is the electron density, ω and A are the electron impact width 
parameter and ionic broadening parameter respectively. Ignor-
ing the contribution of the ionic broadening, the expression in  
equation 3 can be written as (35,39):

Δλ1/2(nm) = 2ω ( Ne

1016 ) [4]

A plot of the electron density against the laser energy at 
different applied electric fields under negative biasing of 
the voltage is depicted in Figure 10a. The graph reveals the 
general trend of increasing electron density with increasing 
laser energy. The electron density of the titanium plasma at a 
laser energy of 100 mJ at an applied electric field of -5 kV was 
deduced to be 9.61 × 1017 cm-3. At an applied electric field of 
-15 kV and laser energy of 300 mJ, the highest electron den-
sity of the titanium plasma was recorded as 1.51 × 1018 cm-3. 
Figure 10b also represents a plot of electron density against 
laser energy with an applied electric field under positive bi-
asing voltage. Comparing the electron density of the nega-
tive biasing case with the positive biasing case, we observed 
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that the electron density increases tremen-
dously under the negative biasing case.  
The minimum electron density was ob-
tained as 4.66 × 1017 cm-3 under the posi-
tive biasing of the voltage at a laser energy 
of 50 mJ.

Conclusion
In this study, we presented the inves-
tigation of the effect of applied static 
electric fields on the plasma param-
eters of a laser-induced titanium plasma.  
The study employed an Nd:YAG laser op-

erating at its fundamental wavelength of 
1064 nm focused on the surface of the 
titanium target. Applying static electric 
fields through forward and reverse bias-
ing of the electrodes. We found that the 
intensities of the negative biasing volt-
ages were much higher than those of 
the positive biasing voltages. It was also 
found that the intensities of both the ionic 
and atomic spectral lines were all influ-
enced by the applied static electric fields.  
Comparing the intensity of the case of 
zero voltage with the -15 kV voltage case, 
we observed a 2.5 fold enhancement 
in the intensity of the -15 kV voltage.  
By reversing the polarities of the applied 
electric field, we recorded in the 15 kV volt-
age case a decrease in the intensity by 0.9 
times with reference to the zero voltage. 
The decrease in the spectral intensities of 
the titanium plasma was attributed to the 
decrease in the recombination rate, which 
was as a result of the strong attractive field 
between the negative front electrode 
and the positive ions within the plasma.  
We also studied the electrical character-
istics of the plasma and observed that 
increasing the distance of separation be-
tween the two capacitor plates decreases 
the electrical signals. The highest electri-
cal signal was recorded with a distance of 
separation between the plates as 15 mm. 
The plasma temperature was deduced 
to be 9152 K with a laser energy of 100 
mJ with an applied electric field of -15 V. 
We found that the plasma temperature 
of the negative biasing cases was more 
enhanced as compared to the positive bi-
asing cases. The electron density was also 
found to be 9.61 × 1017 cm-3 with a laser 
energy of 100 mJ at an applied electric 
field of -5 kV. Increasing the applied elec-
tric field to -15 kV, the maximum electron 
density was obtained as 1.51 × 1018 cm-3 
at a laser energy of 300 mJ.
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A Genetic Algorithm–Optimized  
Extreme Learning Machine Model 
for Process Ethylene Analysis  
Robustness Enhancement

To enhance the process analysis ro-
bustness of an ethylene analyzer based 
on tunable diode laser absorption 
spectroscopy (TDLAS), an extreme 
learning machine (ELM) model is tai-
lored through genetic algorithm (GA) 
parameter searching, activation func-
tion selection, and sample dataset rota-
tion. Particularly, two robustness issues 
are the inaccurate gas concentration 
measurement caused by the variation 
in gas background components, and 
the inaccurate spectra shift calcula-
tion caused by spectral interference.  
Using our applied algorithm, the con-
centration calculation error was re-
duced by one order of magnitude. Ad-
ditionally, it was shown that, with our 
algorithm, the wavelength shift calcu-
lation accuracy was improved to less 
than 1 count over 1000 counts spectra 
length with methane spectral interfer-
ence. To test the viability, the algorithm 
was implemented in trace ethylene 
(C2H4) measurement with the coexis-
tence of interfering methane, and the 
experimental measurements supported 
the robustness enhancement effect. 

Wenhai Ji, Kun Ma, Li Zhong, Ying Ma, and Guolin Li 

Being a highly-sensitive, selec-
tive, fast, non-destructive, and in 
situ method, tunable diode laser 

absorption spectroscopy (TDLAS) has 
gained popular acceptance for trace gas 
measurement in various industries. Its uses 
include, but are not limited to, coal mine 
safety (1), combustion measurement (2), 
petrochemical process analysis (3), and 
gas emission monitoring (4). 

There are challenges, however, in main-
taining analytical robustness of TDLAS 
methods for onsite application. The major 
common obstacles are spectral fringe 
(caused by the etalon effect of multiple re-
flections from optical surfaces) and spec-
tral interference (caused by background 
gas and spectra deformation due to sys-
tem degradation). When these factors 
are combined in a complicated process 
analysis, they can cause a TDLAS analyzer 
to deviate from the original calibration. 

Strategies to reduce the effects of 
spectral baseline structures include anti-
reflection coatings, wedging or tilting the 
optical surfaces, dithering one surface and 
integrating the signal to average out its 
influence, and selecting a modulation fre-
quency (5). Li introduced a discrete wavelet 
transform (DWT) method with optimized 

wavelet pairs to analyze spectra with differ-
ent noise levels and baseline drift (6). Che-
mometric methods, such as the classical 
least squares (CLS) fitting method (7) and 
the partial least square (PLS) fitting method 
(8), have been commonly adopted in 
TDLAS to suppress spectral interferences. 

When spectral interference or deforma-
tion becomes strong, it is hard to achieve 
satisfactory performance with linear re-
gression algorithms. This changed with 
the introduction of machine learning al-
gorithms such as artificial neural networks 
(ANN) (7), and support vector machines 
(SVM) (8) and extreme learning machine 
(ELM) models (9,10). ELM, a novel single-
layer forward neuronetworking (SLFN) al-
gorithm developed by Huang (11,12), aims 
to reach not only the smallest training 
error, but also the smallest norm of output 
weights. In addition, ELM offers better 
training speed and generalization abil-
ity than backprop (BP) neuronetworking  
and SVM (13). 

ELM is capable of regression and classi-
fication (12,14), and has been used in micro-
NIR, Fourier-transform infrared (FT-IR), and 
laser-induced breakdown spectroscopy 
(LIBS) (9,10). Application in TDLAS has not 
been carried out so far. Therefore, we intro-
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duce the ELM algorithm in a TDLAS pro-
cess analyzer to improve its performance.

Theory and Algorithm
Extreme Learning Machine Model
The ELM model output O is expressed as:

∑ ßig(Wi 
• Xj + bi ) = Oj

L

i=1

[1]

where β i  i s  the output weight ,  
Wi = [w1, w2, ... , win]T is input weight, Xj is 
the j-th sample spectra in X, g(...) is the 
activation function, Wi ∙ Xj is the inner 
product, bi is the bias, oj is the output 
with respect to Xj, N is the number of 
the sample, L is the number of hidden 
layer nodes, n is the input layer neuron 
number, and the output layer neuron 
number is 1. 

The goal of ELM model training is to 
obtain the estimated βi by minimizing 
the difference between real value t and 
model prediction o,

β = H-1T=H+ (HHT)-1T             [2]

where T is matrix form of t, and

H =

g(W1
• X1+b1 )     g(WL

• X1+bL )

g(W1
• XN+b1 )     g(WL

• XN+bL )
[                                                       ]

N×L

•••

••
•

••
•

••
•

•••
[3]

Optimization and
Genetic Algorithm (GA)
The first step in spectral analysis is prepro-
cessing, which involves multi-scan averag-
ing, Savitzky–Golay smoothing, and optical 
power normalization. 

An ELM model can be optimized 
through several factors. The activation 
function is critical in terms of model con-
vergence speed and predication accuracy 
(12). Recent research showed that the sta-
bility and accuracy of an ELM model were 
further improved by optimization of L, W 
and b (15–16). 

GA is useful for searching for the global 
optimized parameter and avoiding local 

optima, through many generations of se-
lection, crossover, and mutation operation. 
GA is also ideal for W and b optimization. 

Performance Evaluation
The purpose of ELM application is to en-
hance the robustness of the spectroscopic 
analyzer in process analysis. The accuracy 
of key measurements is expected to im-
prove after spectra restoration with ELM.

As the basis, CLS is introduced to derive 
the concentration from spectra:

Y = a0+∑ ai Ri

n

i=1
[4]

where Y is the input spectra, Ri is the refer-
ence spectrum, and ai (i = 1…n) is the re-
gression coefficient which is used to derive 
the gas concentration. Relative error (RE) 
is used as model performance indicator:

REi = Abs (      ) oi-ti
Fs

[5]

where oi and ti are the prediction and real 
values of the i-th spectrum, and Fs is the full 
range. In contrast to 3σ criterion, the RE is 
more stringent.

Experiment
Trace ethylene (C2H4) measurement in pet-
rochemical process analysis was chosen as 
an example. There were strong spectral 
interferences from coexisting background 
components. The spectral region from 
1626.25 nm to 1626.70 nm was chosen for 
C2H4 analysis, where peak absorbance of 
CH4, C2H6, and CO2 were much weaker 
than C2H4. 

The analyzer’s micro controller (MCU) 
controls a laser module PCI-FPGA-1A (Port 
City Instruments) to drive the laser with scan 
and modulation functions. The tuning range 
of the distributed feedback (DFB) laser is 
around 0.45 nm, which covers two C2H4 
absorption peaks at 1626.35 and 1626.53 
nm. The laser temperature is stabilized by 
a TEC module WTC3293. The cascade in-
tegrator comb filter–based demodulation 
output DC and 2f (17), together with gas 
temperature T and pressure P, are collected 
by an ADC.

The process of TDLAS analyzer gas 
concentration measurement is shown in 
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FIGURE 1: The process of a TDLAS analyzer gas concentration measurement: 
(a) 2f spectra generation, (b) model training with training set spectra, (c) 
model verification with collected spectra.

TABLE I: RE of concentration in process test for the CLS and ELM models

Verification Subgroup CLS ELM

1 5.70% 0.27%

2 2.80% 0.40%

3 6.00% 0.46%

4 4.20% 0.57%

5 6.30% 0.37%
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Figure 1. The spectra generation process 
is illustrated in Figure 1a. The procedure 
of calibration model training and verifi-
cation is illustrated in Figures 1b and 1c, 
where the impact on accuracy by laser 
frequency drift and spectral interference  
are demonstrated. 

We will address two spectral analysis is-
sues. The first is the gas concentration pre-
diction accuracy caused by background 
and gas pressure variation during process 
measurement. The second is the inaccurate 
spectral shift calculation in the presence of 
strong spectral interference. With ELM, 
we aimed to accurately calculate both gas 
concentration and real spectra shift. Two ex-
periments were designed correspondingly. 

Process Test Experiment 
This experiment was to simulate the in-
dustrial process in a controlled scenario. 
Fifty mixing gas streams were generated 
with C2H4 up to 200 ppm, CH4 up to 2000 
ppm and the pressure was in 900 to 1100 
mbar range. They were randomly varied 
within the range. Part of collected spectra 
are plotted in Figure 2a. Because of CH4 
interference, accurate concentration can-
not be obtained by direct counting of the 
C2H4 spectra peak.

Spectral Drift Test Experiment 
Spectral drift causes an adverse impact on 
the accuracy. In the experiment, spectral 
peak shift was varied up to 16 counts over 
1000 counts range by randomly shifting 
current up to ±0.2 mA without chang-
ing the range amplitude. The concentra-
tion of C2H4 and CH4 was randomly set.  
Examples of collected spectra are shown 
in Figure 2b. For isolated spectral features, 
the spectral shift can be calculated by peak 
tracking of peak position, but it is unlikely 
to get correct spectral shift by tracking for 
this scenario shown in Figure 2b. 

Results and Discussion
Process Test Analysis 
The 50 process test spectra are used to cal-
culate the C2H4 concentration in dynamic 
backgrounds with ELM. 

First, we evaluate the effect of activation 
functions, with subgroups 1 to 4 as a train-
ing set and subgroup 5 as a verification set. 

TABLE II: RE of spectra shift for the peak tracking and ELM models

Verification Subgroup Peak Tracking ELM

1 -56% -16%

2 -75% -15%

3 69% 4%

4 63% 10%

5 -100% 5%
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The RE for the different activation functions, 
sigmoid, sin, hardlim, tribas, radbas and 
rectified linear unit (ReLU), are calculated.  
The RE for ReLU is 0.65%, which is substan-
tially better than others, because it has linear 
expression and broad linear response input 
range. Therefore, ReLU is chosen for future 
ELM modeling. 

Then, Neuron number L is optimized at 
150. After W and b are identified through 
GA global searching, RE is improved from 
0.65% to 0.37%.

Finally, the impact of training set and veri-
fication selection on model performance is 

evaluated through a fivefold cross-validation 
(CV). The model was trained by the four 
subgroups, and verified by one remaining 
subgroup. The subgroups are rotated in 
training and verification selection. The RE 
of each subgroup with the corresponding 
ELM model is listed in Table I. The ELM 
model trained by subgroup 2–5 has the 
lowest RE of 0.27%.

The concentration error with the final 
optimized ELM modes for 50 spectra is 
plotted in Figure 3 (circle). The training set 
errors are closer to zero, because of deep 
suppression by the nonlinear activation 

function. The errors of 10 verification set 
spectra are larger, which are accountable 
for ELM model performance.

The C2H4 concentration is obtained by 
CLS equation 4. The RE is listed in Table 
I, with max value of 6.30%. Errors for each 
sample are plotted in Figure 3 (triangle). The 
error is reduced more by ELM than by CLS.

Spectral Drift Test Analysis
Spectra Shift Analysis with ELM 
The real spectral shift in the dynamic 
process is the key to obtaining correct 
concentration through the calibration 
model. With real shift, spectra can be re-
stored to calibration status with high fidel-
ity. The ELM algorithm is adopted for this 
purpose. During model training, spec-
tral shift is treated as the output in the 
model. The RE is defined as the current 
prediction error divided by the current 
shift range (Fs). The peak shift RE for sub-
groups is listed in Table II. The best ELM 
model, verified by subgroup 3, has an RE 
of 4%, equivalent to a maximum spectral 
shift error of 0.64 counts. The right C2H4 
peak is selected for peak tracking with the 
RE listed in Table II. Due to concentration 
variation and CH4 interference, its accu-
racy is much less than ELM. The max error 
is 16 counts (-100%).

Concentration Error
After Backshift Correction 
After the shift calculation, the spectra are 
backshifted to match with the calibra-
tion. The C2H4 concentration prediction 
error with and without backshift correc-
tion is calculated based on corresponding  
calibration model. 
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The RE of C2H4 concentration for each 
spectrum is plotted against current shift 
in Figure 4. Before correction, the error 
pattern demonstrates a V shape. As spec-
tra shift more, the error increases more.  
After ELM correction, the error pattern 
demonstrates a flat belt shape, and the 
widths are greatly shrunk. The error is im-
proved from 6.92% to 1.50% (Figure 4a). For 
peak tracking and CLS method, the error 
has no obvious improvement (Figure 4b), 
due to inaccurate peak shift calculation.

Conclusion
ELM is employed in the trace C2H4 TDLAS 
analysis through two experiments. In the 
process test, RE of C2H4 concentration is 
obtained at 0.27% for the optimized ELM 
model. For the traditional CLS method, it 
is 6.30%. In the spectral shift test, the spec-
tral shift prediction errors are less than 1 
count for ELM, and less than 16 counts for 
peak tracking. The concentration relative 
error was reduced from 6.92% to 1.50% 
after ELM backshift correction. For the 
peak tracking and CLS methods, however, 
the error remains in the 20% region. ELM 
has demonstrated a dramatic robustness 

enhancement in trace C2H4 measurement. 
It can be extended to more complicated 
nonlinear spectral deformation scenarios.
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PRODUCTS & RESOURCES

Portable Raman analyzer
The STRam portable 
Raman analyzer from  
B&W Tek is designed 
for rapid material 
identification through 
a variety of barrier 
layers and packaging 
previously impenetrable 
using Raman. According 
to the company, the 
analyzer is available 
in two different laser 
excitation wavelengths: 785 and 1064.
B&W Tek, LLC, Newark, DE. www.bwtek.com

Micro-XRF analyzers
The Orbis Micro-XRF 
analyzers from EDAX are 
designed to work across 
a range of sample types 
and shapes. According 
to the company, the 
analyzers incorporate 
fast, simultaneous multi-
element X-ray detection 
with the sensitivity to 
analyze from parts-
per-million to 100% 
concentrations. 
EDAX, Inc., Mahwah, NJ. www.edax.com

Compact single-frequency laser
Hübner Photonics’ Cobolt 
05iE compact, single-
frequency laser is designed 
for a range of wavelengths 
from 355 nm to 1064 nm. 
According to the company, 
the laser has few parts and 
a reduced system footprint, 
and is suitable for use of the 
laser for system integrators 
and researchers. 
Cobolt AB, a part of 
Hübner Photonics, Solna, Sweden.
www.hubner-photonics.com

Fluorine analyzer
The ProfilerF analyzer 
from Metrohm is designed 
as an analytical tool that 
quantifies all fluorine, both 
organic and inorganic fluo-
ride in solution, to define 
the total impact of per- and 
polyfluoroalkyl substances 
(PFAS) contaminants. 
According to the com-
pany, the analyzer can help researchers understand the total 
organic fluorine profile, and the detrimental impact these 
compounds can have on the environment and human health. 
Metrohm USA, Riverview, FL. www.metrohmusa.com

Raman microscope
Nanobase’s XperRAM 
S Raman microscope 
is designed to provide 
researchers with precise 
spectrum peak acquisition, 
wide area image scanning, 
and an easy-to-control 
software suite. According 
to the company, the micro-
scope features a transmis-
sion spectrometer to increase spectrum peak efficiency 
to over 90%, and a wide and fast image scanning experience 
for over 200 µm x 200 µm.
Nanobase, Inc., Seoul, South Korea. www.nanobase.co.kr

Tunable laser system
Opotek’s Radiant X 
tunable laser system is 
designed to advance 
technology for 
researchers, scientists, 
and industrial OEM 
customers. According to 
the company, the laser 
system is robust, and 
requires no manufacturing installation.
Opotek,
Carlsbad, CA.
www.OPOTEK.com

ULF Raman filters
BragGrate Raman fil-
ters from OptiGrate 
are designed to enable 
access to Stokes and 
anti-Stokes Raman bands 
in the ultralow terahertz 
frequency range down to 
5 cm-1. According to the 
company, laser line clean-
ing and light rejection 
notch filters are provided, 
and the filter production line is extended to cover many stan-
dard and custom laser wavelengths from 405 nm to 1550 nm. 
Optigrate, Oviedo, FL. www.optigrate.com

Optics, prisms, and polarizers
REFLEX Analytical’s selec-
tion of optical materials are 
designed for use in vacuum 
ultraviolet through far-infrared 
detection. According to the 
company, the materials are 
manufactured into transmis-
sion windows, lenses, view-
ports, beamsplitters, attenu-
ated total reflectance prisms, 
rods, hemispheres, and linear 
holographic infrared and free-standing wire grid polarizers.  
REFLEX Analytical Corporation,  
Ridgewood, NJ. reflexusa.com/noname.html
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PRODUCTS & RESOURCES

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

Raman microscope
WITec’s alpha300 apyron 
fully automated Raman 
microscope is designed 
to provide the benefits of 
high-resolution 3D chemi-
cal imaging at the click of 
a mouse. According to the 
company, the motorized 
components of the micro-
scope accelerate experi-
mental setup for increased sample turnover rates and  
ensure the consistency of results while reducing the  
researcher’s workload.  
WITec GmbH, Ulm, Germany. www.witec.de

WDXRF spectrometer
Rigaku’s Supermini200 
benchtop sequential wave-
length dispersive X-ray 
fluorescence (WDXRF) 
spectrometer is designed 
for elemental analysis of 
solids, liquids, powders, 
alloys, and thin films. 
According to the company, 
the spectrometer incorpo-
rates EZ Analysis, a soft-
ware feature designed to 
simplify everyday routine operation.  
Rigaku Corporation, Austin, TX. www.rigaku.com

Grating-based spectrometer
The C14384MA-01 com-
pact grating-based spec-
trometer from Hamamatsu 
is designed for measuring 
sugar content in fruit. 
According to the com-
pany, the spectrometer 
has a spectral response 
range of 640 to 1050 nm, 
a resolution of 17 to 20 nm 
(depending on the wavelength), and is suitable for pocket 
(consumer) spectrometers and handheld instruments.  
Hamamatsu Corporation, Bridgewater, NJ.  
www.hamamatsu.com

Trace element analysis application note
An application note from 
Analytik Jena describes 
the analysis of solutions 
containing 1 g/L cobalt 
for trace contaminants 
after ore concentration 
and purification. Accord-
ing to the company, seven 
elements were deter-
mined by inductively 
coupled plasma atomic 
emission spectroscopy 
(ICP-OES) at standard as well as high spectral resolution.
Analytik Jena, Upland, CA. www.analytik-jena.com

Analytik Jena

The analysis of main and trace element concentrations 
is an essential tool in geological science, e.g. for 
the characterization of geological features or 
determination of their age, as well as in the mining 
industry. The ore body of a mine is located and 
qualified based on ore analysis. The feed of smelting 
and hydrometallurgical processes has to be monitored 
just as the product and tailing do for accurate process 
control. Quality assurance of final products of 
course also requires precise determinations of trace 
contaminants.

All these analyses require the measurement of both 
high trace concentrations of the elements of interest 
– usually in a matrix containing a high amount of
dissolved solids in the gram per liter range. Multi-
element capabilities of the measurement system are
required due to the multitude of elements present and
relevant for this kind of application.

Considering these requirements leads to a robust 
multi-element technique tolerant towards matrix 
effects, and capable of analysing low concentrations. 
During the past two decades, AAS and ICP-OES 
have been the methods of choice, perfectly fulfilling 
these requirements not only for mining applications, 
but in any area that requires this type of analysis. 
More recently, ICP-MS has been developed into a 
valuable tool for ultra-trace detection, isotope ratio 
determinations, and the analysis of high-purity 
metals.

The shortcomings of the different techniques have 
been accepted as inevitable and considered the lesser 
evil when compared to other analytical techniques. 
Technical development, however, has continued 
and demands to reconsider this point of view have 
emerged.

Trace Element Analysis in Geology 
and Mining: HR-CS AAS, ICP-OES, and 
ICP-MS

Multichannel fiber probe
The NIRaman fiber probe 
from Art Photonics GmbH 
is designed to measure 
near-infrared (NIR) diffuse 
reflectance and Raman 
scattering for remote 
analysis of solids, powders, 
or liquids. According to 
the company, the NIR and 
Raman channels can oper-
ate simultaneously, providing hybrid modeling capabilities 
that were not possible in the past. 
Art Photonics GmbH, Berlin, Germany. https://artphoton-
ics.com/product/niraman-fiber-probe/

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

Spectrophotometer linearity validation
A set of absorbance 
references for linearity 
checking is available from 
Starna. According to the 
company, these certified 
reference materials (CRMs) 
enable users to demon-
strate instrument linearity 
to meet the requirements 
of major pharmacopoeia 
standards, including the 
latest European Pharmacopoeia 10.0 Chapter 2.2.25 and USP 
Chapter <857>.  
Starna Cells Inc., Atascadero, CA. www.starna.com
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