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MOLECULAR SPECTROSCOPY WORKBENCH

Raman Crystallography and the 
Effect of Raman Polarizability 
Tensor Element Values

Group theory in conjunction with 
Raman polarization selection rules 
may be applied to the study and 
characterization of crystalline ma-
terials. The Polarization–Orienta-
tion (P-O) Raman method employs 
this relationship, and is useful for 
the identification of a material’s 
crystal class, orientation, degree 
of disorder, and determination of 
the symmetry species to which the 
Raman bands in a spectrum be-
long. Furthermore, it can be used 
to distinguish allotropes and poly-
morphs, differentiate single from 
polycrystalline materials, and de-
termine whether materials at dif-
ferent locations in a fabricated 
device are crystallographically 
aligned. We discuss the theory and 
sensitivity of P-O Raman spectros-
copy in the backscattering mode 
applied to crystals for which the 
nonzero Raman polarizability ten-
sor elements of symmetry species 
are neither necessarily equal nor 
proportional. We demonstrate the 
effects of Raman polarizability ten-
sor relative values and crystal ori-
entation by calculating P-O Raman 
diagrams for the A and E symme-
try species of the trigonal D3, C3v,  
and D3d crystal classes.

David Tuschel

Raman crystallography is the 
application of group theory and 
Raman polarization selection 

rules to the study and characterization 
of crystalline materials. Characterizing 
crystalline materials by Raman spectros-
copy is a good alternative when sample 
size or structure precludes one from 
doing so by X-ray diffraction. Where 
sample morphology or spatial variation 
of chemical composition or crystalline 
structure is on a scale that precludes 
or makes impractical the use of X-ray 
diffraction, polarized micro-Raman 
spectroscopy can often obtain crystal-
lographic information. Applications of 
applied polarized Raman spectroscopy 
include characterization of minerals, 
integrated electronic and electro-optic 
devices, microelectromechanical sys-
tems (MEMS), and organic electronic 
devices including photovoltaics and 
organic light emitting diodes (OLEDs). 

Most spectroscopists are familiar with 
Raman spectroscopy as a method of 
chemical analysis because of its sensitiv-
ity to the masses of a compound’s con-
stituent atoms and their bond lengths 
and force constants. In addition, Raman 
spectroscopy can also be used for the 
characterization of the atomic structure 
of solids because Raman scattering de-
pends on the polarization and direction 

of the incident light, the crystal symme-
try and orientation of the solid sample, 
and the direction and polarization of the 
collected scattered light. Micro-Raman 
spectroscopic methods for determining 
local crystal orientation in silicon have 
been developed which take advantage 
of these properties (1,2). Raman crystal-
lography can be applied to many mate-
rials, and the interested reader can find 
very elegant polarized Raman spectro-
scopic applications to characterize GaN 
(3), sapphire (4), and zirconia (5).

Polarization–Orientation 
Raman Spectroscopy
We discussed one method of Raman 
crystallography called Polarization–Ori-
entation (P-O) Raman spectroscopy in 
a prior “Molecular Spectroscopy Work-
bench” installment (6). The P-O Raman 
method is useful for the identification 
of a material’s crystal class, orientation, 
degree of disorder, and determination 
of the symmetry species to which the 
Raman bands in a spectrum belong. To 
understand how this relationship can be 
applied to the characterization of crys-
tals, we begin by considering the most 
fundamental expressions related to  
Raman scattering:

P = α’E
→ →

[1]
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FIGURE 2: Calculated parallel (red) and perpendicular (blue) P-O Raman re-
sponse from the XY-face of the trigonal D3, C3v, or D3d A1 mode, with αxx,yy = 1 
and αzz = 10. Excitation polarization is along the x-axis at a crystal angle of 0°. 
The parallel and perpendicular responses are invariant with crystal angle, and 
have Raman signals of 1 and 0, respectively.
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= [2]

where α is the Raman polarizability tensor 
representing the vibrational modulation of 
the polarizability, E is the incident electric 
field vector, and P is the time varying di-
pole moment (also a vector) induced by 
the interaction of the incident electric field 
with the vibrationally modulated polariz-
ability of the chemical bond. The Raman 
polarizability tensor is fixed relative to the 
positions of the atoms and the directions 
of the chemical bonds between them. 
Therefore, for a crystal fixed in space the 
relationship described by equations 1 and 
2 is dependent upon the crystal symmetry 
and orientation of the sample relative to 
the direction and polarization of the inci-
dent and collected light. This relationship 

constitutes that part of the expression for 
Raman scattering intensity of interest to us 
in equation 3:

IR = ILK|Ei ● α’ ● Es|
2 Ω

→ →
[3]

where IR is the Raman scattering intensity, 
IL is the intensity of the incident light, K is 
a factor incorporating the dependence on 
the frequency of the incident light, Ei the 
polarization of the incident light, and Es 
and Ω are the polarization and solid angle, 
respectively, at which scattered light is col-
lected. The significance of this expression 
for work with crystals is that Raman scatter-
ing intensity is proportional to the square 
of the dot product of the incident electric 
field vector, Raman polarizability tensor, 
and scattering vector.

The theory and general application of 
P-O Raman spectroscopy in the backscat-

tering mode is based on the interdepen-
dence of incident electric field, Raman 
polarizability tensor, and scattering vec-
tor. Most important is that the forms 
(whether elements are zero or nonzero) of 
the Raman polarizability tensors for crys-
tals are dictated by the symmetry species 
of the crystal class to which the material 
belongs. The absolute magnitude of the 
tensor elements will be dictated by the 
specific chemical bonds between the 
atoms. However, whether a Raman ten-
sor element is zero or nonzero is entirely 
dictated by the crystal symmetry. There 
are 32 crystal classes and the forms of the 
Raman polarizability tensors have been de-
termined for all of them and tabulated in  
various publications (7–9). 

In that previous introduction to P-O 
Raman spectroscopy, we demonstrated 
good agreement between the experimen-
tally obtained results from single crystal Si 
and the calculated predictions for several 
crystallographic faces (6). The most com-
mon crystalline form of Si is cubic with two 
atoms in the primitive cell and belonging 
to crystal class Oh. The first order optical 
phonon at 520 cm-1 is triply degenerate 
and there are three T2g Raman polarizability 
tensors of the form:

0
0
0

0
0
d

0
d
0

T2g (x) = , T2g (y) = , T2g (z) =
0
0
d

0
0
0

d
0
0

0
d
0

d
0
0

0
0
0

[4]

where the letter d indicates a nonzero 
value. An experimental arrangement can 
be envisioned in which the laser beam is 
incident along the z-axis and polarized 
along the x-axis with respect to the labo-
ratory reference frame. This arrangement 
corresponds to the Raman microscope 
backscattering configuration. A cubic sin-
gle crystal Si chip is positioned such that its 
crystallographic XY-plane is coplanar with 
the laboratory XY-plane. Backscattered 
light is collected in two configurations, with 
the analyzer either parallel or perpendicu-
lar to the polarization of the incident laser 
light. Raman scattering strengths (normal-
ized) equal to the square of the dot prod-
uct in equation 3 have been calculated for 
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FIGURE 1: Calculated parallel (red) and perpendicular (blue) P-O Raman re-
sponse from the XY-face of the Oh T2g mode, with all nonzero Raman polariz-
ability tensor elements equal to 1. Excitation polarization is along the x-axis 
at a crystal angle of 0°.
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the analyzer parallel and perpendicular 
to the incident polarization as the crystal 
is rotated in the XY-plane. The calculated 
P-O diagram for Raman backscattering 
signal strength of the first order optical 
phonon at 520 cm-1 from the XY-face of 
cubic Si is shown in Figure 1.

The parallel and perpendicular re-
sponses are sinusoidal functions 45° 
out of phase, and, of course, because of 
the cubic symmetry the response is the 
same for the XZ- and YZ-faces. However, 
if the crystal is oriented out of these 
planes, one begins to see the effect of 
orientation on the P-O Raman plots. The 
method used to transform the Raman 
polarizability tensors from one crystal 
orientation to another is the transforma-
tion through Euler’s angles (10). The in-
terested reader can refer to our previous 
publication to compare the P-O Raman 
results for the (100), (110) and (111) faces 
of cubic Si (6).

We have performed P-O Raman cal-
culations for many other Si crystal orien-

tations, and have found the method to 
be very sensitive to crystal orientation. 
In fact, this sensitivity will be true for 
crystals of all symmetry classes because 
the P-O Raman diagrams depend only 
on the forms of the Raman polarizabil-

ity tensors. Crystals of symmetry lower 
than that of the cubic system can have 
Raman polarizability tensors in which 
the nonzero elements are not equal, 
and in those cases the P-O diagram will 
be affected by the relative magnitudes 
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FIGURE 3: Calculated parallel (red) and perpendicular (blue) P-O Raman re-
sponse from the YZ-face of the trigonal D3, C3v, or D3d A1 mode, with αxx,yy = 1 
and αzz = (a) 0.01, (b) 0.25, (c) 0.5, (d) 0.75. Excitation polarization is along the 
z-axis at a crystal angle of 0°.
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of the tensor elements. In fact, compar-
ing calculated P-O Raman diagrams 
to the experimentally obtained P-O 
plots allows one to infer relative Raman 
scattering cross-sections of vibrational 
modes from crystals. The form or pattern 
of P-O Raman diagrams are dependent 
upon crystal symmetry and the relative 
magnitudes of the nonzero tensor ele-
ments, which depend upon the specific 
elemental, compositional, or molecular 
identity of the crystal. That is what makes 
the P-O Raman method a useful basis for  
Raman crystallography.

One can immediately recognize the 
application of this method for the char-
acterization of crystal structure and orien-
tation in either naturally occurring materi-
als or fabricated devices. The P-O Raman 
method is complementary to X-ray dif-
fraction, and should be considered when 
X-ray analysis is not practical or possible. 
P-O Raman spectroscopy may be used 
to identify vibrational modes, distinguish 
allotropes and polymorphs, distinguish 
single from polycrystalline materials, and 
determine orientation of the crystal and 
degree of disorder. Furthermore, one can 
determine whether materials at different 
locations in a fabricated device are crys-
tallographically aligned based upon the 
phases of the experimentally obtained 
P-O Raman diagrams.

P-O Raman Spectroscopy of the D3, 
C3v, and D3d Crystal Classes
The nonzero elements of the triply 
degenerate T2g Raman polarizability 
tensors of the Oh crystal class are all 
equal. Therefore, only the crystal ori-
entation can affect the P-O Raman di-
agram for that symmetry species. The 
cubic system is a special case of high 
symmetry and all of the nonzero ten-
sor elements of the various symmetry 
species of the cubic classes are either 
equal or proportional to each other. 
That is not the case for the other 27 
crystal classes that do not belong to 
the cubic system.

Here, we discuss the theory and 
more general application of P-O Raman 
spectroscopy in the backscattering 
mode applied to crystals for which 
the nonzero Raman tensor elements 
of symmetry species are neither equal 
nor proportional. We demonstrate the 
effects of Raman tensor relative values 
and crystal orientation by calculating 
P-O Raman diagrams for the A and E 
symmetry species of the trigonal D3, 
C3v, and D3d crystal classes. The Raman 
tensors of these symmetry species are 
shown in equation 5. The E symmetry 
species is doubly degenerate and so 
there are two Raman polarizability ma-
trices associated with that species.

a
0
0

0
a
0

0
0
b

A = , E = and
c
0
0

0
-c
d

0
d
0

0
-c
-d

-c
0
0

-d
0
0

[5]

We begin our discussion with the A 
symmetry species in equation 5 and note 
that only the diagonal tensor elements 
are nonzero. Furthermore, αxx = αyy ≠ αzz, 
and, as we will see, the relative magnitudes 
of the tensor elements will affect the PO 
Raman diagram depending upon the sam-
ple’s crystal orientation. The P-O Raman 
experimental arrangement can be envi-
sioned in which the laser beam is directed 
along the z-axis and polarized along the 
x-axis, with respect to the sample’s crystal-
lographic axes and at a crystal rotational 
angle of 0°. The XY-face of the trigonal D3, 
C3v, or D3d crystal is positioned coplanar 
with the XY-plane of the laboratory frame, 
and backscattered light is collected along 
the z-axis. Raman scattering strengths for  
αxx = αyy = 1 and αzz = 10 have been cal-
culated for the analyzer parallel and per-
pendicular to the incident polarization as 
the crystal is rotated in the XY-plane. The 
calculated P-O diagram for Raman back-
scattering signal strength from the XY-face 
of the A symmetry species of a trigonal 
D3, C3v, or D3d crystal is shown in Figure 2.  
The P-O Raman responses for both paral-
lel and perpendicular configurations are in-
variant with crystal orientation. The parallel 
Raman signal is allowed and always equal to 
the squared αxx and αyy values of 1, whereas 
the perpendicular response is forbidden, 
yielding a Raman signal of zero. Mathemati-
cally, the reason for these responses is that 
both diagonal tensor elements within the 
XY-plane of rotation are equal to 1, whereas 
αzz is perpendicular to the plane of rotation, 
and does not contribute to the signal in the 
backscattering configuration. In this experi-
mental arrangement the specific value of 
αzz, which in this example is 10, has no effect 
on the P O Raman diagram.

Now, envision rotating the crystal 90° 
such that the laser is incident upon the YZ-
face and is polarized along the z-axis when 
the crystal rotation angle is at 0°. Relative 
Raman scattering strengths have been cal-
culated for the analyzer parallel and per-
pendicular to the incident polarization as 
the crystal is rotated in the YZ-plane. In this 
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configuration, the relative magnitudes of 
the αyy and αzz values directly affect the P-O 
Raman diagram, because the crystal rota-
tion is in the YZ-plane and the dot product 
of equation 3 varies with crystal orientation. 
The calculated P-O diagrams for Raman 
backscattering signal strength from the 
YZ-face of the A symmetry species of a tri-
gonal D3, C3v, or D3d crystal for αxx = αyy = 1 
and various αzz values are shown in Figure 
3. Note that the P-O Raman diagrams of 
the YZ- and XZ-faces are identical because 
the αxx and αyy values are equal.

The αzz values for the P-O Raman dia-
grams in Figure 3 are 0.01, 0.25, 0.5, and 
0.75, all less than 1, the value we desig-
nated for αxx and αyy. The Raman signal 
strengths for parallel and perpendicular 
configurations vary with crystal orientation, 
with the perpendicular response varying at 

twice the frequency as that of the parallel 
configuration. The P-O Raman diagrams 
of the A symmetry species obtained from 
the YZ-face are entirely different from that 
of the XY-plane, which was invariant with 
crystal angle. That is because the con-
tributing Raman tensor elements are not 
equal when probing the YZ-face, whereas 
those contributing in the XY-plane are 
equal. The Raman signal reaches a maxi-
mum in the parallel configuration at 90° 
and 270°, whereas in the perpendicular 
configuration the Raman signal peaks at 
45°, 135°, 225°, and 315°. The crystal angle 
separation between the maxima are 180° 
and 90° for the parallel and perpendicular 
polarization configurations, respectively. 
The P-O Raman response maxima remain 
at the same angles of crystal orientation 
for all αzz values less than that of αyy. How-

ever, there are two noticeable variations in 
the P-O Raman diagrams, as the αzz values 
are changed relative to that of αyy. The val-
ley at 180° becomes less broad and more 
rounded with increasing αzz values. Also, 
the amplitudes of the parallel and per-
pendicular responses decrease, and the 
two functions separate, as the αzz values 
approach that of αyy. These calculated P-O 
Raman diagrams demonstrate that experi-
mentally obtained P-O Raman responses 
can be used to identify the crystalline face, 
assign the symmetry species of a particular 
Raman band, and determine the relative 
values of the αxx, αyy, and αzz Raman polariz-
ability tensor elements of the A symmetry 
species when αxx = αyy > αzz.

Now, we examine those cases in which 
the Raman tensor values of the A symme-
try species are αxx = αyy ≤ αzz. The αzz values 
for the P-O Raman diagrams in Figure 4 are 
1, 1.5, 2.5, and 10, all greater than or equal 
to the value we designated for αyy. The P-O 
Raman responses for both parallel and 
perpendicular configurations are invariant 
with crystal orientation when αxx = αyy = αzz 
= 1. The parallel Raman signal is allowed, 
and always equal to the squared αyy and 
αzz values of 1, whereas the perpendicular 
response is forbidden yielding a Raman 
signal of zero. This is the response that 
one would expect because, mathemati-
cally, the situation here is the same as for 
the XY-face P-O Raman diagram shown in 
Figure 2, where the contributing diagonal 
Raman tensor elements are equal. Looking 
back at Figure 3 with Figure 4a in mind, one 
can see the progression of the P-O Raman 
diagrams culminating in the invariant re-
sponse of Figure 4a as the value of αzz ap-
proaches that of αyy. The P-O Raman dia-
gram of Figure 4b, with αzz = 1.5, appears 
similar to that of Figure 3d, with αzz = 0.75, 
with respect to the separation of the paral-
lel and perpendicular responses. However, 
the phases of the parallel responses in Fig-
ures 4b–d are shifted 90° relative to those 
in Figure 3. Now the Raman signal reaches 
a maximum in the parallel configuration at 
0°, 180° ,and 360°, whereas in the perpen-
dicular configuration the Raman signal 
peaks at 45°, 135°, 225°, and 315°, just as 
it did for αyy > αzz. The phase shift of the 
A symmetry species P-O Raman parallel 
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response informs us whether the αzz value 
is greater or less than that of αyy, and the 
amplitudes and separations of the paral-
lel and perpendicular responses allow us 
to determine the relative magnitudes 
of the contributing Raman polarizability  
tensor elements.

Thus far, we have discussed the P-O 
Raman response of only the A symmetry 
species. Now we turn our attention to the 
Raman active doubly degenerate E sym-
metry vibrational modes. The two E Raman 
polarizability tensors shown in equation 
5 both apply when calculating the P-O 
Raman diagram for this symmetry species 
because of its double degeneracy. You can 
see from equation 5 that the E symmetry 
species is more complicated, because it 
has both diagonal and off-diagonal Raman 
tensor elements that are nonzero. Also, 
there are both positive and negative ten-
sor element values. Nevertheless, there are 
only two absolute values or magnitudes in 
the two Raman tensors indicated by the 
letters c and d in equation 5. The differ-
ences of the magnitudes of tensor ele-
ments c and d can yield a wide variety of 
P-O Raman diagrams. We show just a sam-
pling here so that you can get a sense of 
how sensitive the P-O Raman method is to 
crystal orientation and the relative values of 
the Raman tensor elements.

The P-O Raman experimental arrange-
ment can be envisioned in which the laser 
beam is directed along the z-axis and po-
larized along the x-axis with respect to the 
sample’s crystallographic axes and at a 
crystal rotational angle of 0°. The XY-face 
of the trigonal D3, C3v, or D3d crystal is po-
sitioned coplanar with the XY-plane of the 
laboratory frame, and backscattered light 
is collected along the z-axis. Raman scat-
tering strengths for αxx = 2, αyy,xy,yx = -2, αyz,zy 
= 1, and αxz,zx = -1 have been calculated for 
the analyzer parallel and perpendicular 
to the incident polarization as the crystal 
is rotated in the XY-plane. The calculated 
P-O diagram for Raman backscattering 
signal strength from the XY-face of the E 
symmetry species of a trigonal D3, C3v, or 
D3d crystal is shown in Figure 5. The P-O 
Raman responses for both parallel and 
perpendicular configurations are invari-
ant with crystal orientation and each is 

equal to a Raman signal of 4, the square 
of the tensor values αxx = 2 and αyy,xy,yx = 
-2. Mathematically, the reason for these 
responses is that only the Raman tensor 
elements within the XY-plane of rotation 
contribute to the Raman signal, and they 
all have the same absolute value of 2. The 
nonzero Raman tensor elements αyz,zy and 
αxz,zx are perpendicular to the plane of rota-
tion, and do not contribute to the signal in 
the backscattering configuration. In this ex-
perimental arrangement the specific value 
of αyz,zy and αxz,zx, which in this example is 1, 
has no effect on the P-O Raman diagram.

Note that the P-O Raman diagrams of 
both the A and E symmetry species are 
invariant with crystal orientation within the 
XY-plane. Nevertheless, the two symmetry 
species can be differentiated and assigned 
to Raman bands from P-O Raman plots ex-
perimentally obtained from the XY-face of 
a crystal belonging to a trigonal D3, C3v, or 
D3d crystal class. That is because the per-
pendicular response of the A symmetry 
species is not allowed, whereas that of the 
E symmetry species is allowed and is equal 
to the parallel configuration response.

Now, envision rotating the crystal 90° 
such that the laser is incident upon the YZ-
face and is polarized along the z-axis when 
the crystal rotation angle is at 0°. Relative 
Raman scattering strengths have been cal-
culated for the analyzer parallel and per-
pendicular to the incident polarization as 
the crystal is rotated in the YZ-plane. Figure 

6 shows the P-O Raman diagram for the 
YZ-face of a trigonal D3, C3v, or D3d E mode 
with αxx = 1, αyy,xy,yx y = -1, αyz,zy = 1, and αxz,zx 
= -1. Here, the P-O Raman diagram is no 
longer invariant with crystal orientation, 
even though the nonzero tensor absolute 
values contributing to the YZ-plane are 
all equal to 1. The P-O Raman diagram is 
oscillatory, and the parallel and perpen-
dicular responses differ from each other 
in phase by 45°. The last two maxima of 
the parallel and perpendicular responses 
are labeled, and you can see that their 
separation within each configuration is 
90°. Of course, the c and d nonzero tensor 
elements of equation 5 are not likely to be 
equal for a real uniaxial crystal. However, 
setting them equal demonstrates that 
the oscillatory response of the P-O dia-
gram as shown in Figure 6 arises primarily 
from the contribution of the nonzero off-
diagonal tensor elements to the YZ-plane, 
whereas equal values assigned to the di-
agonal and off-diagonal tensor elements 
within the XY-plane as in Figure 5 gener-
ate a P-O Raman diagram invariant with  
crystal rotation.

Having reviewed the P-O Raman re-
sponse when the absolute values of the 
nonzero Raman tensor elements are equal, 
now let us analyze the effects when the 
relative magnitudes of the c and d non-
zero tensor elements of equation 5 are 
varied. Figure 7a shows the P-O Raman 
diagram generated when αxx = 1.5, αyy,xy,yx 
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= -1.5, αyz,zy = 1, and αxz,zx = -1; the abso-
lute value of the Raman tensors in the XY-
plane equals 1.5, and that in the XZ- and 
YZ-planes equals 1. We can see the effect 
of the increase in tensor magnitudes in the 
XY-plane by comparing this P-O Raman di-
agram with that of Figure 6. There are two 
noticeable differences between the two. 
The first is that the parallel and perpen-
dicular responses in Figure 7a are shifted 
-5° relative to those in Figure 6 (the last two 
maxima of the parallel and perpendicular 
responses are labeled to assist in recogniz-
ing this shift). Also, the first and third max-
ima of the parallel configuration in Figure 
7a peak at a lower signal strength than that 
of the corresponding maxima in Figure 6. 
Increasing the absolute value of the Raman 
tensors in the XY-plane to αxx = 5, αyy,xy,yx 
= -5, αyz,zy = 1, and αxz,zx = -1 advances this 
progression, as shown in Figure 7c. Both 
parallel and perpendicular responses are 
shifted -15° relative to those in Figure 7a. 
Also, the first and third maxima of the par-
allel configurations in Figures 6 and 7a have 
now vanished.

It is useful to reverse the Raman ten-
sor magnitudes of the XY-plane and the 
XZ- and YZ-planes, as shown in Figures 
7b and 7d, to see the effects on the P-O 
Raman diagram. Compare the P-O Raman 
diagrams of Figures 7a and 7b in which the 
magnitudes of the Raman tensor elements 
have been maintained but simply reversed 
for the planes containing the ordinary axes 
(x and y) and the extraordinary axis (z). The 
parallel and perpendicular responses in 
Figure 7b appear similar to those in Fig-
ure 7a, but are not identical. Several differ-
ences are clear. First, the phases of both 
the parallel and perpendicular responses 
of Figure 7b are shifted +10° relative to 
those in Figure 7a. Additionally, the first 
and third maxima of the parallel configura-
tions in Figure 7b are more intense than the 
corresponding maxima in Figure 7a. Finally, 
the perpendicular response in Figure 7b is 
relatively stronger than that in Figure 7a. 
We see a similar progression when com-
paring the P-O Raman diagrams of Figures 
7c and 7d. The phases of both the parallel 
and perpendicular responses of Figure 7d 
are shifted +32° relative to those in Figure 
7c. Also, the perpendicular response in 

Figure 7d is relatively stronger than that in 
Figure 7c.

These subtle effects of the Raman ten-
sor magnitudes on the phases and am-
plitudes of the P-O Raman diagrams are 
not intuitive. One might expect that such 
changes would occur if a crystal is rotated 
to some degree off of its crystallographic 
axis with respect to the direction of laser 
propagation, but not from changes in the 
Raman tensor magnitudes. P-O Raman 
calculations help one to anticipate and 
understand these effects. This observa-
tion is important, because more Raman 
spectroscopists are using experimental 
methods of laser polarization in conjunc-
tion with sample orientation to infer crystal 
phase and orientation along with the as-
signment of symmetry species to particular 
Raman bands. The calculated P-O Raman 
diagrams show how significantly the mag-
nitudes of the Raman tensor elements 
affect the P-O Raman results and make 
clear that such calculations are necessary 
to properly interpret the experimentally 
obtained results of polarized Raman mea-
surements obtained from crystals whose 
Raman tensor elements are not equal.

Conclusion
In this article, we discussed the application 
of group theory and Raman polarization 
selection rules to the study and character-
ization of crystalline materials. Specifically, 
we described one method of Raman crys-
tallography called polarization–orientation 
Raman spectroscopy. The P-O Raman 
method has been shown to be useful for 
the identification of a material’s crystal 
class, orientation, degree of disorder, and 
determination of the symmetry species to 
which the Raman bands in a spectrum be-
long. Here, we discussed the theory and 
more general application of P-O Raman 
spectroscopy in the backscattering mode 
applied to crystals for which the nonzero 
Raman polarizability tensor elements of 
symmetry species are neither necessarily 
equal nor proportional. We demonstrated 
the effects of Raman polarizability tensor 
relative values and crystal orientation by 
calculating P-O Raman diagrams for the A 
and E symmetry species of the trigonal D3, 
C3v, and D3d crystal classes. The calculated 

P-O Raman diagrams show how signifi-
cantly the magnitudes of the Raman po-
larizability tensor elements affect the P-O 
Raman results, and make clear that such 
calculations are necessary to properly in-
terpret and understand the experimentally 
obtained results of polarized Raman mea-
surements obtained from crystals whose 
Raman polarizability tensor elements are 
not equal.
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FOCUS ON QUALITY

Are You Ready for a Life Cycle 
Approach for Analytical 
Instruments and Systems?

The need to calibrate and qualify ana-
lytical instruments and systems is well 
recognized in laboratories. However, 
calibrating and qualifying analytical in-
struments and systems are seen as dis-
crete tasks. There is an increasing regu-
latory expectation that a risk-based life 
cycle approach is necessary to ensure 
“fitness for purpose” as part of an ana-
lytical procedure. The calibration and 
qualification lifecycle of analytical in-
struments and systems is a journey and 
not a sequence of disconnected events.

C. Burgess and R.D. McDowall

This article describes the principal 
stages of the lifecycle in both GXP 
or ISO/IEC 17025 laboratories that 

ensure that any analytical instrument and 
system is “fit for its intended use” as part 
of an analytical procedure, whether that 
is calibration or qualification. However, 
the tasks typically associated with these 
stages are often seen as discrete activi-
ties, but they should be integrated to form 
a continuum. In other words, the calibra-
tion and qualification lifecycle of analytical 
instruments and systems is a continuous 
journey, not a sequence of disconnected 
events. It is timely to consider a lifecycle 
approach because the United States Phar-
macopoeia (USP) proposed a new General 
Chapter <1220> in September 2020 for an-
alytical procedure lifecycle management 
(APLM) (1). There are no novel elements 
in this approach, but there is a structured 
process linking these activities that is  
described here. 

Begin at the Beginning
Our starting point is the U.S. Good Manu-
facturing Practice (GMP) regulation for 
equipment design, size, and location in 21 
CFR 211.63 that states briefly:

Equipment used in the manufacture, 
processing, packing, or holding of a drug 
product shall be of appropriate design, 

adequate size, and suitably located to fa-
cilitate operations for its intended use and 
for its cleaning and maintenance (2,3).

What does the phrase “intended use” 
mean and how should “fitness for in-
tended use or purpose” be demonstrated 
in a regulated laboratory? Using our ana-
lytical instruments for analysis, we reviewed 
the high level process flow for the analyti-
cal procedure lifecycle from the proposed 
USP <1220> shown in Figure 1 (1). Notice 
that the key part of the process is stage 
1 (Procedure Design, Development and 
Understanding). Method development is 
critical to the success of the whole process, 
and the draft USP <1220> covers an activ-
ity that the current International Council 
on Harmonization (ICH) Q2(R1) does not 
(4). Consequently, analysts developing 
methods must ensure that their analytical 
instruments are qualified and calibrated 
correctly and that the analytical systems 
are validated to ensure the smooth de-
velopment and transfer of methods to 
the next stage of the lifecycle, which is 
called procedure performance qualifica-
tion (PPQ). Qualification and calibration 
of analytical instruments is particularly 
important when analytical procedures are 
developed and validated in Research and 
Development (R&D) and later transferred 
to quality control laboratories.
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Figure 1 shows that analytical proce-
dure validation is no longer a discrete ac-
tivity but a journey. As part of that journey, 

the first aspect of stage 2 PPQ requires 
qualification and calibration of instru-
ments and systems as a prerequisite.

Analytical Process: Where Does 
Qualification and Calibration Fit?
The analytical process, conducted within 
a pharmaceutical quality management 
system, provides reliable, traceable, and 
reportable values that are secure. The 
basic analytical process is shown in Figure 
2 together with the relationship to stage 2 
of the APLM highlighted in blue. 

If we cannot demonstrate “fitness for 
purpose” of our instruments and systems, 
then outputs from our analytical process 
are unreliable. The current regulatory focus 
on data integrity and data governance re-
quires us to put in place technical and pro-
cedure controls throughout the analytical 
process to ensure that data and records 
are trustworthy and reliable, and that qual-
ity decisions can be made in confidence.

The data governance and data integrity 
requirements and controls for a proposed 
analytical instrument and system (AIS) life-
cycle that is defensible from a regulatory 
and technical perspective in Figure 2 can 
be mapped to the Foundation and Level 
1 of a Data Integrity Model (5-8), shown in 
Figure S1, online. The Foundation ensures 
the right culture, ethos, and training for 
data governance and Level 1 ensures that 
instruments and computerized systems are 
calibrated, qualified and where appropri-
ate validated for their intended use. 

Analytical Instrument  
and System Lifecycle
The overall purpose of the AIS lifecycle is 
to demonstrate that not only is the instru-
ment or system calibrated or qualified, but 
that any software is suitably validated and 
is operating in a controlled state. It is only 
then may we claim that the instrument or 
system is “fit for intended purpose” so 
that metrological data integrity is ensured. 
This article focuses on level 1 in this model 
concerning metrological integrity. The AIS 
lifecycle  is shown in Figure 3. Data quality 
is only ensured if all components of data 
integrity and data governance are in place.

The levels of the AIS, with a specific 
focus on analytical instruments and sys-
tems, are presented at the bottom of Fig-
ure 3. Levels 1 and 2 are broken down into 
four elements each to provide metrologi-
cal and procedural integrity, respectively. 
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Levels 1 and 2 also overlay the culture and ethos of the founda-
tion level. The quality oversight and some of the foundation level 
elements of the model are combined under data governance. 
Together these provide the essential requirements for the right 
reportable result at level 3 with associated data quality to ensure 
the correct decision is made.

The top portion of Figure 3 is based on the requirements of 
USP <1058>, analytical instrument qualification (9)that requires 
the following:
• A laboratory user requirements specification (URS) to select the 

right instrument for the job (design qualification)
• Following purchase of the instrument, a supplier IQ/OQ is per-

formed to demonstrate that the requirements in the laboratory 
URS have been met. If this is not the case, the laboratory needs 
to conduct supplementary qualification tests to match the op-
erating ranges specified.

• Performance qualification (PQ) tests to demonstrate that the 
laboratory specifications are being met during operation of the 
instrument must be devised along with a plan for requalifica-
tion of the instrument both after repair and maintenance but  
also periodically.

• The PQ test performance should be trended to detect any 
changes as well as maintaining deviation management and 
change control to demonstrate that the instrument is in a state 
of control.
The authors have published a risk assessment to help classify 

analytical instruments and systems into the USP <1058> groups 
and subtypes and suggest the extent of computerized system vali-
dation to be undertaken (10). Combining all the activities shown in 
Figure 3 ensures that analytical instruments and systems generate 
data and reportable results with appropriate integrity and quality. 

Recently in Pharmacopoeial Forum, a stimulus to the revision 
process article was published discussing a lifecycle approach to 
both calibration and qualification (11). However, before we discuss 
this article, we need to consider the applicable FDA GMP regula-
tions, by going back to the future.

What Do We Mean By...?
Since the promulgation of the GMP regulations in 1978, ap-
proaches to ensuring that analytical instruments are “fit for 
intended use” have changed along with the terminology. Ana-
lytical instruments have changed and software, either in the form 
of firmware or a separate data system, now comprises a major 
component of modern analytical instrumentation. However, the 
wording of the regulations has not changed but the interpretation 
of them has. In 21 CFR 211.160(b) there are requirements that any 
laboratory control mechanisms must be scientifically sound and in 
211.160(b)(4) we have the following requirement for calibration (3): 

The calibration of instruments, apparatus, gauges, and recording 
devices at suitable intervals in accordance with an established written 
program containing specific directions, schedules, limits for accuracy 
and precision, and provisions for remedial action in the event ac-
curacy and/or precision limits are not met. Instruments, apparatus, 

gauges, and recording devices not meeting established specifica-
tions shall not be used.

The records for such calibrations are defined in 211.194 (d) (3): 

Complete records shall be maintained of the periodic calibration of 
laboratory instruments, apparatus, gauges, and recording devices 
required by 211.160(b)(4).

The problem is that the U.S. GMP regulations only mention cali-
bration and therefore citations in 483 observations and warning 
letters will only cite deficiencies in instrument calibration when 
a qualification lapse could be the cause of the noncompliance, 
resulting in potential confusion. However, as our understanding 
of how to demonstrate fitness for intended use has evolved, so 
has the terminology. 

Wider Scope and More Definitions
The terms used within this section are one of the sources of great 
confusion between laboratories. For example, calibration can 
sometimes be used as a general “descriptive label” or have a 
specific meaning within the context of use. In addition to calibra-
tion, we now have the terms qualification, validation, and verifica-
tion also in common use. USP general chapter <1058> on analyti-
cal instrument qualification (9) provides an integrated approach 
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to qualification of the analytical instrument and validation of the 
software. This general chapter mentions the terms calibration, 
qualification, verification, and validation. What do these terms 
mean? Are they linked? And where are we going in the future? All 
organizations, including regulatory authorities, need a technical 
glossary. There is no technical glossary that ensures a consistent 
meaning and use of terms throughout the pharmacopeia and 
other regulatory documents.

Calibration
It is generally accepted that calibration forms part of the overall 
qualification process of an instrument or system. Calibration is all 
about metrology. Calibration is that part of qualification relating 
to measurement integrity of the ordinate response and abscissa 
functions, that is, all measurements from the instrument or system 
are within defined acceptance limits of a true or certified value. 

The foundation for assurance of metrological “fitness for pur-
pose” lies with the correct use of either a certified reference ma-
terial (CRM) or a reference standard (RS). In the pharmacopeia, 
calibration is a comparison between a known or accepted value 
of a CRM or RS with its measured value on a specific laboratory 
analytical instrument or system being used for a pharmacopeial 
purpose the difference between these two values is compared 
with an acceptance criterion that may be an acceptable range or 
tolerance interval. For example, the measured value of a certified 

standard value of a wavelength standard must lie within the accep-
tance criteria of ±2 nm over the spectral range 200 to 400 nm. For 
some analytical instruments, calibration may all that is required (9).

Qualification
Qualification is about overall “fitness for purpose” of an instru-
ment or system, not only about good numbers. Hence the phar-
macopeias require qualified instruments and systems. USP <1058> 
is the only pharmacopoeial general chapter to describe the overall 
process of analytical instrument qualification (9). 

Verification
Currently, verification in the USP relates to the “fitness for pur-
pose” of analytical procedures as required by the General Chap-
ter on Verification of Analytical Procedures <1226> (12). How-
ever, verification is also used in the American National Standards 
Institute (ANSI) for software to refer to demonstrating that each 
individual step is mathematically or procedurally correct. GAMP 
5 describes the testing phases of a computerized system life-
cycle to demonstrate meeting user specifications (13). Therefore, 
some aspects of modular calibration (see later section) may be 
regarded as a verification process. The current version of USP 
<1058> on analytical instrument qualification (AIQ) does not use 
verification in either senses described under.

Validation
Currently, validation relates either to the establishment of analyti-
cal procedures as required by General Chapter <1225>, Validation 
of Analytical Procedures (14) or particularly in General Chapter 
<1058>, Analytical Instrument Qualification for “fitness for pur-
pose” (9). For example, in the “Instrument Control, Acquisition 
and Processing Software” section of <1058>, it states:

At the user site, integrated qualification of the instrument, in con-
junction with validation of the software, involves the entire system. 
This is more efficient than separating instrument qualification from 
validation of the software (9).

However, there is a diversity of definitions for calibration, qualifica-
tion, verification, and validation within the USP General Chapters 
that need to be harmonized to assist understanding and prevent 
user confusion. This is particularly true for the differentiation of 
holistic and modular calibration standards and the expression of 
acceptance criteria for establishing “fitness for purpose” (15,16).

Calibration and
Qualification Lifecycle
The perennial question of “who does what and when” is answered 
in the lifecycle approach to calibration shown in Figure 4. The 
solid lines denote the primary process flows for establishing and 
confirming “fitness for purpose.” Dotted or dashed lines indicate 
either feedback loops triggered by data generated during the 
ongoing performance phase or, in the case of the URS, supported 
by the vendor.

http://www.spectroscopyonline.com
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The generic process of calibra-
tion and qualif ication should be 
designed to allow confirmation of 
“fitness for purpose” at all stages 
in the lifecycle including assurance 
of preventative maintenance and  
change control. 

Users need to define their own 
control strategy to specify ongoing 
“fitness for purpose” by establishing 
the frequency of calibration, stan-
dards and acceptance criteria that will 
be employed and trend analysis of 
the ongoing performance data from  
the instrument.

One important aspect of the calibra-
tion and qualification lifecycle is the 
presence of change control feedback 
loops as part of the lifecycle. For exam-
ple, if the qualified operational wave-
length range for a UV spectrometer 
was originally 240 to 600 nm and the 
requirement is to extend this to 210 to 
600 nm, then a new qualification stan-
dard is required to confirm “fitness 

for purpose” (17–19). In addition, the 
laboratory URS needs to be reviewed 
to ensure that the instrument was cor-
rectly specified originally to allow the 
revision of operational range. 

Do You Specify 
Exactly What You Need 
the Instrument or System to Do?
The key requirement from 21 CFR 211.63, 
21 CFR 211.160(b) (3) and USP <1058> (9) is 

•
•

•
•
•
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FIGURE 4: Generic process of calibration and qualification should be designed 
to allow confirmation of lifecycle “fitness for purpose.”
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defined in a user specification. These are laboratory requirements 
for any analytical instrument with scientifically sound acceptance 
criteria. This does not mean simply copying the supplier’s speci-
fication, as discussed in an earlier column (18) but defining what 
is actually required. For example, if a UV-vis spectrometer has a 
supplier’s wavelength specification between 190 and 800 nm, what 
do you actually use? For example, if you only require measure-
ment between 210 and 300 nm, then this should be your operat-
ing range. The requirement for wavelength accuracy is contained 
in USP <857> (20) and this should be quoted in the specification 
document for the instrument. Testing wavelength accuracy using a 
CRM (for example, a holmium perchlorate solution or a glass filter) 
should demonstrate that this user requirement is met and that the 
instrument performs within scientifically sound acceptance criteria. 
Similar approaches need to be undertaken for the other technical 
requirements for the spectrometer.

Best Practices for  
Instrument Calibration
The best practice is to use the most stable artifact with the small-
est uncertainty budget. For example, for routine monitoring of UV-
vis and near infrared spectrometers, solid or liquid filters traceable 
to a national measurement institution (NMI), for both wavelength 
and absorbance accuracy qualification provide the most reliable 
option for the user. 

For example, Figure 5 shows an overview of available stan-
dards for UV-vis-NIR over the overall spectral range available 
from one manufacturer. For example, to cover an operational 
wavelength range of 200 to 795 nm, two references would  
be required.

However, this is not always an option if the appropriate trace-
able standards are either non-existent or not readily available. 
For example, USP <855> on nephelometry and turbidimetry 
functional or holistic standards are not currently available as trace-
able standards, and the user is reliant on the manual preparation 
method, which is both difficult and time consuming.

Is Calibration 
Equivalent to Qualification?
For some analytical instruments, calibration is potentially all that 
is required to ensure fitness for purpose. Typically, these are USP 
<1058> Group B instruments such as analytical balances and pH 
meters where calibration using CRM and RS respectively can be 
used to qualify these instruments from a metrological perspec-
tive. On current analytical balances user accounts should also be 
established with appropriate access privileges with no conflicts 
of interest.

Does the Instrument Continue to Conform to  
User Requirements?
Once the initial or requalification is complete, an instrument or 
system is released for operational use. The key question is, how 
do you know that the instrument or system continues to conform 
to the user requirements established earlier in the process? USP 
<1058> requires that part of PQ testing should demonstrate 
that an instrument can still meet defined user requirements (9). 
For some instruments, such as analytical balances, pH meters, 
and spectrometers, it is possible to conduct testing with CRM 
or RS that relate directly to user requirements. These tests can 
be performed on the day as a point-of-use check prior to use of 
an instrument to demonstrate fitness for purpose. These results 
can be part of a system suitability or holistic test where results 
can be plotted and trended over time to demonstrate that the 
instrument is under control. Changes in a trend can be analyzed 
proactively and corrective action taken before the instrument fails 
acceptance criteria.

At this point, please also note that the CRM or RS related to 
the user requirement, as stated above, should not be the same 
material as used for the calibration, because this could mask any 
inherent bias or offset in the instrument system. 

One of the fundamental questions to ask is, how different is the 
operational use of the instrument from how performance of the 
instrument is determined? Where the operational use is equivalent 
to how the performance is evaluated (for example, a pH meter, 
which is calibrated daily before use), then there is no additional 
requirement to perform PQ testing of the system (or the PQ be-
comes review of the calibration over a defined period of time). For 
more complex analytical instruments, such as chromatographs, 
they cannot conduct PQ tests in this way and so holistic tests and 
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system suitability tests (SSTs) that indirectly 
relate to the user requirements need to be 
designed and performed (22,23).

Summary
It is important to understand that analyti-
cal instrument calibration and qualification 
coupled with software validation where 
required must be an integrated approach 
to demonstrate fitness for purpose rather 
than a series of discrete activities. These 
are not one off or separate activities but 
an integrated journey throughout the life 
of any analytical instrument. This is essen-
tial because analytical instruments are the 
basis of reliable measurement. Ongoing 
“fitness for purpose” is ensured by trend-
ing critical instrumental parameters so that 
changes in a trend can be detected pro-
actively and corrective action taken before 
the instrument fails acceptance criteria.
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New and updated regulatory guidance makes it easier 
to implement and use spectroscopy. 

SPECTROSCOPY: The USP has been undergoing a modernization 
process and updating its guidance for a variety of technologies and 
assays. How is this impacting spectroscopy?

HOPKINS: There are several changes to the chapters referring to 
spectroscopy. Effective May 2020, NIR spectroscopy changed from 
being covered under a general chapter <1119> to two new chapters: 
<856> and <1856>. Chapter <856> provides explicit guidance on 
the qualification, validation, and verification of NIR systems. The 
guidance in this chapter makes clear the steps required for IQ, OQ, 
and PQ. More advanced discussion on sample preparation, types of 
instruments, and methods for qualitative and quantitative  
analysis that were previously in <1119> have been moved to  
new chapter <1856>. 

Similarly, Raman spectroscopy used to be in <1120>; it has now been 
split into two chapters: <858> and <1858>, wherein <858> provides  
the guidance for implementing Raman spectroscopy, and <1858> 
covers the theory and practice. These chapters went into effect in 
August 2020.

Splitting chapters <1119> and <1120> into required and informational 
chapters ultimately makes it easier to implement spectroscopy 
in the pharmaceutical industry because guidance for instrument 
implementation is now more explicit.

SPECTROSCOPY: Similar to the USP, ASTM is updating its guidance  
for spectroscopy with a new standard practice, D6122. Can  
you comment on what it means for near-infrared and  
Raman spectroscopy?

HOPKINS: ASTM finished working on D6122—Standard Practice 
for Validation of the Performance of Multivariate Online, At-Line, 
Field and Laboratory Infrared Spectrophotometer, and Raman 
Spectrometers Based Analyzer Systems in 2020. It provides the 
same guidance as the new USP chapters do for Raman and NIR 
spectroscopy—unambiguous guidance on how to validate these 
systems, at both the local and global levels, by linking a number of 
different practices together. But it goes farther than the preexisting 
practices by providing explicit statistical guidance for determining 
outliers and performance acceptability.

Pharmaceutical Compliance  
and Traceability SPECTROSCOPY: Given these changes in 

analytical guidance, what is Metrohm doing to 
stay current?

HOPKINS: Metrohm has a strong presence in ASTM 
and works collaboratively with USP. We have been 
involved in the discussions with both groups from 
the beginning and brought the experiences of our 
customers and technical teams to the table. As such, 
none of these changes have caught us by surprise, 
and all of our latest analyzers and software meet the 
requirements in the new regulatory guidance.

A couple of examples of this are:

• Our new Mira P handheld Raman system 
was released in 2018 as a future-proof system 
knowing that <858> was in the works. We 
added polystyrene verification standard 
and the ability to require a performance 
verification to our software. With our 
newest MiraCal software update, we added 
new features that allow users to measure 
additional parameters such as peak ratios and 
precise wavenumber locations to exceed the 
requirements called for by USP for qualitative 
Raman analysis.

• For the new ASTM Standard Practice, we 
worked directly with our customers to 
implement a leverage calculation, which 
is a method for outlier detection, into our 
sample analysis reports. What is cool about 
this is we partnered with Camo Analytics for 
the chemometrics. We’re good at building 
instruments, so we focused on our core 
competency and updated our Vision software, 
which runs both our lab and process NIR 
and Raman systems. We improved the 
user interface and reporting functions and 
added the Unscrambler prediction engine 
compatibility for enhanced chemometrics. 

SPECTROSCOPY: How do these changes impact  
compliance and data-integrity requirements for 
spectroscopy measurements?

HOPKINS: We don’t see any of these changes 
impacting compliance and data-integrity 

requirements compared to what we already do. 
What is different is the new USP chapters <858> 
and <856> explicitly call out, as required, an 
instrument installation qualification, operational 
qualification, and performance qualification—this 
was optional previously. At Metrohm, our NIR 
and Raman instruments are installed by certified 
field-service engineers who perform a full IQ, OQ 
for hardware, OQ for software, and a PV using NIST 
traceable and ASTM standard reference materials 
for full compliance.

SPECTROSCOPY: What are some of the most 
common questions you are getting from your 
customers as they navigate these changes in 
guidance or implement new systems?

HOPKINS: We’re seeing the most confusion around 
the new Raman chapter <858> in the wavelength 
accuracy section. This section lists two specifications 
for wavelength accuracy and three different 
materials. The accuracy specification, 1.5 cm-1, is 
for quantitative analysis. The 3 cm-1 specification 
is for qualitative analysis and is used for most 
handheld Raman spectrometers, as they primarily 
do raw material identification. The three materials—
polystyrene, acetaminophen, and cyclohexane—are 
all available as standards but accuracy must be 
measured against only one of them. 

SPECTROSCOPY: As a person who has been in 
the instrument space for a decade, how do you 
see the changes in guidance interfacing with the 
long-term trends in instruments and software?

HOPKINS: These changes in guidance by both 
USP and ASTM are a recognition that industry is 
implementing ever more spectroscopy, and that 
there is a need for clearer guidance on how to put 
these instruments into service in a reproducible 
manner. These changes enable us as instrument 
manufacturers to have better guideposts for what 
is required to make the instruments of the future 
that enable industry 4.0 and to open the door for 
spectroscopy to go into places that have been 
hesitant to implement due to unclear guidance.
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this is we partnered with Camo Analytics for 
the chemometrics. We’re good at building 
instruments, so we focused on our core 
competency and updated our Vision software, 
which runs both our lab and process NIR 
and Raman systems. We improved the 
user interface and reporting functions and 
added the Unscrambler prediction engine 
compatibility for enhanced chemometrics. 

SPECTROSCOPY: How do these changes impact  
compliance and data-integrity requirements for 
spectroscopy measurements?

HOPKINS: We don’t see any of these changes 
impacting compliance and data-integrity 

requirements compared to what we already do. 
What is different is the new USP chapters <858> 
and <856> explicitly call out, as required, an 
instrument installation qualification, operational 
qualification, and performance qualification—this 
was optional previously. At Metrohm, our NIR 
and Raman instruments are installed by certified 
field-service engineers who perform a full IQ, OQ 
for hardware, OQ for software, and a PV using NIST 
traceable and ASTM standard reference materials 
for full compliance.

SPECTROSCOPY: What are some of the most 
common questions you are getting from your 
customers as they navigate these changes in 
guidance or implement new systems?

HOPKINS: We’re seeing the most confusion around 
the new Raman chapter <858> in the wavelength 
accuracy section. This section lists two specifications 
for wavelength accuracy and three different 
materials. The accuracy specification, 1.5 cm-1, is 
for quantitative analysis. The 3 cm-1 specification 
is for qualitative analysis and is used for most 
handheld Raman spectrometers, as they primarily 
do raw material identification. The three materials—
polystyrene, acetaminophen, and cyclohexane—are 
all available as standards but accuracy must be 
measured against only one of them. 

SPECTROSCOPY: As a person who has been in 
the instrument space for a decade, how do you 
see the changes in guidance interfacing with the 
long-term trends in instruments and software?

HOPKINS: These changes in guidance by both 
USP and ASTM are a recognition that industry is 
implementing ever more spectroscopy, and that 
there is a need for clearer guidance on how to put 
these instruments into service in a reproducible 
manner. These changes enable us as instrument 
manufacturers to have better guideposts for what 
is required to make the instruments of the future 
that enable industry 4.0 and to open the door for 
spectroscopy to go into places that have been 
hesitant to implement due to unclear guidance.

https://www.metrohm.com/en-us/


22  Spectroscopy 35(12)   December 2020 www.spectroscopyonline.com

SPECTROSCOPY SPOTLIGHT

Assessing Heavy Metals in Pet 
Food with ICP-MS: An Update 
Laura Bush 

In 2009, a group of researchers 
conducted a study using inductively 
coupled plasma–mass spectrometry 

(ICP-MS) to determine if heavy metal 
contaminants were present in pet foods 
(1,2). The team conducted a follow-up 
study in 2019, using updated cryogenic 
and microwave technologies for sample 
preparation before ICP-MS analysis.  
We spoke to the study’s lead author, Pa-
tricia Atkins about these investigations.

What prompted the original study 
(1,2) and the update?  
In my role at  Spex CertiPrep I am tasked 
with creating new and interesting re-
search projects, I often draw from my 
life experiences and interests for topics. 
In 2009, I was a grieving pet owner. I felt 
that I had fed my cats the best foods, but 
one had died from cancer. I wondered if 
the food was as good as purported. This 
was just a year or two after the melamine 
scandal in pet food. I had the ability to do 
some testing, so I did. 

Since that original study, 10 years had 
passed and the U.S. Food Safety Mod-
ernization Act (FMSA) had been enacted. 
It seemed time to revisit the study.

Can you briefly summarize the study? 
In the new study, we focused only on dry 
food, as opposed to wet and dry food of 
the first study. We primarily did that to 
unify our preparation and analysis. Our 
dry foods were purchased or donated by 
employees and ground using cryogenic 
milling. Each pet food was sampled three 
times, and run in triplicate with cleaning 
runs and blanks between samples. All 
replicates were examined by ICP-MS, and 
if one replicate appeared contaminated, 
it was either rerun or eliminated. 

Did you see any significant changes 
since the first study? Have you 
changed your sample preparation or 
analysis method over time? 
Overall, we found that the levels of heavy 
metals had not significantly changed in 10 
years. Both dog and cat foods had higher 
levels of arsenic and nickel than what had 
been found in 2009. Arsenic in 2009 had 
a maximum of 290 ppb, while in 2019 we 
saw it up to 690 ppb. Nickel in 2009 had 
a maximum of 3200 ppb, but in 2019 we 
found up to 5900 ppb. The levels of lead 
overall in the 2019 samples had decreased 
compared to 2009 from a maximum of 5.9 
ppm to 0.5 ppm. In our first study, we had 
surprisingly found uranium up to 0.9 ppm 
in our dog food samples; in this study, we 
have found cat and dog food samples con-
taining up to 1.7 ppm of uranium. 

Our sample preparation and analysis 
methods over the decade have change 
some with new advances in microwave 
and ICP-MS technologies. Our instru-
ments are more sensitive, and see 
smaller amounts with the ability to 
filter out interferences, which in turn 
increases accuracy.  

The first study attracted attention.  
Did you get any pushback from manu-
facturers, or any response from any gov-
ernmental bodies? Do you expect any 
additional response from this study? 
Yes, the first study did receive a lot of at-
tention, both good and bad. I spoke with 
many pet food manufacturers at confer-
ences, and while they would not publicly 
comment, many personally agreed with 
our findings. We also had the Royal Mili-
tary College of Canada request our pet 
food samples to try analysis with a new 
type of instrumentation. We shared our 

samples, and, overall, their results cor-
responded with ours. Some of the gov-
ernmental bodies, including the FDA, 
did have some feedback. I take these 
responses and any that may come from 
our current study as helpful criticism 
to create better studies in the future. 
Some requests from this current study 
was to bring back the wet food studies 
and include new frozen or refrigerated 
pet foods. 

Have you had any regulatory group 
or pet food supplier criticize your 
work on a scientific basis?
There were a few points of contention 
from the FDA in our 2009 study, based 
upon how we chose to prepare samples 
and compare them to feeding amounts 
and regulatory limits. The criticisms fo-
cused around calculating for dry weight 
of wet food samples, and the amount 
we standardized to feed pets and using 
human limits for pets. So, in this study, 
we focused only on dry food, and used 
pet food manufacturer feeding guide-
lines, but still kept the human reference 
dosage models.
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Using Mobile  
Spectroscopic Instruments 
to Characterize Historic Fabrics
John Chasse

Non-destructive mobile spec-
troscopic instrumentation is 
proving useful for examining 

components of cultural heritage ob-
jects—such as fibers, pigments, dyes, 
and inks—for quantitative and qualitative 
results. Mary Kate Donais of Saint Anselm 
College, in Manchester, New Hampshire, 
recently conducted a study using portable 
spectroscopy techniques to characterize 
historic fabrics from a turn-of-the-19th cen-
tury  New England mill that belonged to 
the Amoskeag Manufacturing Company, 
one of the largest textile producers in the 
world at its prime. We recently spoke to 
Donais about this work.

How did the opportunity to examine 
these samples come about?
I attended an exhibit opening featuring 
locally made quilts at our local history mu-
seum. I spoke to the co-curator on the ex-
hibit about our work with cultural heritage 
and portable spectroscopy, and she was 
intrigued. The museum’s director over-
head our conversation, and mentioned 
the fabric sample books in the museum’s 
collections. We were all hooked!

What was the goal of this study?
Having access to both the handwritten 
dye recipes and the corresponding fabrics 
was a perfect coming together of history 
and chemistry. The first part of the project 
involved a history student examining the 
recipes, and doing the archival research to 
make some sense of them from a historic 
perspective. The next step was to examine 
the fabrics using spectroscopy to try to con-
nect the chemical information to the written 

word. The terms used for dye production at 
the turn of the century are not those used 
today. So, verifying things through spectral 
information was our main goal. 

Were there any challenges using 
Raman spectroscopy in the study? 
Raman spectroscopy can damage more 
delicate materials, including natural fibers, 
if the laser power is too high. So, yes, we 
were concerned about using Raman to 
examine the fabrics. We were able to find 
some fabric scraps from the same time 
period to explore different instrument set-
tings, and to make sure we didn’t cause any 
burn holes. As it turned out, however, we 
were not able to detect any Raman signal 
for the dyes. This is likely due to their low 
concentrations. Portable X-ray fluorescence 
(XRF) was much easier to use, and produced 
much more encouraging results. The big-
gest challenge with the XRF was its instru-
ment window size, which allowed us to only 
examine certain fabrics with larger single-
dye areas in the patterns.

What conclusions were you able to 
draw from these findings?
We have identified some specific fabric col-
ors that have similar elemental profiles. For 
example, red, maroon, and brown fabrics 
all produced signals for iron. This suggests 
the possibility of a common iron-containing 
chemical  within these dye processes.

What are your next steps in this work?
We need to follow up with a more careful 
examination of the dye recipes, and spend 
more time trying to link the spectroscopic 
information to the turn-of-the-19th-century 

terms and documented dye processes. 
Also, we had some success with Fourier 
transform infrared (FT-IR) microscopic 
analysis of a few of the dyes. While not a 
portable technique, the results are encour-
aging, and worth further efforts.

You have also studied pigments 
found on frescoes at various sites 
in Italy (1), as well as Roman glass 
studies (2). How did the challenge 
of these studies differ from the New 
England study?
Each different sample type has given our 
research team the opportunity to learn 
about a new cultural heritage material, and 
how best to approach its characterization.  
Each has had its own unique challenges. 
The fresco data were collected in a field lab-
oratory, which had a lower level of control 
compared to a typical science laboratory.  
To better understand the Roman glasses, 
we needed access to instrumentation such 
as a micro-Raman spectrometer not avail-
able in our college’s laboratories. Collabo-
ration with Peter Vandenabeele’s group at 
Gent University solved that situation.
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Optimization of a Soil Particle Content 
Prediction Model Based on a 
Combined Spectral Index and  
Successive Projections Algorithm 
Using Vis-NIR Spectroscopy 

This study explores the problem of fast 
estimation of soil particle content by vis-
ible–near-infrared (vis-NIR) spectroscopy. 
Four spectral pre-processing methods 
were used, and it was found that the mul-
tiplicative scatter correction (MSC) pre-
processing transformation can maintain 
the original spectral characteristics and ef-
fectively eliminate the influence of scatter-
ing, with the best effect. Compared with 
the spectral index (SI) established by the 
original spectral data, the SI established 
by the MSC greatly increases its correla-
tion and sensitivity with the soil particle 
content. The partial least squares (PLS) 
and random forest (RF) models were op-
timized using the successive projections 
algorithm (SPA), and it was found that the 
model complexity and calculation amount 
were greatly reduced, and the model ac-
curacy was improved. The reserved sam-
ples were verified, and a good prediction 
effect was achieved. Our results show that 
the combination of spectral index and suc-
cessive projection algorithm can be used 
as an effective means for rapid prediction 
of soil particle content.

Ke Xia, Shasha Xia, Qiang Shen, Shiwen Zhang, Cheng Li, Qi Cheng, and Ji Zhou

Soil, composed of solid, liquid, 
and gas, plays a vital role in human 
life. As the global population in-

creases and arable land decreases, our 
understanding of soil continues to deepen. 
Texture is one of the most basic physical 
properties of soil, and it has an important 
impact on soil permeability, water reten-
tion, and nutrient content. The soil texture 
can indicate the characteristics of the soil 
and provide a strong basis for the evalu-
ation of soil fertility and crop suitability. 
Traditional soil texture measurement meth-
ods include hydrometry and laser particle 
sizing methods, which require large-scale 
sampling in the field and are low in effi-
ciency and high in cost, making it difficult 
to measure large areas (1). 

In recent years, hyperspectral technol-
ogy has developed rapidly and has been 
widely used in the analysis of soil organic 
matter, heavy metals, and texture because 
the technology is fast and convenient. 
Decai Wang and his group established 
a soil texture prediction model using the 
original spectrum, differential processing, 
and orthogonal signal correction (OSC) 

pretreatment, discovering that the OSC 
algorithm could effectively eliminate irrele-
vant factors and improve the prediction ac-
curacy of the model (2). Yanying Bai and his 
group established a soil texture prediction 
model based on the topsoil of farmland in 
river irrigation areas, and the results showed 
that the unitary regression model had the 
same accuracy as the back propagation (BP) 
neural network model (3). Na Zhang and his 
group studied the soil texture of the Hetao 
irrigation area and used unitary linear re-
gression, stepwise multiple regression, 
and the BP neural network for modeling, 
discovering that the BP neural network was 
the most effective (4). Haiyan Song‘s group 
used a combination of the orthogonal sig-
nal and partial least square (PLS) models 
to effectively distinguish soil with different 
textures (5). Shimeng Li’s team explored the 
sensitive bands of the different particle-size 
distributions in the Yimin open-pit coal mine 
area using the thermal infrared spectrum, 
and found that the prediction accuracy for 
coarse sand grains using the support vector 
machine model was better than that of fine 
sand grains (6). Gmur’s group used regres-
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sion tree algorithms in the 400–1000 nm spectrum to provide a pow-
erful and fast method for evaluating nitrogen, carbon, and organics 
in the upper layers of soil (7). Gomez’s team calculated common 
soil properties using a PLS method, showing that CaCO3, iron, clay,  
and cation exchange capacity (CEC) can be obtained by hyperspectral  
data mapping (8). 

This brief summary reveals that our predecessors have done 
a lot of research on spectral prediction and have achieved good 
results, but most of them concentrated on single-band applica-
tions. Hyperspectral data have a continuous narrow band, and a 
lot of useful information is hidden between the bands. Therefore, 
it becomes important to explore the powerful interpretation of 
soil texture by combining different bands. This study uses soil from 
central and southern Hebei, performing spectral preprocessing 
based on Matlab and Python programming platforms, to find the 
best spectral preprocessing method and then combine the spec-
tral index to optimize the wave band. Band selection is performed 
by the successive projection algorithm (SPA) as an input variable 
for linear and nonlinear models. An effective prediction method 
for soil particle content is discussed to provide theoretical and 
methodological support for predicting the soil texture and other 
soil components using hyperspectral remote sensing technology.

Materials and Methods
Study Area Overview
The study area is located in the central and southern part of Hebei 
Province, North China, and is bounded by the 36°30′–40°30′ 
latitude to the north and the 114°–119°30′ longitude to the east. 
Located between a warm temperate zone and a wetland zone, 
four distinct seasons are clear, and there are about 2303 annual 
sunshine hours, which is a temperate and continental monsoon 
climate. The landform is complex and diverse, and the terrain is 
high in the northwest and low in the southeast. There are many soil 
types in the area, mainly brown soil and fluvo-aquic soil. The study 
area contains several types of plants and rich natural resources. 
Because of this, the study area has become an important grain 
and cotton producing area in China.

Soil Sampling and Data Acquisition
Figure 1 shows the technical process followed in the study. The soil 
samples were collected from the field. Randomly arranged grids 
were used to obtain 101 soil samples. The soil sampling depth 
was 0–20 cm, with the layout point as the center, and four more 
sampling points were collected around this center point using the 
plum pile method. During the collection process, stones, weeds, 
branches, and other debris were removed and uniformly mixed as 
the final soil sample. The soil sample was air-dried, ground through 
a 2 mm screen, and divided into two portions, each of 100 g.  
One portion was used to determine the soil particle size content, 
and the other was used for spectral measurement. The soil par-
ticle size content was determined by a particle size analyzer, and 
the international soil texture classification standard was adopted. 
The soil texture was divided according to the three-grain ratio 
of sand (2–0.02 mm), silt (0.02–0.002 mm), and clay (<0.002 mm).  

The soil spectrum data were measured by a FieldSpec 4 spectrom-
eter (Analytical Spectral Devices), and its wavelength range was 
350–2500 nm. The spectrometer has different sampling intervals 
and resolution settings between different spectral regions. Within 
350–1000 nm, the sampling interval was 1.4 nm and resolution was 
3 nm; within 1000–2500 nm, the sampling interval was 2 nm and 
resolution was 10 nm. The light source was a 50 W halogen bulb, 50 
cm away from the sample, the irradiation azimuth was 70°, with the 
signal collection probe 10 cm perpendicular to, and directly above 
the sample. The sample was placed in a petri dish 10 cm in diam-
eter and 2 cm in height, and the surface was scraped flat. Because 
the spectral measurement was susceptible to interference by ex-
ternal light, the spectral experiment was carried out in a dark room 
with no room light. To improve the optimization performance of 
the instrument and the accuracy of the spectral measurement, 
the instrument was on for 30 min, and then the instrument was 
calibrated according to the sequence of dark current acquisi-
tion, instrument optimization, and white reflectance correction.  
To ensure the accuracy of spectral data collection, white reflec-
tance correction was carried out every 10 samples during the mea-
surement. RS3 software (included with FieldSpec4 equipment) 
was used for spectral data collection, and ViewSpecPro software 
(also included with FieldSpec4 equipment) was used for data post-
processing. Each sample was measured 10 times, and its average 
value was taken as the final sample spectrum.

http://www.spectravista.com/spectroscopyonline
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Data Preprocessing Method 
Soil is a complex material composed of 
a variety of components, among which 
organic matter, heavy metals, and water 
content have a certain influence on the 
measured spectra. First, S–G convolu-
tion smoothing was performed on the 
101 sample spectra to achieve a prelimi-
nary noise reduction. Second, to better 
highlight the relationship between the 
soil particle size and the spectral data, 
and to eliminate noise interference 
and to separate overlapping samples,  
the S–G smoothed spectral data were sub-
ject to first order differential (FDR) (9–11), 
reciprocal logarithm (RL) (12,13), and mul-
tivariate scatter correction (MSC) (14,15)  
pre-processing transformations. 

Soil Spectral Index 
The hyperspectral data has a continuous 
narrow band, which contains substantia 
spectral information. The spectral index 
method of random combination of two 
bands can make full use of the hidden 
information in the spectrum, extract the 
spectral bands sensitive to soil particle 
size, and improve the correlation be-
tween the spectrum and the soil particle 
size (16,17). This study uses four types of 
soil spectral indexes, including normal-
ized differential soil index (NDSI), differ-
ence soil index (DSI), ratio soil index (RSI), 
and bare soil index (BSI). The calculation  
formula is as follows:

NDSI = (Rλ1 –Rλ2)/(Rλ1 + Rλ2)         [1]

DSI = Rλ1 –Rλ2                         [2]

RSI = Rλ1/Rλ2                          [3]

BSI = √Rλ1
2 + Rλ2

2   [4]

In the formula, Rλ1 and Rλ2 are the spec-
tral reflection values corresponding 
to the selected spectral wavelengths  
λ1 and λ2, respectively.

Modeling Method
The PLS Method
The common linear regression methods 
used include multiple linear regression, lo-
gistic regression, and principal component 
regression. PLS, combining the advantages 
of principal component analysis (PCA), ca-
nonical correlation analysis (CCA), and linear 
regression, can handle multiple correlations 
between independent variables and allow 
modeling to be performed when the num-
ber of samples is less than the dimension 
(wavelengths) of the spectra (18,19).

The RF Method
Random forest (RF), first proposed 
by Leo Breiman and Adele Cutler, is 
an algorithm that uses multiple deci-
sion trees to train and predict samples 
(20,21). It can handle high-dimensional 
data and is not easy to fit. First, the 
bootstrap method is used to randomly 
extract M samples from the training set 
and these are used to build M decision 
trees. Assuming that there are N fea-
tures in the training set, the best fea-
ture is selected for splitting, and each 
tree is split by feature until all training 
examples of the node belong to the 
same class. Second, each tree is allowed 
to grow to the maximum without prun-
ing. Finally, multiple decision trees are 
formed into a random forest for clas-
sification or regression of new data. In 
the regression problem, the final predic-
tion result is determined from the aver-
age of the predicted values of multiple  
decision trees.

Spectral Characteristic Band Selection
The near-infrared reflection spectrum 
mainly indicates the absorption and scat-
tering of organic substances. Because of 
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the serious overlap of information in the 
multiple spectrum bands of different sub-
stances and the large number of spectral 
data bands, there is a lot of redundant in-
formation and noise in the full-band spec-
trum, which increases the workload and 
affects the model accuracy. Therefore, it is 
necessary to reduce the dimension of the 
data, reduce redundant information, and 
improve the running speed and stability of 
the model. The continuous projection algo-
rithm is a method of selecting variables in a 
forward loop (22,23). It can extract valid in-
formation from severely overlapping spec-
tral information, minimize the colinearity 
between spectral variables, and improves 
the modeling conditions of multiple linear 
regression models (24,25). 

In this study, the successive projec-
tions algorithm (SPA) is used to select 
the spectral features. The main SPA al-
gorithm principle is as follows (26,27): 
The initial iteration vector, the number 
of variables to be extracted and the 
spectral matrix are denoted as X(k(0)), N,  
and A(i×j), respectively.

Step 1: Select a certain column j of the 
spectral matrix, assign the j column of the 
modeling set to Xj, and record it as XK(0).

Step 2: Let the position of the unselected 
column vector be s, s={j, 1 ≤ j ≤ J, 
j ϵ {k(0),∙∙∙,k(n−1)}.

Step 3: Calculate the projections of Xj on 
the remaining column vectors in turn:  
Pxj = xj − ( x  x    

k (n-1)
T
j

) xk(n−1)(x   T
k (n-1)xk(n−1))

-1,j ϵ s.

Step 4: Note k(n) = arg{max(||Pxj ||)},j ϵ s.

Step 5: Note xj= Pxj, j ϵ s.

Step 6: Let n=n+1, if n < N, return to step 2.

Finally, the extracted wavelength is 
{xk(n)= 0,... ...,N − 1}, corresponding to 
each k(0) and N. Multiple linear regres-
sion analysis (MLR) is carried out after 
the cycle, and the internal cross-root 
mean square error (RMSE) of the cor-
rection set is obtained. The k(0) and N 
corresponding to the minimum RMSE 
value are the optimal values.

Results and Analysis
Statistical Analysis of
Soil Particle Content
To obtain descriptive statistical character-
istics of the soil particle composition at the 
actual measurement points, the following 
analysis was performed using SPSS soft-
ware (Table I). The soil texture in the study 
area was dominated by sandy loam and 
loam, with the highest content of sand and 
silt reaching 86.37 and 64.97%, while t e clay 
content was relatively low, ranging from 0.37 
to 11.22%. The standard deviation of the 
contents of the three kinds of soil particles 
were <12%, and the degree of dispersion 
was small. The coefficient of variation (CV) 
was 18–46%, in which the coefficient of 
variation of the clay content reached >40%,  

belonging to the moderate variation inten-
sity, which may be affected by different agri-
cultural activities at various sampling points 
in the study area.

Spectral Feature Analysis 
and Data Preprocessing 
A ground object spectrometer was used 
to obtain the soil spectral curve, and the 
original spectrum was subjected to S–G 
smoothing. Due to the large noise at both 
ends of the spectrum, the band data in the 
ranges of 350–399 nm and 2481–2500 nm 
were removed. Figure 2 shows the spectral 
data processed by S–G, FDR, MSC, and RL.

Soil contains many components, such 
as water and organic matter. A soil vis-NIR 
spectrum represents the combined signals 

0.75

0.4

0.05

-0.3

-0.65

-1
2400

2400
-0.75

-0.45

-0.15

0.15

0.45

1900
19001400 1400900 900

400 400

0.75

C
o

rr
el

at
io

n 
co

ef
�c

ie
nt

C
o

rr
el

at
io

n 
co

ef
�c

ie
nt

C
o

rr
el

at
io

n 
co

ef
�c

ie
nt

C
o

rr
el

at
io

n 
co

ef
�c

ie
nt

C
o

rr
el

at
io

n 
co

ef
�c

ie
nt

C
o

rr
el

at
io

n 
co

ef
�c

ie
nt

C
o

rr
el

at
io

n 
co

ef
�c

ie
nt

C
o

rr
el

at
io

n 
co

ef
�c

ie
nt

C
o

rr
el

at
io

n 
co

ef
�c

ie
nt

C
o

rr
el

at
io

n 
co

ef
�c

ie
nt

C
o

rr
el

at
io

n 
co

ef
�c

ie
nt

C
o

rr
el

at
io

n 
co

ef
�c

ie
nt

Wavelength/nm Wavelength/nm

0.75

0.4

0.05

-0.3

-0.65

-1
2400

2400
-0.75

-0.45

-0.15

0.15

0.45

1900
19001400 1400900 900

400 400

0.75

Wavelength/nm Wavelength/nm

0.75

0.4

0.05

-0.3

-0.65

-1
2400

2400
-0.75

-0.45

-0.15

0.15

0.45

1900
19001400 1400900 900

400 400

0.75

Wavelength/nm Wavelength/nm

0.75

0.4

0.05

-0.3

-0.65

-1
2400

2400
-0.75

-0.45

-0.15

0.15

0.45

1900
19001400 1400900 900

400 400

0.75

Wavelength/nm Wavelength/nm

0.75

0.4

0.05

-0.3

-0.65

-1
2400

2400
-0.75

-0.45

-0.15

0.15

0.45

1900
19001400 1400900 900

400 400

0.75

Wavelength/nm Wavelength/nm

0.75

0.4

0.05

-0.3

-0.65

-1
2400

2400
-0.75

-0.45

-0.15

0.15

0.45

1900
19001400 1400900 900

400 400

0.75

Wavelength/nm Wavelength/nm

2400
2400
0

0.1

0.2

0.3

0.4

0.5

0

0.1

0.2

0.3

0.4

0.5

0

-0.1

-0.2

-0.3

-0.4

-0.5

0

-0.1

-0.2

-0.3

-0.4

0.1

0

-0.1

-0.2

-0.3

-0.4

0

-0.1

0.1

-0.2

-0.3

-0.4

-0.5

1900
19001400 1400900 900

400 400

Wavelength/nm Wavelength/nm

2400
24001900

19001400 1400900 900
400 400

Wavelength/nm Wavelength/nm

2400
24001900

19001400 1400900 900
400 400

Wavelength/nm Wavelength/nm

0.75

0.4

0.05

-0.3

-0.65

-1
2400

2400
-0.75

-0.45

-0.15

0.15

0.45

1900
19001400 1400900 900

400 400

0.75

Wavelength/nm Wavelength/nm

0.75

0.4

0.05

-0.3

-0.65

-1
2400

2400
-0.75

-0.45

-0.15

0.15

0.45

1900
19001400 1400900 900

400 400

0.75

Wavelength/nm Wavelength/nm

0.75

0.4

0.05

-0.3

-0.65

-1
2400

2400
-0.75

-0.45

-0.15

0.15

0.45

1900
19001400 1400900 900

400 400

0.75

Wavelength/nm Wavelength/nm

FIGURE 3: Three-dimensional isoelectric plot of the correlation between the 
spectral index and the soil particle content (Note: The x-axis and y-axis repre-
sent two selected wavelengths at a time, in an iterative process. The reflectance 
(R) values for those selected wavelengths are inserted into equation 1 and the 
NDSI is calculated. The correlation between the calculated NDSI result and the 
soil parameter content is also computed, and the result is the z-axis correlation 
coefficient value. So for a series of paired wavelengths, the 3D projections can 
be computed and displayed for each soil type.).

TABLE I: Statistical characteristics of soil texture

Index Max Min Mean Standard 
Deviation

Variable 
Coefficient

Sand/% 86.37 27.57 63.13 11.71 18.55

Silt/% 64.97 13.26 33.42 10.46 31.30

Clay/% 11.22 0.37 3.45 1.58 45.80
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of all soil components. Figure 1 shows that 
the spectral reflectance after S–G smooth-
ing is between 0.1 and 0.5. Although the 
reflectance of each soil sample is differ-
ent, the overall trend is roughly the same.  
The reflectance increases rapidly from 
400 to 1000 nm in visible light, and the 
reflectance changes relatively smoothly 
in the near-infrared from 1000 to 2480 nm.  

The spectral absorption band position and 
spectral reflectance changes are related to 
the chemical composition of the soil. It can 
be found that the characteristic bands of 
the spectrum were mainly located at 585 
to 683 nm, 707 to 930 nm, 986 to 1061 nm, 
1381 to 1467 nm, 1860 to 2032 nm, 2142 to 
2217 nm, and 2315 to 2400 nm. It is gener-
ally believed that the perturbation of vis-

ible light and some near-infrared bands is 
caused by interactions of water, organic 
matter, and metal ions—such as Fe2+, Fe3+ 
and Cu2+. Around 600 nm a reflection peak 
of organic matter is observed, and near 
820 nm there is a sub-absorption peak of 
organic matter (28). The near-infrared spec-
trum after 980 nm is mainly the frequency 
doubling and harmonic frequencies gen-
erated by the bending vibration of group 
molecules formed by metal elements and 
hydroxide groups, such as Fe-OH, Al-OH, 
and Mg-OH. At 1400 to 1500 nm and 1850 
to 1950 nm, there is a combined frequency 
band of the water molecule hydroxyl 
stretching vibration and Al-OH bending 
vibration in the soil silicate mineral, while 
the characteristic absorption band appear-
ing at 2150 to 2250 nm is affected by the 
OH functional group in the organic matter 
(29). The absorption peak near 2455 nm is 
the band generated by the vibration of the 
CO3

2- group in the carbonate (30). 
After FDR treatment, the overlapping 

samples were separated and the spectral 
characteristics peaks were more obvi-
ous, with different degrees of absorption 
bands around 1000, 1400, 1900, and 2200 
nm. The reflectivity of the spectral curve 
after MSC treatment was between 0.1 and 
0.5. By carrying out baseline translation 
and offset correction with the average 
spectrum data, the influence of scatter-
ing was effectively eliminated, and the 
changed characteristics of the original 
spectral data were retained, which were 
closer and smoother than the original 
spectrum. The difference between the 
spectral curve after LR treatment and the 
original spectral curve was the opposite. 
The overall reflectivity was between 1 and 
2, and the reflectance decreased rapidly 
within the range of 400 to 800 nm, while 
the change of the spectral curve after  
800 nm was relatively stable. 

Correlation Analysis of 
the Soil Spectrum
Correlation analysis was performed be-
tween the smoothed original spectral 
data and the spectral data using different 
preprocessing transforms with the soil par-
ticle content (Table II). In the range of 400–
2480 nm, the spectral index of random 
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FIGURE 4: Three-dimensional isoelectric plot of the correlation between the 
spectral index and the soil particle content based on the multivariate scatter 
correction (MSC) transform (Note: The x-axis and y-axis represent two select-
ed wavelengths at a time, in an iterative process. The reflectance (R) values 
for those selected wavelengths are inserted into equation 1 and the NDSI is 
calculated. The correlation between the calculated NDSI result and the soil 
parameter content is also computed, and the result is the z-axis correlation 
coefficient value. So for a series of paired wavelengths, the 3D projections can 
be computed and displayed for each soil type.).  
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pair-band combination under the original 
spectrum was calculated, and its correla-
tion with the soil particle content was ana-
lyzed (Figure 3). The degree of correlation 
was determined using Pearson’s correla-
tion coefficient, which is represented by r 
in this paper.

It can be seen in Table II that the cor-
relations were improved by varying de-
grees after spectral pretreatment. In the 
original spectrum, the absolute values of 
the maximum correlation coefficients of 
0.477, 0.477, and 0.376 were obtained at 
2478 nm for sand, silt and clay. The num-
ber of bands of sand and silt above 0.45 
reached 133 and 142, and the number of 
bands of clay above 0.35 reached 176. After 
FDR treatment, the correlation coefficient 
was slightly improved. The maximum ab-
solute values of the correlation coefficients 
of sand, silt, and clay were 0.519, 0.509, and 
0.482, but there were fewer bands with ab-
solute correlation coefficients above 0.4. 
After MSC processing, the correlation was 
significantly improved. The maximum ab-
solute values of the correlation coefficients 
of sand, silt, and clay reached 0.69, 0.678, 
and 0.685, respectively. The maximum in-
crease of the correlation coefficients was 
0.309, and there were more bands with 
absolute values above 0.65. The RL pre-
processing effect was general, and the ab-
solute value of the correlation coefficients 
were all lower than 0.5, but the overall band 

correlation was improved compared to 
the original spectrum. Figure 3 shows the 
equipotential diagram of the correlation 
between the spectral index of sand and 
silt was in the opposite state, which may 
be because of the negative correlation 
between the content of sand and silt. 
The distribution trends of the NDSI, RSI, 
and DSI spectral indices on the same soil 
particle size were generally the same. 
The areas with high correlation of NDSI 
and RSI were mostly concentrated at the 
combination of bands of 700 to 1500 nm 
and 1850 to 2480 nm, while the areas with 
high correlation of DSI were slightly wider 
than the previous two, and mainly con-
centrated at 500 to 1600 nm and 1850 to 
2480 nm. The effect of BSI on the three 
kinds of soil particles was not obvious, 
and the correlation coefficient reached 
only 0.4 at the band combination of 2150 
to 2480 nm. 

Optimized Spectral Index
To further improve the correlation be-
tween the spectral index and the soil 
particle content, the MSC form with the 
best pretreatment effect was combined 
with four spectral index algorithms for 
band combination (Figure 4). Selected 
published domestic and foreign spectral 
index models, combined with the MSC 
processed spectral data in this paper, were 
substituted into each model in accordance 

with the corresponding combined bands, 
and the correlation analysis was conducted 
with different soil particle content to ex-
plore its applicability in determining soil 
texture (Table III). 

Applying the spectral index calculation 
formulas published in previous studies, it 
was found that the correlation between 
different spectral indices and the soil par-
ticle content was significantly different, 
with r between -0.427 and 0.406. TCARI, 
TCARI/OSAVI, REIP, and TVI showed a 
slight correlation (|r| < 0.15), of which CRII 
had the highest correlation with sand con-
tent, with a maximum value of 0.427, while 
OSAVI had the highest correlation with silt 
content at 0.406. It can be seen that the 
correlation between the spectral index cal-
culation formulas published by predeces-
sors and the soil particle content is weak, 
which makes it difficult to estimate the soil 
particle content. Therefore, it is important 
to explore what spectral index is suitable 
for the estimation of soil particle content. 
Figure 4 shows that the spectral index 
established by the MSC transformation 
improved significantly, mainly indicated 
by the increase of the band combination 
range and overall correlation. The distri-
bution trends of NDSI, RSI, and DSI are still 
roughly the same, and they have risen from 
the original near-infrared band combina-
tion of 750 to 1450 nm and 1900 to 2480 nm 
to the visible light and near-infrared band 

TABLE II: Statistical analysis of the correlation between different spectral pretreatments and the soil particle content

Soil Particle type Preprocessing 
Transformation

Threshold of the 
Absolute Value of the 

Correlation Coefficient
Number

The Absolute Value 
of the Correlation 

Coefficient

Sand

R 0.45 133 0.477

FDR 0.40 8 0.519

MSC 0.65 162 0.697

LR 0.45 199 0.485

Silt

R 0.45 142 0.477

FDR 0.40 8 0.509

MSC 0.65 94 0.678

LR 0.45 223 0.484

Clay

R 0.35 155 0.376

FDR 0.40 6 0.482

MSC 0.65 154 0.685

LR 0.35 311 0.392
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combination of 500 to 1800 nm and 1900 
to 2480 nm. The maximum absolute value 
of the correlation of sand content reached 
0.7360, 0.7361, and 0.7368, respectively, and 
the corresponding band combinations (in 
nm) were (990, 2480), (989, 2480), and (989, 
2480). The maximum absolute values of silt 
content correlation reached 0.7107, 0.7128, 

and 0.7125, respectively, and the corre-
sponding band combinations were (2479, 
989), (989, 2479), and (2479, 989). The clay 
content achieved the absolute maximum 
correlation at the (2479, 994) band combi-
nation, with values of 0.7525, 0.7635, and 
0.7472, respectively. The BSI spectral index 
established by MSC processing had the 

most significant improvement over the BSI 
spectral index established by the original 
spectral data. The absolute value of the cor-
relation between the content of sand, silt, 
and clay increased from 0.4765, 0.4770, and 
0.3751 to 0.7491, 0.7300, and 0.7452, respec-
tively, with a maximum increase of 98.66%. 
This shows that the MSC can effectively re-

TABLE III: Correlation statistics of soil particle content and previously published spectral index models

Spectral Index Formula Source
Correlation 

of Sand 
Content

Correlation 
of Silt 

Content

Ant (1/R550 - 1/R700)×R780 Gitelson et al., 2003 -0.379 0.354

CRI1 1/R510 - 1/R550 Gitelson et al., 2002 -0.427 0.397

CRI2 1/R510 - 1/R700 Gitelson et al., 2002 -0.406 0.377

CI (R750 /R705)-1 Gitelson et al., 1994 0.361 -0.353

OSAVI (1 + 0.16) ×                   + R670 + 0.16
R800 – R670

R800

Rondeaux et al., 1996 -0.416 0.406

RGI R690 /R550 Zarco-Tejada et al., 2005 -0.351 0.326

SIPI (R800-R450)/(R800+R450) Penuelas et al., 1995 -0.422 0.393

TCARI 3×((R700-R670)-0.2×(R700-R550)×(R700/R670)) Haboudane et al., 2002 0.150 -0.128

TCARI/OSAVI TCARI/OSAVI Haboudane et al., 2002 0053 -0.035

NPCI (R680- R430)/(R680+ R430) Penuelas et al., 1994 -0.411 0.382

EVI (2.5×(R782 - R675)/(R782+6×R675 - 7.5×R445+1)) Huete et al., 2002 -0.235 0.238

NDVI (R800 - R670)/(R800+ R670) Rouse et al., 1973 -0.391 0.384

GI R554/R667 Tejada et al., 2005 0.323 -0.298

GNDVI (R750-R540+R570)/(R750+R540-R570) Gitelson et al., 1996 -0.340 0.315

REIP 700 + 40 × {[                  -R700 ]/ (R740 - R700)}
R670 – R780

2
Guyot et al., 1998 0.061 -0.047

SR R900/R680 Rouse et al., 1973 -0.326 0.326

TVI 0.5×(120×(R750-R550)-200×(R670-R550)) Haboudane et al., 2004 0.066 -0.048

TABLE IV: SPA to extract the characteristic spectral index wavelength statistics

Soil Particle Type Spectral 
Index Number Waveband Combination

Sand

BSI 10 (405,2480), (415,1948), (416,1915), (1320,2474), (1321,2474), 
(1474,2472), (1496,2480), (1537,2474), (1611,2478), (1944,2476) 

DSI 14
(1914,989), (1923,589), (1925,581), (1930,583), (1931,982), 

(2442,987), (2462,970), (2472,982), (2473,994), (2474,616), 
(2476,947), (2477,605), (2478,634), (2479,812) 

Silt
BSI 8 (943,1798), (985,1799), (988,1687), (994,1742), 

(994,1796), (998,1747), (1001,1790), (1002,1856) 

DSI 10 (959,2480), (974,2477), (982,2474), (984, 2478), (988,2473), 
(989,2476), (991,2479), (993,2476), (994,2479), (999,2480)

Clay

BSI 22
(560,961), (815,1648) (881,1640), (939,1761), (962,1766) (974,1767), 

(977,1766), (982,1714) (985,1764), (988,1758), (989,1358), 
(990), 1762, (991,1644), (994,1498) (995,1654), (998,1767), 
(999,1513) (1000,1827), (1001,1757), (1001,1815) (1001,1821)

DSI 12
(606,2473), (684,2478), (783,2480), (899,2480), 
(942,2478), (986,2480), (992,2478), (994,2480), 
(995,2474), (996,2472), (999,2480), (1000,2480)
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duce the effects of baseline translation and 
offset and enhance the correlation between 
the absorption spectrum of the measured 
component and the concentration data. 
The combination of MSC and the spectral 
index algorithm can reveal more hidden 
valuable spectral information, which plays 
a vital role in later modeling.

SPA to Extract
Characteristic Wavelengths
The spectral data processed by MSC 
were used to construct a spectral index 
for regression analysis. Because the 
spectral index was combined through 
two bands, there are many independent 
variables, which made the data redun-
dant and reduced modeling accuracy. 
Because of this, the dimensionality of the 
data should be reduced to decrease the 
number of independent variables (31). 
The distribution of NDSI-, RSI-, and DSI-
correlated isopositive graphs were similar, 
and the effect of DSI was slightly better 
than the previous two. 

Therefore, the following uses the SPA 
to select only BSI and DSI spectral index 
data. The SPA first calculates the root 
mean square error (RMSE) under different 
numbers of effective wavelengths, and 
then determines the number of effec-
tive wavelengths based on the minimum 
RMSE. Figure 5 and Table IV show the 
number of effective bands and specific 
band combinations determined by the 
SPA, respectively. It can be seen from the 
chart that the bands and number selected 

by the SPA are different for different soil 
particle content. For sand, the number of 
effective wavelengths determined by BSI 
and DSI spectral indices were 10 and 14, 
respectively, and the corresponding RMSE 
values were 6.6545 and 6.114, respectively. 
The corresponding band combinations 
were mainly concentrated in 400 to 420 
nm, 580 to 1000 nm, 1320 to 1944 nm, and 
1915 to 2480 nm. For silt, the number of 
effective wavelengths determined under 
the BSI and DSI spectral indices were 8 and 

TABLE V: Evaluation of inversion accuracy of the PLS model

Soil 
Particle 
Type

Bands
BSI DSI

R2 RMSE R2 RMSE

Sand
Saliency band 0.55 6.94 0.41 8.07

SPA 0.73 5.62 0.82 5.07

Silt
Saliency band 0.46 6.52 0.67 5.23

SPA 0.75 4.58 0.83 4.23

Clay
Saliency band 0.37 1.26 0.53 0.97

SPA 0.73 0.74 0.85 0.57
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10, respectively, and the RMSE values were 
5.603 and 5.2149, respectively. The main 
band combinations were concentrated at 
900 to 1000 nm, 1680 to 1900 nm, and 2470 
to 2480 nm. Based on the BSI and DSI spec-
tral indices, the number of effective wave-
lengths of the clay were 22 and 12, respec-
tively, and the RMSE values were 0.87297 
and 0.84298, respectively. The correspond-
ing band combinations were mainly at 550 
to 1000 nm, 1350 to 1830 nm, and 2470 to 
2480 nm. Generally, the sensitive combi-
nation bands all come from the positions 
affected by various chemical components 
in the soil, such as the absorption bands of 
organic matter, and the spectral responses 
of metal ions, the vibrational bands of water 
molecules, and the spectral bands gener-
ated by the vibration of the CO3

2- group in 
the soil carbonate. It has been proven that 
soil, as an organically complex material, has 
many component interactions. To achieve 
the prediction of soil particle content, the 
combination of these factors should be con-
sidered as a whole.

Model Establishment 
and Accuracy Analysis
To fully verify the accuracy of the model, 
the samples were divided into a modeling 
set and a validation set, and 69 modeling 
samples and 32 validation samples were 

selected according to a soil sand content 
ratio ranging from high to low. The signifi-
cant bands under the BSI and DSI spectral 
indexes and the bands selected by the SPA 
algorithm were substituted into the linear 
model (PLS) and the nonlinear model (RF). 
The coefficient of determination (R2) and 
RMSE were used to evaluate the model 
accuracy. The closer R2 is to 1, the better 
the model fits. The smaller the RMSE, the 
smaller the deviation between the pre-
dicted value and the true value (32). Tables 
V and VI are the evaluation coefficients of 
the validation set. 

According to the predictive model pa-
rameters of the PLS, it can be found that 
the DSI spectral index variables based on 
the SPA predict the R2 of sand, silt, and clay 
content to be above 0.80, which are 0.81, 
0.83, and 0.85, respectively. The bands se-
lected by the SPA significantly improved 
the modeling effect compared with the 
significant bands, indicating that the SPA 
can effectively reduce the dimensionality 
of spectral data, reduce data redundancy, 
and improve the stability of the model 
(33). According to the parameters of the 
RF prediction model, it was found that 
the highest predicted R2 of sand, silt, and 
clay content were 0.81, 0.65 and 0.64, all of 
which are models established under the 
DSI spectral index. 

It was found from the selection of the 
band that the accuracy of the model es-
tablished based on the selection of the 
saliency band and the band selected 
by the SPA were not much different, but 
better than the model established by the 
dominant band under PLS. This is because 
of the RF model’s ability to process high-
dimensional data. For big data, model 
training is faster and the applicability to 
the data is stronger (34).

Inversion Evaluation of
Soil Texture Classification
The best predicted value of sand, silt, and 
clay content were selected to determine 
the soil texture name of the verification 
point and compare it with its real soil tex-
ture name. Figure 6 is a triple map of soil 
texture consisting of measured and pre-
dicted soil particle content at the verifica-
tion point, which shows that the predicted 
results are close to the actual measure-
ment results. It also shows that the ac-
curacy of the prediction result meets the 
requirements. According to the statistical 
results in Table VII, the texture names of 
28 verification points were the same as 
the actual texture names, and the texture 
names of four verification points had been 
misjudged. Among them, two soil samples 
that were actually loam were judged as 
sandy loam, and two soil samples that were 
actually sandy loam were judged as loam, 
with a classification accuracy of 87.5%. This 
is because of an error in the predicted con-
tent of a single kind of soil particle, which 
makes the sum of the predicted contents 
of the three types of particles accumulate 
errors, but both loam and sandy loam be-
long to the category of loam.

Discussion
Soil is a mixture of organic and inorganic 
matter, different-sized particles, moisture, 
and air. The spectral measurement of one 
component in the soil is often interfered 
with by other unrelated components. 
Therefore, in the establishment of a soil 
quantitative model, the preprocessing 
of spectral data is key to avoiding such 
problems. Numerous studies have shown 
that preprocessing transformations such 
as FDR, RL, MSC, and continuum removal 

TABLE VII: Soil texture classification inversion statistics

Soil Texture 
Name Sandy Loam Silt Loam Loam

Sandy loam 26 0 2

Silt loam 0 2 0

Loam 2 0 0

Fail 2 0 2

TABLE VI: Evaluation of inversion accuracy of the RF model

Soil 
Particle 
Type

Bands
BSI DSI

R2 RMSE R2 RMSE

Sand
Saliency band 0.70 6.02 0.81 5.60

SPA 0.75 5.81 0.76 5.85

Silt
Saliency band 0.68 5.14 0.64 5.34

SPA 0.67 5.18 0.65 5.21

Clay
Saliency band 0.54 0.94 0.48 1.01

SPA 0.61 0.88 0.64 0.85
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(CR) can effectively improve the accuracy 
of the model. In this study, by collecting 
samples from the field and measuring soil 
spectral data indoors, the correlation be-
tween various data pretreatments and dif-
ferent soil particle contents were analyzed, 
and it was found that the effect of MSC 
pretreatment was most obvious. The com-
monly used differential transformations 
can highlight the characteristic spectral ab-
sorption band, but when there is soil par-
ticle content inversion, the spectral curve 
change caused by soil surface roughness 
is often removed as an interference factor. 
The MSC pretreatment can enhance the 
relationship between the spectrum and 
the soil particle content by maintaining 
the original spectral characteristic infor-
mation, which also provides evidence for 
the research of Meng (35) and Huang (36).

Hyperspectrometers are widely used 
because of their high resolution and con-
tinuous wavelengths. The continuous nar-
row band contains a lot of characteristic 
information, so the correlation between 
the spectral data after the spectral index 
calculation and the soil particle content is 
significantly improved, and the significant 
variables also increased significantly. This 
is consistent with the findings of Pan (37), 
Nicati (38), and Li (39). When selecting sen-
sitive bands with different particle content 
in the soil, the spectral data has serious in-
formation overlap because of the continu-
ous bands, resulting in redundant informa-
tion in the spectral data, which affects the 
prediction accuracy of the model. The tra-
ditional method of band selection has too 
much subjectivity and lacks systematic and 
effective selection criteria, while the SPA 
can fully find the variable group with the 
lowest amount of redundant information 
from the massive spectral data, and also 
make the collinearity between variables 
reach the minimum (40). The PLS model 
combines the advantages of multiple 
linear regression, canonical correlation 
analysis, and principal component analysis, 
so it is widely used in spectral modeling.  
The accuracy of the model established by 
the SPA-PLS method is slightly better than 
other modeling methods, indicating that 
the use of the SPA is of great significance 
in screening sensitive bands of soil particle 

content, which is consistent with the results 
of Wu (22) and Yu (41). 

The modeling method adopted in this 
paper has achieved a good prediction ef-
fect on soil particle content in the studied 
area, and has tested the soil texture names 
of 32 verification samples, with a classifica-
tion accuracy of 87.5%, indicating that the 
SPA-DSI-PLS model has a certain estima-
tion ability for soil particle content. In the 
future, we will continue to explore the the-
ory of spectral index optimization, with a 
goal of further realizing applications in dif-
ferent regions and different soil types and 
provide theoretical support for continuous 
dynamic monitoring at different scales.

Conclusions
Aimed at the problem of predicting soil 
texture using vis-NIR spectra, this study 
used four kinds of spectral data prepro-
cessing transforms and implemented four 
kinds of spectral index operations based 
on the best preprocessing transforms. 
We used the SPA for band selection, and 
selected linear and nonlinear models 
to establish a prediction model for soil  
particle content. 

We found the correlation between the 
original spectral data and the content of 
soil particles was weak, but the correlation 
was improved after different pretreatments 
and transformations. Among them, the 
pretreatment effect of MSC was the best, 
and the correlation between sand, silt, and 
clay content and spectral reflectance was 

the highest, which were 0.697, 0.678, and 
0.685, respectively. MSC can effectively 
remove noise and reduce the interference 
of baseline drift caused by scattering and 
enhance the spectral information between 
spectral data and samples. MSC also has 
good applicability to the spectral data of 
soil texture.

Compared with the spectral index es-
tablished by the original spectral data, 
the spectral index established by the pre-
treated spectral data of MSC significantly 
improved the correlation with the content 
of different soil particles. Particularly, for 
the BSI spectral index, the correlation 
of clay content increased from 0.3751 to 
0.7452, with a rise of 98.66%, indicating that 
the selection of an appropriate pretreat-
ment transformation had a great influence 
on the spectral index. The combination of 
the sensitive bands of soil particle content 
is located in the range of 500–1800 nm and 
1900–2480 nm, both of which come from 
the absorption of various soil chemical 
components, indicating that the prediction 
of soil particle content should consider the 
combination of these factors as a whole.

From the prediction accuracy of the 
model, there is a big difference between 
the accuracy of the model established by 
the SPA and that without the SPA, among 
which the SPA-DSI-PLSR model has a good 
prediction result for soil particle content. 
The estimated accuracies R2 of sand, silt, 
and clay content were 0.82, 0.83, and 0.85, 
respectively; the corresponding RMSE val-
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ues were 5.07, 4.23, and 0.57; and the clas-
sification accuracy of the soil texture name 
was 87.5%. It is shown that the SPA-DSI-PLS 
model has the highest accuracy, has obvi-
ous advantages in precision in soil particle 
content detection, and has certain refer-
ence significance for quantitative monitor-
ing of soil composition. The SPA-DSI-PLS 
model also can provide methods and 
theoretical support for soil improvement 
and management. 

In conclusion, the research results pro-
vided basic theory and method support 
for hyperspectral prediction of soil particle 
size content.
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Introducing the  
Clarity EBSD  

Analysis System 
 

Clarity™ - the worldÊs first  
Electron Backscatter Diffraction 
(EBSD) specific detector based 
on Direct Detection technology. 
This revolutionary approach  
provides unparalleled pattern 
quality, ultimate sensitivity, and 
distortion-free imaging, opening 
new doors to the evolution of 
EBSD pattern analysis. 
 
•     Direct electron detection of 
      EBSD patterns 
 
•    Zero distortion for ultimate  
      sharpness and maximum 
      details 
 
•    No read noise for high  
      sensitivity 
 
•    Single-electron detection 
 
•    True quantitative intensity  
      measurements 
 
•    Ideal for beam-sensitive  
      materials and HR-EBSD

For more information about the Clarity EBSD Anlaysis System please visit edax.com/clarity
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Major Products and Services  
Research grade fluorescence 
spectrometers and Raman microscopes, 
analytical spectrofluorometers, dedicated 
fluorescence lifetime spectrometers, 
pulsed diode lasers and LEDs, terahertz, 
and CO2 gas lasers.

Facility  
Edinburgh Instruments are part of 
the Techcomp Europe group, with all 
manufacturing facilities in Scotland. Sales, 
service, and applications facilities are 
located around the world.

Edinburgh Instruments

Company Description  
Edinburgh Instruments has become one of the world’s 
largest manufacturers of leading edge spectroscopic 
instrumentation. Edinburgh Instruments has over 45,000 sq. 
ft. of manufacturing and office space just outside Edinburgh, 
where it employs more than 140 people. The company is 
involved in the development, manufacture, and sale of a wide 
range of high technology products for the scientific research 
and industrial markets. Product ranges include research-
grade fluorescence spectrometers and Raman microscopes, 
analytical spectrofluorometers, dedicated fluorescence 
lifetime spectrometers, pulsed diode lasers and LEDs, 
terahertz, and CO2 gas lasers.

Chief Spectroscopic Techniques Supported
 ⦁ Fluorescence spectroscopy 
 ⦁ Raman spectroscopy
 ⦁ Fluorescence lifetime 
 ⦁ Phosphorescence lifetime 
 ⦁ Luminescence 
 ⦁ Photoluminescence 
 ⦁ Transient absorption spectroscopy

Markets Served 
Academia and fundamental research in a wide range of 
fields, including photochemistry, photobiology, and various 
applications in life science and physical chemistry, as well as 
industrial applications, such as food science, environment and 
water monitoring, and solar cells.

Edinburgh 
Instruments

2 Bain Square, 
Kirkton Campus, 
Livingston, EH54 

7DQ, United Kingdom

TELEPHONE

+44 (0)1506 425 300

FAX

+44 (0)1506 425 320

E-MAIL

sales@edinst.com

WEB SITE

www.edinst.com

NUMBER OF EMPLOYEES

USA: 2
UK: 140

YEAR FOUNDED

1971

http://www.edinst.com
http://www.edinst.com
http://www.edinst.com
mailto:sales@edinst.com
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Major Products/Services  
IPS’s unique wavelength stabilization 
technology is leading the way in the 
development of high-performance 
laser engines for emerging technology 
applications. Customers can request specific 
wavelengths and obtain overwhelmingly 
consistent product performance, even in 
high volume manufacturing quantities. This 
technology can be applied to both single and 
multi-spatial mode lasers, can be delivered 
as either open beam or fiber coupled, and 
is available in a wide variety of packaging 
solutions. IPS also offers custom system 
solutions including: custom wavelengths, 
packaging solutions, and full-system 
integrations. Our key products include:

 ⦁ Single mode lasers for Raman microscopy
 ⦁ Multi-mode lasers for probe-based Raman 

spectroscopy
 ⦁ Dual wavelength sources & probes for 

Raman concatenation
 ⦁ Raman probes
 ⦁ Fiber laser seeds & pumps
 ⦁ Difference generation sources and systems
 ⦁ Speckle imaging sources
 ⦁ Beam shaped and homogenized 

sources for illumination

Facility  
Located in the Princeton area at the heart of 
the photonics corridor and centrally located 
between New York and Philadelphia, IPS’s 
13,000 square foot facility houses a complete 
prototyping and high rate production 
assembly line. Key equipment includes 
packaging and precision alignment systems, 
high resolution inspection microscopy, and 
both optical and electrical test apparatus.

Innovative Photonic 
Solutions

Company Description  
Innovative Photonic Solutions (IPS) offers unique light sources 
and innovative system solutions. IPS is focused on manufacturing 
wavelength-stabilized light sources that enable customers to pre-
cisely specify the emission wavelength, output power, and spectral 
linewidth for each application. Products include both open-beam 
as well as fiber-coupled OEM components and modules as well 
as full “turn-key” UL/CE and IEC certified systems, and range from 
405 nm to 1700 nm. Our corporate philosophy is to take on our 
customers’ most challenging problems and provide them with  
Innovative Photonic Solutions.

Chief Spectroscopic Techniques Supported
 ⦁ Raman 
 ⦁ Hyperspectral Imaging
 ⦁ FTIR and NIR Spectroscopy
 ⦁ Medical Diagnostics
 ⦁ Scientific Instrumentation
 ⦁ Remote Sensing

Markets Served 
IPS delivers affordable and reliable laser and probe solutions to 
original equipment manufacturers (OEMs), researchers, universities, 
and scientists. Known worldwide for our wavelength stabilized laser 
sources for Raman spectroscopy applications, we have an extensive 
product line that supports the following markets:

 ⦁ Raman spectroscopy (including handheld, microscopy, and 
modular/process Raman spectroscopy)

 ⦁ Remote sensing
 ⦁ Medical diagnostics 
 ⦁ Fiber laser seeding and pumping
 ⦁ Gas sensing

Innovative Photonic 
Solutions

4250 U.S. Highway 1, 
Suite 1

Monmouth Junction, 
NJ 08852

TELEPHONE

(732) 355-9300

FAX

(732) 355-9302

E-MAIL

sales@ipslasers.com

WEB SITE

www.ipslasers.com

YEAR FOUNDED

2003

http://www.ipslasers.com
http://www.ipslasers.com
http://www.ipslasers.com
mailto:sales@ipslasers.com
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Major Products and Services  
Harrick Scientific offers the most complete 
line of spectroscopy sampling products, 
including:

 ⦁ Video MVP—a diamond micro ATR  
accessory with a built-in camera

 ⦁ DiaMaxATR—an affordable  
monolithic diamond ATR accessory 

 ⦁ ConcentratIR2—a compact, multi-
reflection horizontal ATR microsampler 
that utilizes a Si or diamond ATR

 ⦁ Praying Mantis—a diffuse reflectance 
accessory available with environmental 
chambers/reaction cells 

 ⦁ Seagull—a variable angle specular  
reflection and ATR accessory 

 ⦁ VariGATR—a variable angle grazing 
angle ATR accessory for monolayers on 
gold and silicon substrates 

 ⦁ FiberMate 2—an interface between 
spectrometers and fiberoptic  
applications

 ⦁ MultiLoop, Omni-Diff, and Omni-
Spec—fiberoptic probes for ATR, dif-
fuse reflection, and specular reflection

 ⦁ Several types of liquid and gas  
transmission cells 

 ⦁ Custom design development

Facilities
Harrick Scientific Products is located 30 
miles north of New York City in Pleasant-
ville, New York. Our products are also 
available through FT-IR and UV-vis spec-
trometer manufacturers, as well as distribu-
tors in the United States and throughout 
the world.

Harrick Scientific Products, Inc.

Company Description  
Harrick Scientific Products, Inc. specializes in designing and 
manufacturing instruments for optical spectroscopy. Since 
being established in 1969, Harrick Scientific has advanced 
the frontiers of optical spectroscopy through its innovations 
in all spectroscopic techniques. The founder of the company, 
Dr. N.J. Harrick, pioneered attenuated total reflection (ATR) 
spectroscopy and became the principal developer of this 
technique. Harrick Scientific offers a complete selection of 
sampling accessories, including both standard and custom 
designs, as well as an extensive line of optical elements.

Chief Spectroscopic Techniques Supported
 ⦁ Transmission 
 ⦁ Specular reflection
 ⦁ Diffuse reflection
 ⦁ ATR 
 ⦁ Fiber optics

Markets Served 
Harrick Scientific serves analytical markets worldwide. Harrick’s 
customers typically are from research or quality control labora-
tories of industrial, governmental, research, and academic insti-
tutions throughout the world. Industries served include chemi-
cal, electronic, pharmaceutical, forensics, and biomedical.

Harrick Scientific 
Products, Inc.

141 Tompkins Ave,  
2nd Floor 

Pleasantville, NY 
10570, USA

TELEPHONE

(800) 248-3847

FAX

(914) 747-7209

E-MAIL

info@harricksci.com

WEB SITE

www.harricksci.com

NUMBER OF EMPLOYEES

25

YEAR FOUNDED

1969

http://www.harricksci.com
http://www.harricksci.com
http://www.harricksci.com
mailto:info@harricksci.com
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 ⦁ Pharmaceutical
 ⦁ Mining
 ⦁ Consumer products
 ⦁ Transportation
 ⦁ Research
 ⦁ Government
 ⦁ Environmental
 ⦁ Education

Major Products and Services  
Inorganic Ventures is dedicated to being 
industry leaders in the manufacture and 
worldwide delivery of the highest qual-
ity CRMs. We empower customers to be 
leaders, improve efficiencies, and meet 
challenges head on. With strong relation-
ships, technical expertise, and customized 
solutions, we make it possible for you 
to refine your results and redefine your 
industry. Product categories include the 
following: Custom standards, IC standards, 
wet chemistry products, USP compliance 
products, conductivity products, ISO 17034 
standards, ICP and ICP-MS standards,  
AAS standards and modifiers, and water 
QC standards.

Facility  
Inorganic Ventures has a strong distribu-
tion network which delivers its CRMs and 
custom solutions to customers worldwide, 
including North America, Europe, Asia, 
South America, Africa, and Australia.

Inorganic Ventures

Company Description  
Since 1985, we have perfected the process of manufacturing 
certified reference materials (CRMs), engineered to be stable, 
compatible, NIST traceable, and manufactured and tested 
under ISO 17034 & ISO 17025 guidelines. We make almost any 
inorganic CRM, delivering ultimate standards across multiple 
industries. From our laboratory in Virginia’s New River Valley 
technology hub, we’ve refined our processes, leveraging elite 
manufacturing capabilities. Whether you’re dealing with bulk 
manufacturing specifications, high-purity requirements, in 
need of specialized packaging or looking to outsource custom 
mixtures, we can help. For every problem that’s unique to your 
company, we will develop a unique solution. With flexibility, 
accuracy, and out-of-the-box thinking, you can have absolute 
confidence in the integrity of your testing. By refining the 
process in our own industry, we empower our customers to 
become leaders in theirs.

Chief Spectroscopic Techniques Supported
 ⦁ ICP and ICP-MS
 ⦁ IC
 ⦁ Atomic absorption
 ⦁ Wet chemistry (turbidity, colorimetric, titrimetric)
 ⦁ pH and conductivity meters
 ⦁ QC applications

Markets Served 
 ⦁ Industrial and manufacturing
 ⦁ Biotechnology
 ⦁ Nuclear

Inorganic Ventures
300 Technology 

Drive
Christiansburg, VA 

24073, USA

TELEPHONE

(540) 585-3030

FAX

(540) 585-3012

E-MAIL

info@ 
inorganicventures.com

WEB SITE

www.inorganicven-
tures.com

NUMBER OF EMPLOYEES

75

YEAR FOUNDED

1985

http://www.inorganicventures.com
http://www.inorganicventures.com
http://www.inorganicventures.com
mailto:info@inorganicventures.com
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part of both everyday measurement needs 
and bigger technical challenges related 
to issues such as population growth and 
climate change.

Major Products and Services  
Spectrometers: General-purpose UV, 
visible and NIR spectrometers; fluorescence 
spectrometers; Raman instruments; industrial 
spectrometers; teaching lab spectrometers; 
reflectometers; field spectrometers; spectral 
sensors; and spectroradiometers. 
Software: Machine learning and algorithm 
development.
Multispectral Sensors and Precision Filters:
Micro-patterned optical filters; multispectral 
sensors; multispectral cameras; optical 
measurement; and reference standards.
Solutions Offerings: Spectrometers, sensors, 
fibers; multispectral cameras, accessories and 
sub-assemblies for embedding into OEM 
applications; custom software.
Optical Sensors: Oxygen sensors, 
pH sensors, temperature sensing, and 
transducing materials.
Sampling Accessories: Collimating lenses, 
cuvettes and holders, standards, filters and 
holders, flow cells, cosine correctors, and 
integrating spheres.
Light Sources: Deuterium, tungsten halogen, 
LED, calibration sources, excitation sources, 
lasers, and xenon.
Optical Fiber and Probes: Fiber optic patch 
cords; bare fiber; custom options; reflec-
tion and transmission probes; and vacuum 
feedthroughs.

Facility  
Ocean Insight has sales, service, engineering, 
and manufacturing operations in Florida,  
and has sales locations throughout Europe, 
Latin America, India, and China. Ocean Insight 
is a subsidiary of Halma plc, an international 
market leader in safety, health, and sensor 
technology. 

Ocean Insight 

Company Description  
Ocean Insight is the Applied Spectral Knowledge company. 
We use spectral technology, application expertise, and 
manufacturing scalability to help customers take on important 
challenges for a safer, cleaner, healthier future.

Ocean Insight combines savvy system design, integration 
capabilities, and applications knowledge to help people 
solve problems using light measurement. We offer a 
suite of modular spectroscopy products, multispectral 
sensing solutions, and software development for diverse 
applications in industrial settings, research and science, food 
and agriculture, applied biotechnology and life sciences, 
illumination and color measurement, and safety and security.

Chief Spectroscopic Techniques Supported
UV, visible and NIR; absorbance, transmission and reflectance; 
laser characterization; LED quality control; Raman; 
SERS; fluorescence; irradiance; spectroradiometry; color 
determination; fiber optic chemical sensing; chemometrics; 
machine learning; end-point detection; headspace monitoring; 
nondestructive testing; remote monitoring; and multispectral 
sensing and imaging.

Markets Served 
Ocean Insight technologies are connected to a diverse range of 
industries and disciplines. Our products are used by innovators, 
researchers, educators, scientists, and OEM suppliers in 
laboratory settings, field research, and process environments 
worldwide. First responders and security professionals have 
incorporated Ocean Insight products into their equipment. 
Science educators have made our instruments an integral part of 
each student’s learning experience. Ocean Insight solutions are 

Ocean Insight
3500 Quadrangle Blvd.

Orlando, FL 32817

TELEPHONE

+1 (727) 733-2447

FAX

+1 (727) 733-3962

E-MAIL

info@OceanInsight.com

WEB SITE

OceanInsight.com

YEAR FOUNDED

1989

http://www.oceaninsight.com
http://www.oceaninsight.com
http://www.oceaninsight.com
mailto:info@oceaninsight.com
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Markets Served 
 ⦁ Academic
 ⦁ Cannabis
 ⦁ Clinical
 ⦁ Commercial Testing
 ⦁ Consumer Products
 ⦁ Environmental
 ⦁ Food and Feed Testing
 ⦁ Metals and Mining
 ⦁ Petrochemical
 ⦁ Pharmaceutical
 ⦁ Polymers
 ⦁ Specialty Chemicals

Major Products and Services  
Microwave digestion: 
Complete portfolio featuring rotor-based 
and single reaction chamber digestion for 
ICP-OES or ICP-MS analyses.

Microwave extraction: 
Wide range of solutions for environmental, 
fragrance, and terpene extraction.

Direct mercury analyzer: 
Analyze any matrix (solid, liquid or gas) 
without any sample prep in as little as  
5 minutes.

Clean chemistry: 
On-demand acid purification and acid 
steam cleaning solutions.

Microwave ashing: 
Fast alternative to muffle furnaces.

Milestone, Inc.

Company Description  
Milestone offers a complete suite of innovative technology 
solutions for microwave digestion (sample preparation for 
metals analysis), direct mercury analysis, organic extraction, 
ashing, and synthetic chemistry processes. With over 
50 patents and more than 25,000 instruments installed 
worldwide covering large and small research institutions, as 
well as universities and industrial laboratories, we are the 
acknowledged industry leader in microwave technology.

Chief Spectroscopic Techniques Supported
 ⦁ ICP mass spectrometry (ICP-MS)
 ⦁ Inductively coupled plasma (ICP-OES)
 ⦁ Atomic absorption (AA)
 ⦁ Mercury analysis

Milestone, Inc.
25 Controls Drive

Shelton, CT 06484
USA

TELEPHONE

(203) 925-4240
Toll-free: 

(866) 995-5100

FAX

(203) 925-4241

E-MAIL

mwave@ 
milestonesci.com

WEB SITE

www.milestonesci.com

YEAR FOUNDED

1988

Rotor-based microwave digestion

Direct mercury analysis
Single reaction chamber  

microwave digestion

http://www.milestonesci.com
http://www.milestonesci.com
http://www.milestonesci.com
mailto:mwave@milestonesci.com


http://www.milestonesci.com/evo
http://www.milestonesci.com


48  Spectroscopy 35(12)   December 2020 www.spectroscopyonline.com

Applications and Markets 
Served 
X-Ray Components 

 ⦁ Energy Dispersive X-ray  
Florescence (EDXRF) 

 ⦁ Wavelength Dispersive 
X-ray Florescence (WDXRF)

 ⦁ Energy Dispersive 
Spectroscopy (EDS)

 ⦁ X-ray Diffraction (XRD)
 ⦁ Non-Destructive Testing (NDT)
 ⦁ Microanalysis
 ⦁ X-ray Radiographic inspection

Wire-Grid Polarizers
 ⦁ UV-VIS-IR Spectroscopy 
 ⦁ Polarimetry
 ⦁ Projection Display (2D & 3D)
 ⦁ Head Mounted Display (HMD)
 ⦁ Head Up Display (HUD)

Facility  
MOXTEK is headquartered in Orem, 
Utah. MOXTEK designs, develops, and 
manufactures our products in world-class 
cleanrooms and facilities. MOXTEK has 
additional processing facilities in Asia with 
several distributors worldwide.

MOXTEK®

MOXTEK

Company Description  
MOXTEK is a leading supplier of advanced nano-optical 
and X-ray components used in display electronics, imaging, 
and analytical instrumentation. MOXTEK  provides 
innovative, solution-based products and services focused on 
performance, quality, and value. MOXTEK products enable 
many new scientific discoveries and improve the quality of 
everyday life.

MOXTEK optical polarizers and polarizing beamsplitters 
enable advancements in projection display and analytical 
instrumentation including: 2-D and 3-D projection display, 
near-eye display, and optical analysis instrumentation.

MOXTEK X-ray products empower compact handheld 
and benchtop elemental analysis for positive material 
identification. MOXTEK  products are used in various EDXRF, 
WDXRF, and XRD systems for environmental screening, 
hazardous substance analysis, and sorting and recycling.

Major Products/Services
X-ray Components
 ⦁ X-ray Detectors
 ⦁ X-ray Tubes and Sources
 ⦁ X-ray Windows

Wire-Grid Polarizers
 ⦁ Inorganic Wire-Grid Polarizers
 ⦁ UV-Vis-IR Polarizers
 ⦁ Polarizing Beam Splitters (PBS)
 ⦁ Pixelated polarizer arrays

NIL Nanostructure Foundry
 ⦁ Nanostructure design and replication

MOXTEK
452 West 1260 North

Orem, UT 84057

TELEPHONE

(801) 225-0930

E-MAIL

info@moxtek.com

WEB SITE

www.moxtek.com

http://www.moxtek.com
http://www.moxtek.com
http://www.moxtek.com
mailto:info@moxtek.com
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Major Products/Services 
 ⦁ IRIS – High performance diamond ATR
 ⦁ MIRacleTM – Patented universal sam-

pling accessory (Diamond, ZnSe, Ge, 
and Si)

 ⦁ HATR – Multiple reflection horizontal 
ATR 

 ⦁ GladiATRTM, GladiATR VisionTM – Heat-
ing up to 300 °C and viewing options

 ⦁ VeeMAXTM – Patented variable angle 
specular reflection and ATR accessory

 ⦁ AutoATR – Automated ATR sampling
 ⦁ Gas Cells – Long and short path
 ⦁ PressPRO – Automated programmable 

hydraulic press, 15 and 25 ton
 ⦁ A wide range of fully automated FT-IR 

and NIR products with easy-to-integrate 
AutoPROTM software

Facility  
PIKE Technologies, Inc. is located in Madi-
son, Wisconsin. We distribute directly to 
our customers worldwide and to OEMs for 
packaging with spectrometers of all manu-
facturers. Please call or visit our website for 
additional product information.

PIKE Technologies, Inc.

Company Description  
PIKE Technologies was established in 1989, specializing in 
the development and manufacture of accessories and optical 
systems that enhance the performance of commercial spec-
trometers. PIKE concentrates on making the lives of laboratory 
personnel easier.

Chief Spectroscopic Techniques Supported
 ⦁ Attenuated total reflectance (ATR)
 ⦁ Diffuse reflectance
 ⦁ Specular reflectance
 ⦁ Remote sensing
 ⦁ Technique
 ⦁ High-throughput automation
 ⦁ Integrating spheres
 ⦁ Polarization control
 ⦁ Microscope Objectives
 ⦁ Microsampling
 ⦁ Gas cells

Markets Served 
PIKE products are designed for molecular spectrometers 
in the petrochemical, food, forensic, biochemical, pharma-
ceutical, semiconductor, optical, agricultural, and material 
science industries. In addition, PIKE Technologies specializes 
in custom design of products for specific applications. PIKE 
products are built with craftsmanship and care to exceed 
customer expectations. Visit our website and take advantage 
of our unique and interactive Crystal Properties Chart and 
FT-IR Calculator.

PIKE 
Technologies, Inc.

6125 Cottonwood Drive
Madison, WI 53719, 

USA

TELEPHONE

(608) 274-2721

FAX

(608) 274-0103

E-MAIL

info@piketech.com

WEB SITE

www.piketech.com

NUMBER OF EMPLOYEES

60

YEAR FOUNDED

1989
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Transient Absorption
Coherent 2D Spectroscopy
Femtosecond Pulse Shaping
Fast Detection Systems

UV, Visible, Near-IR and Mid-IR
250 nm - 18,000 nm

Major Products and Services 
 ⦁ 2DQuick Transient: Femtosecond 

transient absorption spectrometer 
capable of delays up to 8 ns. 

 ⦁ 2DQuick IR, 2DQuick Visible: Coherent 
2D spectrometer for vibrational 
or electronic spectroscopy. Mixed 
wavelength spectrometer with visible 
excitation and mid-IR detection as well. 

 ⦁ QuickShape: Femtosecond pulse 
shaping, including pulse compression, 
delay scanning, and frequency 
scanning. Options available for 
wavelengths from 250 nm to 18,000 nm. 

 ⦁ 2DMCT: A 128 x 128 pixel MCT imaging 
detector for 2–12 microns, with 1 kHz 
frame rate. 

 ⦁ JackHammer: 100 kHz line-rate 
detection systems for visible, near-IR, 
and mid-IR. 

Most of our products can operate at 100 
kHz repetition rates for optimal use with 
the latest Yb-based femtosecond lasers.

Facility  
PhaseTech Spectroscopy, Inc. is located 
in Madison, Wisconsin, and we sell all 
over the world. Please visit our website 
for more information and e-mail us with 
any questions.

PhaseTech Spectroscopy, Inc.

Company Description  
PhaseTech specializes in next-generation instrumentation for 
time-resolved spectroscopy, including femtosecond transient 
absorption and coherent two-dimensional spectroscopy. 2D 
spectroscopy is a powerful form of transient absorption and is 
one of the most exciting developments in spectroscopy in the 
last 20 years. 2D IR and 2D visible spectra provide significantly 
more detailed information about structure and dynamics than 
FT-IR and UV/vis spectra. We also provide other tools for time-
resolved spectroscopy, including femtosecond pulse shapers 
and detection systems. Our detection systems include mid-IR 
imaging detectors and 100 kHz frame-rate detectors for the 
visible, near-IR, and mid-IR.

Chief Spectroscopic Techniques Supported
 ⦁ Transient absorption spectroscopy
 ⦁ Coherent 2D spectroscopy
 ⦁ Sum frequency generation
 ⦁ Pulsed-laser spectral acquisition
 ⦁ Femtosecond pulse shaping

Markets Served 
We serve research laboratories in academic, government, 
and industrial institutions around the world. We provide 
installation and training at the customer site or remotely. Our 
products are used for protein structure, characterization of 
new materials, dynamics in solar energy materials, molecular 
structure, imaging, and more. Visit our website for a full list of 
research conducted with our products, including publications 
in Science, P.N.A.S., Nano Letters, ACS Photonics, and others.

PhaseTech 
Spectroscopy Inc. 

2810 Crossroads 
Drive, Ste. 4000

Madison, WI 53718, 
USA

TELEPHONE

(608) 712-1857

E-MAIL

contact@phasetech-
spectroscopy.com

WEB SITE

www.phasetechspec-
troscopy.com

YEAR FOUNDED

2012

http://www.phasetechspectroscopy.com
http://www.phasetechspectroscopy.com
http://www.phasetechspectroscopy.com
mailto:contact@phasetechspectroscopy.com
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enhancing old products in the state of a liquid, 
solid, or gas. With pride, we provide the means 
for analytical groups worldwide to successfully 
launch new products and instill quality within 
products as they go through their life cycle. 

Major Products and Services  
 ⦁ Standard optics and custom optics
 ⦁ ATR hemispheres-prisms-rods
 ⦁ Beamsplitters-filters-lenses
 ⦁ Optical coatings and metallization
 ⦁ UV-vis-NIR-IR polarizers
 ⦁ Free-standing wire grid polarizers
 ⦁ Ultra-high vacuum viewports
 ⦁ Standard cuvettes and custom cuvettes
 ⦁ UV-vis-NIR-IR cells
 ⦁ Fluorimetry, calorimetry, polarimetry, and 

cytometry cells
 ⦁ DNA and protein analysis cells
 ⦁ Blood analysis cells
 ⦁ Dynamic light scattering cells
 ⦁ Tungsten halogen lamps
 ⦁ HPLC and deuterium lamps
 ⦁ Mercury, xenon, and PID lamps
 ⦁ Hollow cathode lamps
 ⦁ Atomic absorption graphite tubes
 ⦁ Liquid, solid, and gas transmission cells
 ⦁ High-pressure and high-temperature cells
 ⦁ Variable temperature cells
 ⦁ Cryogenic cells
 ⦁ Online process flow cells
 ⦁ Fixed pathlength gas cells
 ⦁ Variable pathlength gas cells
 ⦁ FT-IR reflectance accessories
 ⦁ GC capillary columns
 ⦁ ICP glassware-cones-coils-electron 

multipliers
 ⦁ Evacuable and XRF pellet dies
 ⦁ Solid sampling equipment
 ⦁ Laboratory presses
 ⦁ Grinding mills

Facility  
REFLEX Analytical Corporation has the es-
tablishment of distribution channels through 
a selected dealer network and seeks to 
expand representation for their products by 
inviting contact from dealers and distributors 
in your area.

REFLEX Analytical Corporation

Company Description  
The year 2020 is the silver jubilee of our establishment and this 
calls for celebration. Throughout our 25 year history, REFLEX 
Analytical Corporation has received considerable attention as 
the low-cost, high-value provider of spectroscopy supplies and 
accessories. Although such accolades are gratifying, we are 
most proud, not of our operational efficiency or the compre-
hensive nature of our product line, but of the sterling reputa-
tion created by our customers. This prevails opportunity to 
celebrate and thank you, our customers, for your loyalty. Our 
mission statement remains intact as we look forward to “Serv-
ing you across the spectrum” in the years ahead.

Chief Spectroscopic Techniques Supported
 ⦁ AA, UV-vis, NIR, and FT-IR spectroscopy
 ⦁ Fluorescence spectroscopy
 ⦁ Transmission spectroscopy
 ⦁ High temperature and high pressure spectroscopy 
 ⦁ HPLC, GC, and ICP mass spectroscopy
 ⦁ Cryogenic spectroscopy
 ⦁ Extreme conditions spectroscopy 
 ⦁ ATR reflectance and diffuse reflectance spectroscopy
 ⦁ Specular reflectance spectroscopy
 ⦁ Optical and polarization spectroscopy
 ⦁ Fiber optic spectroscopy
 ⦁ Remote sensing spectroscopy
 ⦁ Ultra high vacuum spectroscopy
 ⦁ XRF spectroscopy

Markets Served 
REFLEX Analytical Corporation serves an international analytical 
community within research and development laboratories at corpo-
rations, government agencies, and universities. This same commu-
nity is involved with investigating and developing new products and 

REFLEX Analytical 
Corporation
PO Box 119

Ridgewood, NJ 07451

TELEPHONE

(201) 444-8958

E-MAIL

reflexusa@att.net

WEB SITE

www.reflexusa.com

YEAR FOUNDED

1995

http://www.reflexusa.com
http://www.reflexusa.com
http://www.reflexusa.com
mailto:reflexusa@att.net
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instruments that meet scientists’ needs 
for ruggedness, ease of use, validation, 
and applications. Key instruments include 
the high-resolution, ultrafast, easy-to-use, 
double-beam UV-1900i, high-performance 
UV-2600i/2700i, and three-detector UV-
3600i/3700i.
FT-IR: From research to routine tasks, 
our systems, including the fast, sensitive 
IRTracer-100, new portable IRSpirit, and 
fully automated AIM-9000 microscope, 
deliver stable, reliable, and high-precision 
infrared analysis for a wide range of  
applications.
Fluorescence: Delivering outstanding 
speed, stability, and sensitivity, and incor-
porating intuitive software, the high-perfor-
mance RF-6000 spectrofluorophotometer 
offers excellent performance for both rou-
tine and challenging applications. 
AA/ICP-MS: Simultaneous ICP, efficient, 
sensitive ICPMS-2030, and our series of 
high-quality AA spectrometers offer su-
perior reliability, precision, sensitivity, and 
throughput to deliver maximum value.
X-ray: Our EDXRF and XRD systems are 
packed with powerful features to provide 
users with versatile, easy-to-use solutions.

Facility  
Shimadzu’s US headquarters includes a 
customer service and training center, a 
solution center to showcase technologies, 
and an innovation center for promoting 
collaborative projects with customers. 
Shimadzu’s regional facilities, strategically 
located around the United States, provide 
customers with local sales, service, and 
technical support.

Shimadzu Scientific 
Instruments

Company Description  
Shimadzu Scientific Instruments (SSI) is the North American sub-
sidiary of Shimadzu Corporation’s Analytical and Measuring Divi-
sion. Headquartered in Columbia, Maryland, SSI offers a compre-
hensive portfolio of robust, precision-engineered platforms. From 
teaching environments and QA/QC to innovative R&D projects, 
customers can count on the stability, experience, and support 
only Shimadzu offers.

Chief Spectroscopic Techniques Supported
 ⦁ UV-vis
 ⦁ FT-IR
 ⦁ Fluorescence
 ⦁ Atomic (AA/ICP-MS)
 ⦁ X-ray (EDX/XRD/XRF)
 ⦁ GC–MS-MS
 ⦁ LC–MS-MS

Markets Served 
Shimadzu offers more spectroscopy instrumentation, with 
more software and accessory options, than any other com-
pany. This flexibility enables spectroscopists in virtually any 
laboratory, from biotechnology, pharmaceutical, and material 
science to chemical, forensic, and environmental, to select the 
instrument best suited to their application. Shimadzu provides 
free technical support for the life of the instruments, and en-
courages customer alliances to further product development.

Major Products and Services  
UV-vis: Shimadzu has been developing UV-vis spectropho-
tometers for over 60 years, and continues to manufacture 

Shimadzu Scientific 
Instruments

7102 Riverwood Drive 
Columbia, MD 21046, 

USA

TELEPHONE

(800) 477-1227 
(410) 381-1227

FAX

(410) 381-1222

E-MAIL

webmaster@ 
shimadzu.com

WEB SITE

www.ssi.shimadzu.com

NUMBER OF EMPLOYEES

US: 520
Worldwide: 13,100

YEAR FOUNDED

Shimadzu Scientific 
Instruments: 1975 

Shimadzu 
Corporation: 1875

http://www.ssi.shimadzu.com
http://www.ssi.shimadzu.com
http://www.ssi.shimadzu.com
mailto:webmaster@shimadzu.com
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instruments in the industry. Our lower cost 
HR-768i, HR-768si, and HR-640i provide  
full-range options at a more affordable 
price point.

For applications that don’t require the 
full range, we offer the HR-512i and HR-
512i WD instruments covering the 350 nm 
to 1050 nm and 325 m to 1075 nm spectral 
ranges.

Our accessories include the LC-RP Pro 
(leaf clip and reflectance probe) and the 
DC-R/T reflectance-transmission sphere 
provide unequaled measurement quality 
and repeatability. 

Facility  
Spectra Vista Corporation global 
headquarters, research and development, 
manufacturing, and service are located in 
Poughkeepsie, New York. The company 
has worldwide sales, application support, 
and service.

SPECTRA VISTA
CORPORATION

Spectra Vista Corporation

Company Description  
Great research starts with great data. Spectra Vista Corporation 
is dedicated to the design, manufacturing, delivery, and 
support of the best field portable spectroradiometers for the 
Remote Sensing community.

Don’t waste time in the field collecting bad data. Our 
instruments combine leading edge detector technology with 
precision optics, state-of-the-art electronics, and easy-to-use 
software to produce the most complete and easy-to-use filed 
portable spectroradiometers.

Chief Spectroscopic Technique Supported
 ⦁ Near infrared reflectance spectroscopy

Markets Served 
SVC serves remote sensing and earth science customers 
worldwide. Applications for our instruments include ground 
truthing, mining and mineral identification, agriculture, 
forestry, soils analysis, defense and intelligence, marine 
science and limnological, and water quality.

SVC spectroradiometers can be used anywhere NIR 
reflectance spectroscopy is needed for material identification.

Major Products and Services  
SVC manufactures a full line of research-grade 
spectroradiometers. Our flagship, full-range (350 nm–2500 
nm) HR-1024i and high-res XHR-1024i are the top-of-the-line 

Spectra Vista 
Corporation

29 Firemen’s Way
Poughkeepsie, NY 

12603 USA

TELEPHONE

(845) 471-7007

FAX

(845) 471-7020

E-MAIL

svcinfo@ 
spectravista.com

WEB SITE

www.spectravista.com

NUMBER OF EMPLOYEES

7–12

YEAR FOUNDED

2002

http://www.spectravista.com
http://www.spectravista.com
http://www.spectravista.com
mailto:svcinfo@spectravista.com
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Facility  
Spellman maintains centers of excellence, 
manufacturing, and support in key regions 
around the world. Our 100,000 sq. ft. main 
facility and global headquarters in New 
York includes engineering, service, admin-
istration, and manufacturing.

Spellman’s low cost manufacturing cen-
ter in Mexico is a state of-the-art, 228,500 
sq. ft. complex devoted to high volume 
production. A 50,000 sq. ft. production 
facility in China provides high quality 
products at competitive prices to Asian 
and worldwide OEM customers, and is ISO 
13485 certified.

Spellman’s United Kingdom operation 
is a 27,500 sq. ft. facility and is our global 
center of excellence for high-precision 
analytical power supply design and pro-
duction. Spellman’s ISO 9001 and 14001 
certified production centers in New York, 
Mexico, China, the UK, and Germany uti-
lize lean manufacturing techniques such as 
value stream mapping, focused factories, 
mixed and single model cells, and visual 
control systems in order to reduce cost 
and lead time.

Service centers in New York, Mexico, 
Germany, United Kingdom, China, Korea, 
and Japan provide Spellman’s global OEM 
customers local technical expertise and 
rapid response repair capability.

Spellman High Voltage  
Electronics Corporation

Company Description  
When OEM system manufacturers around the world require 
precision and well-regulated high voltage power, one name 
most often comes to mind—Spellman high voltage.

Over the past 70 years, Spellman has provided innovative 
system developers with custom designed high voltage DC 
power supplies to meet their unique application requirements.

Spellman boasts the world’s largest and most experienced 
high voltage engineering staff, with world-class project teams 
experienced in specific applications and technologies, dedi-
cated not only to new designs, but also to sustaining engi-
neering throughout the life of each product.

Markets Served 
We offer high voltage power supplies with well-regulated 
outputs from 62 V to 500 kV, and from 200 mW to 200 kW. 
High stability, extremely low ripple, and low partial discharge 
features are available.

Spellman is also a world leader in Monoblock® integrated 
X-ray sources, CT gantry-mounted generators, telecom sub-
marine power feed systems, and a large array of generators 
and power converters used in critical medical, analytical,  
scientific, and industrial applications.

Spellman offers the broadest range of products for the 
mass spectrometry, analytical instrumentation, and biotech-
nology fields. Specific applications include MS, TOF, MALDI, 
ICP, chromatography, CZE, SEM, ion sources, and a vast array 
of other analytical techniques. High stability, fast switching, 
multiple outputs, and RoHS compliance are a few of the key 
features of our comprehensive product range.

Spellman  
High Voltage 

Electronics Corp.
475 Wireless Blvd.

Hauppauge, NY 11788

TELEPHONE

+1 (631) 630-3000

FAX

+1 (631) 435-1620

E-MAIL

sales@spellmanhv.com

WEB SITE

www.spellmanhv.com

http://www.spellmanhv.com
http://www.spellmanhv.com
http://www.spellmanhv.com
mailto:sales@spellmanhv.com
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Markets Served 
Starna Cells Inc. supplies a wide range 
of markets within North, Central, and 
Latin America and the Caribbean. These 
include the life sciences (pharmaceutical, 
biopharmaceutical, and healthcare), food, 
beverages, and wine industries, chemical 
industry, oil and gas, space, water, and 
numerous universities and research institutes.

Major Products and Services  
Starna Cells Inc. supplies a complete range 
of precision quartz and glass spectrophoto-
meter cells, including standard or custom 
items for analytical methods using 
spectroscopy, fluorimetry, and refractometry; 
from macro to sub-micro volumes; for static, 
temperature, and/or flow applications. 
Specialized optics including Toroid mirrors 
and Deep UV coatings. Ultra-low volume 
accessory: DMV-Bio Cell.

Starna are the world leading supplier of 
UV-vis-NIR CRMs and are accredited to ISO 
17025 and ISO 17034 through UKAS for the 
calibration and manufacture of standard 
and bespoke reference materials. The range 
also includes references for plate readers, 
fluorimeters, FT-IR, PCR, point-of-care (POC), 
and other micro-volume applications.

Facility  
Sales, stock, and support facility in 
California, USA. This facility imports and 
exports regular consolidated shipments to 
the primary Starna manufacturing facility in 
the UK and maintains a large independent 
stock of many products. It also provides 
a logistics center for handling certified 
reference materials facilitating a quick and 
efficient recalibration service.

Starna Cells

Company Description  
Starna Cells Inc. is based in California, and is a member of 
the international Starna Group. The Starna Group is a key  
manufacturing partner and supplier of spectrophotometer 
cells and spectroscopy accessories. It is the world leader 
in the provision of certified reference materials (CRMs) for 
the  verification of UV-visible-NIR spectrophotometers and 
fluorometers, accredited by UKAS to ISO/IEC 17025 for 
calibration and ISO 17034 for the manufacture of certified 
reference materials.

Chief Spectroscopic Techniques Supported
 ⦁ UV-visible spectroscopy
 ⦁ NIR spectroscopy
 ⦁ Fluorimetry
 ⦁ Micro-well plate analysis
 ⦁ Colorimetry
 ⦁ Polarimetry
 ⦁ Circular dichroism
 ⦁ Dynamic light scattering
 ⦁ Particle size analysis
 ⦁ Cytometry
 ⦁ On-line flow applications
 ⦁ Tablet dissolution
 ⦁ Ultra-high vacuum
 ⦁ Blood analysis
 ⦁ DNA/protein analysis
 ⦁ Microscopy
 ⦁ Cryogenic applications

Starna Cells Inc.
P.O. Box 1919, 

Atascadero, CA 
93423, USA

TELEPHONE

(800) 228-4482

FAX

(805) 461-1575

E-MAIL

sales@ 
starnacells.com

WEB SITE

www.starnacells.com

YEAR FOUNDED

1975

http://www.starnacells.com
http://www.starnacells.com
http://www.starnacells.com
mailto:sales@starnacells.com
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LinkSquare NIR (700–1050 nm) models.                                    
BeyonSense is the upcoming SWIR 

camera utilizing Stratio’s proprietary 
germanium-based sensor. Connected 
wirelessly to any smartphone, BeyonSense 
provides 800–1600 nm SWIR vision at a 
breakthrough cost and portable size, with 
an AI Platform service for image analysis. 
For the latest BeyonSense news, visit: 
www.beyonsense.io.

Facility  
Stratio, Inc. is located in San Jose, 
California, with offices in South Korea 
and Slovenia to reach all global 
customers. Our friendly teams also 
provide services for wafer processing, 
CMP, wafer bonding, and layer 
transfer, from the Stratio Technology 
Nanofabrication Facility (STNF) in the 
Silicon Valley area and beyond. 

Stratio, Inc.

Company Description  
Stratio, Inc. creates and supplies devices for portable 
spectroscopy and novel SWIR imaging. Our products are 
developed with proprietary technology to allow anyone, from 
researcher to innovator, to efficiently create and scale their 
ideas. We began with LinkSquare, a handheld spectrometer 
package that streamlines the collection and analysis of 
spectroscopy through a machine-learning platform, and 
will soon release a breakthrough SWIR imaging technology 
through the world’s first germanium-based SWIR camera 
BeyonSense. Since 2013, Stratio’s mission has provided 
reliable service to customers in over 35 countries who are 
creating lasting solutions towards a better future.

Chief Spectroscopic Techniques Supported
 ⦁ Vis/NIR spectroscopy: 400–1000 nm
 ⦁ NIR spectroscopy: 700–1050 nm
 ⦁ SWIR imaging: 800–1600 nm

Markets Served 
 ⦁ Pharmaceutical
 ⦁ Agriculture
 ⦁ Food and beverage
 ⦁ Academic and educational
 ⦁ Environmental
 ⦁ Anti-counterfeit

Major Products and Services  
LinkSquare is a handheld spectrometer package that 
transforms spectral data into deployable mobile-based 
applets.Combine LinkSquare with AI Platform (ai.linksquare.
io), a machine learning platform service, to analyze the data 
and create models based on classification or regression. 
Packages offered in LinkSquare 1 (400–1000 nm) and 

Stratio Inc.
2211 Fortune Drive, 

Suite A,
San Jose, CA 95131, 

USA

E-MAIL

contact@ 
stratiotechnology.com

WEB SITE

www.stratiotechnol-
ogy.com

NUMBER OF EMPLOYEES

28+

YEAR FOUNDED

2013

http://www.stratiotechnology.com
http://www.stratiotechnology.com
http://www.stratiotechnology.com
mailto:contact@stratiotechnology.com
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 ⦁ Polymers: Hot melt extrusion, UV cure, 
and three-dimensional printing.

 ⦁ Specialty Chemical: Reactant consump-
tion, product formation, end point de-
termination, and petrochemicals.

 ⦁ Biomedical: Raman imaging.

Major Products and Services 
 ⦁ HyperFlux™ PRO Plus: A high-perfor-

mance Raman analyzer built around a 
proprietary High Throughput Virtual Slit 
(HTVS) spectrometer. 

 ⦁ OPIS 35 ATEX Certified Laser Acces-
sory: A high-performance, compact, 
lightweight, and durable laser safety 
accessory for the HyperFlux PRO Plus 
Raman analyzer. 

 ⦁ Hudson 785 Non-contact Raman Probe: 
For ultimate versatility, speed, and 
sensitivity, Tornado’s Hudson 785 non-
contact Raman probes feature a high-
performance optical interface which 
enables even the most demanding 
process or lab applications. 

 ⦁ SpectroPort Raman Probe: A high-
performance sampling device intended 
for Raman in-line process monitoring of 
liquid samples in a Sartorius Ambr™ or 
Biostat STR® system. 

 ⦁ SpectralSoft: Versatile software behind 
Tornado’s Raman analyzers. 

Facility  
Tornado’s headquarters is located in  
Toronto, Canada, housing sales and mar-
keting, engineering, technical support,  
and operations. With a strong commitment 
to providing the best possible support, 
Tornado Spectral Systems has assembled 
an elite network of experienced distribu-
tors worldwide for their ability to demon-
strate the unique value of our chemical 
analysis solutions. 

Tornado Spectral Systems

Company Description  
Tornado Spectral Systems designs, manufactures, and sells 
chemical analysis systems based on Raman spectroscopy.  
Bolstered by its patented High Throughput Virtual Slit 
(HTVS™) technology, Tornado’s HyperFlux™ spectrometers 
deliver significantly enhanced photon collection power. HTVS 
eliminates the physical slit of a conventional spectrometer and 
avoids signal losses while maintaining high spectral resolution, 
allowing for faster measurements and lower detection limits. 
Tornado’s non-destructive, real-time measurement solutions 
offer numerous benefits for established analytical practice and 
facilitate broader application of Raman methods for pharma-
ceutical, petrochemical, biotech, and other applications. 

Chief Spectroscopic Techniques Supported
 ⦁ Raman spectroscopy
 ⦁ Fiber optics
 ⦁ Purification analysis
 ⦁ Process monitoring
 ⦁ API analysis and formulations
 ⦁ Crystallization and blending 
 ⦁ Reactant consumption

Markets Served 
 ⦁ Pharmaceuticals: API Analysis and formulations, crystalliza-

tion, and blending.
 ⦁ Upstream processing: metabolites, nutrients, and  

fermentation.
 ⦁ Downstream processing: purification analysis and critical 

quality attributes (CQA).

Tornado Spectral 
Systems

555 Richmond Street 
West

Suite 402
Toronto, ON, CN 

M5V 3B1

TELEPHONE

+1 (416) 361-3444

FAX

+1 (416) 361-6374

E-MAIL

sales@tornado- 
spectral.com 

WEB SITE

https://tornado-
spectral.com/ 

YEAR FOUNDED

2013

https://tornado-spectral.com/
https://tornado-spectral.com/
https://tornado-spectral.com/
mailto:sales@tornado-spectral.com
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high-resolution chemical imaging and 
materials characterization. Areas of 
application include polymer sciences, 
pharmaceutics, life science, geoscience, 
thin films and coating analysis, 
semiconductors, and nanotechnology.

Major Products and Services  
The WITec alpha300 R leads the industry 
in speed, sensitivity and resolution. These 
attributes are available simultaneously and 
without compromise. Speed is provided 
by the precise mechanical components 
and cutting-edge electronics, sensitivity 
is delivered through the optimized optics 
and detectors, and the exceptional 
resolution derives from WITec’s inherently 
confocal architecture and the know-
how accumulated in almost 20 years at 
the very forefront of Raman imaging. 
Confocal Raman imaging microscopes are 
among the most powerful and versatile 
instruments available to today’s scientists 
and no other product line places the full 
potential of the technique into the hands 
of users the way WITec’s alpha300 can. 
It can be configured as required by a 
specialized experiment or upgraded as 
techniques evolve. It features rock-solid 
stability, the freedom of modularity, and 
an unequaled level of performance. WITec 
instruments combine different techniques 
for a more comprehensive understanding 
of a sample. 

Facility  
WITec headquarters is located in 
Ulm, Germany, and includes the R&D 
department, production, sales and 
marketing, and administration. WITec 
Instruments Corporation in Knoxville, 
Tennessee is responsible for North 
American sales and service activities.

WITec

Company Description  
Since its founding in 1997, the Raman imaging company 
WITec has established itself as a market leader in the 
fields of Raman microscopy and correlative Raman-AFM, 
Raman-SNOM, and Raman-SEM (RISE) microscopy. WITec’s 
innovative spirit has kept the alpha300 microscope series 
at the forefront of the Raman imaging market since it 
initially revolutionized the field and established Fast Raman 
Imaging™ as a standard technique. Ongoing development 
of the first truly confocal Raman imaging system continues 
to enable the setting of benchmarks in sensitivity, speed 
and spectral and spatial resolution. As reflected in WITec’s 
maxim “Focus Innovations,” our success is based on 
continually introducing new technologies and a commitment 
to maintaining customer satisfaction through high-quality, 
flexible and innovative products.

Chief Spectroscopic Techniques Supported
 ⦁ Confocal three-dimensional Raman imaging microscopy 

and Raman micro-spectroscopy
 ⦁ Ultra-fast and Fast Raman Imaging™
 ⦁ Correlative Raman imaging: AFM, SNOM, SEM, 

fluorescence, or PL
 ⦁ Topographic Raman imaging (TrueSurface™ microscopy)
 ⦁ RISE™ microscopy (Raman imaging & scanning electron 

microscopy)

Markets Served 
WITec microscope solutions are delivered worldwide to 
academic and industrial research laboratories focusing on 

WITec GmbH
Main Address:

Lise-Meitner-Str. 6, 
89081

 Ulm, Germany

TELEPHONE

+49 (0) 731 140 700
US: (865) 984-4445

FAX

+49 (0) 731 140 70200
US: (865) 984-4441

E-MAIL

info@witec.de

WEB SITE

www.witec.de

NUMBER OF EMPLOYEES

73 (worldwide)

YEAR FOUNDED

1997

http://www.witec.de
http://www.witec.de
http://www.witec.de
mailto:info@witec.de


THE APPLICATION NOTEBOOK Atomic Spectroscopy

December 2020   Spectroscopy 35(12)  63www.spectroscopyonline.com

Nebulizer selection is a critical but often overlooked 
aspect of ICP-OES analyses. There are many differ-
ent nebulizers available for ICP-OES, and choosing 
the optimal one can be confusing and difficult. To 
achieve peak performance from your ICP, it is es-
sential to choose the proper nebulizer based on 
your sample types, in addition to any necessary 
accessories to maintain long-term performance. In 
this study, we compare the performance of Glass 
Expansion’s most popular concentric nebulizer de-
signs for ICP-OES applications, as well as a paral-
lel-path nebulizer from another vendor, providing 
a complete selection guide based on performance 
and design.

Nebulizer selection is challenging because there are many 
different types available: concentric, parallel-path, and 

cross-flow, to name a few. By far, concentric nebulizers are the 
most common type found on instruments today because they 
generally provide the best performance. Even within the nar-
rower category of concentric nebulizers, there is quite a range 
of designs. Glass Expansion offers the largest range by any 
manufacturer, with each model having a variety of applications 
for which it is ideally suited (1).

It is important to note that all concentric glass nebulizers 
are not the same. Glass Expansion’s designs feature a unique 
VitriConeTM sample capillary (Figure 1a), which is machined 
(as opposed to heated and drawn) from a thick-walled cap-
illary, resulting in a highly reproducible geometry and consis-
tent internal diameter (ID). Since the thickness is not compro-
mised, the capillary resists harmonic vibration caused by the 
high-velocity argon flow, giving the best short-term precision. 
Non-Glass Expansion designs typically use a hand-drawn 
sample capillary, resulting in an ID that varies over the length, 
preventing a laminar flow and creating points where par-
ticulates can lodge, as well as being fragile and susceptive to  
harmonic vibrations.

Glass Expansion nebulizers also feature a Direct Connection 
(DC) gas line, as seen in Figure 1b, which features a ratchet 
fitting on one end, and an instrument-specific gas fitting on 
the other. The ratchet fitting provides a reliable, leak-free gas 
connection to the nebulizer, maintaining optimal backpressure 
for consistent performance.

The SeaSprayTM nebulizer is a glass concentric nebulizer 
that features a self-washing tip with smooth surfaces to avoid 
build-up of salt crystals. It provides outstanding nebulization 
efficiency and excellent tolerance up to 20% dissolved solids, 
without compromising detection limits.

The ConikalTM glass concentric nebulizer is a high-precision 
nebulizer for routine analysis of aqueous and organic samples.

The HF-resistant DuraMistTM concentric nebulizer (Figure 
1c) is manufactured from inert PEEK materials. It offers high 
sensitivity, with excellent short-term precision and the highest 
tolerance to TDS of any concentric nebulizer. It is a great “all-
rounder” and the choice for analysis of diverse sample types.

The SlurryTM glass concentric nebulizer is designed for analy-
sis of slurries, suspensions, and wear metals. It provides the 
excellent sensitivity and short-term precision of a glass con-
centric nebulizer, and it is tolerant to particulates up to 150 µm  
in diameter.

Parallel-path (or v-groove) nebulizers vary greatly in cost and 
performance. The large-bore capillary is designed to resist 
blockages, but this results in larger droplets and a wider drop 
size distribution, affecting both efficiency and precision. Paral-

High-Performance ICP-OES Sample Introduction: How 
to Choose and Use the Best Nebulizer for Your Analysis
Justin Masone, Ryan Brennan, Glyn Russell, and Terrance Hettipathirana,  Glass Expansion, Inc.

(a)

(b)

UnitFitTM sample
tube connector

Ratchet connector

VitriConeTM Sample Channel
Nebulizer gas connector

Glass Concentric Design
(SeaSpray, Conikal & Slurry)

DC Gas Line
(Agilent 5100/5110 ICP-OES model shown)

(c) DuraMist Design

Ratchet connector

ICP speci�c gas �tting

UnitFitTM sample
tube connector Ratchet connector

Figure 1: Glass Expansion concentric nebulizer design features.
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lel-path designs also typically suffer from poorer reproducibil-
ity in performance from one nebulizer to the next.

Results
In this study, we compared the performance of the SeaSpray, 
Conikal, DuraMist, Slurry, and a non-Glass Expansion parallel-
path design. Some of the criteria that need to be considered 
when selecting a nebulizer for ICP-OES applications are  
listed below:

• Tolerance to TDS
• Tolerance to particulates
• Tolerance to HF
• Precision (RSD)
• Sensitivity (SRBR)

Short-term analytical precision (%RSD) is one of the most 
critical figures of merit for ICP-OES applications. With RSDs, 
the lower the figure, the better, as this represents less variabil-
ity in the analytical signal. In Figure 2, the SeaSpray nebulizer 
shows the best short-term precision of 0.26% RSD, whereas 
the parallel-path nebulizer gives the worst precision at 1.3% 
RSD. Due to the design of the parallel-path nebulizer, preci-
sion can be improved at higher sample flow rates (1.5–2 mL/
min). However, higher sample flow rates are not desirable in 
many ICP applications, due to plasma stability issues, limited 
sample volumes, or autosampler capacity.

With a solid-state detector, the most reliable figure of merit 
for detection limits is the signal-to-root background ratio 
(SRBR), as measuring detection limits with multiple solutions 
and a large number of replicates is both slow and prone to 
significant statistical variation. With SRBR, the higher the value, 
the lower the limit of detection. In Figure 3, the SeaSpray offers 
the highest SRBR value (indicating the lowest detection limits), 
with the DuraMist giving the next best results. The Slurry and 
Conikal are similar and followed closely behind, with the paral-
lel-path offering the lowest SRBR values (and worst detection 
limits) of the nebulizers examined.

To maximize the lifetime of these performance benefits, it is 
important to select accessories that will mitigate the effects of 
certain sample types. For high-TDS samples, pairing the Sea-
Spray or DuraMist with the Elegra argon humidifier will help 
maintain analytical performance (2). Humidifying the nebulizer 
gas helps to alleviate salt deposits in the nebulizer and torch 
injector, allowing uninterrupted and maintenance-free opera-
tion. In order to prevent any issues with clogs or blockages 
due to particulates, the Guardian in-line particle filter can be 
installed to eliminate the risk of particulates getting trapped in 
the nebulizer or capillary tubing (3).

Lastly, to keep your nebulizer in good condition, always fol-
low the manufacturer-recommended maintenance procedure, 
and do not use wires or sonicating baths. Glass Expansion’s 

Eluo Nebulizer Cleaning Tool provides a safe and convenient 
way to remove blockages (3).

Conclusion
If you want the best performance your ICP-OES can provide, 
it is essential that you choose the proper nebulizer to meet 
the demands of your sample types, in addition to following 
recommended maintenance procedures to ensure consistent 
performance and long life. In this application note, we pre-
sented a selection guide based on several performance cri-
teria. However, if you require any further assistance selecting 
a sample introduction system, please contact us at enquiries@
geicp.com or visit www.geicp.com.
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During a demonstration of the Orbis micro-XRF system, 
a customer mentioned that they were having trouble 

measuring iodine in table salt with their current X-ray 
fluorescence (XRF) system. This seems like a straightforward 
exercise, but upon further investigation, it was not.

The iodization of salt in the United States began about 
a century ago. Iodine is an important micro-nutrient for 
thyroid gland health. Certain portions of the American 
population had diets deficient in iodine and the iodization 
of table salt was chosen as a method to increase the level 
of iodine in the average American diet. The salt iodization 
process was inexpensive; salt does not spoil and estimates 
of table salt consumption were available.

Experiment
A few weeks prior to the customer demonstration, iodized 
table salt was purchased from a local grocery store. The 
ingredients list showed iodine in the form of potassium iodide 
at about 45 ppm iodine. This was consistent with what can be 
found via web searches. A pile of salt grains was pressed onto 
a piece of carbon tape and measured with the Orbis system 
using a 2 mm spot size. The system was equipped to measure 
down to 30 μm spot sizes, small enough for individual grains, 
but 2 mm was chosen to avoid any potential issues with grain-
to-grain variations. The presence of iodine was confirmed via 
the I(L) series and quantified using the I(Lα) line at 3.937 keV 
(Figure 1).

A few weeks later during the customer demonstration,  
a variety of customer-supplied samples were measured and 
a request to measure table salt was made by the customer 
at the end of the session. The same table salt sample was 
measured again in the Orbis, only to discover that the iodine 
signal was no longer present (Figure 2). Peak fitting and 
quantification results showed no iodine at all. Given that 
solid I2 is known to undergo sublimation, it was speculated 
that the iodization level in the salt was somehow not 
stable. The customer confirmed that in previous attempts, 
he had measured table salt from shakers in the company 
cafeteria where the residence time of the salt in the shaker  
was unknown.

Further web searches indicated that indeed, the iodization 
level of salt has a certain shelf life depending on many factors 

including temperature, humidity, impurities in the salt, the 
chemical form of the iodine bearing additives, and product 
packaging. For example, in the form of potassium iodide, the 
iodide is oxidized by contact with oxygen and atmospheric 

Signal Emission Depth Estimates
EDAX Inc.

(a) (b)

Figure 1: (a) Salt spectrum with peak deconvolution not 
including I(L) series. (b) Salt spectrum as in (a) with peak 
deconvolution including I(L) series.

TABLE I: XRF Emission Depth as a function of the signal 
transmission ratio, I/Io

I/Io [%] Path Length, 
x [µm]

Emission 
Depth, d [µm]

10 20 15

1 39 30

0.1 59 45

Table I shows the XRF Emission Depth as a function I/Io with a 
nominal detector TOA of 50°.

Figure 2: The same salts as in Figure 1 measured a few weeks 
later on the Orbis without the presence of iodine.
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moisture, and the resulting iodine then undergoes 
sublimation. In various regions of the world, iodized table 
salt is formulated to improve its shelf life based on the 
characteristics of the table salt and the general environment, 
such as desert, tropical, and so on.

In this case, the iodine level had dropped to near or below 
detectable limits after about three weeks of being left out 
in atmospheric conditions. The grains of salt ranged in size 
from about 100 to 500 μm in characteristic dimensions, which 
posed a basic question.

To what characteristic depth was XRF measuring?  
Was there possibly any iodine left in the largest crystals? 
This depth can be estimated based on the emission range 
of the fluorescent signal energy as the exciting X-ray 
energy always has to be greater than the measured signal 
(The physics are a bit different for electron excitation, 
where the answer is determined by electron penetration 
depth into the sample).

XRF measurement depth can be estimated from 
the Beer-Lambert equation for the absorption and 
transmission of light:

I = Ioe-µρχ                                   [1]

where:
           • Io = incident intensity
           • I = transmitted intensity
           • μ = mass absorption coefficient (cm2/gm)
           • ρ = density (gm/cm3)
           • x = path length (cm).
The mass absorption coefficient (MAC) describes how 
readily the I(Lα) signal line at 3.937 keV will be absorbed 
by the NaCl matrix. The total MAC of a matrix as a 
function of fluoresced photon energy can be described 
as follows:

µmatrix(E) = ∑ (ωi×µi(E))
i

           [2]

where:
• μmatrix(E) = matrix MAC for analyte photon with E energy
•      ωi = weight fraction of individual matrix element “i”
• μi(E) = MAC for element “i” for analyte photon with 

E energy.
For NaCl, there are two MACs describing how Na and Cl 
each absorb the 3.937 keV photon. The easiest way to get the 
full matrix MAC is to back calculate it from the Beer-Lambert 
equation using any web-based calculator describing X-ray 
absorption/transmission characteristics modeling the signal 
photon traversing the sample matrix to the detector, such as: 
http://henke.lbl.gov/optical_constants/filter2.html.

By inputting the sample matrix formula (including trace 
elements if desired), and an arbitrary matrix path length, 
one can get the calculated result for I/Io and then rearrange 
Equation (1) to solve for the NaCl matrix MAC by inputting the 
previously used path length and the known density of table 
salt. The result is: μNaCl(3.937 keV) ~ 540 cm2/g. Rearranging 
equation 1, one can solve for the signal path length through 
the sample traversed by the fluoresced photon to the detector 
as a function of I/Io:

χNaCl = {ln(I/Io )}/(-µNaCl ρNaCl )                [3]

The XRF emission depth, d, would typically be defined as 
normal to the sample surface and should also consider 
the take-off angle (TOA) of the detector defined from the 
sample surface as shown in equation 4.

dNaCl = xNaCl * sin (TOA)                [4]

Table I shows the XRF emission depth as a function I/Io 
with a nominal detector TOA of 50°.

The definition of the characteristic XRF path length and 
emission depth is somewhat arbitrary, as it depends 
on how one defines the signal transmission ratio,  
I/Io. Typically, the characteristic path length has been 
defined as the length over which 99% of the signal has  
been absorbed. Hence:

xNaCl = {ln (0.01)}/(-µNaCl ρNaCl ) ~ 40µm           [5]

It is interesting to note from Table I, that at 50% of the critical 
emission depth, the XRF signal is undergoing 90% absorption.

Conclusion
Coming back to the original analysis, it is possible that iodine 
was still present at the core of the larger 500 μm grains of 
salt. Further analyses could be done on cross-sectioned 
grains or pulverized grains to make that determination. It 
would be possible to measure cross-sectioned grains of 
NaCl using the 30 μm spot size on the Orbis to study how 
readily iodine is lost as a function of depth into the NaCl 
grain, but that is a study for another day.
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