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Abstract: A new experimental setup, combining a custom designed Schwarzschild-type 

Cassegrain-based microscope and a UV-visible-near IR spectrophotometer, has been developed, 

focusing the light beam down to 20 µm diameter. Optical absorption spectra (in the 300 – 2500 nm 

range) have been measured on micron-sized natural glass inclusions providing information on iron 

speciation in magmatic melts. The absence of contribution from the host crystal matrix provides a 

test of the efficiency of microfocusing. A microthermometric stage has been adapted on the 

microscope for measuring optical absorption spectra up to 900 K with application to the 

thermochromism of minute natural spinel crystals (MgAl2O4:Fe2+,Cr3+). This experimental setup 

provides an easy and fast way to follow the evolution of spectral properties and color of glasses or 

crystals with temperature as well as the possibility of measuring spatially resolved optical 

absorption spectra.

Keywords: optical absorption spectroscopy, OAS, UV-visible-near IR spectroscopy, 

microspectrophotometry, Cassegrain microscope, glass inclusions, temperature, spinel.

Introduction

Microspectroscopy has been widely developed on various spectroscopic techniques as it 

brings spatially resolved information. In the case of optical absorption spectroscopy (OAS), even if 

most efforts have been devoted to microspectroscopy in the IR range1,2, common microscopes have 

been adapted on portable or home-made spectrophotometers in order to give access to the UV-

visible range for various applications, e.g. in biology to identify and/or map DNA or pigments3,4 or 

in forensic sciences5. UV-visible microspectroscopy was also used in chemistry and material 
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sciences6 but spatial resolution, spectral range and detection limits were more limited than for 

standard laboratory spectrophotometers. In Earth sciences, in situ high-temperature visible 

microspectroscopy has been developed to study temperature-induced color change kinetics of 

volcanic materials7. In the specific case of transition elements, an extended wavelength range is 

required to investigate their spectroscopic properties in microscopic samples, as electronic 

transitions span a broad range in energy. Recent studies have shown the interest of developing 

specific microspectrophotometers or adapting microscope on laboratory spectrophotometers. For 

instance, optical absorption microspectroscopy (µ-OAS) in a reflection mode has been developed 

recently in the range 400 – 1,600 nm8. In a transmission mode, some examples of home-made 

adaptations of optical microscopes on a UV-visible-near IR spectrophotometer were also reported9,10

with the IR and visible regions being measured separately. Then, there is a need for versatile 

microscopes designed for OAS measurements, working from UV to NIR without chromatic 

aberrations and allowing spatially resolved OAS, with possible variable temperature and/or pressure

environment.

Here, the development of a versatile microspectrophotometric technique, allowing 

measurement of optical absorption spectra routinely in a wide range (200 – 3,300 nm) is reported. 

Unlike a typical optical microscope with an optic based on glass lenses that absorb a large portion 

of light and exhibit chromatic aberration for such a large wavelength range, this spectrophotometer-

fitted microscope features an all-reflective optics, which, besides the UV and visible spectral 

ranges, ensures the coverage of the entire IR spectral range (~50 – 10,000 cm-1) with a minimal loss 

of the signal. The central elements are a pair of reflective condensing objectives with a 

Schwarzschild-type Cassegrain design (NA = 0.54), which focus the light to samples, and then 

collect the transmitted light from the samples. It allows to record spatially resolved spectra with a 

beam diameter ranging from 20 to 120 µm, and may be coupled with a heating stage for 

investigations at variable temperature. This Cassegrain microscope was designed to fit into the 

sample compartment of a double-beam UV-Visible-NIR spectrophotometer. The efficiency of the 

setup is illustrated by two µ-OAS studies: (i) spectral measurements of micrometer-sized volcanic 

glass inclusions trapped in an olivine (Mg2SiO4:Fe2+) crystal in order to show the feasibility of 

measuring µ-optical absorption spectra down to 20 µm; and (ii) high-temperature µ-OAS 

measurements of spinel crystals using a microthermometric stage, in order to test the versatility, the 

wider wavelength range and the extended temperature range brought by this setup, in comparison 

with previous studies11.
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Design of the Microscope

The experimental setup is based on a custom designed Cassegrain-type microscope (Fig. 1, 

a), used to get spatially resolved optical absorption spectra without any chromatic aberrations, 

mounted in the sample compartment of a UV-visible-near IR spectrophotometer (PerkinElmer® 

LAMBDA 1050). Measurements are performed using well-defined measurement geometry. The 

beam is randomly polarized with incident angles evenly distributed in the range 17.3° – 32.7°. The 

average angle of incidence is 25.0°. The polarization of the incident beam is random. The 

microscope allows work in transmission mode with a measurement spot diameter ranging from 20 

to 120 µm. The sample beam at the entrance port of the sample compartment of the 

spectrophotometer (coming from the monochromator) is redirected using flat mirrors towards a 

spherical mirror just above the upper Schwartschild objective. The all reflective optics is coated 

with UV enhanced aluminum. Only half of the spherical mirror of the upper Cassegrain objective is 

employed to focus the beam on the sample (Fig. 1, b, red beam). The other half is used in another 

version of the microscope to recover the beam reflected by the sample. The transmitted light, which 

is recovered by the lower Cassegrain objective (Fig. 1, b, blue light beam), is passed to a spherical 

mirror and redirected towards the spectrophotometer detector by a series of flat mirrors. 

In  optical  systems,  energy conservation is  defined by the  so-called Helmholtz-Lagrange

invariant, which roughly states that image area multiplied by solid angle is constant throughout the

system, considering only rays that can pass through the system. Light input at the entrance of the

microscope is a build-in adjustable aperture which, at maximum opening provides a beam that has

the approximate size of 6 x 10 mm (width x height) and a beam solid angle of about 0.0062 sr. The

magnification of the microscope is 80 times and the total solid angle of the beam at the sample is

roughly 0.356 sr. Since the beam area at the entrance of the microscope is 80 x 80 = 6,400 times

larger, the solid angle of the beam accepted at the entrance of the microscope is 6,400 times smaller,

namely 0.0000556 sr. The maximum energy throughput due to the Helmholtz-Lagrange invariant

(not counting reflection losses by the reflecting surfaces in the optical path) is 0.0000556/0.0062 =

0.9%, with a spot size of 75 x 125 µm.

Aluminum coated mirrors have reflection values in the range 85% – 97%, depending on the

wavelength. The minimum reflection of 85% occurs around 830 nm and at 860 nm, the wavelength

where the spectrophotometer has its lowest sensitivity. The beam reflects 14 times on mirrors in the

microscope.  Taking  into  account  the  Helmholtz-Lagrange  invariant,  the  maximum  energy

throughput  (with maximum beam aperture)  lies in  the range 0.09% – 0.59% depending on the

wavelength. The signal/noise ratio is improved by beam equalizing optics in the reference beam,

using a set  of 14 mirrors  with the same reflection losses as in the sample beam and a second
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adjustable aperture.

The microscope is  equipped with  a  CCD-camera  and optics  providing an  image of  the

sample position through the upper Cassegrain objective. This is used to visualize the beam on the

sample during the manual focusing (changing the distance between sample and upper objective). By

switching camera optics, a reduced image of the transmitted beam is obtained through the lower

Cassegrain objective.  This is used to visualize the beam in focal point of the lower Cassegrain

objective during focusing (Fig. 2).

The capabilities of the spectrophotometer are not modified and spectra can be recorded in 

the range 200 – 3,000 nm, with a resolution down to 0.1 nm. In the wavelength range 250 – 2500 

nm, the measurement reproducibility is < 0.1 T% (95% confidence level) and the measurement 

accuracy is < 0.5 T%.

The sample chamber of the microscope and the working distance of the Cassegrain 

objectives (45 mm in total) are large enough to accept a microthermometric stage (Linkam® 

TS1500) which is designed for transmission measurements. By matching the focal points of the two

Cassegrain mirrors onto the bottom of the sample through the hole of the ceramic element of the 

heating stage, optical absorption spectra can be recorded in transmission in the 25°C – 1200°C 

temperature range.

Experimental Procedure

A correction procedure has to be applied on the data set in order to take into account: (i) the 

variations of emissivity between the two lamps of the spectrometer, (ii) the absorption of the 

aluminum mirrors, (iii) the efficiency of the detectors and (iv) the sample environment. Two OAS 

reference spectra are necessary for the correction, one with the light beam going through the sample

(IT) and another without any sample in the light beam (I0). The optical density (O.D.) is obtained by 

the relation: 

O.D. = log10(I0/IT) (Eq. 1).

As the emissivity of the furnace cannot be neglected in the IR domain at temperatures above 500°C,

black body emission gives rise to artifacts above this temperature. An additional correction is then 

necessary. This additional reference spectrum (IF) is recorded by masking the incoming light beam. 

Optical density is deduced as follows: 

O.D. = log10((I0 − IF)/(IT − IF)) (Eq. 2). 

Spectra are then normalized to the thickness of the sample, leading to a linear absorption 

coefficient.

At high absorbance, an acceptable signal/noise ratio is obtained for an O.D. < 1.6, when the 
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microthermometric stage is included. In addition, the low efficiency of the photomultiplier in the 

NIR region and of the InGaAs detector in the near visible range, associated with the multiple 

reflections of the beam on the different mirrors, generates noise in the region corresponding to the 

detector change between PM and the InGaAs detector (around 800 nm). A home made procedure 

using Igor Pro 6® has been developed to correct this drawback.

Optical absorption spectra were obtained on double-face polished crystals (about 50 μm 

thick) which contains glass inclusions. As these inclusions have a size larger than 100 µm, 

considering the size of the light beam, light may be transmitted through these inclusions without 

being absorbed by the crystal matrix. The spectra were recorded in the range 2,500 – 330 nm (4,000

– 30,000 cm-1) by using the experimental setup described above, with a 1 nm resolution and a 

counting time of 0.8 s for each step. The optical density was normalized to the thickness of the 

sample to obtain the absorption coefficient (cm-1). The same parameters were used to record the 

optical spectrum of a basaltic glass synthesized from a natural basalt under controlled reducing 

conditions12 and used as a reference. These volcanic glass inclusions, as well as the basaltic glass 

are Fe-bearing aluminosilicate glasses whereas the surrounding crystal is an olivine (Mg2SiO4:Fe2+).

Optical absorption spectra have also been recorded on a natural spinel single crystal (MgAl2O4), 

containing Fe2+ and Cr3+, which is known for being thermochromic9. The crystal has been thinned 

down to 0.5 mm in order to obtain sufficient transmission for measurement. The measurements 

were made at controlled temperature between room temperature and 600°C, with a 100°C step, 

during heating and cooling.

Color evolution during heating and cooling has been quantified using the L*a*b* 

coefficients in the colorimetric system defined in 1976 by the International Commission on 

Illumination (CIE)13. The determination of the L*, a* and b* coefficients was made from the 

transmission spectra obtained, at every 5 nm from 380 to 780 nm. A 10°-view angle and the CIE 

standard illuminant D65 (indirect sunlight at 6,500 K) were used as measurement conditions. These 

data are presented in an a* – b* diagram14. They have also been converted to x and y coefficients to 

be presented in a chromaticity diagram.

Applications

Example of Spatially Resolved Microspectrophotometry on Glass Inclusions

A specific case of microscopic scale investigations is illustrated by natural glass inclusions 

in minerals, used as a witness of volcanic processes. The study of these small pieces of quenched 

natural melts has been significantly improved using microspectroscopic techniques such as µ-
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Raman, µ-FTIR15 or µ-X-ray absorption techniques16, which provide information on the speciation 

of transition elements in natural magmas. Silicate melt droplets are, indeed, usually entrapped 

during crystal growth and preserved upon cooling as minute glass inclusions. These inclusions 

record important geochemical parameters, such as primary magma composition, volatile speciation, 

depth and temperature of magma storage and nature of open system processes. However, their 

reduced size, typically around 20 to 100 µm, preclude the use of OAS, despite the information on 

coordination and oxidation state of transition elements given by this method17.

In this case, both glass inclusion and olivine crystal are bearing Fe2+ and, to a smaller extent,

Fe3+ impurities. But, the spectral signature of Fe2+ being different in OAS between the glass and the 

crystal, it is possible to probe the spectroscopic features of both the inclusion and the crystalline 

matrix (olivine, Mg2SiO4:Fe2+). The optical absorption spectrum of inclusion Inc 1, shown in Fig. 3, 

exhibits in the NIR region a prominent absorption band centered at 9,500 cm-1 and a shoulder at 

5,300 cm-1. These absorption bands rise from the presence of Fe2+ in basaltic glasses18. Similar 

absorption bands are observed in the basaltic glass of reference. One weak absorption band is also 

observed at 18,500 cm-1 and may be interpreted as a spin-forbidden absorption band of Fe3+. In the 

UV, the absorption edge is associated to the presence of an oxygen to iron charge transfer (OMCT). 

The olivine spectrum (Fig. 3) also shows three intense and rather narrow absorption bands in the 

NIR region, associated with the presence of Fe2+ in the distorted octahedral sites of the olivine 

structure, M1 and M219. As the position and width of these bands are different between the glass 

inclusion and the host olivine crystal, the optical absorption spectrum of Inc 1 indicates the spatial 

selectivity of the experimental setup. Moreover, the weak absorption bands associated with spin-

forbidden Fe2+ transitions, observable in the visible region in the olivine spectrum, have positions 

and shapes different from the Fe3+ weak absorption band of the inclusion spectrum, confirming the 

absence of significant contribution from the olivine. The efficiency of micro-focusing, expected 

from the relative size of the spot and the glass inclusion (Fig.2, b and c) is demonstrated over the 

sample depth by the absence of features arising from the surrounding olivine crystal and confirmed 

by the similarity between the inclusion spectrum and the spectrum of a basaltic glass.

Microspectrophotometry at High-Temperature

The evolution of spectral properties with temperature is illustrated by the optical absorption 

spectra of a spinel crystal (MgAl2O4) containing Fe2+ and Cr3+ impurities (Fig. 4).

Spinel spectra show the absorption bands expected for Fe2+ and Cr3+ substituted to Mg2+ and 

Al3+ respectively. The absorption band around 18,000 cm-1 and the other at 26,000 cm-1 with a 

shoulder at 24,000 cm-1 indicate Cr3+ transitions in distorted octahedral environment9. The 
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absorption band observed at 5,000 cm-1 is due to tetrahedral Fe2+ 20. Two additional weak and 

narrow bands, due to Cr3+ spin-forbidden transitions are observed at 14,500 cm-1 and 29,500 cm-1 9. 

The possibility to observe these absorption bands evidence the good sensitivity and resolution of the

setup. 

The thermochromism of the spinel arises from the shift toward the NIR of the two main 

absorption bands observed in the visible region with increasing temperature. The decreasing energy 

of the Cr3+ absorption bands with increasing temperature is related to an increasing Cr-O distance 

due to thermal expansion of the crystal structure. The intensity of the absorption of the 

centrosymmetric site of Cr3+ is increasing with increasing temperature due to dynamic removal of 

the inversion center by vibronic coupling with odd vibrations. As shown in Fig. 5, this shift results 

in an evolution of the color from pink to green (see also Table I), as observed earlier9. This 

illustrates the possibility of following color changes with temperature using this setup.

The reproducibility of the measurements is illustrated by the superposition of the spectra 

recorded at the same temperature during heating and during cooling (Fig. 4). This demonstrates the 

absence of significant oxidation during heating.

4. Conclusion

Measurements of UV-visible-near IR spectra using a new microspectrophotometer based on 

a microscope using a Schwarzschild-type Cassegrain optics demonstrate its capability for 

investigating optical absorption spectra at the µm scale. This is of special importance for 

investigating optical absorption spectra over a broad range, without perturbations from chromatic 

aberrations from a conventional microscope setup. This allows to investigate spectral properties of 

transition elements in minute synthetic or natural materials, glassy or crystalline. The versatility of 

this experimental setup, due to the large size of the sample compartment, will be used for 

investigating the evolution of optical absorption spectra under high/low temperature and possibly 

pressure conditions.
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Figure captions

Fig. 1: (a) Photograph of the microscope ; (b) Course of the incident (in red) and transmitted (in 250



blue) light beam through the microscope.



Fig. 2: (a) Optical microscope photography of an olivine crystal sample containing two volcanic 

glass inclusions (Inc 1 and Inc 2) ; (b) and (c): Photographs of glass inclusions Inc 1 and Inc 2, 

respectively, viewed from the camera of the micro-focalized spectrophotometer. Inclusions are 

highlighted with white dashed contours, the bright spot evidence the position of the beam inside the 

inclusions.

Fig. 3: µ-Optical absorption spectra of glass inclusions Inc 1, of the surrounding olivine crystal and 
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of a basaltic glass in the range 4,000 – 30,000 cm-1. Data are cut at 120 cm-1 to better observe the 

absorption bands in the IR. The positions of the absorption bands originating from the olivine and 

the inclusions (or basaltic glass) are referred to as OlFe and IncFe, respectively.

Fig. 4: µ-Optical absorption spectra measured between room temperature and 600°C on a natural 

spinel crystal (MgAl2O4) containing Fe2+ and Cr3+ impurities. The crystal is 0.5 mm thick. The 

spectra denoted “return” are recorded during cooling, after heating at 600°C. The coordination of 

the cation at the origin of each band is indicated, s-f stands for spin-forbidden transition.

Fig. 5: Evolution of the color of the spinel crystal with increasing temperature from 25°C to 600°C 

shown on a chromaticity diagram (a) and on an a*-b* diagram (b). The spectra denoted “return” are 

recorded at the given temperature after heating at 600°C.
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Table

Table I: L*, a* and b* values of the spinel crystal studied at temperatures between 25°C and 600°C.

“return” means that the values are given after heating at 600°C.
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