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For several hundred years, there has been an 
impressive interplay between optical design 
and optical glass development. Step by step, 
imaging by lenses in microscopes or other optical 
instruments has almost reached perfection. 
Simultaneously, optical technologies have 
broadened their application field by entering, 
e.g., the area of telecommunication and being 
even the driver of novel technologies like 
augmented reality. Remarkably, even with 
the latter dramatic change in optics, there 
has been a red thread concerning the desired 
material properties so far. However, with 
today´s nanotechnologies, also completely 
new approaches may contribute to the field of 
optical materials in future. Who knows?  
 
https://doi.org/10.1051/photon/202111320

Introduction to Optical Glasses
Optical glass has a long history and has been in use for 
applications which seem far apart but are not. Who would 
imagine that the designer of glass for augmented reality has 
to cope with essentially the same issues as his predecessor 
working on glass for microscopy 100 years ago? However, 
there is a red thread connecting all this.

Both the red thread and different applications will be pre-
sented. First, the "red thread properties", the transmittancy, 
the refractive index, and the chromatic dispersion will be 
introduced. Remarkably, these properties are interrelated 
due to fundamental physics – not only for glass, but for any 
optical material (Kramers-Kronig relations [1]). Often, this 
makes it difficult to simultaneously adjust these properties 
to desired values. 
Transmittancy. Preferably, optical glasses are made from 
oxides with high bandgaps so that only photons energeti-
cally corresponding to a frequency in the ultraviolet (UV) 
will be absorbed. These are, e.g., SiO2, B2O3, CaO etc. [1]. 
Low band gap, colouring impurities such as Fe2O3 are care-
fully avoided. With respect to Kramers-Kronig, however, a 
desired dispersion may require oxides with medium-size 
band gaps that will move the UV absorption edge close to 
the lower end of the visible spectrum (400nm) (see Fig. 1).
Chromatic Dispersion. Commonly, optical glasses are cate-
gorized in the Abbe diagram [2] according to nd, the index at 
the Fraunhofer line d (587.6nm, yellow), and a characteris-
tic figure for the chromatic dispersion, the Abbe number, 
which is defined by:

νd = nd - 1 —nF - nC
(1)

The Abbe number increases with decreasing difference 
of the indices at the Fraunhofer lines F (486.1nm, blue) 
and C (656.3nm, red), i.e. with decreasing main dispersion  
(nF – nC). It is named after Ernst Abbe who in 1889 founded 
the Carl Zeiss foundation, the sole shareholder of the two 
companies Carl Zeiss AG and Schott AG. 
Relative Partial Dispersion. As the relation between the 
refractive index and the wavelength is nonlinear, dispersion 
characterization requires a quantity which describes the 
degree of nonlinearity.  A suited one is the relative partial 
dispersion Pd,C. It is the ratio between the yellow-to-red 
dispersion nd – nC (partial dispersion) and the blue-to-red-
dispersion nF – nC (main dispersion):

Pd,C = nd - nC —nF - nC
(2)
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For a linear wavelength dependence 
of the refractive index, Pd,C  = 0.4 would 
hold. For real glasses, it is lower. Note 
that beside Pd,C, the analogously defined, 
but differently behaving Pg,F is in use. g is 
the 435.8nm Fraunhofer line. 
Refractive Index. Typical refractive in-
dex curves of optical glasses are given 
in Fig. 2. They are as expected from 
Kramers-Kronig [1]; one observes the 
following correlations (Figs. 1, 2):
#1.  between the refractive index and 

the UV absorption edge: the higher 
the average index in the visible spec-
trum, the closer the UV absorption 
edge to the visible spectrum; 

#2.  between the UV absorption edge and 
main dispersion: the closer the UV 
absorption edge to the visible spec-
trum, the bigger the main dispersion;

#3.  between the main dispersion and re-
lative partial dispersion Pd,C: the big-
ger the main dispersion, the smaller 
the relative partial dispersion Pd,C. 

The correlations #1-3 are what do make op-
tical materials in the upper left of the Abbe 
diagram unfeasible! With the above back-
ground on optical glass, the challenges 
from optical design will now be discussed. 

Challenges from 
Conventional Optics  
and Corresponding Glasses
Clear glass: enabler of optical imaging. 
Ca. 150 years before the first microscopes 
and telescopes were assembled in the ear-
ly 17th century, the first clear glass had 
been made by Angelo Barovier. However, 
not knowing how to remove colouring im-
purities, he titrated the melt with MnO2 
until decolouration was reached [3]. As 
the absorption spectrum of MnO2 is com-
plementary to that of, e.g., Fe2O3, a light 
grey absorption and thus an almost clear 
appearance may be obtained  – a tricky, 
but smart approach. (The first applica-
tion, however, was tableware.)

Figure 1: Internal 
transmission in 
UV, VIS, NIR for 
three glasses from 
SCHOTT AG.

Figure 2: Refractive 
Index in UV, VIS, NIR 
for three glasses 
from SCHOTT AG.

GENERATOR  
FOR SYSTEM LASER’S 
SYNCHRONIZATION 
Greenfield Technology launches a 
new pulse and delay generator that 
provides picosecond resolution 
pulses and delays. This pulse gene-
rator is well suited to synchronize all 
the devices of the Picosecond Laser 
System (PLS). In this application, 
the generator is automatically syn-
chronized to its “clock input” which 
receives a reference signal from the 
laser oscillator and the delay genera-
tor provides to all the devices of the 
system laser (Pump-laser, Q-switch, 
Pockel cell…) can receive repetitive 
or single pulses adjusted in rate, de-
lay, amplitude, polarity, and width 
synchronized on the clock input with 
very low jitter. 

This generator Model GFT1604 
provides 4 (8-channel option avai-
lable) independent delayed pulses. 
Delays up to 10 seconds can be ad-
justed with 100 ps resolution (1 ps op-
tion available). SMB outputs deliver 
adjustable 1.5 to 5 V into 50 Ω (or 3 to 
10 V into Hi-Z), 1 ns rise-time pulses. 
Optionally, pulse amplitude can be up 
to 50 V or LVDS level. Model GFT1604 
also offers two inputs or three inter-
nal synchronized timers (adjustable 
up to 50 MHz) or software command 
for triggering all selected delay chan-
nels. Four GPIO lines under software 
control allow command to other de-
vices for security or control.

This compact (width = 10 cm) and 
low-cost generator can be remotely 
controlled via Ethernet or USB. 

More information on our site 
www.greenfieldtechnology.com

ADVERTO
RIAL
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These glasses were soda/potash-lime-silicates, called "crown 
glasses" after the manufacturing method [3]. The optical posi-
tion in the Abbe diagram is denoted by "K".

Despite clear glass, the image quality of the early optical ins-
truments was poor. Due to dispersion, "blue" rays are refracted 
stronger than "red" rays and have another focal length (primary 
colour). Different colours are imaged to different positions, 
with different magnifications, which gives rise to undesired 
colour fringes. 
Achromates: solution to primary colour. In the middle of the 
17th century, two element lenses were introduced, with the first 
element being a converging one with strong refractive power 
(short focal length), but small main dispersion, and the second 
element being a diverging one with small refractive power, but 
strong main dispersion.

By means of glass selection and lens element geometry, they 
are constructed such that (1) the resulting doublet is conver-
ging, but that (2) the strong main dispersion of the second 
element compensates the small main dispersion of the first 
element. (The dispersion by a converging element spreads co-
lours, the dispersion by a diverging element recombines co-
lours.) So coincidence of the "blue focus" and the "red focus" 
was reached (achromate, Fig. 3). 

 Expressed as a formula, the condition for achromatism is [3]:
0 =     1 —

f1,d∙ν1,d
 +     1 —

f2,d∙ν2,d
(3)

The total focal length fd (referring to n = nd) for the doublet 
follows from the additivity rule for thin lens elements: 

    1 —
fd

  =  1 —
f1,d

 +  1 —
f2,d∙

(4)

By "1,2" reference to the first or second lens element is 
indicated. 

Fortunately, the high dispersion glass required had been 
invented some time before [3] by George Ravenscroft, who had 
introduced lead silicate for tableware, with its sparkling due to 
high chromatic dispersion being a very much desired feature. 
Consider, for instance, PbO·2SiO2. Its bandgap is 3.1 eV which 
corresponds to 400nm [3]. With correlation #2 (the closer the 
UV absorption edge to the visible, the bigger the main disper-
sion), a high dispersion glass can be expected. Such low Abbe 
number glasses are called "flints". Two names are attached to 
the first achromates: Chester Moore Hall (made the invention), 
and John Dolland (got the patent and made the money) [3].  

Today, lead-free alternatives are often preferred. So beside 
the lead silicates with the acronym "SF", the lead- and arse-
nic-free "N-SF"-glasses, situated at the same positions in the 
upper right of the Abbe diagram, are available. 

Apochromates: solution to residual secondary colour. In 
Fig. 3 (right), the yellow focal length is slightly smaller than 
that for blue and red. This is due to the nonlinear wavelen-
gth dependence of the refractive index, because of which 
the blue-to-yellow-dispersion is much bigger than the yel-
low-to-red-dispersion. If the spreading of wavelengths caused 
by the converging element is to be compensated by the diver-
ging element, the ratio of the blue-to-yellow-dispersion to the 
yellow-to-red-dispersion must be the same for both elements. 
This is equivalent to equal relative partial dispersions.

However, correlation #3 says that the bigger the main dis-
persion, the smaller the relative partial dispersion Pd,C. is. So 
even if the main dispersion of the second element is strong 
enough to compensate the main dispersion of the first element, 
the partial dispersion will not be. This is why the yellow focal 
length is smaller than the one of red and blue. Therefore an 
apochromate with all colours in one focus did not yet exist 
when in the late 19th century, Otto Schott appeared on the scene.

Otto Schott could not override Kramers-Kronig. What he 
could do was to slightly scale up the index curve by increasing 
packing density. Thus, the average index and the main disper-
sion in the visible could be increased with neither moving the 
UV absorption edge nor affecting relative partial dispersion.

For this purpose, he switched from silicates to borates. 
PbO·2B2O3, for instance, has a bigger band gap and a higher 
packing density than PbO·2SiO2 [3]. Starting with PbO·2B2O3, he 
developed the borate flint S7 [3] (nD = 1.61, νD = 44.3) that, with 

Figure 5: Lightguide

Figure 4: 
Spherical 
Aberration 

Figure 3: (left) Achromate with residual secondary colour. 
(Right) Apochromate. 
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respect to relative partial dispersion, per-
fectly fitted to the high-potassium crown 
glass O13 [3] (nD = 1.52, νD = 58). This and 
other "special short flints" enabled the 
first apochromates, Fig. 3 (right). (In Otto 
Schott´s literature, the Fraunhofer line d 
is replaced with the nearby line D.)

First, chemical resistivity was an issue 
both for the borate flints and the high 
potassium crown glass. One approach 
by Otto Schott to settle this was to mix 
the two glass formers B2O3 and SiO2, a 
pioneering step in glass development. 
Today, for example, the special short flint 
N-KZFS11 and the crown glass SCHOTT 
N-BK7® are borosilicates – such as nume-
rous other optical and technical glasses.
Spherical Aberration: suppression re-
quires high indices. Lens elements can 
easily be ground and polished by simple 
rotating devices [1], however, only sphe-
rical surfaces can thus be made. With 
them, the focus depends on the distance 

between rays and optical axis (longitu-
dinal spherical aberration, Fig. 4). A se-
cond order calculation gives [1]:

f =   R —
n-1

 –  h
2 —

2R
(5)

So to suppress spherical aberration 
while maintaining f, a simultaneous in-
crease of R and n is necessary. Due to 
Kramers-Kronig (correlation #1), this is 
especially challenging for low disper-
sion glasses.

Again Otto Schott was to find the solu-
tion, being the first to melt barium-contai-
ning glasses in an optical quality. With a 
band gap of 6eV, much higher than the one 
of PbO, BaO is well suited for low disper-
sion glasses. Although Kramers-Kronig 
prevents an ultra-high index, a modera-
tely high index is achieved by the high 
packing density of, e.g., glassy sanbornite 
BaO·2SiO2. Thus the barium crowns "BAK" 
as well as the (very) dense crowns "(S)SK" 
were launched. A later milestone 

Figure 6: Three 
layers of glass 
in a waveguide 
for augmented 
reality (AR) 
glasses. 
Taken with 
permission 
from [6].

Figure 7: FOV in AR glasses with different indices. Left: FOV with binocular 
vision. Centre: FOV with display glass, n = 1.5. Right: FOV for AR glass with n = 
1.6 (smallest FOV) up to n = 2 (largest FOV). Taken with permission from [6].
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concerning high index and low dispersion was lanthanum glass 
(George W. Morey, [1]).

Today´s high-end microscopes such as the ZEISS Axio 
Observer® offer sophisticated features like artificial-intelli-
gence-based sample finders for biological samples to prevent 
them from the lasting illumination during a lengthy sample 
inspection by eye. The optical core is a high-end apochromate 
– with its roots going back to the extremely fruitful cooperation 
of Ernst Abbe, Carl Zeiss, and Otto Schott. 

Novel Optics
"Lightguiding": key to the photonic revolution. Out of the 
numerous recent optical inventions, the most striking glass-re-
lated ones exploit the phenomenon of lightguiding. Already 
discovered in the 17th century by Johannes Kepler [4], total 
internal reflection had to wait until the 20th century with its first 
commercial use for illumination, imaging and communication.

Transmission is crucial. In conventional optics, light has 
to pass through centimeters of material only. Glass fibres for 
telecommunication, on the contrary, have to be so free of im-
purities that one could look through a several kilometer thick 
plate made of that glass. Manufacturing is by chemical vapour 
deposition [5]. Index and dispersion also play an important role. 
The acceptance angle of a lightguide, i.e. the maximum angle 
that is compatible with total reflection, is given by 

sin(α) = √
—
n1

2 - n2
2 (5)

where n1 is the core index and n2 is the cladding index (see 
Fig. 5).

The desired indices depend on the application. For telecom-
munication, a low acceptance angle is preferred. Light entering 
at different angles would take different paths and thus cause 
an unwanted broadening of optical pulses. So no high indices 
are needed. Core and cladding are usually made from vitreous 
silica with certain dopants [5]. 

 It is different for lightguiding in augmented reality (AR, [6]), 
Fig. 6. Here, the acceptance angle determines the field of view 
(FOV, [6]). The higher the index, the broader the field of view is. 
So high index glasses are required. Dispersion management is 
by different layers for different colours.

Photonic Crystals and Meta-Materials: exploiting the wave 
nature of light. Although the principles of lightguiding can be 
explained with ray optics, the complex behaviour of, e.g., tele-
communication fibres can only be understood considering the 
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Figure 8: 
Cross section 
of a photonic 
crystal fibre 
manufactured  
by Schott AG.

guided light as propagating modes, i.e. hybrid electromagnetic 
waves which are propagating along the fibre axis and standing 
waves in the perpendicular plane. 

The wave character becomes particularly important if the 
confinement of light to the core is caused by interference in the 
cladding. That may occur at structures with a crystal-like order, 
so-called photonic crystals (Fig. 8) or at disordered structures, 
as it is the case for lightguiding with Anderson-localization 
where lightguiding is due to the interference of scattered light 
with the scatter centres lying closely together [7]. 

Photonic crystal fibres offer many different features, among 
them being special dispersion management for telecommuni-
cation, low-loss transport of laser power, and others [7].

Nevertheless, photonic crystal fibres are only a small part 
of what is generally possible with photonic crystals, i.e. orde-
red structures where periodicities with the magnitude of the 
wavelength cause special effects. Even more striking effects 
are possible with sub-wavelength structures with which very 
peculiar phenomena may be generated, e.g., wave propagation 
and energy transport in opposite directions which is equivalent 
to a negative refractive index [7]. With respect to the highly 
sophisticated nanostructures involved, such materials will 
certainly not replace classical optical materials, but will offer 
highly welcome add-ons of the toolbox. 

Conclusion
It is a long way from classical optical imaging to today´s optical 
applications like augmented reality. Nevertheless, glassma-
kers are all times confronted with similar issues concerning 
transmission, refractive index, and dispersion. This is due to 
the fact that said properties are inter-related by fundamental 
physical laws which prevent "once and for all times" solutions. 
On the other hand, these constraints are providing an ever-las-
ting challenge to find the limits of feasibility, employing all 
modern technologies like, e.g., nanostructuring. 



 Photoniques 113  I www.photoniques.com 25

Our company
Since its foundation in 1977, after the discovery of fluoride 
glasses by Poulain Brothers at Rennes University in 1974, Le 
Verre Fluoré (LVF) has been thriving in the world of fluoride 
glass technology as an expert and main innovator in this field. 

Among LVF outstanding pioneering achievements, we can 
cite the first commercial fluorozirconate glass fibers (1983), the 
first single mode fluoride fibers (1988), the first ZBLAN fiber 
lasers (1989) and  the first fluoroindate glass fibers (1992). 

Over the years, LVF has developed unique manufacturing 
processes of glasses and fibers and recently industrial capacity 
has been increased, with batches now produced on a daily basis.

LVF is today the world leading fluoride and germanate glass 
manufacturer, offering the world the best fluoride and germa-
nate glasses and optical fibers  on the market.

Why LVF fluoride glass fibers  
are so interesting ?
They offer :
• A high transparency from UV to mid-IR (300 nm – 5500 nm), 

with best transparency among all fiber technologies in the 
2 – 5 µm range.

• Thanks to their high rare earth solubility and low phonon ener-
gy, they offer more than 50 rare-earth transitions in the visible, 
infrared and mid-infrared bands, allowing the manufacturing 
of visible and mid-IR fiber lasers, and near-IR fiber amplifiers

LVF technology addresses today  
a multitude of domains 
LVF fluoride glass and optical fiber mature technology enables 
today the realization of innovative solutions that respond to 
challenges of the 21st century like improving the human health, 
better monitoring air and water pollution, monitoring our food 
quality while improving animal welfare, improving telecommu-
nication infrastructures and monitoring quality in industrial 
processes. 

Let cite few examples where LVF products are key ena-
bling technologies.

INDUSTRY & ECOLOGY
• Oil and gas spectroscopy, Urban pollution monitoring, Aircraft 

exhaust gas monitoring,
• Semiconductors process monitoring (mid-IR OCT (Optical 

coherence tomography))
• Wet paint thickness measurements, Pyrometry

• Water quality and wastewater monitoring
• Waste recycling
• Smart agriculture (boar taint monitoring, online milk  

monitoring)

LVF Key components for NIR and MIR spectroscopy
Fiber patch cables, hermetic feedthroughs and flow cells
Fiber combiners for mid-IR laser diodes (ICL/QCL)
Fiber modules for mid IR supercontinuum lasers (up to 5µm 
and up to 9.5µm)
Targazh industrial sensor

MEDICAL
• Surgery, Ophtalmology, Osteotomy, Dentistry, Dermatology
• 3D living cells bio printing (skin, breast)
• Super-resolution microscopy, Cytometry, Ophtalmology 
• DNA sequencing
• Cancer detection

LVF Key components
CW and pulsed 2.9µm laser (using Er doped fiber)
Multiwatts visible lasers and amplifiers
Passive fibers for mid-IR transmission
Er-YAG/Er-YSGG laser delivery (up to 1.5J/pulse)
Rare earth-doped fluoride glass fluorescent dyes

GROUND and SPACE COMMUNICATIONS
• Telescopes coupling
• Ground-to-ground and ground-to-space communication, 

O-Band and S-band telecom amplifiers
• High bit rate LIFI communications

LVF Key components
Passive ZBLAN fiber sub-systems
Rare earth doped fiber modules
3.9 µm pulsed laser
R G B pulsed fiber lasers

These examples highlight the diversity of our applications 
and new solutions powered by our fluoride glass technology.   
All of them are useful to human kind. Create a better future is 
our leitmotiv! 

CONTACT
info@leverrefluore.com, www.leverrefluore.com
Follow us on LinkedIn: https://www.linkedin.com/company/
le-verre-fluoré  and Twitter  https://twitter.com/LeVerreFluore 

LE VERRE FLUORÉ GLASSES AND FIBER OPTICS  
KEY TECHNOLOGIES OF THE 21ST CENTURY

A DV ERTORIA L




