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OVERVIEW / MEASUREMENT PRINCIPLE

The SpectroMaster® family of instruments
has been derived from the renowned TRI-
OPTICS PrismMaster® series of ultra-accu-
rate prism goniometers and is specifically
designed for prism refractometry with
highest precision. SpectroMaster® Spec-
trometer-Goniometers are employed by
optical glass manufacturers, national
metrology institutes as well as scientific re-
search institutes with highest accuracy de-
mands for the determination of the refrac-
tive index and dispersion of optical glass
and crystalline materials in the UV, VIS or IR
spectral range.

The measurement principle is based on
the minimum deviation method, originally
published by Joseph von Fraunhofer al-
most 200 years ago and still regarded as
the most accurate method and capable
to measure the refractive index up to the
sixth decimal place. It is therefore the
standard method employed by most na-
tional metrology institutes e.g. the
Physikalisch-Technische Bundesanstalt
(PTB) in Braunschweig, Germany. The core
of SpectroMaster® is an ultra-high preci-
sion goniometer table, which is used for
measuring the prism angle and the devia-
tion angle of refracted l ight passing
through a prism manufactured from the
optical material under test. The large
spectral range of the high-end Spectro-
Master® models is obtained by the com-
plete use of mirror optics. For a more limit-
ed visible spectral range, models with re-
fractive optics are available, too.

The minimum deviation method as de-
scribed by Fraunhofer at the beginning of
the 19th century is sketched above. It is
based on the refraction of light by a pre-
cise prism manufactured from the optical
material under investigation. A bundle of
monochromatic collimated light from a
collimator enters at one surface of the
prism and is refracted at a certain devia-
tion angle δ when leaving the second sur-
face. The deviation angle is a function of
the wavelength λ and is measured by a
telescope attached to a goniometer
table. The angle enclosed by the two
prism surfaces is generally called the apex
angle α of the prism. When the incidence
angle θ at which the light enters the prism
is changed, the deviation angle δ
changes too. It can be shown that the de-
viation angle δ becomes minimal when
the angle θ' at which the beam leaves the
second surface is equal to θ, i.e. θ = θ'. This
symmetric case is the so-called minimum
deviation condition. In this case, the index
of refraction of the prism material can be
calculated according to

where nair is the refractive index of the am-
bient air. nair is a function of the wave-
length λ, temperature T, pressure p and
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(α + δ(λ))2
✕nair (λ, p,T),n(λ) = 

sin

sin (α)2

Measurement principle of deviation angle



Goniometer Error

As shown above, the refractive index
measurement is based on angle measure-
ments. This is done by a precision go-
niometer equipped with an autocollima-
tion telescope for measuring both the
apex angle α and the minimum deviation
angle δ. The figure below shows the de-
pendence of the minimum deviation an-
gle on the sample refractive index and
apex angle. For typical optical glass,
prisms with an apex angle of around 60°
are used. The samples with a refractive in-
dex ranging from n = 1.2 ... 2.0 cause mini-
mum deviation angles of about 15° to
100°. The impact of errors in both apex
and minimum deviation angle on the re-
fractive index result are compiled in the
following table, calculated for standard
ambient conditions.

From this result it becomes evident that
the angle measurement must be accu-
rate to a fraction of an arc second if an
accuracy of about 1×10-6 is required.

TRIOPTICS has a long experience in manu-
facturing prism goniometers measuring at

humidity and can be calculated with suffi-
cient accuracy from p and T with the
generally approved Edlén equation. In
most cases, the humidity can be neglect-
ed. Since these calculations are quite
complex and error-prone, this is done au-
tomatically by the instrument software.

The refractive index can be determined
only when the apex angle α is precisely
known. Both angles α and δ are measured
with an ultra-precision goniometer with
sub-arcsecond accuracy. The apex angle
α is measured with an autocollimator at-
tached to the goniometer table.

For reaching an accuracy down to 1×10-6

a careful error analysis of the above for-
mula is necessary from which the techni-
cal requirements on both instrument and
ambient conditions can be derived. In the
following, it is distinguished between errors
resulting from the goniometer, errors due
to ambient conditions, and errors due to
the manufacturing quality of the sample.

MEASUREMENT PRINCIPLE
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Apex angle measurement principle

Minimum Deviation Angle vs. Refractive Index for
different prism apex angles

Error Analysis and System Requirements



this level of accuracy. The goniometers of
the TRIOPTICS PrismMaster® HR ultra accu-
racy class are equipped with specially se-
lected Heidenhain goniometers of the
highest accuracy available. With these
precision goniometers and a special ec-
centricity and interpolation error com-
peation, an angle measurement uncer-
tainty of less than ±0.1 arcsec at a resolu-
tion of 0.036 arcsec can be achieved.

The SpectroMaster® angle measurement is
a combined effort of the goniometer assur-
ing the precise angle measurement over
large angles and an electronic autocolli-
mator for small differential angle measure-
ments. The autocollimator is used for pre-
cisely relating the prism surface orientation
to the graduated circle of the goniometer.

High precision optics and high-resolution
CCD cameras guarantee a linearity and
resolution to about 1/100 arcsec.

The overall angle measurement accuracy
is carefully checked at the TRIOPTICS lab-
oratory with several reference samples
which have been measured and certified
with ±0.1 arcsec uncertainty (k=2) by the
Physikalisch-Technische Bundesanstalt
(PTB), the German national institute of
standards and metrology. At TRIOPTICS,
the PTB results are typically reproduced
within ±0.1 arcsec maximum deviation
when measured with ultra-precision class
goniometers. The results are directly trace-
able to national and international angle
standards.

ERROR ANALYSIS/SYSTEM REQUIREMENTS
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PTB measurement certificate for a dispersion prism



Additionally, the SpectroMaster® measure-
ment procedures are performed in a way
as to minimize systematic errors and ambi-
ent influences, e.g. all angle measure-
ments are done differentially on both sides
of the prism, so that potential offset errors
are removed by calculating angle differ-
ences only. Furthermore, noise is reduced
since all angle results emerge from at least
two measurements. For further noise re-
duction, the system can be configured to
perform even more measurements for
better averaging. However, the experi-
ence shows that in a well-shielded envi-
ronment noise shows up in the 7th decimal
place of the refractive index result only.

Ambient Conditions

As stated above, carefully controlled am-
bient conditions are required since the
measurement quantities depend on the
ambient and sample temperature and air
pressure. In standard laboratories the air
pressure cannot be controlled, but must
be taken into account by calculation. This
is accurate enough when the air pressure
is known with a precision of at least 1 hPa.

PRINCIPLE OF OPERATION
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The air temperature should be stable and
measured to 0.1 °C with the sample tem-
perature in equilibrium or accurately mea-
sured independently. Typically, the influ-
ence of air humidity is negligible, but we
recommend a RH value below 70%.

Sample Quality

If highest measurement precision is re-
quired, this puts some demands on the
manufacturing quality of the prism sam-
ples. Generally a surface flatness of at
least λ/10 or better is required, and the
sample homogeneity should be better
than the required index accuracy.

Principle of Operation

The principle measurement setup is shown
above. A fixed collimator is projecting the
image of a slit target through the sample
prism. An autocollimator mounted to the
rotary air bearing goniometer is picking up
the slit image and measuring the devia-
tion angle of the refracted light passing
through the prism. The illumination of the
variable target slit is done by exchange-

Schematic setup of SpectroMaster®



ter signal-to-noise ratio, the input beam is
chopped by a frequency stabilized chop-
per wheel and a lock-in amplifier is used
to process the detector signal.

Rotary Air Bearing Goniometer

The ultra-precision, high stiffness air bear-
ing table is the key element of the Spec-
troMaster®, as it determines the angular
resolution and measurement accuracy of
the minimum deviation angle and apex
angle, and thus the overall accuracy of
the refractive index measurement. The ax-
ial and radial run-out errors of this bearing
are smaller than 0.05 µm. It is supplied with
an air control unit including pressure
gauge and adjustment, particle filter and
air dryer. An oil-free factory air supply net
or a dedicated compressor is needed at
the input of the air control unit. Further
specification of the air supply is available
upon request.

PRINCIPLE OF OPERATION
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able spectral lamps, so that the measure-
ments are done at precisely known wave-
lengths of selected spectral lines. For a
better identification of certain spectral
lines, narrow band interference filters can
be moved into the beam path.
The autocollimator is also used for measur-
ing the apex angle of the prism in reflec-
tion. It is supplied with a high-brightness
LED illumination. 
The sample is positioned on a fixed sup-
port centrally above the goniometer. With
a rotary table, the incidence angle of the
collimator beam with respect to the sam-

ple can be controlled. An optional linear
stage can be used to move the prism to
the optimum pivoting points for the apex
angle measurement and the deviation
angle measurement. The deviation angle
measurements are done differentially on
both sides of the collimator axis so that ze-
ro offset errors are suppressed. 

The SpectroMaster® HR Universal models
are completely designed with reflective
optics, e.g. off-axis parabolic mirrors as fo-
cusing elements in the collimator and au-
tocollimator. Special UV-enhanced coat-
ings guarantee high reflectivity over the
full spectral range. The extended spectral
range also requires the use of additional
photo detectors besides the CCD. For the
infrared a cooled PbS-detector and for
the UV a photomultiplier is used. For a bet-

Instrument Description

Spectral lines after refraction at the sample prism

Air bearing  table with ultra-accurate piezoelectric
drive



The goniometer embodies an ultra-preci-
sion Heidenhain encoder and a software-
enhanced accuracy of better ± 0.2 arc-
sec. Specially selected goniometers are
used for the SpectroMaster® HR instru-
ment.

The motorized SpectroMaster® HR Univer-
sal is driven by a highly dynamic and ultra-
precise backlash free piezo motor drive.
The piezo motors generate no significant
excess heat for optimum temperature sta-
bility at the place of the sample.

For the same reason, also the rotary and
linear sample table stages are piezo dri-
ven. The piezo drive combines both, high
measurement speeds and sub-arcsecond
positioning accuracy.

The manual SpectroMaster® HR Compact
employs a differential micrometer screw
for highest sensitivity and accuracy during
the manual adjustment of the telescope

INSTRUMENT DESCRIPTION
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angle. Due to the sophisticated software
assistance and alignment indicators, it has
been proven that manual operators can
reach the same high accuracy of the mo-
torized version but at the cost of reduced
measurement speed.

Collimator and Autocollimator

The mirror collimator and the mirror auto-
collimator include high performance off-
axis parabolic mirrors with surface quality
better λ/10. The focal length is 600 mm
and the clear aperture 60 mm. Beam fold-
ing mirrors of the same surface and coat-
ing quality allow for a compact design.
The coating is UV enhanced for best re-
flectivity over the full spectral range of
185..2325 nm. The autocollimator employs
a geometric beam splitter design that en-
sures a wavelength independent focusing
over the full measurement range of the
CCD.

Mirror autocollimator and collimator unit
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tion and amplification is performed by a
laboratory grade lock-in amplifier for best
signal-to-noise ratio and detection of
even weakest spectral lines.

Illumination

Accurate refractive index measurements
require the exact knowledge of the mea-
surement wavelength. This is achieved by
using low-pressure discharge spectral
lamps. Spectral lamps generate a spec-
trum of discrete spectral lines with precise-
ly known and stable wavelengths. The
SpectroMaster® HR comes with a lamp
house for up to 9 different spectral lamps
on a rotating turret. It allows the quick
change of the spectral lamp and the set
of spectral lines to be measured. For opti-
mum illumination of the target slit, the
lamp house is equipped with a back re-
flecting mirror and quartz condensor op-
tics. The standard set of 5 spectral lamps is
given in the following table. Additional
lamps are available on request.

A manual or (optionally) motorized filter
changer wheel can be equipped with up
to 18 narrow bandwidth interference filters
for the easy selection and identification of
the measurement spectral line.  A set of
standard filters is delivered with the instru-
ment. Additional custom specific filters
can be ordered separately.

Detectors

The most convenient and fastest measure-
ments are done with the CCD camera in
the spectral range between 400..1050 nm.
Optionally, a special UV-enhanced CCD
camera is available which extends the us-
able UV range down to 250 nm. The CCD
camera is also used for measuring the
apex angle in autocollimation mode.

A photomultiplier tube allows measure-
ments in the spectral range between 130
and 320 nm. Wavelengths below 193 nm
are considered as Vacuum-UV and can-
not be measured at standard laboratory
conditions; however, experiments in nitro-
gen atmosphere have shown the possibili-
ty of Vacuum-UV measurements.

For the infrared range 1000..2500 nm a
two-stage thermoelectrically cooled PbS-
Detector with dedicated low-noise ampli-
fier is employed. 

A quick-change
mount at the vari-
able detector slit
al lows for the
quick and easy
exchange be-
tween both de-
tectors and the
mount of addi-
tional custom spe-
cific detectors.
The signal detec-

Vacuum-UV photomultiplier-tube (PMT) detector
mounted on SpectroMaster® HR

Thermoelectrically cooled
PbS Infrared detector 
mounted on SpectroMa-
ster® HR

Air bearing table with manual rotation and adjust-
ing unit



MEASUREMENT RESULTS
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Accessories

The instrument is delivered with a set of
alignment tools for regular alignment
checks of the instrument setup. A set of
different spectral lamps and interference
filters are provided on customer's order.
TRIOPTICS can also provide one or more
certified reference prisms for the trace-
able calibration of the instrument.

Standard set of spectral lamps

Filter wheel with interference filters

SpectroMaster® accessories: Alignment tools, detectors and reference prism

Hg Mercury

Cd Cadmium

Cs Cesium

He Helium

Na Natrium
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The above graph shows typical measure-
ment results and the fitted dispersion
curve for a K5 glass prism over the full glass
transmission range that can be measured.
A fit module for the Sellmeier coefficients
is included in the software, so that refrac-
tive index values can be estimated from
measured ones at different wavelengths.
The below plot shows the comparison of
SpectroMaster® results and measurement
data from an independent institute in the
wavelength range 360..1100 nm. The low
temperature coefficient of this S-BAL2
glass allows highly accurate measure-
ments even in standard laboratory envi-
ronment which is reflected by the residuals
< +/- 2×10-6 compared to the reference
values over the full measurement range.

Traceability of the SpectroMaster® mea-
surement results is guaranteed by the

careful final inspection using several PTB
certified reference prisms available at 
TRIOPTICS. 

Measurement Results

Measurement results for an S-BAL2 sample prism

Measurement report for comparison of SpectroMaster® measurement results with PTB certified values
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Each SpectroMaster® is delivered with
comprehensive certificates showing its
traceable measurement results within the
specification. 

This certification is repeated during instal-
lation at customer's site. On request, the
instrument can be delivered with a PTB
certified master sample for regular checks
by the customer. The below measurement
report demonstrates exemplarily the ex-
cellent instrument accuracy with Spectro-
Master® reproducing the PTB results within
<1×10-6. Unfortunately, all national labora-
tories certify only in a limited visual range.

The complete functionality of the Spectro-
Master® instrument is controlled by an inte-
grated Windows XP based software. It em-
ploys CCD-camera and photo detector
readout, including the full configuration of
attached amplifiers and controllers. With
the motorized SpectroMaster® model,
measurements can be performed fully au-
tomated over the complete spectral
range of the chosen detector and spec-
tral lamp. When for a certain glass type
the approximate refractive index is known
the software searches and measures au-
tomatically each programmed spectral

Main Instrument Control Dialog

Software



the spectral line profiles are automatically
scanned and the line center position is
determined with highest precision. The
complete motorization gives the maxi-
mum independence from operator skills
and makes repeatability in the range of
10-7 possible. However, it was proven that
the manual models could reach the same
high system accuracy due to precise
alignment indicators assisting the operator
in gaining maximum accuracy. 

Of course, the software generates a com-
plete and detailed measurement certifi-
cate. For further analysis, a MS Excel com-
patible output format is available, too.

line and gives a report on the actual index
values with highest accuracy. Additional-
ly, sophisticated tools allow the quick and
easy characterization of unknown glass
types, so that accurate refractive index
data can be obtained in a few minutes.
Of course, the software performs the cor-
rection of the measurement data to take
into account the ambient air refractive in-
dex depending on temperature and pres-
sure. 

In CCD camera measurements the soft-
ware relies on the approved image analy-
sis algorithms of TRIOPTICS PrismMaster®
and OptiAngle® instruments for the accu-
rate detection of spectral line positions. In
scanning photo detector measurements,

INSTRUMENT SOFTWARE

13

SpectroMaster® Measurement Certificate
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table or the high-class mirror optics and
the high-quality manufacturing with care-
ful inspection of all relevant parameters.
The instrument is available in both motor-
ized and manual version, where the mo-
torized goniometer is equipped with back-
lash free piezo motors of negligible power
dissipation for optimum thermal stability.

SpectroMaster ® HR Universal

The SpectroMaster® HR Universal is the
most accurate refractive index measure-
ment system currently on the market. This
precision is the result of ultra-high precision
components like the air bearing rotary

Complete setup of SpectroMaster® UV-VIS-IR HR with motorized goniometer

SpectroMaster®

SpectroMaster® Product Range



SpectroMaster® HR Compact

The SpectroMaster® HR Compact is using
refractive optics and is thus limited to the
visible spectral range between 436...
644 nm. 

PRODUCT RANGE
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The high accuracy of this instrument is
achieved by special focusing optics, so
that the telescope and the collimator can
be focused to best collimation at the spe-
cific measurement wavelength.

SpectroMaster® HR Compact in use®

SpectroMaster® HR Compact
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Summary of Specification

SpectroMaster® HR Universal SpectroMaster® HR Compact

Maximum Wavelength Range 195-2325 365-1014

Standard UV, VIS (visible), SWIR (short wave IR) VIS (visible)

Optional MWIR (mid wave IR), LWIR (long wave IR) NUV (near UV), NIR (near IR)

Apex Angle Measurement 
Accuracy

0.2 arcsec 0.5 arcsec

Refractive Index Measurement 
Accuracy

UV 195nm - 365nm 3x10-6

VIS 365nm – 1014nm 2x10-6

SWIR 1014nm – 2325nm   5x10-6
(Sample size at least 10mm)
(Temperature controlled to 0.1°)

VIS:   5x10-6
(Temperature controlled to 0.1°)

Collimator - off-axis parabolic mirror collimator
- adjustable target slit

Focusing refractive collimator

Autocollimator - off-axis parabolic mirror autocollimator
- geometric beam splitter

Focusing refractive autocollimator

Spectral lamp housing - mounting space for 9 spectral lamp
on a rotary stage for quick manual 
selection
- filter changer for 17 interference filters

spectral lamp housing for a single
(HgCd lamp)

Detector - CCD
- PbS for SWIR
- PMT for UV

CCD

Order Number 5-107-11 5-108-01

Goniometer

Ultra-high precision rotary air bearing, axial and radial run-out <0.05 µm,
high precision angular encoder
Measuring range +/- 100°,
Air supply unit

SpectroMaster® HR Universal Angle measurement accuracy 0.2 arcsec

SpectroMaster® HR Compact Angle measurement accuracy 0.5 arcsec

Motorized Highly dynamic backlash free piezo motor drive with negligible thermal dissipation

Manual Differential fine-pitch micrometer screw with software assisted adjustment help 



SUMMARY OF SPECIFICATION

17

Collimator

SpectroMaster® HR Universal • Off-axis parabolic mirror collimator

• Mirror surface quality better λ /10
• UV-enhanced coating

• Clear aperture 60 mm

• Focal length 600 mm

• Adjustable target slit

SpectroMaster® HR Compact • Focusing refractive collimator

• Clear aperture 50 mm

• Focal length 300 mm

Autocollimator

SpectroMaster® HR Universal • Off-axis parabolic mirror autocollimator

• Mirror surface quality better λ /10

• UV-enhanced coating

• Clear aperture 60 mm

• Focal length 600 mm

• Geometric beam splitter

• LED illumination

• High-resolution CCD camera

• (optionally) UV-enhanced CCD

• UV/IR detector mount with adjustable detector slit

SpectroMaster® HR Compact • Focusing refractive autocollimator

• Clear aperture 50 mm

• Focal length 300 mm

• LED illumination

• High-resolution CCD camera

Detectors (SpectroMaster® HR Universal only)

• 2-stage thermoelectrically cooled PbS detector incl. thermal controller, preamplifier and bias voltage supply 

Spectral range 1000...2325 nm

• Photomultiplier tube incl. voltage supply and low-noise preamplifier

Spectral range 185...320 nm

• UV enhanced CCD camera

Spectral range  250...1050 nm

• Signal detection by laboratory grade lock-in amplifier
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Spectral lamp housing

SpectroMaster® HR Universal • Mounting space for 9 spectral lamps on a rotary stage for quick 

manual selection

• Integrated rear reflector mirror

• Removable fused silica condensor optics

• Electronically stabilized chopper wheel

• Motorized filter changer for 18 interference filters (manual filter 

changer on manual goniometer models)

• Spectral lamp power supply

SpectroMaster® HR Compact • Spectral lamp housing for a single (HgCd)

• Spectral lamp power supply

• fused silica condensor optics 

Sample stage

Sample table with 3-axis (120°) tilt adjustment screws

SpectroMaster® HR Universal • Piezo drive linear stage for sample position adjustment
• Piezo drive rotary stage for sample rotation
• Rotary encoder for measurement of sample rotation angle

SpectroMaster® HR Compact • Precision manual linear stage for sample position adjustment
• Precision manual rotary stage for sample rotation
• Rotary encoder for measurement of sample rotation angle
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Number Wavelength (nm) Symbol Spectral lamp type

1 194,2nm Hg

2 253,7nm Hg

3 296,7nm Hg

4 312,6nm Hg

5 334,1nm Hg

6 365.0nm i Hg

7 404.6nm h Hg

8 435.8nm g Hg

9 479.9nm F´ Cd

10 508.6nm Cd

11 546.1nm e Hg

12 587.6nm d He

13 589.3nm D Na

14 643.8nm C´ Cd

15 706.5nm r He

16 852.1nm s Cs

17 1013.9nm Hg

18 1529,6nm Hg

19 1970,1nm Hg

20 2325,4nm Hg

Table of typical wavelengths for refractive index measurement
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