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1. INTRODUCTION

All geodetic systems utilizing electromagnetic waves in the visible or near IR-range must take
the characteristics of the medium into account in which propagation occurs. As more sophisti-
cated electro-optical systems for precision measurements are developed, more details of the
propagation medium and coevally solutions of atmospherically induced limitations will become
important.
Density variations in this propagation medium, i.e. in the air, due to spatial and temporal varia-
tions in the atmospheric states, e.g. temperature and pressure, cause inhomogeneities in the re-
fractive index field which lead to gradients in the refractive index of the air. Considering labora-
tory conditions the detrimental influences of the ambient air arise in the quasi-stationary gradients
which appear to have a large systematic component. These refraction effects induce discrepancies
in angle between the true and the apparent direction, which are called the refraction angles [see
Fig. 1].
Furthermore a contribution towards a turbulent atmosphere has to be made. In an indoor meas-
urement scenario larger turbulent structures with a long-lasting influence can cause similar effects
at low frequencies, as described above.
Hence the accuracy of the in-air alignment is not limited by the precision of the alignment systems
but by these inhomogeneities in the atmosphere that cannot be averaged out within reasonable
integration times [1].

Fig. 1 Dispersometer principle for deriving the angle of refraction in a dispersive medium.
The angles βblue and βIR depict the refraction angles for blue light and IR.



As a consequence a dispersometer for a metrological solution of atmospherically induced prob-
lems in high-accuracy optical alignment and direction observations is currently under construction
at the Institute of Geodesy and Photogrammetry of the Swiss Federal Institute of Technology,
Zurich (ETH). This design is capable of true, i.e. refraction compensated angle measurements, the
detrimental influence of atmospheric turbulence notwithstanding, by using the two-color method
in the dispersive air.
The principle of the two-color method utilizes the wavelength dependence of the refractive index.
The difference angle between two light beams of different colors is to first approximation propor-
tional to the refraction angle. Therefore, correcting the apparent direction by the refraction angle
one will get the refraction free direction, in terms of alignment tasks the desired straight line [see
Fig. 1]. However, the required accuracy can only be achieved by compensating the effects of at-
mospheric turbulence. In the currently developed dispersometer the same system will be capable
of compensating both effects.
[2] is credited for the original idea of using the dispersion on angular measurements. For the last
decades a large amount of research and development has been raised, but gaining inconclusive
results. Feasibility in applying the dispersion effect in context with an alignment system has been
shown by [1]. The ETH-dispersometer can be regarded as a further development of the WILD
dispersometer subsystem of the Rapid Precision Leveling System (RPLS) [3], [4], [5] using the
same detection optics (dispersion telescope) and a similar concept.
The major difficulties in instrumental realization arise in the availability of a suitable two-color
light source and a high resolution semiconductor detection system and lacking in an appropriate
turbulence compensation mechanism, not to mention the instrumental designs of the last decades,
see [6], [7], [8] for an overview.

2. THEORY

In this section a presentation of the essential theory related to the dispersometer concept will
be given.

2.1 Light propagation through the atmosphere

The light propagation as the propagation of an electromagnetic wave through the atmosphere
is described by the MAXWELL equations. For a purely monochromatic wave, e.g. single mode la-
ser radiation, in an isotropic inhomogenous medium the following second-order wave equation for
the electric field vector E results:
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where k is the wave number of the radiation and n depicts the local value of the refractive index of
the medium, e.g. air. Assuming no depolarization in propagation [9] one can neglect the third
term in (1):

∇∇ ++ ==2 2 2 0E Ek n (2)

Due to random n an exact solution is generally not possible. (2) is called the Helmholtz equation
which is the basis of the analysis by [1] for the complex amplitude of a component of the electric



field. Applying the geometrical optics approach by neglecting the finiteness of the wavelength,
one can derive the eikonal equation [10], a relation between the refractive index n in a point, e.g.
receiver, and the optical path length s  between an origin, e.g. the light source, and that point [11]

( )∇ =s n2 2 (3)

where s  is a scalar function of position. (3) is related to the FERMAT´s principle. An unified the-
ory of angular refraction is presented by [12] on the basis of a solution of the eikonal equation by
means of expansion by power series. From this analysis follows that the refraction angle in hori-
zontal direction and the vertical refraction angle as functions of the refractive index and its partial
derivatives can be described by
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taking only first order terms into account. Wherein α is the horizontal and β the vertical compo-
nent of the refraction angle, s the distance between light source and receiving unit along the X-
axis. The introduced coordinate system can be exemplified in Fig. 1. The X-axis is oriented in di-
rection light source - receiving unit. The Z-axis represents the vertical axis. In this paper the the-
ory by [12] is accepted. The procedures presented by [1] are equivalent to the geometrical optics
approach.

2.2 Dispersometer principle

The index of refraction can be expressed as the product of two terms:

n F(x,y,z)−− ==1 µ ω( ) (6)

where the first factor µ depends on the frequency of radiation, i.e. on the wavelength used. It re-
mains constant for a selected light source emitting a certain wavelength. F is a function of the
density distribution of the propagation medium. The wavelength dependence of the refractive in-
dex is called dispersion, whereas air is a dispersive medium. The spatial dependence can be writ-
ten in terms of the atmospheric states. Therefore (6) writes

n f (p T) f (e T)−− == ++1 1 2 2µ λ µ λ( ) , ( ) ,  1 (7)

wherein µ1 and µ2 are the dispersive terms and f1, f2 depending on the local temperature T, the
pressure of the air p and the water vapor pressure e. For dry air (e = 0) the second term on the
right hand side of (7) vanishes. Introducing (7) one can find for, e.g. the vertical refraction an-
gle (5)
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Setting up (8) for both wavelength the vertical dispersion angle writes
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wherein the first integral on the right hand side can be expressed by
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Inserting (10) into (9) and neglecting the second terms respectively which represent the correction
due to water vapor, one finds the relation between the observed dispersion angle and the refrac-
tion angles for dry air in a representation related to the blue light refraction angle
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Regarding that the first factor on the right hand side of (11) represents a wavelength dependent
constant, one can use the short form notation

β ν β β ν βblue blue IR== −− ==  (   ) .∆ (12)

Analogue results can be obtained for the calculation of the horizontal refraction angle. Exchang-
ing the sign of the refraction integral in (5) the results given by [3], [1] in a slightly different
analysis and representation can be obtained. The analysis shows that to this degree of approxima-
tion the refraction angles depend no longer on the atmospheric state conditions along the actual
path. The wavelength dependent constant ν, the reciprocal dispersive power [8] in accordance
with [10], can be derived by laboratory measurements, e.g. using the dispersion formula by [13].
(11) and (12) imply that the dispersion angle has to be measured at least 43 times more accurate
than the desired refraction angle for the wavelengths used in the ETH-dispersometer. Herein this
required accuracy constitutes the major difficulty for the instrumental performance in applying the
dispersion effect.
Equations (11) and (12) assume dry air (e = 0). For deviating ambient conditions a small humidity
correction term has to be introduced. Theoretically the uncertainty due to the humidity term could
be canceled by introducing a third wavelength [14], [6]. From a metrological point of view this
approach is not feasible, because the resolution of the detection unit, which already reaches the
technological limits, has to be increased by at least a factor of the order 102. However in case of
an indoor alignment system the uncertainty due to water vapor gradients is not a critical issue.
Considerations of the humidity contributed correction are given in the analysis of [6], [8], [11],
[14], [15].



To describe the envisaged turbulence compensation in an indoor measurement situation, it seems
to be favorable to discuss the turbulence structures in an heuristic way [16], [17]. Dividing the
turbulent atmosphere into regions of varying refractive indices one will get a bubble-like structure
of varying sizes and densities [3], [4]. Because of the aforementioned detrimental larger turbulent
structures at low frequencies, which are expected to prevail in a laboratory environment, the am-
bient medium can be regarded as a lens-like medium. This signifies that a narrow beam will be
tilted and deflected, rather than distorted, in terms of wavefront deformation, which appears to be
similar to the effects due to quasi-stationary refractive index gradients. Therefore, the same
scheme is able to compensate both effects [1], [3], [18].
However, the stochastic influences of atmospherical turbulence can be significantly reduced by
extending integration time, which is possible using a semiconductor detection system. For further
details see the simulations given in [3], [4].
For applying the two-color method the choice of the appropriate wavelength pairs plays an im-
portant role. Herein boundary values are determined by the two color theory, atmospheric propa-
gation properties and by instrumental features, see section 3. Moreover the availability of a suit-
able dual-wavelength light source is the specifying factor.
In contradiction to the hitherto prevalent opinion, where the separation of the two wavelengths
should be arranged as far as possible, a more detailed analysis has to be reviewed. An important
assumption induced in the two wavelength theory is the necessity of the same optical paths for
both wavelengths. The wider the spectral span and coevally the more this span is shifted towards
the UV-range the larger is the amount of spatial separation for both beams. This implies on the
one hand the wavelength dependent constant ν decreases and the accuracy of determining the dis-
persion angle by constant resolution of the detection system increases. On the other hand a limit
for the spectral separation due to the requirement of highly correlated beams with respect to
variations of the refractive index along the path is introduced. As an expansion of the theory by
[12], [14] and [19] consider the decorrelation of the two optical paths, but latter as an application
of range correction. Furthermore details of transmission through the medium have to be taken
into account. In the IR-range an atmospherically induced limitation is given by water vapor ab-
sorption. For this reason the longer wavelength must not coincide with an atmospheric absorption
line. Towards the UV ozone absorption and atmospheric scattering increase [20]. Utilizing optical
and electro-optical devices, their spectral range and sensitivity have to be taken into account for
an optimum performance. For example using a single mode fiber to cut off high-order modes the
frequency range is previously determined by the numerical aperture (NA) and the cut-off fre-
quency, i.e. the shortest wavelength at which single mode propagation will occur within the fiber.
As mentioned above the most decisive value arises from the availability of the light source. Laser
diodes, recommended because of their advantages of high efficiency, compact size, long lifetime
and low cost, are available over a wide wavelength range from 630 nm to 2000 nm. Although a
large amount has been put into research, and considerable improvements have been made, e.g.
[21], it is still a long way for blue semiconductor lasers to become reliably operating devices [22].
An alternative compact laser source, which has the inherent dual-wavelength opportunity, is based
on frequency conversion in bulk nonlinear crystals. Meeting the requirements for the phase
matching conditions of a potassium niobate (KNbO3) waveguide, the 860 nm for the fundamental
wave and so the 430 nm for the second harmonic wave are a fairly optimized choice for a disper-
someter.
The initial quantities of observation, the dispersion angles in the horizontal and vertical direction
appear as the horizontal and vertical displacement components on the semiconductor detection



system in the focal plane of the dispersion telescope. Knowing the exact focal length f of the tele-
scope one can calculate, e.g. the vertical dispersion angle ∆β with the relation given for a small
angle

∆β ==
−−y y

f
blue IR . (13)

In (13) yblue and yIR are the displacement components in vertical direction assuming the y-axis of
the detector coordinate-system is aligned to the Z-axis. And thereof using (12) finally, e.g. the
vertical refraction angle βblue  for blue light can be obtained.

3. DESCRIPTION OF THE SYSTEM

In this report a state of the art dispersometer concept will be introduced as a further develop-
ment of the RPLS dispersometer subsystem. Herein solutions for the most critical issues on the
instrumental side, the suitable dual-wavelength light source and the high resolution semiconductor
detection system, will be proposed and their envisaged performance discussed. Generally one can
divide the dispersometer into two components, the light source, see subsection 3.1, and the de-
tection unit, see subsection 3.2.

3.1 The ETH-dispersometer light source

The core of the ETH-dispersometer light source [see Fig. 2] is the dual-wavelength laser gen-
erating blue light by frequency doubling of a semiconductor laser diode in a bulky KNbO3

waveguide [22]. For applying the dispersion effect a laser by second harmonic generation is ide-
ally suited and leaves the problem of wavelength mixing.
The new developed laser generates 3.5 mW IR at 860.5 nm and 4.2 mW blue light at 430.25 nm.
The decisive parameters, the wavelengths, have been measured with an accuracy of 0.1 nm at
860.5 nm. The output power was determined after passing the first dichroic beam splitter, as de-
scribed below. A follow-up version will generate 10 mW blue light at 430.25 nm. The IR-portion
(maximum value 500 mW) can be lowered to the same value. Further specifications are listed in
(Table 1).

Wavelength 860.5 nm, 430.25 nm
Output power, cw 3.5 mW @ 860 nm, 4.2 mW @ 430 nm
Spatial mode TEM00

Beam quality, M2 < 1.2 for blue light
Beam diameter, 1/e2 intensity 0.7 mm
Polarization 430 nm vertical, 860 nm horizontal
Operating temperature range 15 - 30 °C

Table 1 Specifications of the dual-wavelength laser



The limited temperature range can be expanded by introducing a more expendable cooling
mechanism or shifted by optimizing the set-up for a different temperature range. The complete
light source is installed in a box, noting the laser radiates 4 W of heat that has to be lead away.

Fig. 2 Schematic drawing and realization of the ETH-dispersometer light source

The specifications of the dispersometer related to the detector electronics require a magnitude
agreement of 1 % between the blue and the IR-radiant fluxes. To meet these requirements and
also due to a non-ideal second harmonic generation efficiency, the power of the fundamental fre-
quency has to be lowered. For coarse adjustment a dichroic beam splitter is mounted to the beam
output. A second attenuator which is optical filter based will adjust both beams to equal intensity
as a function of the path length because of propagation losses due to extinction, absorption and
scattering. Furthermore it is proposed to replace the second attenuator by a dichroic beam splitter
in order to significant less power losses by absorption as the one which is mounted to the laser.
Due to the detection scheme it is required to send the beams alternately. The correlation of the
two optical paths demands a separation rather in time than in space. Therefore the chopping unit
provides intensity modulation and wavelength selection as well. Wavelength selection is achieved
by optical Schott glasses BG39 and RG780. With a thickness of the filter glasses of 4 mm a



blockage of more than 105 (40 dB) results, so that evidently no crosstalk between blue and IR oc-
curs. Integrating the chopping unit into the light source will preserve several advantages. First of
all vibrations due to a non-perfectly balanced chopper wheel will not effect the detection scheme.
Another source of errors prevented is tilting of the filters in the filter wheel. By placing the chop-
ping unit in front of the detector optics a small random tilt on each filter plate will produce a ran-
dom displacement in the focal plane of the receiving optics [18]. The filter wheel with constant
angular speed generates a temporal intensity modulation with a frequency of 250 Hz for each
color. Herein the chopping frequency can be adjusted to the turbulent conditions, e.g. the turbu-
lence frequency. In Fig. 3 the temporal intensity modulation for IR is depicted, the axis of abscis-
sae dimension is in time per division, the axis of ordinates represents volt per division. This refer-
ence signal has been measured using an IR-light emitting diode and an appropriate photodiode
directly on the filter wheel with a Tektronix THS 720 oscilloscope.

Fig. 3 The temporal intensity modulation for IR at a frequency of 250 Hz

The periods when neither blue nor IR are transmitted are used in the detection scheme for back-
ground and off-set measurements. For a color detection a reference signal via cable connection to
the receiver unit is proposed. On a future stage an alternative synchronization scheme, e.g. by
modulation of polarization, will be introduced.
After passing the filter wheel the two chopped beams are focused into a single mode fiber coupled
by an optical fiber coupling system. Due to the introduced filter schemes both radiant fluxes are
well adjusted. Therefore, an optimized coupling efficiency for both wavelengths will be precipi-
tated. The single mode fiber, initially designed for an optimum coupling of the HeNe-laser radia-
tion of 633 nm, with a cut-off wavelength of 420 nm, a core diameter of 2.5 µm and a cladding
diameter of 130 µm, has been chosen to obtain a quasi-single mode propagation for both wave-
length, i.e. to cut off high-order modes. A qualitative analysis of the beam image at the fiber end
acknowledges single mode propagation and a good beam quality. To avoid detrimental backscat-
tering that will make the semiconductor laser diode lase on different lines off the linewidth of the
phase matching condition of the SHG-crystal, all optical components must not be aligned or-
thogonal to the incident beam. Therefore, a small angle of 7° is polished onto the fiber end. Be-
sides homogenizing the laser beams using fiber optics will preserve several advantages, although
launching in fibers is not possible without damping. The pointing of the sending optics is inde-



pendent of beam fluctuations and the size of the emitting optics is quite independent of the size of
the light source. Furthermore the light source and the emitting optics are physically separated.
Thus vibrations caused by the chopping unit will hardly effect the beam quality.
In the emitting scheme the same magnification for the two wavelengths is required to obtain one
image plane for both colors. Otherwise a parallax would occur. Therefore, the emitting telescope
at the fiber output consists of an achromatic well-corrected collector lens with a focal length of
8.8 mm. Moreover the essential requirement of coincidence of the centroids at both wavelengths
can be met. In order to align the light source by moving in horizontal and vertical directions, the
emitting telescope is mounted between the standards of an existing theodolite. The length of the
telescope is calculated with the aim that the virtual images of the light source appear in the stand-
ing axis.

3.2 The receiving unit

After traveling along the optical path through the atmosphere both wavefronts are collected
by an especially calculated dispersion telescope. The focal length of about 300 mm, by an assem-
bly length of 260 mm, is determined by two boundary values. On the one hand this is the size of
the detectable light spot blurred due to turbulence and on the other hand the detection accuracy
which increases with increasing focal length (13) to a certain value limited by mechanical stability.
Furthermore the dispersion telescope should not be much bigger than an ordinary theodolite tele-
scope, planning to install both components in existing motorized theodolites. The ratio of the fo-
cal lengths for blue and IR is adjusted to dispersive conditions of a standard atmosphere. There-
fore the same focal plane for both wavelengths can be obtained. With an additional lens combina-
tion one can adjust the appropriate dispersion of the optical system. The maximum entrance pupil
of 75 mm can be reduced for experimental purpose, e.g. by analyzing the functional dependence
of the turbulence compensation mechanism on the aperture size. The lens system is very precisely
centered using wafer stepper objective technology by WILD [see Fig. 4].

Fig. 4 Dispersion telescope mounted on a WILD T2 theodolite,
additionally the dispersion telescope is rotatable around its optical axis.



Related to the theory proposed in section 2, the smallness of the wavelength dependent constant ν
implies that the dispersion angle has to be determined 42.6 times more accurate than the required
refraction angle. Because of this reason the semiconductor detection system has to be capable of a
resolution of better than 0.03 µrad assuming a refraction angle in the order of 1 µrad. This means
a displacement resolution on the detector of approximately 10 nm by a predetermined focal length
of 300 mm of the dispersion telescope. The semiconductor detection system is located in the focal
plane of the dispersion telescope. In the ETH-dispersometer we are using a 4-quadrant position
sensitive photodiode with an appropriate amplifier, which transforms the photocurrents induced in
the quad-cell into electric potentials, to evaluate the blue- and IR spot displacements directly after
the detector. Although the used position sensitive detector is a quad-cell photodiode type the
quantum mechanical properties of the initially non-dotted small gap performing as a lateral de-
tector are utilized [see Fig. 5].

Fig. 5 Schematic drawing of the semiconductor detection scheme

Taking into account the dispersion of the telescope, due to not using a telescope of a Cassegrain-
type, and the dispersion of the semiconductor-detection system as well a small correction can be
computed. Furthermore an adjustment of the dispersion of the optics to that of the atmosphere is
possible.
The ETH-dispersometer is one monolithic system. That means, with the exception of the wave-
length dependent drifting and the wavelength dependent absorption depth on the photodiode, all
impacts will affect both signals.
The data acquisition and processing system adapted to the emitting unit provides an in situ calcu-
lation of the dispersion angles, the pointing accuracy as a function of the integration time, power
spectra of the dispersion angles and of the angle fluctuations at both wavelengths, the correlation
between the two colors and the structure function of the refractive index derived from angle-of-
arrival fluctuations [23].



4. APPLICATIONS AS A HIGH-ACCURACY ALIGNMENT SYSTEM

The feasibility study by [1] has shown that indoors discrepancies between true and apparent
directions due to the ambient air can be reduced to less than 0.2 µrad using an integration time of
10 s. This means an alignment deviation of the refraction-corrected vertical direction to 4 µm at
the distance of 20 m. Because the RPLS dispersometer subsystem has initially been designed for
trigonometrical heights transfer, it has not been capable to deliver the horizontal and the vertical
refraction angle simultaneously. With the use of a four-quadrant position sensitive photodiode in
the ETH-dispersometer a two-dimensional refraction compensation is provided. This is highly re-
quired in high-accuracy alignment tasks. Assuming pointing towards the true direction, which rep-
resents the straight line to align to, slight deviations due to inhomogeneities in the field of the re-
fractive index can be corrected by applying the proposed dispersometer principle. Refraction cor-
rected optical alignment seems to be possible preserved by the fact that indoors no strong humid-
ity gradients arise which cannot be compensated directly by applying the dispersion effect, other-
wise correction terms have to be introduced.

5. CONCLUSION

Due to atmospherically induced limitations optical in-air alignment has not met the severe ac-
curacy demands in connection with accelerator alignment [24]. One has either given up the appli-
cations of optical alignment systems or these systems have been installed in evacuated tubes.
Furthermore the mechanical alignment systems are not influenced by the ambient air in terms of
atmospherical refraction and turbulence, but will be affected by different impacts [24], [25]. Aside
from this fact, the determination of vertical deviations by using a mechanical reference line under-
lies certain restrictions [25]. In respect of the highest accuracy requirements mechanical alignment
systems will also be installed in at least closed tubes [24], [25].
With an alignment system based on the dispersion effect, as proposed in this paper, new possibili-
ties in optical in-air alignment are given. Especially when one considers the fact that a disperso-
meter delivers refraction free direction integrally. That means evacuated tubes can be regarded as
superfluous.
The ETH-dispersometer is designed to overcome the instrumental difficulties that arise in apply-
ing the two-color method, in an environment that is not affected by large humidity gradients, the
concept works, especially for short and medium distanced sight lengths as given in the proposed
projects. Encouraged by the results of [1], [3], [4] the size of the dispersometer can be small in
contradiction to the previously prevalent opinion [26]. Therefore it is proposed to install both
components in existing motorized theodolites. In the scope of the development of the ETH-
dispersometer a comparison to the results, especially of [1] and reproduction of the former ex-
periments is envisaged in order to gain further knowledge about light and IR-propagation through
the atmosphere for geodetic applications.
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