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Abstract 
This report describes an extensive data set on the refractive index of ZnSe that provides 
full high resolution coverage of the CRIRES operating range in both wavelength and 
temperature. By combining our prototype instrument model of CRIRES with these data 
our project to provide wavelength calibration for IR Echelle spectrographs (WIRE) has 
reached an important milestone and is ready to support the laboratory test phase of 
CRIRES. The data have been taken at the CHARMS facility at Goddard Space Flight 
Center and are available to us by a special agreement between ECF’s Instrument 
Physical Modeling Group (IPMG) and CHARMS/NASA. Analysis of the ZnSe data 
provides additional insight into the expected properties of CRIRES and indicates how 
one can optimise instrument operations. This report also demonstrates the use of such 
data within the optical model (Bristow et al. 2005) and illustrates how the model and 
its predictive power can be tested and validated using dedicated test measurements to 
be obtained from ESO’s integration laboratory.  

                                                
† The data on the refractive index of ZnSe described in this report were measured by D. Leviton and B. 
Frey at CHARMS (NASA/Goddard SFC). 
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1.  Wavelength Calibration for IR Echelles (WIRE) 

In June 2004 ECF and ESO’s Instrumentation Division (INS) and Data Management 
Division (DMD) agreed on project WIRE by which the expertise of the IPMG would be 
used to contribute to the 2-D wavelength calibration of CRIRES. The mutually agreed 
work plan calls for the development of an optical model describing the optical elements 
of the spectrograph based on engineering information. This model will then be used to 
support the laboratory testing and qualification of the instrument. In order to deliver a 
high fidelity description of the spectrograph the model requires input data of compatible 
quality. 

2.  Background 

CRIRES is a cryogenic IR Echelle spectrograph covering the wavelength range 950 – 
5300 nm at high spectral resolution (Rmax~100,000). Pre-dispersion is achieved by means 
of a massive, reflective ZnSe prism (Fig. 1) with a wedge angle of 15° and a length of 
about 150 mm used in double path (Delabre 2001). ZnSe is one of the few materials that 
provide both transparency and sufficient dispersion over the operational wavelength of 
CRIRES. Its high index of refraction is a function of both wavelength and temperature. 
For further details of the instrument’s design see the CRIRES Optical Design Report 
(Delabre 2001).  
While the refractive index at room temperature is known with reasonable accuracy, data 
at cryogenic conditions are restricted to a few wavelengths. Furthermore, significant 
scatter between individual samples of the same material from different manufacturers or 
produced at different times have been reported in the literature.  
In the case of CRIRES a variation of a few parts in 10-5 corresponds to 1 pixel on the 
detector array. Therefore knowledge of the properties of ZnSe with a compatible level of 
accuracy is needed as input for the efficient use of instrument modeling techniques. 
 
More information about the instrument modeling approach can be found in Rosa et al. 
(2005), while the current version of the CRIRES model is described in Bristow et al. 
(2005). 
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Figure 1: Picture of the ZnSe prism used as pre-disperser in CRIRES. It has an apex angle of 15° 
and a length of about 150 mm. 

3.  Data previously available from the Literature 

The properties of optical materials are relevant for many applications and measurements 
of the index of refraction are available for many materials (Feldman et al. 1979, Harris et 
al. 1977, Li 1984, Hoffman et al. 1991). It is common practice to approximate the 
dispersive properties by a Sellmeier polynomial description:  
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in which each term in the summation represents an absorptive resonance. The coefficients 
Si and λi are their strengths (polarizabilities) and wavelengths, respectively (Tropf 1995, 
Hawkins 1998). In that sense a Sellmeier solution aims for a representation of the 
physical processes involved in the interaction of light with the optical material. In 
practice though, a very accurate description of the dispersion can be achieved by using 
only a few terms. Usually, absorption from electron transitions is described by two terms 
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in the ultraviolet while absorption involving lattice vibrations is accounted for by one 
term in the far IR. As a consequence, the many physical resonances present in the optical 
material (Hawkins 1998) are in fact represented by these three terms. While such a 
Sellmeier solution is very helpful, it can no longer be considered a physical description 
but is a mathematical fit useful for interpolating between the actual measured data. 
Furthermore, the coefficients do not represent a unique solution and can e.g. be 
influenced by the wavelength range covered by the experimental data from which they 
are derived (Feldman et al. 1979, Tropf 1995); see also appendix A. Therefore the 
agreement between model and laboratory measurements tend to be good when the latter 
are of high quality and densely sampled, as is the case at ambient temperatures. At 
cryogenic temperatures measurements are scarce and restricted to a few wavelengths, 
hence agreement between measurements and the models is less satisfactory. 

In order to alleviate this situation, and in preparation for the development of ISAAC, 
ESO issued a contract in 1995 to Optical Sciences Center (OSC) of the University of 
Arizona to conduct dedicated measurements and resolve some of the uncertainties. Their 
(unpublished) results (Palmer 1995) again show significant differences (up to a few 10-3) 
with respect to other published values and models. These differences have again been 
attributed to intrinsic differences between different samples but the presence of 
systematic errors has not been ruled out. 
A compilation by Feldman et al. (1979) demonstrates that significant differences can 
exist between different samples of the same material. The refractive index of two ZnSe 
prisms manufactured three years apart (Dodge & Malitson 1976) differed by a few parts 
in 10-4 in their measurements done at the US National Institute of Standards and 
Technology (NIST). Given the accuracy needed for the optical model of CRIRES a 
comprehensive study covering the wavelength and temperature range relevant for 
CRIRES was highly desirable. Ideally, one would like to measure a sample ZnSe prism 
made from the same batch as the CRIRES pre-disperser prism, but such a sample is not 
available. The prototype CRIRES instrument model developed by WIRE shows that 1 
pixel on the detector corresponds to a ∆n of ~2·10-5 at a wavelength of 1600 nm. 

4.  Cryogenic High-Accuracy Refraction Measuring 
System (CHARMS) 

CHARMS is a vacuum facility equipped to measure the refractive index of small sample 
prisms of optical material using the minimum deviation method (Leviton & Frey 2004). It 
is located at NASA’s Goddard Space Flight Center (GSFC) in Greenbelt, MD. It has been 
designed to achieve very high accuracy and to operate in a temperature range from 
ambient down to cryogenic. CHARMS has been operational since summer 2004 and has 
demonstrated its ability to measure the refractive index at cryogenic temperatures with an 
accuracy of a few parts in 10-5 at this point.  
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By a special agreement between NASA/ GSFC and ECF’s IPMG the relevant ZnSe data 
have been made available to the WIRE project prior to publication. The data products 
provided by CHARMS contain measurements of the refractive index in tabulated form as 
well as a 2nd order polynomial description of the measured values, the spectral dispersion 
dn/dλ, and the thermo-optical coefficient dn/dT. 
 

4.1. CHARMS Measurements at ambient Temperature and Comparison 
with other Results 
The complete evaluation of the data on the refractive index n and its temperature 
derivative dn/dT measured at CHARMS will have to await the detailed report of our 
colleagues at Goddard (Leviton & Frey, in preparation). Here we restrict ourselves to a 
short description of the results and compare them to data from the literature, see also 
appendix B. Furthermore we have only looked into aspects that bear directly on the 
application of the data to the CRIRES model (Bristow et al. 2005) in the WIRE context. 
Keeping in mind the preliminary nature of the analysis we report the following findings 
with reasonable certainty: 
 

• Comparison of the result for the two ZnSe samples measured at CHARMS shows 
agreement at the level of 3·10-5 over the full wavelength range considered (500 – 
5500 nm) indicating that the refractive indices of the two are practically 
indistinguishable at the precision provided by CHARMS (Leviton & Frey, 2005 
private communication). Deviations between the two prisms tend to be larger at 
shorter wavelength where the influence of the absorption edge at about 476 nm is 
being felt. This to be expected since small differences in the material properties 
will affect the exact location of this absorption edge. Also, the thermo-optical 
coefficient dn/dT is larger at shorter wavelengths (Figure 9) resulting in more 
stringent requirements for temperature control and stability of the experimental 
set-up. The two prisms used at CHARMS have been provided by the same 
manufacturer and are possibly from the same manufacturing batch. If this is 
confirmed the two samples show that the manufacturing process provides for 
homogeneity at least at the 10-5 level, which is consistent with the general claim 
by manufacturers that homogeneity within a sample is of the order of a few 10-6. 

 
• Measurements done at NIST by Feldman et al. (1979) 25 years ago report a 

systematic difference between their two samples of about 3·10-4 over virtually the 
same wavelength range. Since their internal accuracy is about 3·10-5 this 
difference is highly significant. Noting that their prisms were manufactured three 
years apart they suspect that the material properties scatter at the few 10-4 level 
between different samples and/or manufacturers. A pre-cursor study by Dodge & 
Malitson (1976) gives some examples for such differences by comparison with 
earlier studies. 
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• A comparison between the results from CHARMS and NIST yields a systematic 

difference of 3.4·10-4 ± 2.4·10-5 (1500 – 5500 nm); see figures 2 and 3. For proper 
comparison we have averaged the values from the two samples in both cases, and 
we have interpolated to a common temperature of 293.5 K. This demonstrates that 
both experiments have achieved the claimed internal accuracy. Since NIST 
reported a very similar variation between its two samples manufactured 3 years 
apart it is reasonable to assume that similar differences will exist between samples 
made more than two decades apart. Still one should not exclude the possibility 
that even carefully designed and controlled experiments may be prone to subtle 
differences that could lead to systematic differences of the order of a few parts in 
10-4.  

 
• We have also used a list of index values provided by several manufacturers on 

their websites. Since these values are identical across the companies we suspect 
that they are from a single source of measurements. Unfortunately, this source is 
not identified and no reference or publication is given. The result of this 
comparison has therefore to be treated with significant caution. We find 3·10-4 ± 
2·10-5, very similar to the scatter found between the CHARMS and the NIST 
samples. A very small sample of refractive index data published by Melles Griot 
shows a systematic offset of -1·10-3 ± 4.5·10-4. Given their limited accuracy this is 
also compatible with the CHARMS data. 

 
• The data provided by OSC in 1995 yield a systematic difference of 2.7·10-3 ± 

3·10-4 (1000-5000 nm) with respect to the new CHARMS results (Figs. 2 & 3). 
The authors, at the time, cited scatter in the properties of ZnSe procured from 
different vendors as a possible explanation for the difference between their results 
and previously published data (Li 1984). While an unfortunately large variation in 
the optical properties of the OSC samples could possibly explain such a large 
difference, we suspect that a significant systematic error in their experimental 
process is at least contributing to the observed discrepancy. Note that OSC gives 
an accuracy of ± 5 K for their stability at ambient temperatures. Figure 9 shows 
that dn/dt reaches values of 10-4/K at shorter wavelengths and ambient 
temperatures. This limited temperature control may therefore introduce significant 
uncertainty in the measurements of the absolute values of the refractive index n.  

 
• In summary, we conclude that the CHARMS data are of excellent quality and 

reach an internal accuracy of 2·10-5 over the wavelength range relevant for 
CRIRES. We observe that at ambient temperatures the results between CHARMS 
and the best literature data measured 25 years ago at NIST are in reasonable 
agreement. From comparison with several data sets available from the literature 
we find that the scatter in the refractive index of different samples of ZnSe can be 
as large as a few parts in 10-4, a fact one needs to keep in mind for application of 
the CHARMS data to CRIRES. 
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� Figure 2: Measurements of the index of refraction of ZnSe from CHARMS and other sources for 
comparison. Shown is a subset of the data covering the operating range of CRIRES at ambient 
temperature. 

 

 
 

� Figure 3: This close-up illustrates that the results from CHARMS, NIST and industry are in 
reasonable agreement (error bars are about the size of the symbols). While no rigorous statistical 
analysis is possible the available data suggest that different samples of ZnSe from different 
sources will show a scatter of a few parts in 10-4. In contrast the results from OSC seem to be 
systematically low. 

 



 8 

4.2. CHARMS Measurements at cryogenic Temperatures and Comparison 
with other Results 
As stated before, the amount of literature data available for comparison at cryogenic 
temperatures with the results from CHARMS is very limited. We still attempt to gain 
some insight into the variations of refractive index data at cryogenic temperatures since, a 
proper characterization of the pre-disperser ZnSe prism is highly relevant for the 
operation of CRIRES and for the application of instrument modeling techniques to this 
instrument. 
 

• Comparison with NIST is possible at selected wavelengths only, and yields 
offsets of 7·10-4 at 1150 nm and of 4·10-4 at 3390 nm, respectively (Figs 4 & 5). 
Note that these values do have significant uncertainties since the NIST 
measurements extend to 93 K only, and we had to extrapolate them down to 75 K. 
Furthermore the NIST work at low temperatures did not measure the index of 
refraction directly. Instead they provide values of dn/dT derived from 
measurements of the thermal expansion coefficient and the shift of interference 
patterns as a function of temperature (Feldman et al. 1979). Still these data points 
combined with the experience from ambient temperature provide a valuable check 
of the consistency of the results and the scatter between different samples. Note 
that a variation of a few parts in 10-4 corresponds to a change in position on the 
detector of order 10 pixels in CRIRES. 

 
• The OSC data taken at 77.4 K show an offset of 2.8·10-3 ± 3·10-4 (Figs 4 & 5) with 

respect to the CHARMS results at 75 K. Since they give an accuracy/stability of 
±2 K and because of the large difference that corresponds to about 40 K, we did 
not make an attempt to correct for this small offset in temperature. This difference 
is almost identical to the one observed at ambient temperature. Given the fact that 
the dn/dT varies by about 30% between 293 K and 77 K this suggests that a 
systematic error is responsible for the low values of the OSC data. 

 
• In conclusion, the cryogenic data provided by CHARMS provide a high quality, 

high resolution basis for the application of the WIRE model across the full 
CRIRES operating range. The unprecedented coverage of the CHARMS data in 
temperature (15 K – 310 K) will establish it as the new standard with which future 
measurements will be compared. The limited comparison possible suggests that 
the variation in refractive index between samples can be expected to be of the 
order of a few 10-4 equivalent to order of magnitude 10 pixels on the CRIRES 
detector. A better understanding of the variations between samples is desirable 
and CHARMS plans to obtain additional measurements of more samples in order 
to be able to gain some statistically significant estimate of the possible scatter. 
The OSC data seems to be affected to some systematic error and it would be very 
interesting to re-measure the samples used by OSC at CHARMS.            
Similarly, for the design and operations of other instruments it will be beneficial 
to characterise the materials used, to the level of accuracy provided by CHARMS, 
and to apply this knowledge in a model based approach. 
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� Figure 4: Measurements of the index of refraction of ZnSe from CHARMS and other sources for 

comparison. Shown is a subset of the data covering the operating range of CRIRES at ambient 
temperature and at a temperature representative of CRIRES operations. 

 
 

� Figure 5: This close-up illustrates that comparison between CHARMS and previous results from 
the literature is extremely limited. The one data point extrapolated from NIST data is in 
reasonable agreement (error bars are about the size of the symbols) given the known scatter 
between different samples of ZnSe.  Note that the offset of the values from OSC is equivalent to a 
40 K difference in temperature. 
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5.  Comparison with Tropf model 

The Sellmeier solution presented by Tropf (1995) is largely based on the data published 
by NIST. Hence, a comparison with CHARMS at ambient temperatures only shows the 
difference in the measured data used. The comparison at 75 K is more interesting since it 
also provides a test on the validity of the Sellmeier approach that relies on a rather 
densely sampled data set obtained at ambient temperature combined with data obtained at 
a few wavelengths and lower temperatures. 
We find an average offset of 5.7·10-4 ± 2.3·10-5 (1200 – 5400 nm) which again agrees 
well with the differences observed in the data (Figure 6). We confirm that Sellmeier 
coefficients do provide a valuable description of the index of refraction of optical 
materials within the range for which data are available. 
Note that the much expanded data set provided by CHARMS should allow for a much 
better description of the index of refraction of ZnSe using Sellmeier coefficients (Tropf 
1995, Tatian, 1984, Gosh 1997). For the interpolation between measured data points and 
the optimal application of the CHARMS data in the WIRE instrument model for CRIRES 
it may be practical to derive an improved Sellmeier solution based on the complete 
CHARMS data set. Appendix A contains the results of a first such attempt which 
provides solutions at a few discrete temperatures relevant for CRIRES. 
 

 

 
 

� Figure 6: Comparison of CHARMS measurements and a Sellmeier model solution by Tropf 
(1995) based on NIST data. For this graph we extrapolated the model beyond the range 
supported by these data. Still the model successfully describes the slope of the dependency. 
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6.  Application of the CHARMS ZnSe data within the 
CRIRES instrument model  

The refractive index of ZnSe at cryogenic temperatures is a key ingredient for the 
successful use of the CRIRES instrument model (Bristow et al. 2005, Rosa et al. 2005). 
The high quality data provided by CHARMS are fully adequate for the purpose of 
establishing a realistic description of the performance of the pre-disperser prism in 
CRIRES. Figure 7 illustrates the well-known fact that dn/dλ is much larger than dn/dT 
also at the lowest temperatures making ZnSe suitable for use in a cryogenic spectrograph. 
 

 

 
 
� Figure 7: Index of Refraction of ZnSe as a function of wavelength (540 – 5600 nm) and 

temperature (15 K – 310 K). The variation is smooth in both wavelength and temperature but 
slopes are variable.  

 
During routine operations CRIRES will be - at any given instance - in one instrument 
configuration depending on wavelength selected, the exact parameters of the optical 
components, and environmental conditions. Since the spectrograph is located within a 
cryogenic vacuum vessel the influence of the outside environment is minimized and 
conditions within the vessel will be actively controlled.  
In a simplified picture (all other things being equal), CRIRES will therefore always 
occupy a location on the surface of the refractive index of ZnSe and during routine 
operations this location will move across the full parameter space along the wavelength 
axis when operating at various central wavelengths, while making only minimal changes 
along the temperature axis in Figure 8. 
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� Figure 8: Parameter space of CRIRES during operations. Any given configuration of CRIRES 

(black diamond) can be described as a location on the sloping surface of the refractive index data 
of the ZnSe (pre-disperser prism), which is dependent both on wavelength and temperature. 
During routine operations CRIRES will freely move along the wavelength axis as it is operated at 
different central wavelengths. Movement along the temperature axis is minimized by active 
temperature control. The WIRE instrument model in combination with the ZnSe data is able to 
both deduce and predict actual instrument configurations and their location in the diagram. 

 
The instrument model provided with adequate data on ZnSe is able to predict the location 
of the CRIRES instrument configuration during operation. Since we have not been able to 
measure a sample of the same ZnSe material from which the pre-disperser prism inside 
CRIRES is made we don’t know the exact absolute value of its index of refraction. 
Therefore we expect to find a significant offset between the first model prediction and the 
laboratory data taken during testing. Some simple tests though, will establish this offset 
and thereby the model will then develop its full predictive power. Of course, this will be 
an iterative process influenced by the other optical components in CRIRES. Because of 
their influence, measurements with CRIRES will never be able to establish the absolute 
refractive index of its prism with an accuracy better than the data provided by CHARMS. 
Interestingly enough, CRIRES will be in a position to measure the shape of the ZnSe 
index of refraction surface within the parameter space accessible to CRIRES. In 
particular, it will be able it determine dn/dT with a precision of a few parts in 10-6 
assuming line positions on the detector array can be measured to 0.1 pixel. This of course 
requires that CRIRES achieves its design goal of better 0.05 pixel overall stability. 
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For the operations of CRIRES and the application of the WIRE model another 
representation of a CHARMS data product is more interesting: the thermo-optical 
coefficient dn/dT as a function of wavelength and temperature (Fig. 9). 
 
 

 

 
 

 
Figure 9: Thermo-optical coefficient of ZnSe as a function of wavelength (540 – 5600 nm) and 
temperature (15 K – 310 K).  
 
 
At the shortest wavelengths and ambient temperatures the variation of refractive index 
can be larger than 10-4/K. Fortunately, this values drops towards lower temperatures and 
longer wavelengths. In the CRIRES operating range (Figure 10) the refractive index 
changes by a few parts in 10-5/K, equivalent to 1 or 2 pixels on the detector. At higher 
temperatures (90 K – 160 K) the dn/dT is higher but less variable. The slope with 
temperature is rather steep below 90 K and dn/dT continues to change down to 15 K the 
lowest temperature at which measurements were done at CHARMS. Operations at lower 
temperatures result in higher intrinsic stability of the spectrograph, therefore CRIRES 
should be operated at the lowest practically achievable temperature. Figure 10 also 
illustrates that the temperature within CRIRES needs to be actively controlled and in 
particular for the ZnSe prism stability below 0.1 K needs to be achieved in order to 
achieve the design goals. While the shape of dn/dT is smooth, it is also rather complex. 
The use of the physical model in combination with the high resolution CHARMS data 
promises to be a significant advantage for the operations of CRIRES compared to 
standard empirical methods. 
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Figure 10: Thermo-optical coefficient dn/dT of ZnSe. This surface plot illustrates how 
the refractive index of the ZnSe prism, the pre-disperser in CRIRES, changes as a 
function of temperature (50 K – 160 K). The slope of the surface is steep all across the 
CRIRES wavelength range indicating that operations at the lowest possible temperature is 
desirable for stability. dn/dT has values of a few 10-5 across the operating range 
equivalent to 1 or 2 pixels on the detector array of CRIRES. 

7.  Planned laboratory tests 

Once the temperature stability of the instrument and the ZnSe prism in particular has 
been established we plan to perform the following two tests: 
 

7.1. Variation of temperature by a pre-defined amount: 
The temperature of the ZnSe prism will be changed through a linear ramp covering a 
range of e.g. 10 K, the exact amount is still to be determined, and depends on the overall 
performance of the temperature control and other instrumental parameters. During the 
test spectra of a calibration source at one or more wavelengths will be taken and the 
change of the position of a few emission lines will be determined. As a result we will 
obtain dx/dT that translates directly into a dn/dT if all other parameters can be kept 
constant. As mentioned above this test should result in a determination of the dn/dT of 
the ZnSe prism with a precision of a few parts in 10-6 better by almost an order of 
magnitude than any other measurements available. It is also a specific test for 
temperature dependencies of elements within the spectrograph other than the ZnSe prism. 
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7.2. Variation of temperature in a blind test: 
The temperature of the ZnSe prism will be changed in a well-defined manner going 
through periods of constancy, periods of constant slopes (positive and negative gradients) 
or variable slopes. Again spectra of a calibration source will be recorded at one or more 
wavelengths along with a detailed time series of the temperature change performed. This 
test will be conducted by the CRIRES laboratory team and only after completion of the 
test the spectra will be handed over to the WIRE team which will analyze the data 
independent of the instrument team and without any knowledge of the temperature 
variations executed. The dx/dt of the emission lines will be translated into a dn/dt curve 
from which a dT/dt curve is derived. This curve will then be compared to the actually 
measured dT/dt variation taken during the test. The quality of the match between the two 
curves depends on the predictive power of the modeling technique, the time constants of 
the instruments response to temperature change, and of course the overall stability of the 
instrument and its components. 
 

 

 
 

� Figure 11: Example of a dT/dt curve to be performed during a laboratory test of the 
CRIRES instrument model. Spectra of a calibration source during the time series will be 
used to measure the changes in the position of the emission lines. The resulting dx/dt 
curve is then translated into a dn/dt curve from which one can derive a dT/dt for 
comparison with the actually executed time series. This is a specific test of the 
predictive power of the model. The actual duration of the test very much depends on the 
time constants of CRIRES. The details of the curve will provide insight into the degree 
of stability achieved. The curve presented here is for illustration purposes only.  
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8. Conclusion and Outlook 

Project WIRE has succeeded in acquiring high quality data on the refractive index of 
ZnSe for use in the CRIRES instrument model. By a special agreement with colleagues at 
NASA Goddard we have received data recently measured at the CHARMS facility prior 
to publication. With an accuracy of a few parts in 10-5 and excellent coverage of the 
CRIRES operating range in both wavelength and temperature these are fully adequate to 
support our 2-D wavelength calibration of CRIRES at the pixel level. Evaluation of the 
CHARMS data and comparison with data from the literature confirm the high quality of 
the former. We can confidently conclude that WIRE now uses the best available data on 
the refractive index of ZnSe.  
With the full integration of the ZnSe data WIRE has reached an important milestone: our 
prototype instrument model combined with these data is fully prepared and ready to 
support the laboratory test phase of CRIRES that is approaching soon. We have described 
some tests designed to establish the performance of the model and to demonstrate its 
predictive power. We anticipate an iterative process in which an intensive interplay 
between model predictions and ground truth provided by laboratory tests is going to lead 
to detailed insight into the properties and performance of CRIRES. This test phase will 
also establish the value of the model based 2-D wavelength calibration supplemented by 
high quality input data for the operations of CRIRES in the future. 
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Appendix A: Sellmeier solutions to CHARMS data at 
cryogenic temperatures 
 
The dispersive properties of optical materials can be approximated by a polynomial fit of 
the form (cf section 3 for details):  
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Tropf (1995) has presented a comprehensive Sellmeier solution for ZnSe based on data 
covering the temperature range 93.2 K – 473.2 K. 
The data provided by CHARMS are of excellent quality and are much more densely 
sampled extending all the way to 15 K. They can therefore be used to derive an improved 
Sellmeier solution for interpolation between data points. For the final CRIRES model 
developed by WIRE it may be practical to derive such a solution. For our current needs 
and the support of the CRIRES laboratory tests we have decided to produce three-term 
Sellmeier solutions at a few temperatures relevant for CRIRES. Table 1 gives the 
Sellmeier coefficients and the wavelengths for the range 65 K to 90 K. The table also 
illustrates that neither the coefficients nor the wavelengths of the resonances are constant 
not even over a small temperature range. Therefore they do not have any physical 
significance but are solely a mathematical fit to the data useful for interpolation. 
 
 
Temp 65 K 70 K 75 K 80 K 85 K 90 K 
S1 4.43054 4.43100 4.43157 4.43217 4.43277 4.43359 
S2 0.43544 0.43589 0.43629 0.43670 0.43718 0.43739 
S3 2.72422 2.71734 2.71802 2.72939 2.73445 2.81331 
λ1 [µm] 0.2002738 0.2002815 0.2003817 0.2003309 0.2003588 0.2003964 
λ2 [µm] 0.3826647 0.3827678 0.3828692 0.3829940 0.3831169 0.3832216 
λ3 [µm] 46.54136 46.49406 46.52027 46.63948 46.704085 47.350358 
 
� Table 1: Sellmeier solutions for a few discrete temperatures relevant for CRIRES. These are 

currently being used within the WIRE prototype model.  
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Appendix B: Comparison between CHARMS and other results 
(T~293 K) 
 
The following table details the observed differences in the refractive index of various 
samples of ZnSe. All comparisons are made with respect to the average index of 
refraction found for the two samples measured at CHARMS. The entries are the results 
of: CHARMS (average) – entry given in column #1. The first two rows contain the 
difference between samples 1 and 2 used at CHARMS. In most instances two entries 
derived from different wavelength ranges are given. At shorter wavelengths variations 
between samples and their standard deviations tend to be larger because of the proximity 
to the absorption edge. For a more detailed discussion of the individual results see the 
main text of the report. 
 

 
Δn [10-5] CHARMS-Col #1 Wavelength range [nm] 

CHARMS -1.6 ± 3.6 530 - 5600 
CHARMS -3.8 ± 1.8 1500 - 5500 
NIST 61 ± 26 550 - 5500 
NIST 34 ± 2.4 1500 - 5500 
Melles Griot -100 ± 46  
Industry 42 ± 15 540 – 5500 
Industry 33 ± 1.9 1200 - 5400 
OSC 270 ± 30 1000 - 5000 
Tropf model 38 ± 10 600 - 5600 
Tropf model 35 ± 1.2 1200 - 5400 

 
Table 2: Observed differences in the refractive index of various samples of ZnSe.  


