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ABSTRACT. Dichroic beamsplitters, or dichroics, rely on the optical interference that occurs
within thin-film layers to ensure the separation of the transmission and reflection
of selective wavelengths of an incident beam of light at a given angle of incidence.
Utilized within the optical systems of numerous space telescopes, they act to sep-
arate the incoming light spectrally and spatially into various channels. As space mis-
sions increasingly demand simultaneous observations across wavebands spanning
extreme wavelength ranges, the necessity for exceedingly complex broadband
dichroics has emerged. Subsequently, the uncertainties pertaining to their optical
performance have also become more intricate. We use transmission line modeling
to evaluate the spectral performance of multilayer coatings deposited on a substrate
material for given thicknesses, materials, angles of incidence, and polarization. A
dichroic recipe in line with the typical specifications and requirements of a dichroic
is designed with the aid of a Monte Carlo simulation. The tolerances of the coating
performance to systematic and random uncertainties from the manufacturing proc-
ess, as well as from environmental changes in space, are studied. With the aid of
accurate manufacturing recipes and uncertainty amplitudes from commercial man-
ufacturers, this tool can predict variations in the optical performance that result from
the propagation of each of these uncertainties for various hypothetical scenarios and
systematic effects.
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1 Introduction

Astronomical spectroscopy requires precise filtering to reject undesirable spectral radiation while
maximizing the throughput within the required isolated passband.'? Dichroic beamsplitters, or
dichroics, are filters that rely on the optical interference occurring within thin-film layers to
ensure the transmission and reflection of selective wavelengths from an incident light beam.
They play a vital role in determining spectral response measurements and are, thus, critical opti-
cal components for selecting and isolating wavebands for astronomical observation.® The per-
formance of the coating ensures that the precise spectral requirements of the dichroics are upheld,
including the high spectral position accuracy and environmental durability, while optimizing the
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performance of the filter. The design and manufacture of such a multilayer system requires care-
ful consideration of various parameters to ensure that the spectral requirements are satisfied. The
selection of coating materials is essential in determining the transmission and reflection wave-
bands as well as the flatness of the responses across these wavelength regions.

Several space telescopes have used these optical components to divide incident light into
several spectral components for a myriad of scientific instruments. The James Webb Space
Telescope (JWST) uses dichroic beamsplitters for both the Near-Infrared Camera (NIRCam) and
the Mid-Infrared Instrument (MIRI). NIRCam consists of two optical modules, both of which are
further divided into two channels using a dichroic filter, providing a total of four channels for
NIRCAM. This enables simultaneous observations in both short- (0.6 ym < A < 2.3 um) and
long-wavelength (2.4 ym < 1 < 5.0 um) bands.*> Similarly, MIRI also consists of four channels
separated by sets of three dichroic filters. These four channels are further split into three wave-
length ranges using a separate set of three dichroics for each of the three wavelength ranges.
Here, the most broadband of these dichroics is the dichroic 1-c, which has a reflection band
of 6.45 ym < 1 <7.77 ym and a transmission band of 9.87 ym < A < 28.83 ym.°

Additionally, the dichroic filter of the Euclid space telescope acts to separate visible and
near-infrared light for the two instruments on the spacecraft, the visible imager (VIS) and the
near-infrared spectrometer and photometer (NISP). The substrate is coated on the incident side
with a dichroic multilayer coating and an anti-reflection coating on its rear surface to improve the
performance in its transmissive waveband, thus reflecting wavelengths of 550 nm < 4 < 900 nm
toward VIS and transmitting wavelengths of 920 nm < 4 < 2000 nm toward NISP.’

Moving beyond visible and infrared light, the application of dichroics stretches across a wide
range of other wavelengths. The Galaxy Evolution Explorer (GALEX), which operates within
the ultraviolet, uses a dichroic system to project images simultaneously onto two different detec-
tors. The dichroic is designed to reflect light of wavelength 1350 A < 1 < 1750 A and transmit
wavelengths of 1750 A < 1 <2800 A. In this way, the instrument can perform high-resolution
imaging, as well as spectroscopy, in the two wavebands.®’

Transitioning from past and ongoing missions, on the horizon, the Atmospheric Remote-
sensing Infrared Exoplanet Large-survey (Ariel) telescope is a fourth medium-class mission in
ESA’s Cosmic Vision program with the objective of performing spectroscopic observations of a
large population of known exoplanets, anticipated to launch in 2029.'% Its waveband of 0.5 to
7.8 um is separated spatially and spectrally into the numerous channels of its instruments by a
system of several dichroic beamsplitters and some mirrors, including the extreme broadband
dichroic, D1, as portrayed in Fig. 1. The primary purpose of D1 is the spectral division of the
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Fig. 1 A simplified schematic of the Ariel optical configuration showing the light path from the tele-
scope optical system to the detectors of the FGS and AIRS modules. This portrays the concept of
using a dichroic and mirror system to separate light spatially and spectrally into various channels.
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Table 1 Ratios of the maximum and minimum wavelengths of the spectral
bands of various instruments.

Instrument Ratio of reflection band Ratio of transmission band
JWST NIRCam 3.83 2.08
JWST MIRI 1.20 2.92
Euclid 1.64 217
GALEX 1.33 1.67
Ariel 3.90 4.00

incident beam of the telescope into two wavebands corresponding to the two instrument modules,
FGS and AIRS, which requires the reflection of wavelengths of 0.5 yum < 1 < 1.95 ym and
the transmission of wavelengths of 1.95 yum < 1 < 7.8 um.

One way to quantify the broadness of the bandwidths of this dichroic is the ratio of the
maximum and minimum wavelengths of the pass and stop bands, with a higher ratio indicating
a more broadband dichroic. The results of these ratios are shown in Table 1. In the case of Ariel,
these spectral bandwidth ratios for the reflection and transmission regions equate to 3.90 and
4.00, respectively, which are both well beyond any of the previously mentioned examples.

2 Methodology

The transmission line model presented in this article allows for the simulation of the performance
of a multilayer system, as well as the impacts of uncertainties on this performance. To obtain an
optimized multilayer design in line with the performance requirements of the component, a
Monte Carlo (MC) simulation is conducted. The sensitivity of the acquired design is then studied
in a tolerance analysis to predict the worst offenders to its performance.

2.1 Modeling Optical Multilayer Coatings

Multilayer systems can be modeled using the formalism outlined in Ref. 11 in which each layer is
assumed to be homogeneous, smooth, and parallel-facing. The D1 dichroic is comprised of N
thin-film layers of specified materials and thicknesses deposited on both of its surfaces. The
performance of the front coating on which the light is incident and the rear anti-reflection coating,
which prevents ghost imaging, were modeled individually, bounded by two semi-infinite media —
a lossless vacuum and the substrate. In the case of linearly polarized light, the Fresnel reflection
pii+1 and transmission coefficients 7, ;, at the interface between layers i and i + 1, for an angle
of incidence, 6, is given as

2n; cos(6;)
n; cos(0;y1) + niyy cos(6;)

n; cos(8iy1) — niyy cos(6;
n; cos(0;11) + niyy cos(6;

p-polarised: p; ;| = )) Tiitl =

(D

+
 cos(0;) — n; 0; 2n; cos(6;
s-polarised: p; 1,1 — cos((g,)) niyy cos( ,H; n; cos(6;)

L T = ,
n; cos(6;) +n;yy cos(0iy h n; cos(0;) + n;yy cos(0;1)

where n; is the refractive index of the i’th layer and 6; is the angle of the light incident to
this layer.

The dispersion and temperature dependence of the medium were integrated into the model
through the use of wavelength and temperature-dependent expressions for the refractive index.
Moreover, dielectric losses due to absorption were accounted for using a complex refractive
index n,; in the form of

ne; = nr,i(/q" t) - .]kl(j” t)’ (2)

where n, ; is the real refractive index and k; is the extinction coefficient. Both the real refractive
index and the extinction coefficient can be wavelength- and temperature-dependent, where 4 is
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the wavelength of light and 7 is the temperature of the material. This provides a comprehensive
description of the material, encompassing the refractive as well as the absorption properties.

We define a propagation and matching matrix. The propagation matrix is used to propagate
electric fields through a single layer i — from one interface to the coating and to the following
interface. This is defined as

exp(jg:) 0
P i = . N 3
0 exp(—jg) ®
where j is the imaginary unit and ¢; is the phase thickness of layer i. The phase thickness of
a coating is given as
2
b = Tﬂnc.idi cos(;), 4)
where d; is the physical thickness of layer i.
Then, the behavior of the electric fields traveling from one side of an interface to the other
side of the interface is represented using a matching matrix of the form

1 1 pi
Mii _ i,i+1 . 5
s Tiit+1 {pi,iﬂ 1 } ©)

The matrices of Egs. (3) and (5) are multiplied in succession to obtain the resulting transfer
matrix S. In this framework, S describes the relation between the incident field amplitude E,
reflected field amplitude E7, and transmitted field amplitude Ey,; as follows:

ET | _ ol Exa
Rk ©
where we assume that there are no backward waves in the exit medium. The introduced transfer
matrix S takes the form of

_ |51 %2
S - |:S3 S4:| ’ (7)
and is calculated using
S =M, P\M,P... PyMy n ;. (®)

Assuming an incident field amplitude of 1, the reflectance R and transmittance T are inferred
using

2 112
— > )

S

S2
S

T — e Nt1
nc,O

R =

where n.y and n.y,, are the complex refractive indices of the incident and exit media,
respectively.

Subsequently, the primary reflection of the entire component is assumed to be that of the
front coating. The transmissions of the two sets of coatings are combined with the absorption due
to the substrate to obtain the overall transmission profile of the dichroic by calculating the prod-
uct of these efficiencies. This additional absorption term takes into consideration the attenuation
of the light intensity as it propagates through the substrate, which is expected to be the dominant
absorption component of the dichroic in the case of D1. This is a direct result of the thickness of
the substrate of 1 cm surpassing the cumulative thickness of the coatings of D1 by a factor of
around 1000. This was explicitly found using

ds
1= IO exp |:—as m} . (10)

where d, is the physical thickness, 6,  is the refractive angle of the beam within the substrate, and
a, is the absorption coefficient of the substrate. The absorption coefficient has a direct relation to
the complex refractive index of the material in the form of
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a=-—, (11)

where k is the extinction coefficient.

2.1.1 Design and optimization of spectral performance

In principle, this model may be adapted and used as a tool to study any given optical multilayer
coating component. This paper showcases the application of this tool to our design of a dichroic
conforming to the requirements of the complex broadband dichroic of the Ariel mission, D1. At
the time of writing, D1 was in its developmental stages, and the recipe of the actual D1 dichroic
and its materials were not made available to the authors by the industrial manufacturers.
Although an accurate manufacturing recipe would be ideal, with a design of similar spectral
performance, the results displayed in this paper are also representative of the dichroic and thus
can be used to estimate its expected performance.

The dichroic presented in this paper was designed to consist of a ZnSe substrate coated on
the incident side with over fifty layers of alternating coating layers of ZnSe (ny ~ 2.6) and YbF3
(ny ~ 1.5) as the high refractive index (H) and low index (L) layer, respectively. A broadband
anti-reflection (BBAR) coating covers the rear surface of the substrate to minimize ghosting
reflections, which also consist of alternating layers of ZnSe and YbF3. The dispersion and
absorption behavior of ZnSe and YbF; were implemented using models of complex refractive
indices adopted from Ref. 12. Additionally, various types of beams can be defined to be incident
on the dichroic. For this particular scenario, a collimated beam from the telescope arrives at the
dichroic at an angle of incidence of 12 deg, so all calculations were done under the assumption of
a constant angle of 12 deg. This light was considered to be unpolarized, so the two spectra
obtained from the p-polarized and s-polarized cases were averaged. However, it is possible
to simulate various polarization states separately.

An MC simulation was then executed to randomly create slight variations in the thicknesses
of a few randomly selected layers, with the goal of acquiring a set of thicknesses that will fulfill
the spectral requirements of the component. In the case of D1, this target function equates to a
maximum reflection at 0.5 < 1 < 1.95 ym and a maximum transmission at 1.95 <1 < 7.8 ym.
The transition wavelength, defined to be the wavelength at which the transmission is 50%, is
designed to be 1.95 pm. Initially, the initial maximum step size is set to 20% of the thicknesses.
The sum of squared residuals between each prior spectrum and the spectral performance are
obtained after each MC iteration for 14,000 equally-spaced wavelength points along the com-
plete waveband. This provides a quantifying parameter to evaluate the scale of improvement in
the randomly altered recipe of thicknesses. The thickness of each of the coating layers is
constrained to values between 10 and 450 nm to address potential physical limitations of the
deposition machine and coating durability. If an improvement that meets both the thickness and
performance specifications was acquired, the altered recipe was temporarily accepted and
taken to be an updated reference design for the following MC iteration. Conversely, if the pro-
duced design did not yield an improved spectral performance, the reference design remained
unchanged, and the step size was reduced by half. The thicknesses were continuously altered
in this manner until a suitable performance with minimal interference fringes within the region of
interest was acquired. The final thicknesses obtained thus generate a spectral design in agreement
with the requirements of the multilayer component and are taken to be the final recipe of the
coating.

Similar refinement methods are frequently used to adjust the parameters, such as the thick-
nesses of coating layers, of a starting design until a satisfactory performance is achieved.'®
However, constraints on the thicknesses of layers must also be considered. Thicker layers are
often subject to mechanical failure in the form of fractures during thermal cycling testing and
may reduce spectral throughput through increased absorption, in comparison with thinner
layers.'* Hence, an initial set of estimated thicknesses of each layer was selected to provide
a reasonable approximation to the required performance, with the thicknesses of the layers being
limited to a maximum of 450 nm. Moreover, the number of layers should be limited to the mini-
mum required to obtain the desired performance. An excessive number of coating layers may

J. Astron. Telesc. Instrum. Syst. 018005-5 Jan-Mar 2024 e Vol. 10(1)



Thurairethinam et al.: Extreme broadband dichroics: Monte Carlo transmissjdn line....

lead to complications during the manufacturing and compliance testing processes of the com-
ponent, for example, due to fracturing from internal stress or delamination (see, e.g., Ref. 15).

The authors acknowledge that more efficient design software is available. However, to main-
tain complete control over the underlying physics influencing the performance of the dichroic,
an ab initio approach was used. The design and optimization of the dichroic is not the primary
focus of the study but rather a means to obtain a design that could facilitate a study of the diverse
systematics and their subsequent physical implications on the coating performance while main-
taining control over the physics involved in the output.

2.2 Sources of Uncertainty

Discrepancies between the predicted and measured performance of an optical component com-
posed of a multilayer coating can be attributed to a number of uncertainties. This paper explores
some of the most significant sources of uncertainty and their impact on the performance of the
component. The deviation of the spectral performance from the nominal performance as a result
of each scenario was found to examine the wavelengths that are most sensitive to these manu-
facturing uncertainties, as well as the potential discrepancies in the spectral performance.

2.2.1 Manufacturing uncertainties

The thin-film layers of the coating are deposited onto the substrate in sequence. Accurate control
of the thicknesses of the individual layers, as well as adequate knowledge of the refractive indices
of the materials, are both required for the manufacture of a multilayer coating.'® However, minor
irreproducible variations during the manufacture can occur outside the parameter controls of the
deposition process. These unpredictable errors were simulated as 10,000 random fluctuations in
the form of a Gaussian distribution with a standard deviation dictated by the accuracy of the
instrument and technique used for this procedure. The value of this uncertainty should be con-
firmed with the manufacturers of the dichroic. For the case of D1, the uncertainty was approxi-
mated from the Biihler IBS 1600 tool, which is able to deposit coatings with a uniformity
of £0.5%."

In addition to random fluctuations, systematic errors within the thicknesses can stem from
inaccurate termination during the deposition process of the layer.'® This may be a direct result of
insufficient sensitivity to the final thickness during the deposition of the layer or the failure to
identify a fluctuation or systematic variations in the deposition conditions.!” These complica-
tions, in turn, relate to the accuracy of the equipment used for the deposition process, which
we assumed to be 0.5% once again.

Furthermore, coating layers frequently have optical properties that differ slightly from their
bulk counterparts due to the different columnar microstructures in thin films, which is dependent
on the deposition conditions.'®*?! For the work described here, a scenario of a systematic error
of —0.1% was considered for the index of YbF;.

2.2.2 Environmental changes in space

The operation of a dichroic at cryogenic temperatures introduces further uncertainties. The Ariel
telescope system is passively cooled to cryogenic temperatures of ~50 K for its required sensi-
tivity and stability.”> The effect on the spectral performance of the multilayer structure of thermal
fluctuations of the environment during operation must be considered. In the case of Ariel, tem-
perature fluctuations of approximately £0.5 K are expected to occur during the course of an
observation.?® The indices of refraction of ZnSe and YbFj; at the required cryogenic temperatures
have not been published in any literature currently known to the authors.

The effect of temperature on the performance of the dichroic was modeled using the
temperature-dependent Sellmeier constants of ZnSe provided by Ref. 24, verified for temper-
atures of 93.2 K < T <473.2 K. This model was subsequently linearly extrapolated to 50 K
as this value does not reach far outside the verified temperature range. Additionally, the refractive
index of ZnSe notably appears to have a relatively weak temperature dependence, with minor
changes in (1) between 93.2 and 473.2 K, as can be seen in Fig. 2. Thus, a linear extrapolation
of the model to lower cryogenic temperatures is a reasonable approximation. This model of the
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Fig. 2 Temperature-dependent models of the refractive indices of the chosen materials as a func-
tion of the Ariel waveband. (a) and (b) The materials ZnSe and YbF3, respectively. (a) The solid
lines represent values calculated directly from each model within the temperature and wavebands
for which the model was confirmed, adopted from Ref. 24. The blue dashed line in (a) indicates
extrapolated values of the model to a temperature of 50K. The dashed green lines in both plots
show the model adopted from Ref. 12, which assumes no temperature dependence.

refractive index of ZnSe from Ref. 24 was used to obtain an alternative nominal performance,
only to be used in the study of the effects of temperature fluctuations on the spectral performance
as this refractive index model lacks absorption information for Znse. To address this limitation,
for the remaining scenarios studied, we refer to the ZnSe model from Ref. 12, to retain the
absorption behavior of the ZnSe coating layers and substrate. The discrepancy between the nomi-
nal performances of the dichroic using the two models of the ZnSe refractive index is insignifi-
cant as a result of the minor difference between the wavelength-dependent refractive indices from
Refs. 24 and 12, as shown in Fig. 2. On the other hand, the temperature-dependent refractive
index of YbFj; is not available in the literature, so no temperature dependence was included for
this material.

This paper also studies the scenario of a collimated beam slightly shifted with respect to the
expected angle of incidence, to take into consideration the beam being unlikely to align perfectly
with the angle of incidence requirement. We explore an example of a —0.1 deg shift with respect
to the D1 dichroic angle of incidence of 12 deg.

In addition, molecular contamination can also degrade the performance of optical compo-
nents in a space environment, resulting in an optical throughput loss due to changes in the reflec-
tion and transmission and increased absorption. We evaluate the predicted performance and
assess the magnitude of the spectral effect of contaminant films deposited on the exterior surfaces
of a dichroic. The optical performance of the contaminated dichroic is modeled as before, now
with additional layers of contamination on the front and rear surfaces of the component. The
contamination is assumed to have taken the form of a thin-film layer with a homogenous thick-
ness across the surface of the component.

The potential primary contaminants on space telescopes include water ice and a number of
non-volatile residuals (nvr), which are currently unidentified. Consequently, in addition to water
ice, tetramethyl-tetraphenyl trisiloxane (DC-704) was included in the model as a silicone
contaminant analog, the photochemical deposition of which has been commonly studied.?>*’
DC-704 has been shown to deposit as a smooth, widely-spread film on nonmetallic, cold surfaces
for temperatures up to 93K due to inadequate thermal energy to induce the coalescence of
molecules.”® Moreover, in a recent study conducted for JWST, DC-704 was identified to be one
of the primary potential contaminants, with its origin attributed to silicone fluids used in diffusion
pumps for high vacuum systems.”
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Fig. 3 A schematic representation of the multilayer contamination model. The front and rear
coatings of the Ariel D1 dichroic, consisting of alternating layers of YbF3; and ZnSe deposited on
a ZnSe substrate, are assumed to be coated on both sides with a layer of DC-704 and water ice.
The depositions are assumed to be ideal, with all layers being smooth and parallel-facing. The
arrow shows the direction of the incident light.

The contaminant assumed to deposit onto the surface first is expected to be the nvr, DC-704.
The contaminant remains in a gaseous, vapor-like state following the vacuum pumping process
and begins to deposit onto optical surfaces during the cooling process. In due course, the water
ice is expected to form on the optical surfaces. The multilayer structure is shown in Fig. 3. The
refractive index of DC-704 is modeled as a constant value from Ref. 30. The dispersion and
absorption information of this material are not presently included as this was not available
to the authors at the time of writing. The water ice is modeled using the refractive index found
by Ref. 31, in which the optical constants of ice are provided from ultraviolet to microwave
wavelengths.

3 Results and Discussion

3.1 Modeling Optical Multilayer Coatings

A design of a dichroic in agreement with the Ariel dichroic D1 specifications with the optimi-
zation of its performance in accordance with its specifications using an MC simulation was per-
formed. With this, the recipe of the dichroic was optimized using an MC simulation to yield the
closest acceptable approximation to the desired spectral performance in line with the require-
ments of DI.

Figure 4 shows the spectral profile of the optimized D1-like design for an angle of incidence
of 12 deg obtained from the MC simulation. The recipe consists of alternating layers of YbF3;
and ZnSe, with a front coating of 55 layers and a rear BBAR coating of 11 coating layers. The
MC simulation optimizes the thickness of each layer to be a unique non-quarter-wave fractional
thickness to reduce the ripple amplitude within the spectrum. The simulated spectrum of the
dichroic shows high reflectance in the FGS waveband and high transmittance within the
AIRS channels. Despite the presence of interference fringes within the FGS channels, the design
nonetheless exceeds the minimum reflection and transmission requirements at all wavelengths.
These interference fringes are characteristic of the visible and near-infrared waveband due to
changes in phase shift experienced by the light. The phase change, which is dependent on the
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Fig. 4 Spectral profile of the dichroic design with a front and rear coatings at an angle of incidence
of 12 deg. The simulated transmission and reflection are plotted as solid red and blue lines, respec-
tively. The respective dashed lines indicate the average required performance of D1 for a given
waveband, and the dotted lines represent the minimum performance requirements.

Table 2 Performance parameters of designed dichroic and performance requirements.

Average R (%) Average T (%)
Wavelengths (nm) 500 < 4 <600 600 <1 <1750 1950 < 4 < 3900 3900 < 4 < 7800
Required 92.0 90.0 92.0 90.0
Designed 96.4 98.3 93.8 941

refractive index of the medium and the thickness of the coating layer, changes as a result of the
refractive index steeply decreasing with the wavelength. Consequently, the phase shift induced
by a given layer is more substantial at the lower wavelengths, so the interference effects are more
pronounced. The MC simulation aims for the optimal overall spectral performance and will,
therefore, not be able to compensate for significant variations in the refractive index of the mate-
rials at lower wavelengths.

Moreover, the performance in reflection surpasses the average reflection requirements of
92% for 500 < 4 < 600 nm and 90% for 600 < A < 1750 nm, with an average reflection of
96.4% and 98.3%, respectively. Similarly to the reflectance, the transmittance surpasses the aver-
age requirements of 92% for 1950 < 4 < 3900 nm with an average transmittance of 93.8%, and
90% for 3900 < A < 7800 nm with 94.1% (Table 2). The simulated transmittance of this design
shows a smooth spectral response for the AIRS channels, with the magnitude of the interference
fringes within the FGS waveband reduced by the addition of a BBAR coating. The transition
from the stopband to the passband also closely matches the requirement of 1950 nm with a
transition wavelength in reflectance of 1950.0 nm and in transmittance of 1948.6 nm at the boun-
dary between the FGS and AIRS channels by design.

3.2 Sources of Uncertainty

Several sources of uncertainty were modeled to illustrate their influence on the nominal perfor-
mance of the dichroic and its multilayer coating to assess the worst offenders to the performance.
Figure 5 depicts a contoured 2D histogram of the changes in performance resulting from 10,000
randomly generated errors within £0.5% on the thicknesses of the coating layers. These random
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Fig. 5 Contoured 2D histogram of the posterior distribution of the spectral deviations from 10,000
random +£0.5% thickness errors on the coating layers. The deviations at each wavelength are
binned into bins of width AT = 0.1%, with the density percentage of the total 10,000 generated
errors of each bin indicated by the color bar. A dashed black line marks AT = 0, and a solid pink
line shows the nominal transition wavelength.

errors in the thicknesses of the coating layers may result from the limited intrinsic precision of the
deposition process, such as the consistency of optical monitoring to correctly terminate the dep-
osition of a thin film. Each altered recipe of thicknesses generates a spectrum with a deviation in
the nominal performance, with 10,000 such variations for each wavelength point. The distribu-
tion of these deviations shown in Fig. 5 reveals a smooth vertical color bar gradient centered near
the AT = 0 axis at all wavelengths. This indicates a Gaussian distribution of deviations centered
around the nominal transmission of the dichroic, suggesting a stable build with the performance
of the dichroic remaining close to its design despite the presence of random deposition errors.
The enlarged portion of the contoured 2D histogram reveals that the centers of the distributions
were shifted narrowly beneath the AT = 0 line at higher wavelengths, which is expected. The
optimization process aims to increase transmission in this region. Thus any errors or deviations
from this optimized recipe will most likely yield a deterioration in performance and, hence,
a decreased overall transmission. The deviations within the passband, where transmission is
designed to be high, remain modest due to the high performance of the coating in this waveband.

Some noticeable performance changes are visible within the high-reflectance region, with
higher deviations occurring at the wavelengths at which the ripples are present in Fig. 4. Due to
the sensitivity of the interference behavior of the coating to coating thicknesses, any small fluc-
tuations in the recipe can lead to changes in the spectral response of the dichroic. This results in
changes in the combinations of destructive and constructive interference, particularly as the
wavelengths at which the ripples are already present. However, the most prominent variations
from the nominal transmission coincide with the transition wavelength region. As opposed to the
areas of maximum transmission and reflection, where the primary objectives of a design are
optical efficiency and an improvement in performance, the focus in the region of the transition
is its exact location within the waveband. The deviation in the transmission of up to +8.1% in this
region reveals the propensity of the transition wavelength to be shifted. Such a shift toward a
lower wavelength than the nominal transition wavelength implies an increased transmission,
whereas a displacement to a higher wavelength results in a decreased transmission at the nominal
transition wavelength. Both of these cases seem equally likely, as shown by the vertical sym-
metry of this feature in Fig. 5. These random errors can be used in simulating the random var-
iations in the coating layer thicknesses across the coating surfaces for a single deposition of
the layers. Consequently, this may result in deviations in the phase of the light across a coating
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Table 3 Maximum deviation of nominal transmission due to each of the dif-
ferent types of sources of uncertainty near the transition wavelength region.

Source of uncertainty Maximum |AT| (%)
Random d; errors (< 4 0.5%) 8.134
Systematic d; redundancy (+0.5%) 5.661
Systematic d; deficiency (—0.5%) 5.689
Uncertainty in n; (-0.1%) 0.225
Shift of 8 (-0.1 deg) 0.033
Systematic T increase (+0.5 K) 0.009
Systematic T decrease (—0.5 K) 0.009

surface, which has been observed for the dichroic of the Euclid mission.’> However, this is
beyond the scope of this paper and will be addressed in future work.

Alongside random coating thickness errors, a systematic coating layer thickness error in the
form of a consistent deficiency or surplus of 0.5% in all layers of the dichroic coating was also
modeled. Figure 6 shows the resulting deviation near the transition wavelength of up to AT =
+5.69% at 1908.5 nm in the case of the deficiency and AT = —5.66% at 1917.5 nm for the
surplus. The considerable number of coating layers, which includes some relatively large thick-
nesses, leads to an increased design sensitivity to systematic thickness errors. This induces a shift
in the positions of the transition to lower and higher wavelengths for the cases of deficiency and
surplus, respectively. Thus, more significant systematic errors are likely to cause an increase in
the shift of this transition wavelength. The changes in transmission are most substantial at the
lower wavelength ranges, where the interference fringes are seen. The MC process defines the
thicknesses to be optimized to reduce the ripple amplitude in this region. Therefore, any change
in the thicknesses causes this design to be less than optimal. This leads to an undesirable increase
in the ripple amplitude. The maximum deviation for a systematic thickness deficiency occurs at
A =706.0 nm, with a variation of AT = —8.23%. The maximum variation from the nominal
performance for the systematic thickness surplus is AT = +855% at A= 709.5 nm.
Similarly to the case for systematic deposition errors, the changes in transmission near the tran-
sition wavelength remain inconsequential, with levels of AT < 0.3% for all of the remaining
scenarios. In the case of a refractive index error, as a result of uncertainty in the knowledge
of the YbF; index values, the most considerable deviation from the nominal transmission around
the transition region of AT = 0.23% occurs at 2006.0 nm (Table 3). A consistent variation in the
index of YbFj; causes the refractive index of over half of the coating layers to be changed slightly.
Consequently, the phase shift experienced by the light as it passes through these layers is
changed, which affects the interference conditions as well as the degree of interferences at differ-
ent wavelengths.

In comparison with the deviations in the nominal performance due to manufacturing uncer-
tainties, the changes due to potential environmental changes during the operation of the dichroic
in space tend to be much lower in amplitude. The expected difference in performance due to
temperature fluctuations throughout an Ariel observation is negligible, with a maximum varia-
tion around the transition region of AT = £0.009% at 2826.0 nm, where the spectral variation of
an increase and decrease in the temperature remains symmetric about the AT = 0 axis. A varia-
tion in transmittance is visible in the mid-infrared region of Fig. 6(a), which is solely due to the
difference in refractive index models used for ZnSe. The cryogenic performance of the compo-
nent is affected due to the effects of temperature on the optical constants of the materials, so the
physical effects are similar to a refractive index uncertainty in ZnSe, but of very low amplitude.
Moreover, the effect of a collimated incident beam that arrives at 11.9 deg, rather than 12 deg, has
an insignificant impact on the spectral performance of the dichroic, with a maximum variation
around the transition region of 0.03% at 1850.5 nm. The interference conditions within the
dichroic coating are affected by the angle of incidence of the light. A modification in the angle
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Fig. 6 Change in the nominal transmission of the dichroic due to a range of systematic effects of
the D1-like design. (a) and (b) The transmission spectra resulting from the change in the param-
eters and the change in transmission from the nominal transmission, respectively. In both plots, the
nominal performance is shown by a dashed black line, and the vertical dotted-dashed line marks
the transition wavelength of the nominal performance. The blue and green lines indicate the case
of a —0.5% and +0.5% systematic thickness error, respectively, in all coating layers. The orange
line shows the scenario of a decrease of 0.1% in the refractive index of YbF5; due to uncertainty in
the knowledge of the refractive index. The result of a beam shifted by —0.1 deg from the require-
ment of an angle of incidence of 12 deg is shown in red. Finally, the purple and yellow lines indicate
the case of a temperature offset as an increase and decrease of 0.5 K, respectively, with the per-
formance at 50K taken to be the nominal transmission.

of incidence can, therefore, cause a change in the magnitude of constructive and destructive
interference at various wavelengths. Figure 6 establishes that small changes in beam angles are
unlikely to have a significant effect on the performance of the dichroic.

3.2.1 Synergistic effects of sources of uncertainty

Two or more of the sources of uncertainty explored within this paper can be combined to explore
their synergistic effects on the performance of the dichroic. Figure 7 shows the changes in per-
formance as a result of a systematic deposition error of +0.5% and —0.5% in all layers, combined
with 10,000 randomly generated errors within £0.5% on the thicknesses of the coating layers.
This delves into the possibility of a manufactured dichroic recipe differing from the intended
design due to the intrinsic precision of the deposition machine, along with an inconsistency
within the termination of the depositions. Similarly to Fig. 5, this result shows a smooth vertical
color bar gradient, indicating a Gaussian distribution of the deviations of the performance of the
dichroic. However, unlike the case of random deposition errors alone, this combination of effects
leads to the center of the color bar gradient being shifted. Comparing Figs. 7 to 6, one can see that
the center is shifted from A7 = 0 to being at the deviation in transmission AT caused by a
systematic thickness error alone. Both cases of a systematic thickness error of +0.5% and
—0.5% shown in Figs. 7(a) and 7(b), respectively, follow this pattern. This is expected as the
systematic deposition error initially changes the performance of the dichroic, so all consequent
uncertainties applied from the model will be applied to this amended performance.

3.2.2 Transition wavelength shifts

To further investigate these shifts in transition wavelength observed for the different systematic
effects, the correlation of these shifts with each source of uncertainty was studied. A line was
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Fig. 7 Contoured 2D histogram showing deviation from nominal transmission due to random
+0.5% thickness errors and a systematic thickness error of +0.5%. (a) and (b) The cases of the
same set of 10,000 random errors within £0.5% thickness errors applied to a systematic thickness
error of +0.5% and —0.5%, respectively. The deviations at each wavelength are binned into bins of
width AT = 0.1%, with the density percentage of the total 10,000 generated errors of each bin
indicated by the color bar. A dashed black line marks AT = 0, and a solid pink line shows the
nominal transition wavelength.

fitted to the slope of the transition section of the spectrum shown in Fig. 4. This slope and
its gradient, m, are used to predict the shift in the transition wavelength using

AT
_2 12
"EAL (12)

where AT is the change in transmission observed at the nominal transition wavelength and AZ is
the shift in the transition wavelength.
Therefore

T e — 50%
Aj = =22 (13)
m

where T, is the transmission at the nominal transition wavelength of the spectrum resulting
from a given source of uncertainty. This shift in transition wavelength is calculated directly using
Eq. (13) for all scenarios of various systematic effects.

The results of this investigation are shown in Fig. 8, with the gradient of the transition for the
D1-like dichroic found to be 0.41 nm~!. The shift in transition wavelength correlates linearly
with each source of uncertainty. Coating layer thickness errors, uncertainty in the refractive
index, and offsets in temperature show a positive correlation, whereas a negative correlation
is observed for the offsets in the angle of incidence. The transition wavelength shifts shown
in Fig. 8 directly correspond to the amplitude of AT in Fig. 6. This can be most clearly seen
in the case of systematic layer thickness errors, for which the shifts in the transition wavelength
displayed in Fig. 8 range from —9.95 to +10.83 nm. For a systematic deposition deficiency of
0.5% on all coating layers, a transition wavelength shift of —8.30 nm was predicted, hence plac-
ing the new transition wavelength in transmission at 1940.3 nm. Comparing this with Fig. 6, this
prediction agrees with the high change in transmission observed at this wavelength.
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Fig. 8 Shift in transition wavelength in transmission due to each systematic effect. (a) and (b) The
transition wavelength shifts found for a range of relative systematic coating thickness errors and
relative uncertainties in the knowledge of the refractive index of YbF3, respectively. (c) and (d) The
scenarios of temperature offsets from the nominal average operating temperature of 50 K and a
variation in the angle of incidence from the nominal angle of 12 deg.
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Fig. 9 Expected amplitude of ghosting reflections. The amplitude of ghosting reflections from the
nominal simulated spectral profile of the dichroic is plotted as a dashed black line. The cases of the
various systematic effects previously presented in this paper are also shown.

3.3 Ghosting Effects

A broadband AR coating covers the rear surface of the dichroic to minimize ghosting reflections
and reduce unwanted reflections. Despite the primary reflection of the dichroic being assumed to
be that of the front coating, the rear coating also produces a reflective component of the beam.
However, given the large thickness of the substrate of 1cm, it is assumed that no coherent inter-
ference occurs between the two coatings, so the interference calculations of the two coatings are
kept separate. The residual fraction of the beam that is reflected from the rear coating of the
dichroic once again travels through the substrate and front coating to create a ghost beam, shifted
with respect to the beam reflected from the front coating. The expected amplitude of these ghosts
in the reflection for our D1-like dichroic is depicted in Fig. 9. In the case of the nominal optical
performance, the effect of ghosts is more significant within the higher wavelength region but
remains of low intensity. This is a foreseeable consequence of the design specifications of
D1. Most of the light within the stopband will be reflected at the incident surface and will thus
not reach the BBAR coating. On the other hand, light within the near- and mid-infrared is
intended to be transmitted through the rear side of D1. Hence, any unwanted reflections from
the rear side will be more pronounced at these wavelengths. The various systematics cause a
minor shift in the nominal ghost amplitudes as a function of wavelength, but the changes remain
comparable and relatively low.

3.4 Molecular Contamination and Water Ice

Molecular contamination can deposit onto optical surfaces and cause degradation of the perfor-
mance of optical components in a space environment. The spectral response of the D1 dichroic as
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Fig. 10 Reflectance and transmittance spectra resulting from contamination deposited on the front
and rear surfaces of the D1-like model, as portrayed in Fig. 3. The uncontaminated, clean sample
is plotted in black. (a) and (b) The spectral performance of the contaminated model in reflectance
and transmittance. The thickness of the DC-704 layers is assumed to be 20 nm for all contami-
nated models, and the thickness of the ice layers is varied.

aresult of contamination being deposited on both surfaces of the dichroic, as illustrated in Fig. 3,
is shown in Fig. 10. The most prominent effect of the contamination on the spectral performance
is a direct result of the additional absorption that was introduced.

In reflection, the increased absorption results in larger interference fringes within the lower
waveband of the reflective region. On the other hand, at 2000 to 3000 nm, the contamination
slightly increases the reflectance. The layers of contamination contribute to the interference
effects within the multilayer coating and thus cause interference effects at these wavelengths
of light. This results in increased reflectance, with the magnitude of this effect being dependent
on the thickness of the contaminant films. As the thickness of the water ice layer increases, the
reflectance also increases. However, this occurs within the passband region, designed for high
transmission, and is, therefore, an undesirable effect. The reflectance is modeled to be solely
affected by the incident coating of the dichroic, whereas the transmittance is given by both coat-
ings. Hence, the transmittance is affected by the contamination deposited on both sides of the
dichroic, whereas the reflectance is merely affected by the contamination on the incident
surface. This reduced interaction with the contaminants is likely to cause any absorption features
to be less prominent in the reflectance of the dichroic. Moreover, multiple reflections within the
multilayer coating may partially compensate for any absorption feature that may otherwise be
present.

Conversely, the transmitted light interacts in a more pronounced manner with the cumulative
effect of the absorption from the contaminants on the front and rear sides of the dichroic.
The transmission does not benefit from partial compensation. The addition of DC-704 alone
significantly reduces the overall transmittance within the majority of the passband wavelengths.
The layer of nvr acts as an additional coating layer with a differing refractive index and slightly
alters the performance. As the nvr itself has not been modeled to be absorptive, this effect can be
attributed to further interference effects and a change in the effective optical path length,
adversely affecting the transmission of the dichroic. Additionally, the feature centered on
A =3115 nm is a result of the strong absorption band that is characteristic of water ice in the
mid-infrared region.*® This effect is correlated to the thickness of the water ice layers causing
increased absorption, and therefore, the size of the absorption feature becomes more apparent.

4 Conclusion

Using this model, we were able to predict the tolerance of a dichroic beamsplitter to various
levels of uncertainty that may affect its optical performance. This paper explored the application
of this model to a dichroic design in compliance with the requirements of Ariel D1, which is
considered to be a complex extreme broadband dichroic. A design in accordance with the spectral
specifications of the dichroic was obtained with high reflectivity for a visible and near-infrared
rejection stop-band, as well as a wide passband, offering transparency for wavelengths spanning
the near-infrared to mid-infrared. Nonetheless, it is worth noting that the accuracy of this model is
restricted by the accuracy of the parameter models provided. The optimization process to obtain a
suitable recipe for coating thicknesses provides a set of very precise values. However, practically,
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the deposition process has limited precision, so the recipe can only be produced to the limit of
the precision of the deposition machine. This further justifies the study of the distribution of
random and systematic thickness variations in this paper.

Deviations in performance were shown to be correlated with wavelengths at which inter-
ference fringes are present within the design and can thus be expected in those regions. In addi-
tion, various systematics may result in the shifting of the transition wavelength of the dichroic
filter. Uncertainties in the thicknesses of the coating layers were shown to be the worst offenders
to the performance of a dichroic and the designed position of the transition wavelength. On the
other hand, temperature and angle of incidence offsets were likely only to have a minor effect on
the expected performance. The uncertainties outlined here must be taken into consideration to
achieve the desired performance of a dichroic beamsplitter.

Moreover, a potentially significant limitation of this model is the assumption that the coating
layers are entirely uniform. Extreme broadband dichroics often consist of a considerable number
of layers, which likely results in scattering due to the increased risk of non-uniformities at the
interfaces of these layers, particularly for non-normal incidences. This model does not consider
losses due to the surface roughness and the resultant scattering, which pertains to not only the
optical coating layers but also any potential contamination. Contamination, by definition, is not
uniform, which yields a roughness across the surface of the optical component, resulting in a
randomized phase error across the surface. The reliability of the performance of these dichroic
filters plays a crucial role in ensuring that the precise spectral requirements are upheld while
increasing the performance sensitivity of an instrument.
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