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MULTI-ENVIRONMENT RAYLEIGH
INTERFEROMETER

TECHNICAL FIELD

The present disclosure relates to measuring properties of
an environment through interference, and more particularly,
to novel systems and methods for measuring multiple prop-
erties of an environment from a single interferometric sen-
sor.

BACKGROUND

Interferometers are used to measure different properties of
an environment using one or more wavelengths of light. A
single-wavelength interferometer is capable of measuring
physical properties of an object (including shape, refractive
index, optical density, and mechanical deformation) or an
environment (including molarity, concentration, tempera-
ture, pressure, humidity, or impurities). Additionally, mul-
tiple wavelengths of light can be used for comparative
interferometry or molecular absorption measurements.

The ability to quickly characterize real-world environ-
ments is crucial to preserving the health and safety of
individuals in domestic and industrial environments. In the
past, gas chemistry characterization has been performed
using classical Rayleigh and Mach-Zehnder interferometers.
For example, FIG. 1 is a prior-art figure illustrating a
conventional Mach-Zehnder interferometer. The interferom-
eter includes a coherent light source 10, a sample container
16 containing a specimen (e.g., a gas or liquid), beam
splitters 12, mirrors 14, and a detector 18. Light from the
coherent light source 10 is split into two light paths at beam
splitter 12A and recombined at beam splitter 12B. An
interferogram is produced at the detector 18 as different light
paths between the coherent light source 10 and the detector
18 have different optical path lengths. The difference in
optical path lengths is determined by the characteristics of
the material or specimen contained inside sample container
16. The mirrors 14 and beam splitters 12 are each separate
components that must be carefully aligned to produce the
interferogram.

Similarly, using the method of Lord Rayleigh, a gas
specimen is captured and placed in one arm of a two-arm
interferometer system. Based on the difference in optical
path length between the reference and probe beams, the
refractive index of the sample is determined for different
wavelengths. This configuration is limited, because the
sealed sample does not experience variation seen in the real
world. In the case where a neutral environment turns haz-
ardous, the limitations presented by classical systems
become undesirable and dangerous.

To overcome these limitations, fiber-optic interferometer
systems have gained popularity based on their small foot-
print, low weight, high sensitivity, flexibility, portability, and
immunity to electromagnetic interference. See Liu, Y., Lin,
H., Dai, Y., Zhou, A. & Yuan, L. Fiber in-line mach—
zehnder interferometer for gas pressure sensing. IEEE Sen-
sors J. 18, 8012-8016, DOI: 10.1109/JSEN.2018.2864277
(2018). Unfortunately, these same systems are often plagued
by several drawbacks including a lack versatility and modu-
larity, coupling loss, and unfamiliarity to the end user.
Furthermore, fiber-optic systems are not agnostic to their
input source—the same optical fiber used to transmit light at
600 nm will not be able to transmit light at 6000 nm.

SUMMARY

The inventor of the embodiments described in this dis-
closure has identified the need to measure optical properties

20

25

40

45

60

65

2

of an environment or specimen by directing various light
paths through a monolithic unit cell. Larger, free-space
interferometer systems exploit material and mechanical
traits to reduce construction issues. However, truly mono-
lithic designs, for example, form an interferometer from a
single, unbroken block of material to avoid alignment errors.
Other “monolithic” designs form a single slab of material by
aligning and bonding two or more components together.

Further design simplification eliminates the cosine error
due to inconsistencies in mirror position by removing
detached or rotating mirrors. Thermal mismatch between
dissimilar materials can be alleviated through the use of
single-material components. In the case of ultra-low expan-
sion (ULE) glass, the free-space monolithic interferometer
also benefits from thermal insensitivity.

The geometry of a monolithic, single-material slab can be
made to both exploit the natural reflection and refraction
within the structure and provide a customized solution for
the problem at hand. This approach eliminates the need to
align and bond multiple components together and takes
advantage of chromatic dispersion’s weak effect on total
internal reflection (TIR) and refraction. Furthermore, the
dispersion dependence of the proposed design suggests that
as long as refractive index (n) and transmission (T) require-
ments are met, any number of sources can be used with the
same interferometer design. Unlike fiber-optic designs, the
same monolithic design used to characterize an atmosphere
at 450 nm with one material (ex. Schott BK3 glass) can also
be used to characterize the same atmosphere at 6000 nm
with another material (calcium fluoride).

The large spectral bandwidth accessible with a single unit
cell is significant because it covers major molecular reso-
nance frequencies of many hazardous chemicals. Colorless,
flammable gases like hydrogen sulfide (H,S) and phosphine
(PH;) have resonances at 3.8 um and 4.3 pm respectively,
while greenhouse gases such as carbon dioxide (CO,) and
methane (CH,) have resonances at 4.3 pum and 3.3 um. Less
hazardous chemicals like water have resonances below 3
pm.

Given that the precision of an interferometer is correlated
with its fringe spacing, there is great potential in a system
that is able to operate at both short and long wavelengths to
probe an environment. Shorter wavelengths are useful to
obtain higher resolution measurements while longer wave-
lengths could be used to take advantage of molecular
absorption peaks.

The present disclosure in aspects and embodiments
addresses these various needs and problems. Embodiments
of'the present disclosure provide a highly versatile, modular,
compact interferometer design. In embodiments, based on a
monolithic, single-material, geometry, the design is intuitive
and can be easily manufactured. The resulting interferom-
eter is capable of characterizing both free-space and encap-
sulated environments and can be operated with a wide
variety of coherent light sources spanning the visible and
other spectral regimes.

The modular nature of the interferometer allows it to act
as both a stand-alone measurement tool and as a “unit cell”
which can be tessellated into a more complex and capable
system. In each embodiment, the interferometer unit cell
represents one component in a larger system; to be fully
operational, a source and detector are also needed. The
interferogram(s) formed by the unit cell can be recorded and
monitored in real-time, enabling timely detection of changes
in the refractive index of a surrounding environment.

FIG. 2 illustrates a circumferential compact monolithic
multispectral interferometer 100 with very few parts which,
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after being fabricated, do not need further optical alignment.
Interferometer 100 may be placed in an external environ-
ment 90. The interferometer 100 may measure the optical
properties of the environment 90, such as the molarity,
concentration, temperature, pressure, humidity, or impurities
contained in the environment 90.

Referring to FIGS. 2 and 3, interferometer 100 includes
an array 22 of monolithic unit cells 20 and multiple coherent
light sources 10 (10A, 10B, 10C, etc.). Each of the indi-
vidual coherent light sources 10A, 10B, 10C, 10D, 10E, etc.,
may provide a different wavelength of coherent light to
measure optical properties of the environment 90. The
different coherent light-source wavelengths may be speci-
fied to identify different types of gases that may be present
in external environment 90.

FIG. 3 illustrates the array 22 of monolithic unit cells 20
arranged in a circumferential pattern around center axis 86,
illustrated in the same cardinal X-direction. FIG. 3 further
illustrates various hermetic seals 80, 82, and 84 described in
further detail below.

In embodiments, and referring to FIG. 9 as an example
illustration, interferometer 100 includes a coherent light
source 10 and an array of electrically coupled light-sensitive
pixel elements 60. Interferometer 100 is further configured
to direct a first internal optical path 30 of the coherent light
source and a first external optical path 40 of the coherent
light source 10 into a monolithic unit cell 20 or 24. In
addition, the monolithic unit cell 20 or 24 is configured to
direct the first internal optical path 30 first through the
monolithic unit cell 20 or 24 and then onto the array 60 and
also configured to direct the first external optical path 40
back outside the monolithic unit cell 20 or 24 through a first
external environment 90 and then back into the monolithic
unit cell 20 or 24 and finally onto the array 60. In addition,
interferometer 100 is further configured to combine the first
internal optical path 30 and the first external optical path 40
at the array 60 and produce a first interferogram 71 (shown
in FIGS. 10A-10D) on the array 60, the interferogram 71
characterizing an optical property of the first external envi-
ronment 90.

Embodiments of the present disclosure also include meth-
ods for measuring optical properties of a gas or external
environment using an interferometer such as interferometer
100, 104, or 106, etc.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing features of the present invention will
become more fully apparent from the following description
and appended claims, taken in conjunction with the accom-
panying drawings. Understanding that these drawings depict
only typical embodiments of the invention and are, there-
fore, not to be considered limiting of its scope, the invention
will be described with additional specificity and detail
through use of the accompanying drawings in which:

FIG. 1 is a prior-art figure illustrating a conventional
Mach-Zehnder interferometer;

FIG. 2 is a depiction of an embodiment of the present
disclosure;

FIG. 3 illustrates an array of monolithic unit cells
arranged in a circumferential pattern;

FIG. 4 is another depiction of an embodiment of the
present disclosure;

FIG. 5 illustrates a single circumferential, monolithic unit
cell;

FIG. 6 illustrates an array of monolithic unit cells
arranged in a linear pattern;

20

25

30

35

40

45

50

55

60

65

4

FIG. 7 illustrates another embodiment of a single mono-
lithic unit cell;

FIG. 8 illustrates a single monolithic unit cell;

FIG. 9 illustrates a simplified ray trace through the unit
cell illustrated in FIG. 8;

FIG. 10A illustrates the simulated coherent irradiance of
an interferogram;

FIG. 10B is an enlarged view of the simulated coherent
irradiance of the interferogram illustrated in FIG. 10A;

FIG. 10C illustrates the simulated coherent phase of the
interferogram created with the same model as described in
FIGS. 9, 10A, and 10B;

FIG. 10D is an enlarged view of the simulated coherent
phase of the interferogram illustrated in FIG. 10C;

FIG. 10E illustrates the simulated coherent irradiance of
the interferogram of the interferometer 100 described in
FIG. 9;

FIG. 10F is an enlarged view of the simulated coherent
irradiance of the interferogram illustrated in FIG. 10E;

FIG. 10G illustrates the simulated coherent phase of the
interferogram created with the same model as described in
FIGS. 9, 10E, and 10F;

FIG. 10H is an enlarged view of the simulated coherent
phase of the interferogram illustrated in FIG. 10G;

FIG. 10I illustrates the simulated coherent irradiance of
the interferogram of the interferometer described in FIG. 9;

FIG. 10J is an enlarged view of the simulated coherent
irradiance of the interferogram illustrated in FIG. 101;

FIG. 10K illustrates the simulated coherent phase of the
interferogram created with the same model as described in
FIGS. 9, 101, and 101J;

FIG. 10L is an enlarged view of the simulated coherent
phase of the interferogram illustrated in FIG. 10K;

FIG. 11 illustrates another embodiment of a single mono-
lithic unit cell;

FIG. 12 illustrates a simplified ray trace through the unit
cell of FIG. 11;

FIG. 13A illustrates the simulated coherent irradiance of
the interferogram created by the interferometer illustrated in
FIG. 12;

FIG. 13B is an enlarged view of the simulated coherent
irradiance of the interferogram illustrated in FIG. 13A.

FIG. 13C illustrates the simulated coherent phase of the
interferogram created with the same model as described in
FIGS. 12, 13A, and 13B;

FIG. 13D is an enlarged view of the simulated coherent
phase of the interferogram illustrated in FIG. 13C;

FIG. 14 illustrates another embodiment of a single mono-
lithic unit cell;

FIG. 15 illustrates a simplified ray trace through the unit
cell of FIG. 14;

FIG. 16A illustrates the geometry of the monolithic unit
illustrated in FIG. 15;

FIG. 16B is an enlarged view of a portion of the mono-
lithic unit cell illustrated in FIG. 16A;

FIG. 17A illustrates the simulated coherent irradiance of
the interferogram created by the interferometer illustrated in
FIG. 15;

FIGS. 17B and 17C are enlarged views of the simulated
coherent irradiance of the interferogram illustrated in FIG.
17A,;

FIG. 17D illustrates the simulated coherent phase of the
interferogram created with the same model as described in
FIGS. 15, 17A, 17B, and 17C;

FIGS. 17E and 17F are an enlarged view of the simulated
coherent phase of the interferogram illustrated in FIG. 17D;
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FIG. 18 illustrates a simulated ray-trace through a cross-
section of a circumferential compact monolithic multi spec-
tral interferometer;

FIG. 19A illustrates the simulated coherent irradiance of
the interferogram created by the interferometer illustrated in
FIG. 18;

FIGS. 19B and 19C are enlarged views of the simulated
coherent irradiance of the interferogram illustrated in FIG.
19A;

FIG. 19D illustrates the simulated coherent irradiance of
the interferogram created by the interferometer illustrated in
FIG. 18;

FIGS. 19E and 19F are enlarged views of the simulated
coherent irradiance of the interferogram illustrated in FIG.
19D;

FIG. 20A illustrates another simulated coherent irradiance
of the interferogram created by the interferometer illustrated
in FIG. 18;

FIGS. 20B and 20C are enlarged views of the simulated
coherent irradiance of the interferogram illustrated in FIG.
20A;

FIG. 20D illustrates the simulated coherent phase of the
interferogram created with the same model as described in
FIGS. 18, 20A, 20B, and 20C;

FIGS. 20E and 20F are an enlarged view of the simulated
coherent phase of the interferogram illustrated in FIG. 20D;

FIG. 21 illustrates another embodiment of a single mono-
lithic unit cell;

FIG. 22 illustrates a simplified ray trace through the unit
cell illustrated in FIG. 21;

FIG. 23A illustrates the simulated coherent irradiance of
the interferogram created by the interferometer illustrated in
FIG. 21;

FIG. 23B is an enlarged view of the simulated coherent
irradiance of the interferogram illustrated in FIG. 23A;

FIG. 23C illustrates the simulated coherent phase of the
interferogram created with the same model as described in
FIGS. 22, 23A and 23B;

FIG. 23D is an enlarged view of the simulated coherent
phase of the interferogram illustrated in FIG. 23C;

FIG. 24 illustrates another embodiment of a single mono-
lithic unit cell;

FIG. 25 illustrates a simplified ray trace through the unit
cell illustrated in FIG. 24;

FIG. 26A illustrates the simulated coherent irradiance of
the interferogram created by the interferometer illustrated in
FIG. 25;

FIGS. 26B and 26C are enlarged views of the simulated
coherent irradiance of the interferogram illustrated in FIG.
26A,;

FIG. 26D illustrates the simulated coherent phase of the
interferogram created with the same model as described in
FIGS. 25, 26A, 26B, and 26C;

FIGS. 26E and 26F are an enlarged views of the simulated
coherent phase of the interferogram illustrated in FIG. 26D;

FIG. 27 illustrates another embodiment of a single mono-
lithic unit cell;

FIG. 28 illustrates a simplified ray trace through the unit
cell illustrated in FIG. 27,

FIG. 29A illustrates the simulated coherent irradiance of
the interferogram created by the interferometer illustrated in
FIG. 27,

FIG. 29B is an enlarged view of the simulated coherent
irradiance of the interferogram illustrated in FIG. 29A;

FIG. 29C illustrates the simulated coherent phase of the
interferogram created with the same model as described in
FIGS. 28, 29A, and 29B;
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FIG. 29D is an enlarged view of the simulated coherent
phase of the interferogram illustrated in FIG. 29C;

FIG. 30 illustrates another simplified ray trace through the
unit cell illustrated in FIG. 27,

FIG. 31A illustrates the simulated coherent irradiance of
the interferogram created by the interferometer 116 illus-
trated in FIG. 30;

FIG. 31B is an enlarged view of the simulated coherent
irradiance of the interferogram illustrated in FIG. 31A;

FIG. 31C illustrates the simulated coherent phase of the
interferogram created with the same model as described in
FIGS. 30, 31A, and 31B;

FIG. 31D is an enlarged view of the simulated coherent
phase of the interferogram illustrated in FIG. 31C;

FIG. 32 illustrates another simplified ray trace through the
unit cell illustrated in FIG. 27,

FIG. 33A illustrates the simulated coherent irradiance of
the interferogram created by the interferometer illustrated in
FIG. 32;

FIG. 33B is an enlarged view of the simulated coherent
irradiance of the interferogram illustrated in FIG. 33A;

FIG. 33C illustrates the simulated coherent phase of the
interferogram created with the same model as described in
FIGS. 32, 33A, and 33B.

FIG. 33D is an enlarged view of the simulated coherent
phase of the interferogram illustrated in FIG. 33C;

FIG. 34 illustrates another embodiment of a single mono-
lithic unit cell;

FIG. 35 illustrates a simplified ray trace through the unit
cell illustrated in FIG. 34,

FIG. 36A illustrates the simulated coherent irradiance of
the interferogram created by the interferometer illustrated in
FIG. 35;

FIGS. 36B, 36C, and 36D are enlarged views of the
simulated coherent irradiance of the interferogram illus-
trated in FIG. 35;

FIG. 36E illustrates the simulated coherent phase of the
interferogram created with the same model as described in
FIGS. 35, and 36A-36D;

FIGS. 36F, 36G, and 36H are an enlarged views of the
simulated coherent phase of the interferogram illustrated in
FIG. 36E;

FIG. 37 illustrates another embodiment of a single mono-
lithic unit cell;

FIG. 38 illustrates a simplified ray trace through the single
monolithic unit cell illustrated in FIG. 37,

FIG. 39A illustrates the simulated coherent irradiance of
the interferogram created by the interferometer illustrated in
FIG. 38;

FIGS. 39B, 39C, 39D, and 39E are enlarged views of the
simulated coherent irradiance of the interferogram illus-
trated in FIG. 39A;

FIG. 39F illustrates the simulated coherent phase of the
interferogram created with the same model as described in
FIGS. 38, and 39A-39E;

FIGS. 39G, 39H, 391, and 39] are an enlarged views of the
simulated coherent phase of the interferogram illustrated in
FIG. 39F;

FIG. 40 illustrates another embodiment of a single mono-
lithic unit cell;

FIG. 41 illustrates a simplified ray trace through the unit
cell of FIG. 40;

FIG. 42A illustrates the simulated coherent irradiance of
the interferogram created by the interferometer illustrated in
FIG. 41;
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FIGS. 42B, 42C, and 42D are enlarged views of the
simulated coherent irradiance of the interferogram illus-
trated in FIG. 42A;

FIG. 42E illustrates the simulated coherent phase of the
interferogram created with the same model as described in
FIGS. 41, and 42A-42D;

FIGS. 42F, 42G, and 42H are an enlarged views of the
simulated coherent phase interferogram illustrated in FIG.
42E;

FIG. 43 is an illustration of a method for characterizing an
optical property of an environment with an interferometer
according to embodiments disclosed herein; and

FIG. 44 is another illustration of a method for character-
izing an optical property of an environment with an inter-
ferometer according to embodiments disclosed herein.

DETAILED DESCRIPTION

The present disclosure covers apparatuses and associated
methods for a highly versatile, modular, compact interfer-
ometer design. Based on a monolithic, single-material, mir-
rorless geometry, the design is intuitive and can be easily
manufactured. The disclosed interferometer is capable of
characterizing both free-space and encapsulated environ-
ments and can be operated with a wide variety of sources
spanning the visible and infrared regimes.

In the following description, numerous specific details are
provided for a thorough understanding of specific preferred
embodiments. However, those skilled in the art will recog-
nize that embodiments can be practiced without one or more
of the specific details, or with other methods, components,
materials, etc. In some cases, well-known structures, mate-
rials, or operations are not shown or described in detail to
avoid obscuring aspects of the preferred embodiments. Fur-
thermore, the described features, structures, or characteris-
tics may be combined in any suitable manner in a variety of
alternative embodiments. Thus, the following more detailed
description of the embodiments of the present invention, as
illustrated in some aspects in the drawings, is not intended
to limit the scope of the invention, but is merely represen-
tative of the various embodiments of the invention.

In this specification and the claims that follow, singular
forms such as “a,” “an,” and “the” include plural forms
unless the content clearly dictates otherwise. All ranges
disclosed herein include, unless specifically indicated, all
endpoints and intermediate values. In addition, “optional”,
“optionally” or “or” refer, for example, to instances in which
subsequently described circumstance may or may not occur,
and include instances in which the circumstance occurs and
instances in which the circumstance does not occur. For
example, if the text reads “option A or option B,” there may
be instances where option A and option B are mutually
exclusive or instances where both option A and option B
may be included. The terms “one or more” and “at least one”
refer, for example, to instances in which one of the subse-
quently described circumstances occurs, and to instances in
which more than one of the subsequently described circum-
stances occurs.

The following examples are illustrative only and are not
intended to limit the disclosure in any way.

FIG. 4 is a cut-away view of an array 22 of monolithic
unit cells 20 arranged in a circumferential pattern around
center axis 86. FIG. 4 also shows the locations of hermetic
seal 80, front hermetic seal 82, and center hermetic seal 84.
Hermetic seals 80 and 82 separate the array of electrically
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coupled light-sensitive pixel elements 60 from an external
environment, such as external environment 90 shown in
FIG. 2.

FIG. 5 illustrates a single monolithic unit cell 20 with a
geometry suited for use in the array 22 of monolithic unit
cells illustrated in FIG. 4.

Similar to FIG. 4, FIG. 6 illustrates an array 26 of
monolithic unit cells 24 arranged in a linear pattern. FIG. 7
illustrates a single monolithic unit cell 24 with a geometry
suited for use in the array 26 of monolithic unit cells
illustrated in FIG. 6.

FIG. 8 illustrates a single monolithic unit cell 20 or 24. A
unit cell 20 or 24 has various external 28A and internal 28B
surfaces configured to redirect or reflect light through the
unit cell 20 or 24 onto an array of electrically coupled
light-sensitive pixel elements (shown in FIG. 4). Monolithic
unit cell 20 or 24 has a refractive index 21 or 25 different
than that of air or a surrounding environment, such as
environment 90.

FIG. 9 illustrates a simplified ray trace through a unit cell
20 or 24 of interferometer 100 or 102. In embodiments, a
first internal optical light path 30 originating from a coherent
light source 10 enters the unit cell 20 or 24 through an
external surface (such as external surface 28A) where the
light or light path 30 is reflected off an internal surface (such
as internal surface 28B) and then directed to an array of
electrically coupled light-sensitive pixel elements 60. Upon
entering the unit cell 20 or 24, internal light path 30 travels
entirely within the unit cell 20 or 24 until it exits the unit cell
20 or 24 onto the array of electrically coupled light-sensitive
pixel elements 60. In this sense, internal light path 30 is a
reference beam.

A first external optical light path 40 similarly originating
from the coherent light source 10 enters the unit cell 20 or
24 through an external surface (such as external surface
28A) where the light or light path 40 is reflected off an
internal surface (such as internal surface 28B) and then
directed back outside the monolithic unit cell 20 or 24
through a first external environment 90 and then back into
the monolithic unit cell 20 or 24 and finally onto the array
of electrically coupled light-sensitive pixel elements 60. The
external environment 90 may be an unknown environment
containing unknown gases. Optical light path 40 may be
referred to as a probe beam because is passes through an
environment being probed by a compact monolithic multi-
spectral interferometer, such as interferometer 100 or 102.

Monolithic unit cell 20 or 24 has a refractive index 21 or
25 different from the external environment 90. As the first
external optical path 40 travels outside the monolithic unit
cell 20 or 24, it experiences a change in refractive index over
a known length. The change in refractive index experienced
by the first external optical path 40 imparts a phase differ-
ence to the first external optical path 40. Therefore, the
optical path difference arises not through mechanical actua-
tion (e.g., a rotating or travelling mirror or grating), but
because of the refractive index difference between the
monolithic unit cell 20 or 24 and the external environment
90.

First internal optical path 30 and first external optical path
40 recombine at the monolithic unit cell 20 or 24 and the
array of electrically coupled light-sensitive pixel elements
60 and produce an interferogram 71 (shown in FIGS. 10A,
etc.) within interferogram region 70 on the array 60. The
interferogram 71 is captured in the form of coherent irradi-
ance on the detector 60. The interferogram 71 may charac-
terize an optical property of the external environment 90



US 11,761,750 B1

9

such as its temperature, pressure, refractive index, optical
density, or gas molarity of a gas or gases within the external
environment 90.

To add a sense of scale to the models, in embodiments, the
height, width, and thickness of the simulated monolithic unit
cell 20 or 24 geometry is 20 mm, 10 mm, and 4.5 mm,
respectively. The bottom of the monolithic structure 20B or
24B is separated from the detector 60 by 10 mm. None of the
angles nor lengths of the ray traces replicated are exagger-
ated.

FIG. 10A illustrates the simulated coherent irradiance of
the interferogram 71 created on the detector 60 within
interferogram region 70 by the interferometer 100 or 102
described in FIG. 9. FIG. 10B is an enlarged view of the
simulated coherent irradiance of the interferogram 71 illus-
trated in FIG. 10A. The simulated coherent irradiance of the
interferogram illustrated in FIG. 10A was modeled using
Zemax® OpticStudio® software, Professional version
21.3.2. Zemax® and OpticStudio® are registered trade-
marks of Zemax, LLC. Unless stated otherwise, all other
simulated interferograms illustrated in the various figures
and specification of this disclosure were simulated using the
same version of Zemax® OpticStudio® software. Similarly,
each simulation traces 600 million rays through the inter-
ferometer, such as interferometer 100, from the collimated
monochromatic coherent source, e.g., coherent light source
10, to the detector, e.g., detector 60. Also, the total output
power of the coherent light source, e.g., coherent light
source 10, is one watt.

In FIGS. 10A and 10B, the detector 60 is defined as a 10
mmx5 mm array consisting of 3200x200 pixels. The result-
ing analysis provides a geometric ray trace, coherent irra-
diance, and coherent phase of an interferogram. In this
simulation, the coherent light source, e.g., coherent light
source 10 in FIG. 9, has a wavelength of 450 nm. The unit
cell 20 or 24 is modeled as FK3 glass from the Schott
materials catalogue within the Zemax® OpticStudio® soft-
ware. In this simulated model, the peak irradiance (e.g.,
white) has a power per area of 8.131 W/cm?> and the
minimum irradiance (e.g., black) has a power per area of
0.210 W/em®.

FIG. 10C illustrates the simulated coherent phase of the
interferogram 71 created with the same model as described
in FIGS. 9, 10A, and 10B. An interferogram, such as
interferogram 71, includes both the coherent irradiance and
coherent phase. Therefore, the interferogram illustrations in
FIGS. 10A and 10C are both labeled as 71. The simulated
coherent irradiance and phase of various interferograms are
similarly labeled throughout the various figures and
described in this specification. FIG. 10D is an enlarged view
of the simulated coherent phase of the interferogram 71
illustrated in FIG. 10C. In this illustration, the maximum
phase (e.g., light gray) value is 179.30 degrees and the
minimum phase (e.g., dark gray) value is —179.30 degrees.

FIG. 10E illustrates a simulated coherent irradiance of the
interferogram 71 from the interferometer 100 described in
FIG. 9. FIG. 10F is an enlarged view of the simulated
coherent irradiance of the interferogram 71 illustrated in
FIG. 10E. In this simulation, the coherent light source 10 has
a wavelength of 6000 nm and the unit cell 20 or 24 has been
changed to calcium fluoride (CaF,). In this simulated model,
the peak irradiance (white) has a power per area of 3.47
W/cm? and the minimum irradiance (black) has a power per
area of 0.07 W/cm®.

FIG. 10G illustrates a simulated coherent phase of the
interferogram 71 created with the same model as described
in FIGS. 9, 10E, and 10F. FIG. 10H is an enlarged view of
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the simulated coherent phase of the interferogram 71 illus-
trated in FIG. 10G. In this illustration, the maximum phase
value (light gray) is 87.78 degrees, and the minimum phase
value (dark gray) is —11.29 degrees.

FIG. 101 illustrates a simulated coherent irradiance of the
interferogram 71 from the interferometer 100 described in
FIG. 9. FIG. 10J is an enlarged view of the simulated
coherent irradiance of the interferogram 71 illustrated in
FIG. 101. In this simulation, the coherent light source 10 has
a wavelength of 9000 nm and the unit cell 20 or 24 is made
of calcium fluoride (CaF,). In this simulated model, the peak
irradiance (white) has a power per area of 2.033 W/cm? and
the minimum irradiance (black) has a power per area of
0.034 W/cm?.

FIG. 10K illustrates a simulated coherent phase of the
interferogram 71 created with the same model as described
in FIGS. 9, 101, and 10J. FIG. 10L is an enlarged view of
the simulated coherent phase of the interferogram 71 illus-
trated in FIG. 10K. In this illustration, the maximum phase
value (light gray) is 131.80 degrees, and the minimum phase
value (dark gray) is 30.64 degrees.

The simulated models illustrated in FIGS. 10E through
10K show that the same unit cell 20 or 24 geometry
functions equally well in the infrared regime. The same
design is equally valid at other source wavelengths as
demonstrated here. A spectrum characterizing an optical
property of the first external environment 90 can be recon-
structed using a Fourier transform of the temporal coherence
of the light illustrated in FIGS. 10A and 10B. Thus, the
interferogram 71 or data from the interferogram 71, may
characterize an optical property of an external environment,
such as external environment 90. An optical property may
include the external environment’s temperature, pressure,
refractive index, optical density, or gas molarity of a gas or
gases within the external environment 90.

FIG. 11 illustrates a single monolithic unit cell 20A or
24A, similar to the single monolithic unit cell 20 or 24
illustrated in FIG. 8. A unit cell 20A or 24A has various
external 28A and internal 28B surfaces configured to redi-
rect or reflect light through the unit cell 20A or 24A onto an
array of electrically coupled light-sensitive pixel elements
(shown in FIG. 4). Monolithic unit cell 20A or 24A has a
refractive index 21 or 25 different than that of air, a vacuum,
or a surrounding environment, such as environment 90.

FIG. 12 illustrates a simplified ray trace through a unit cell
20A or 24A. The ray trace through unit cell 20A or 24A is
slightly different than the ray trace through unit cell 20 or 24
illustrated in FIG. 9 as the geometry of the unit cell 20A or
24A is different. In embodiments, a first internal optical light
path 30 originating from a coherent light source 10 enters the
unit cell 20A or 24A through an external surface (such as
external surface 28A illustrated in FIG. 11) where the light
or light path 30 is reflected off multiple internal surfaces
(such as internal surfaces 28B illustrated in FIG. 11) and
then directed to an array of electrically coupled light-
sensitive pixel elements 60. Once entering the unit cell 20A
or 24A, internal light path 30 travels entirely within the unit
cell 20A or 24A until it exits the unit cell 20A or 24A onto
the array of electrically coupled light-sensitive pixel ele-
ments 60. In this sense, internal light path 30 is a reference
beam.

A first external optical light path 40 similarly originating
from the coherent light source 10 enters the unit cell 20A or
24A through an external surface (such as external surface
28A illustrated in FIG. 11) where the light or light path 40
is reflected off an internal surface (such as internal surface
28B illustrated in FIG. 11) and then directed back outside the



US 11,761,750 B1

11

monolithic unit cell 20A or 24A through a first external
environment 90 and then back into the monolithic unit cell
20A or 24A and finally onto the array of electrically coupled
light-sensitive pixel elements 60. The external environment
90 may be an unknown environment containing unknown
gases or other semi-transparent materials. Optical light path
40 may be referred to as a probe beam because is passes
through an environment being probed by a compact mono-
lithic multispectral interferometer, such as interferometer
104 or 106.

Monolithic unit cell 20A or 24A has a refractive index 21
or 25 different from the external environment 90. As the first
external optical path 40 travels outside the monolithic unit
cell 20A or 24A, it experiences a change in refractive index
over a known length. The change in refractive index expe-
rienced by the first external optical path 40 imparts a phase
difference to the first external optical path 40. Therefore, the
optical path difference arises not through mechanical actua-
tion (e.g., a rotating or travelling mirror or grating), but
because of the refractive index mismatch between the mono-
lithic unit cell 20A or 24A and the external environment 90.

First internal optical path 30 and first external optical path
40 recombine at the array of electrically coupled light-
sensitive pixel elements 60 and produce a first interferogram
71 (shown in later figures) within region 70 on the array 60.
The interferogram 71 is captured in the form of coherent
irradiance on the detector 60. The interferogram 71 may
characterize an optical property of the external environment
90 such as its temperature, pressure, refractive index, optical
density, or gas molarity of a gas or gases within the external
environment 90.

FIG. 13 A illustrates a simulated coherent irradiance of the
interferogram 71 created on the detector 60 within inter-
ferogram region 70 from the interferometer 104 or 106
illustrated in FIG. 12. FIG. 13B is an enlarged view of the
simulated coherent irradiance of the interferogram 71 illus-
trated in FIG. 13A.

In FIGS. 13A and 13B, the detector 60 is defined as a 10
mmx5 mm array consisting of 3200x200 pixels. The result-
ing analysis provides a geometric ray trace, coherent irra-
diance, and coherent phase. In this simulation, the coherent
light source, e.g., coherent light source 10 in FIG. 12, has a
wavelength of 450 nm. The unit cell 20A or 24A is modeled
as FK3 glass from the Schott materials catalogue within the
Zemax® OpticStudio® software. In this simulated model,
the peak irradiance (e.g., white) has a power per area of
10.98 W/cm? and the minimum irradiance (e.g., black) has
a power per area of 0.191 W/cm?.

FIG. 13C illustrates the simulated coherent phase of the
interferogram 71 created with the same model as described
in FIGS. 12, 13A, and 13B. FIG. 13D is an enlarged view of
the simulated coherent phase of the interferogram 71 illus-
trated in FIG. 13C. In this illustration, the maximum phase
(e.g., light gray) value is —31.11 degrees and the minimum
phase (e.g., dark gray) value is —133.80 degrees.

FIG. 14 illustrates a single monolithic unit cell 20B or
24B. A unit cell 20B or 24B has various external 28A and
internal 28B surfaces configured to redirect or reflect light
through the unit cell 20B or 24B onto an array of electrically
coupled light-sensitive pixel elements (not shown in FIG.
14). Monolithic unit cell 20B or 24B has a refractive index
21 or 25 different than that of air or a surrounding environ-
ment, such as external environment 90 (not shown in FIG.
14).

FIG. 15 illustrates a simplified ray trace through a unit cell
20B or 24B. The ray trace through unit cell 20B or 24B is
similar to the ray trace through unit cell 20A or 24A shown
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in FIG. 12 but includes an additional or second external
optical path 42. In embodiments, a first internal optical light
path 30 originating from a coherent light source 10 enters the
unit cell 20A or 24A through an external surface (such as
external surface 28A illustrated in FIG. 14) where the light
or light path 30 is reflected off multiple internal surfaces
(such as internal surfaces 28B illustrated in FIG. 11) and
then directed to an array of electrically coupled light-
sensitive pixel elements 60. Once entering the unit cell 20B
or 24B, internal light path 30 travels entirely within the unit
cell 20B or 24B until it exits the unit cell 20B or 24B onto
the array of electrically coupled light-sensitive pixel ele-
ments 60. In this sense, internal light path 30 is a reference
beam.

A first external optical light path 40 similarly originating
from the coherent light source 10 enters the unit cell 20B or
24B through an external surface (such as external surface
28A illustrated in FIG. 14) where the light or light path 40
is reflected off an internal surface (such as internal surface
28B illustrated in FIG. 14) and then directed back outside
the monolithic unit cell 20B or 24B through a first external
environment 90A and then back into the monolithic unit cell
20B or 24B and finally onto the array of electrically coupled
light-sensitive pixel elements 60. The external environment
90A may be an unknown environment containing unknown
gases or other semi-transparent materials. Optical light path
40 may be referred to as a probe beam because is passes
through an environment being probed by a compact mono-
lithic multispectral interferometer, such as interferometer
108 or 110.

A second external optical light path 42 similarly originat-
ing from the coherent light source 10 enters the unit cell 20B
or 24B through an external surface (such as external surface
28A illustrated in FIG. 14) where the light or light path 42
is reflected off an internal surface (such as internal surface
28B illustrated in FIG. 14) and then directed back outside
the monolithic unit cell 20B or 24B through a second
external environment 90B and then back into the monolithic
unit cell 20B or 24B and finally onto the array of electrically
coupled light-sensitive pixel elements 60. The second exter-
nal environment 90B may be an unknown environment
containing unknown gases or other semi-transparent mate-
rials. Optical light path 42 may be referred to as a probe
beam because is passes through an environment being
probed by a compact monolithic multispectral interferom-
eter, such as interferometer 108 or 110.

Monolithic unit cell 20B or 24B has a refractive index 21
or 25 different from the first external environment 90A or the
second external environment 90B. As the first external
optical path 40 travels outside the monolithic unit cell 20B
or 24B, it experiences a change in refractive index over a
known length. Similarly, as the second external optical path
42 travels outside the monolithic unit cell 20B or 24B, it
experiences a change in refractive index over a known
length. The change in refractive index experienced by the
first external optical path 40 and the second external optical
path 42 imparts a phase difference to the first external optical
path 40 and the second optical light path 42. Therefore, the
optical path difference arises not through mechanical actua-
tion (e.g., a rotating or travelling mirror or grating), but
because of the refractive index mismatch between the mono-
lithic unit cell 20B or 24B and the first and second external
environments 90A and 90B.

First internal optical path 30 and first external optical path
40 recombine at the array of electrically coupled light-
sensitive pixel elements 60 and produce a first interferogram
71A (shown in later figures) within region 70A on the array
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60. The interferogram 71A is captured in the form of
coherent irradiance on the detector 60. The first interfero-
gram 71A within region 70A may characterize an optical
property of the external environment 90A such as its tem-
perature, pressure, refractive index, optical density, or gas
molarity of a gas or gases within the external environment
90A.

Similarly, first internal optical path 30 and second external
optical path 42 recombine at the array of electrically coupled
light-sensitive pixel elements 60 and produce a second
interferogram 71B (shown in later figures) within region
70B on the array 60. First interferogram 71A and second
interferogram 71B are spatially separated from each other as
regions 70A and 70B are spatially separated from each other.
The interferogram 71B is captured in the form of coherent
irradiance on the detector 60. The second interferogram 71B
within region 70B may characterize an optical property of
the external environment 90B such as its temperature, pres-
sure, refractive index, optical density, or gas molarity of a
gas or gases within the external environment 90B.

FIG. 16A illustrates the geometry of the monolithic unit
cell 20B or 24B of compact monolithic multispectral inter-
ferometer 108 or 110 illustrated in FIG. 15. FIG. 16B is an
enlarged view of a portion of the monolithic unit cell 20B or
24B illustrated in FIG. 16A. In FIGS. 16A and 16B, colli-
mated light from a monochromatic coherent source 10 enters
the top of the unit cell 20B or 24B as internal optical path
30. A face angled at 45° redirects incident rays towards the
detector 60 via total internal reflection. The interferometer
108 or 110 is designed such that half of the incident rays are
directed through the monolithic structure as internal optical
path 30, acting as a reference beam. The other half of the
rays are directed outside of the structure as external optical
light path 40, acting as the test or “probe” beam. After
traversing the free-space environment, the probe rays or
external optical light path 40 refract through the second
angled face at the foot of the monolithic unit cell 20B or
24B, re-entering the monolithic unit cell 20B or 24B. The
reference and probe beams exit the bottom of the monolithic
unit cell 20B or 24B and overlap to create an oblique
ionogram on the detector 60. Variation in the optical path
length between the reference and probe beams generate the
interferogram on the detector.

Based on the simplicity of the unit cell 20B or 24B,
analytical descriptions of the optical paths 30 and 40 may be
derived. Interference between the reference and probe rays
(e.g., optical paths 30 and 40) will be constructive when
their optical path length difference (AOPL) is an integer
multiple of the incident light’s wavelength (AOPL=n}) and
destructive when this value is offset by one half the incident
light’s wavelength (AOPL=A/2+n}.). The difference in opti-
cal path length gives rise to a phase difference between the
two beams, defined by ¢=k sin(A8). Therefore, it is impor-
tant to understand how the optical path length difference
arises between the reference and probe rays (e.g., optical
paths 30 and 40).

In FIGS. 16 A and 16B, the unit cell 20B or 24B comprises
45° triangles, outlined with dashed lines. Upon reaching the
unit cell, the angle of incidence of each optical path 30 and
40 is the same (0,=45°). The angle it refracts into the unit
cell 20B or 24B is determined by Snell’s Law: al sinf,=n,
sinf,. n, is the refractive index 21 or 25 and n, is the
refractive index of the environment 90B. Therefore, 1-sin
(45°=1.472 sinB, and 0,=28.71°. Also, 0,=45°-
28.71°=16.29°. Finally, 1.472-sin(16.29°=1 sin 6. There-
fore, A0=0,=24.39°.
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FIG. 17A illustrates the simulated coherent irradiance of
the interferograms 71A and 71B created on the detector 60
within regions 70A and 70B from the interferometer 108 or
110 illustrated in FIG. 15. FIGS. 17B and 17C are enlarged
views of the simulated coherent irradiance of the interfero-
grams illustrated in FIG. 17A from first interferogram 71A
and second interferogram 71B, respectively.

In FIGS. 17A, 17B, and 17C, the detector 60 is defined as
a 60 mmx14 mm array consisting of 6000x200 pixels. The
resulting analysis provides a geometric ray trace, coherent
irradiance, and coherent phase. In this simulation, the coher-
ent light source, e.g., coherent light source 10 in FIG. 15, has
a wavelength of 450 nm. The unit cell 20B or 24B is
modeled as FK3 glass from the Schott materials catalogue
within the Zemax® OpticStudio® software. In this simu-
lated model, the peak irradiance (e.g., white) has a power per
area of 0.524 W/cm? and the minimum irradiance (e.g.,
black) has a power per area of 0.007 W/cm?.

FIG. 17D illustrates the simulated coherent phase of the
interferograms 71A and 71B created with the same model as
described in FIGS. 15, 17A, 17B, and 17C. FIGS. 17E and
17F are an enlarged views of the simulated coherent phase
interferograms illustrated in FIG. 17D. In this illustration,
the maximum phase (e.g., light gray) value is 177.90 degrees
and the minimum phase (e.g., dark gray) value is —=178.70
degrees.

FIG. 18 illustrates a simulated ray-trace through a cross-
section of a circumferential compact monolithic multispec-
tral interferometer 108. The cross-section view of interfer-
ometer 108 shows two monolithic unit cells 20B. Each of
unit cells 20B use a coherent light source 10A or 10B.
Coherent light source 10A has a wavelength of 550 nm and
coherent light source 10B has a wavelength of 450 nm. In
each unit cell, an interferogram is produced by the optical
path length difference between two of the three optical paths:
internal path 30, first external path 40 and second external
path 42. In both unit cells, internal optical path 30 traverses
entirely within the monolithic interferometer unit cell 20B.
Also in each unit cell, the first external optical path 40
traverses outside a unit cell 20B, through a first external
environment 90A, and back into a unit cell 20B. Similarly,
the second external optical path 42 traverses outside a unit
cell 20B through a second external environment 90B and
back into a unit cell 20B. External environment 90B may be
different than external environment 90A. External optical
paths 40 and 42 travel outside a unit cell 20B and experience
a change in refractive index over a known length. The
change in refractive index experienced by the external
optical paths imparts a phase difference from the first
internal optical path 30. Therefore, the optical path differ-
ence arises not through mechanical actuator (ex. rotating
mirror or traveling mirror or grating), but through a refrac-
tive index mismatch to generate an optical path difference
between an internal optical path 30 and the external optical
paths 40 and 42.

A first internal optical path 30 and a first external optical
path 40 recombine after the first external optical path 40
re-enters and passes through a monolithic unit cell 20B.
Similarly, a first internal optical path 30 and a second
external optical path 42 recombine after the second external
optical path 40 re-enters and passes through a monolithic
unit cell 20B. The optical path recombination is oblique,
forming an oblique interferogram on sensor 60. The recom-
bination occurs for each unknown environment 90A and
90B.

FIG. 19A illustrates the simulated coherent irradiance of
the interferograms 71A-1 and 71A-2 created on the detector
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60A within interferogram regions 70A-1 and 70A-2 from the
interferometer 108 illustrated in FIG. 18. FIGS. 19B and
19C are enlarged views of the simulated coherent irradiance
of the interferograms 71A-1 and 71A-2 illustrated in FIG.
19A.

In FIGS. 19A, 19B, and 19C, the detector 60A is defined
as an 11 mmx3.5 mm array consisting of 6000x200 pixels.
The resulting analysis provides a geometric ray trace, coher-
ent irradiance, and coherent phase. In this simulation, the
coherent light source, e.g., coherent light source 10A in FIG.
18, has a wavelength of 450 nm. The unit cell 20B is
modeled as FK3 glass from the Schott materials catalogue
within the Zemax® OpticStudio® software. In this simu-
lated model, the peak irradiance (e.g., white) has a power per
area of 0.896 W/cm® and the minimum irradiance (e.g.,
black) has a power per area of 0.012 W/cm?.

FIG. 19D illustrates the simulated coherent phase of the
interferograms 71A-1 and 71A-2 created with the same
model as described in FIGS. 18, 19A, 19B, and 19C. FIGS.
19F and 19E are an enlarged view of the simulated coherent
phase interferograms 71A-1 and 71A-2 illustrated in FIG.
19D. In this illustration, the maximum phase (e.g., light
gray) value is 179.90 degrees and the minimum phase (e.g.,
dark gray) value is —=176.40 degrees.

FIG. 20A illustrates the simulated coherent irradiance of
the interferograms 71B-1 and 71B-2 created on the detector
60A within regions 70B-1 and 70B-2 from the interferom-
eter 108 illustrated in FIG. 18. FIGS. 20B and 20C are
enlarged views of the simulated coherent irradiance of the
interferograms 71B-1 and 71B-2 illustrated in FIG. 20A.

In FIGS. 20A, 20B, and 20C, the detector 60B is defined
as an 11 mmx3.5 mm array consisting of 6000x200 pixels.
The resulting analysis provides a geometric ray trace, coher-
ent irradiance, and coherent phase. In this simulation, the
coherent light source, e.g., coherent light source 10A in FIG.
18, has a wavelength of 550 nm. The unit cell 20B is
modeled as FK3 glass from the Schott materials catalogue
within the Zemax® OpticStudio® software. In this simu-
lated model, the peak irradiance (e.g., white) has a power per
area of 0.799 W/cm? and the minimum irradiance (e.g.,
black) has a power per area of 0.016 W/cm?.

FIG. 20D illustrates the simulated coherent phase of the
interferograms 71B-1 and 71B-2 created with the same
model as described in FIGS. 18, 20A, 20B, and 20C. FIGS.
20FE and 20F are an enlarged view of the simulated coherent
phase interferograms 71B-1 and 71B-2 illustrated in FIG.
20D. In this illustration, the maximum phase (e.g., light
gray) value is 178.00 degrees and the minimum phase (e.g.,
dark gray) value is —178.70 degrees.

FIG. 21 illustrates a single monolithic unit cell 20C. Unit
cell 20C has various external 28A and internal 28B surfaces
configured to redirect or reflect light through the unit cell
20C onto an array of electrically coupled light-sensitive
pixel elements (not shown in FIG. 21). Monolithic unit cell
20C also includes a specimen or gas-cell 29. Monolithic unit
cell 20C has a refractive index 21 or 25 different than that
specimen cell 29.

FIG. 22 illustrates a simplified ray trace through a unit cell
20C. The ray trace through unit cell 20C is similar to the ray
trace through unit cell 20 or 24 shown in FIG. 19 but
includes an additional optical path 50 through specimen cell
29 (instead of an external optical path). In embodiments, a
first internal optical light path 30 originating from a coherent
light source 10 enters the unit cell 20C through an external
surface (such as external surface 28A illustrated in FIG. 21)
where the light or light path 30 is reflected off multiple
internal surfaces (such as internal surfaces 28B illustrated in
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FIG. 21) and then directed to an array of electrically coupled
light-sensitive pixel elements 60. Once entering the unit cell
20C, internal light path 30 travels entirely within the unit
cell 20C until it exits the unit cell 20C onto the array of
electrically coupled light-sensitive pixel elements 60. In this
sense, internal light path 30 is a reference beam.

A first internal gas-cell or specimen cell optical light path
50 similarly originating from the coherent light source 10
enters the unit cell 24C through an external surface (such as
external surface 28A illustrated in FIG. 21) where the light
or light path 50 is reflected off an internal surface (such as
internal surface 28B illustrated in FIG. 21) and then directed
back outside the monolithic unit cell 20C through a speci-
men cell 29 and then back into the monolithic unit cell 20C
and finally onto the array of electrically coupled light-
sensitive pixel elements 60. The specimen cell 29 may be an
unknown environment containing unknown gases or other
semi-transparent materials. Optical light path 50 may be
referred to as a probe beam because is passes through an
environment being probed by a compact monolithic multi-
spectral interferometer, such as interferometer 112.

First internal optical path 30 and first internal gas-cell or
specimen-cell optical path 50 recombine at the array of
electrically coupled light-sensitive pixel elements 60 and
produce a first interferogram 71 (shown in later figures)
within region 70 on the array 60. The interferogram 71 is
captured in the form of coherent irradiance on the detector
60. The first interferogram 71 may characterize an optical
property of the internal gas-cell or specimen-cell 29 such as
its temperature, pressure, refractive index, optical density, or
gas molarity of a gas or gases within the external environ-
ment 29.

FIG. 23 A illustrates a simulated coherent irradiance of the
interferogram 71 created on the detector 60 within inter-
ferogram regions 70 from the interferometer 112 illustrated
in FIG. 21. FIG. 23B is an enlarged view of the simulated
coherent irradiance of the interferogram 71 illustrated in
FIG. 23A.

In FIGS. 23A and 23B, the detector 60 is defined as a 5
mmx3 mm array consisting of 3200x200 pixels. The result-
ing analysis provides a geometric ray trace, coherent irra-
diance, and coherent phase. In this simulation, the coherent
light source, e.g., coherent light source 10 in FIG. 22, has a
wavelength of 450 nm. The unit cell 20C is modeled as FK3
glass from the Schott materials catalogue within the
Zemax® OpticStudio® software. In this simulated model,
the peak irradiance (e.g., white) has a power per area of
19.88 W/cm? and the minimum irradiance (e.g., black) has
a power per area of 0.621 W/cm?.

FIG. 23C illustrates the simulated coherent phase of the
interferogram 71 created with the same model as described
in FIGS. 22, 23 A and 23B. FIG. 23D is an enlarged view of
the simulated coherent phase of the interferogram 71 illus-
trated in FIG. 23C. In this illustration, the maximum phase
(e.g., light gray) value is 3.10 degrees and the minimum
phase (e.g., dark gray) value is —-85.76 degrees.

FIG. 24 illustrates a single monolithic unit cell 20D. Unit
cell 20D has various external 28A and internal 28B surfaces
configured to redirect or reflect light through the unit cell
20D onto an array of electrically coupled light-sensitive
pixel elements (not shown in FIG. 24). Unit cell 20D also
includes specimen or gas-cells 29A and 29B. Specimen or
gas-cells 29A or 29B may contain a known or unknown gas
at a known or unknown concentration. Monolithic unit cell
20D has a refractive index 21 or 25 different than that of
specimen or gas-cells 29A and 29B.
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FIG. 25 illustrates a simplified ray trace through a unit cell
20D. The ray trace through unit cell 20D is similar to the ray
trace through unit cell 20C shown in FIG. 22 but includes an
additional optical path 52 through specimen cell 29B. In
embodiments, a first internal optical light path 30 originating
from a coherent light source 10 enters the unit cell 20D
through an external surface (such as external surface 28A
illustrated in FIG. 24) where the light or light path 30 is
reflected off multiple internal surfaces (such as internal
surfaces 28B illustrated in FIG. 24) and then directed to an
array of electrically coupled light-sensitive pixel elements
60. Upon entering the unit cell 20D, internal light path 30
travels entirely within the unit cell 20D until it exits the unit
cell 20D onto the array of electrically coupled light-sensitive
pixel elements 60. In this sense, internal light path 30 is a
reference beam.

A first internal gas-cell or specimen cell optical light path
50 similarly originating from the coherent light source 10
enters the unit cell 20D through an external surface (such as
external surface 28A illustrated in FIG. 24) where the light
or light path 50 is reflected off an internal surface (such as
internal surface 28B illustrated in FIG. 24) and then directed
back outside the monolithic unit cell 20D through a speci-
men cell 29A and then back into the monolithic unit cell 20D
and finally onto the array of electrically coupled light-
sensitive pixel elements 60. The specimen cell 29A may be
an unknown environment containing unknown gases. Opti-
cal light path 50 may be referred to as a probe beam because
is passes through an environment being probed by a compact
monolithic multispectral interferometer, such as interferom-
eter 114.

A second internal gas-cell or specimen cell optical light
path 52 similarly originating from the coherent light source
10 enters the unit cell 20D through an external surface (such
as external surface 28A illustrated in FIG. 24) where the
light or light path 52 is reflected off an internal surface (such
as internal surface 28B illustrated in FIG. 24) and then
directed back outside the monolithic unit cell 20D through
a specimen cell 29B and then back into the monolithic unit
cell 20D and finally onto the array of electrically coupled
light-sensitive pixel elements 60. The specimen cell 29B
may be an unknown environment containing unknown
gases. Optical light path 52 may be referred to as a probe
beam because is passes through an environment being
probed by a compact monolithic multispectral interferom-
eter, such as interferometer 114.

First internal optical path 30 and first internal gas-cell or
specimen-cell optical path 50 recombine at the array of
electrically coupled light-sensitive pixel elements 60 and
produce a first interferogram 71A (illustrated in later figures)
within region 70A on the array 60. Similarly, first internal
optical path 30 and second internal gas-cell or specimen-cell
optical path 52 recombine at the array of electrically coupled
light-sensitive pixel elements 60 and produce a second
interferogram 71B within region 70B on the array 60. An
interferogram is captured in the form of coherent irradiance
on the detector 60. The first interferogram 70A may char-
acterize an optical property of the internal gas-cell or speci-
men-cell 29A such as its temperature, pressure, refractive
index, optical density, or gas molarity of a gas or gases
within the gas cell 29A. Similarly, the second interferogram
70B may characterize an optical property of the internal
gas-cell or specimen-cell 29B such as its temperature, pres-
sure, refractive index, optical density, or gas molarity of a
gas or gases within the second specimen cell 29B.

FIG. 26 A illustrates a simulated coherent irradiance of the
interferogram 71A and 71B created on the detector 60 within

—_

0

—_

5

o)

5

65

18
interferogram regions 70A and 70B from the interferometer
114 illustrated in FIG. 25. FIGS. 26B and 26C are enlarged
views of the simulated coherent irradiance of the interfero-
grams 71A and 71B illustrated in FIG. 26A of regions 70A
and 70B, respectively.

In FIGS. 26A, 26B, and 26C, the detector 60 is defined as
a 20 mmx5 mm array consisting of 6000x200 pixels. The
resulting analysis provides a geometric ray trace, coherent
irradiance, and coherent phase. In this simulation, the coher-
ent light source, e.g., coherent light source 10 in FIG. 25, has
a wavelength of 450 nm. The unit cell 20D is modeled as
FK3 glass from the Schott materials catalogue within the
Zemax® OpticStudio® software. In this simulated model,
the peak irradiance (e.g., white) has a power per area of
3.504 W/cm? and the minimum irradiance (e.g., black) has
a power per area of 0.093 W/cm?.

FIG. 26D illustrates the simulated coherent phase of the
interferograms 71A and 71B created with the same model as
described in FIGS. 25, 26A, 26B, and 26C. FIGS. 26E and
26F are an enlarged views of the simulated coherent phase
of the interferograms 71A and 71B illustrated in FIG. 26D.
In this illustration, the maximum phase (e.g., light gray)
value is —=37.98 degrees and the minimum phase (e.g., dark
gray) value is —=131.1 degrees.

FIG. 27 illustrates a single monolithic unit cell 20E. Unit
cell 20E has various external 28A and internal 28B surfaces
configured to redirect or reflect light through the unit cell
20E onto an array of electrically coupled light-sensitive
pixel elements (not shown in FIG. 27). Monolithic unit cell
20E also includes a specimen or gas-cell 29. Gas-cell 29
may contain a known or unknown gas at a known or
unknown pressure. In any case, monolithic unit cell 20E has
a refractive index 21 or 25 different than that specimen cell
29. In addition, monolithic unit cell 20E has various surfaces
that may be coated with anti-reflective or absorptive coat-
ings depending on their purpose to prevent light from
reflecting off the surface or absorbing light hitting the
surface. For example, surfaces 28C may be coated with an
anti-reflective coating. Surfaces 28E, 28F, and 28G (which
is also internal surface 28B) may be coated with either an
anti-reflective coating or an absorptive coating. Alterna-
tively, surfaces 28E, 28F, and 28G may include a shutter to
either independently transmit light passing therethrough or
stopping light at that surface. Other monolithic unit cells
described herein may be similarly coated with anti-reflective
or absorptive coatings or include a shutter.

FIG. 28 illustrates a simplified ray trace through a unit cell
20E. In embodiments, a first internal optical light path 30
originating from a coherent light source 10 enters the unit
cell 20E through an external surface (such as external
surface 28A illustrated in FIG. 27) where the light or light
path 30 is reflected off multiple internal surfaces (such as
internal surfaces 28B illustrated in FIG. 27) and then
directed to an array of electrically coupled light-sensitive
pixel elements 60. Once entering the unit cell 20E, internal
light path 30 travels entirely within the unit cell 20D until it
exits the unit cell 20E onto the array of electrically coupled
light-sensitive pixel elements 60. In this sense, internal light
path 30 is a reference beam.

A first internal gas-cell or specimen cell optical light path
50, similarly originating from the coherent light source 10,
enters the unit cell 20E through an external surface (such as
external surface 28A illustrated in FIG. 27) where the light
or light path 50 is reflected off an internal surface (such as
internal surface 28B illustrated in FIG. 27) and then directed
back outside the monolithic unit cell 20E through a speci-
men cell 29 and then back into the monolithic unit cell 20E
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and finally onto the array of electrically coupled light-
sensitive pixel elements 60. The specimen cell 29 may be an
unknown environment containing unknown gases at known
or unknown pressures. Optical light path 50 may be referred
to as a probe beam because is passes through an environment
being probed by a compact monolithic multispectral inter-
ferometer, such as interferometer 116.

A first external optical light path 40 similarly originating
from the coherent light source 10 enters the unit cell 20E
through an external surface (such as external surface 28A
illustrated in FIG. 27) where the light or light path 40 is
reflected off an internal surface (such as internal surface 28B
illustrated in FIG. 27) and then directed back outside the
monolithic unit cell 20E through a first external environment
90A and then back into the monolithic unit cell 20E where
it is absorbed by an absorptive coating or blocked by a
shutter at surface 28G.

First internal optical path 30 and first internal gas-cell or
specimen-cell optical path 50 recombine at the array of
electrically coupled light-sensitive pixel elements 60 and
produce a first interferogram 71A (shown in later figures)
within region 70 on the array 60. The interferogram 71A is
captured in the form of coherent irradiance on the detector
60. The first interferogram 71A may characterize an optical
property of the internal gas-cell or specimen-cell 29 such as
its temperature, pressure, refractive index, optical density, or
gas molarity of a gas or gases within the external environ-
ment 29. Gas-cell 29 characterization may take place, in
part, because the external light path 40 is blocked at surface
28G and does not reach detector 60.

FIG. 29A illustrates a simulated coherent irradiance of the
first interferogram 71A created on the detector 60 within
interferogram region 70 from the interferometer 116 illus-
trated in FIG. 27. FIG. 29B is an enlarged view of the
simulated coherent irradiance of the first interferogram 71A
illustrated in FIG. 29A.

In FIGS. 29A and 29B, the detector 60 is defined as a 5
mmx3.5 mm array consisting of 3200x200 pixels. The
resulting analysis provides a geometric ray trace, coherent
irradiance, and coherent phase. In this simulation, the coher-
ent light source, e.g., coherent light source 10 in FIG. 28, has
a wavelength of 450 nm. The unit cell 20E is modeled as
FK3 glass from the Schott materials catalogue within the
Zemax® OpticStudio® software. In this simulated model,
the peak irradiance (e.g., white) has a power per area of
7.387 W/em? and the minimum irradiance (e.g., black) has
a power per area of 0.212 W/cm?.

FIG. 29C illustrates the simulated coherent phase of the
first interferogram 71A created with the same model as
described in FIGS. 28, 29A, and 29B. FIG. 29D is an
enlarged view of the simulated coherent phase the first
interferogram 71A illustrated in FIG. 29C. In this illustra-
tion, the maximum phase (e.g., light gray) value is 176.8
degrees and the minimum phase (e.g., dark gray) value is
-78.90 degrees.

FIG. 30 illustrates another simplified ray trace through a
unit cell 20D, similar to the ray trace illustrated in FIG. 28,
except in this ray trace, internal gas-cell optical light path 50
is blocked at surface 28E and external optical light path 40
is allowed to travel to the array of electrically coupled
light-sensitive pixel elements 60.

First internal optical light path 30 and first external optical
light path 40 recombine at the array of electrically coupled
light-sensitive pixel elements 60 and produce a second
interferogram 71B (shown in later figures) within region 70
on the array 60. The second interferogram 71B is captured
in the form of coherent irradiance on the detector 60. The
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second interferogram 71B may characterize an optical prop-
erty of the external environment 90A, such as its tempera-
ture, pressure, refractive index, optical density, or gas molar-
ity. External environment 90A characterization may take
place, in part, because the internal gas-cell optical light path
50 is blocked at surface 28E and does not reach detector 60.

FIG. 31A illustrates a simulated coherent irradiance of the
second interferogram 71B created on the detector 60 within
interferogram region 70 from the interferometer 116 illus-
trated in FIG. 30. FIG. 31B is an enlarged view of the
simulated coherent irradiance of the second interferogram
71B illustrated in FIG. 31A.

In FIGS. 31A and 31B, the detector 60 is defined as a 5
mmx3.5 mm array consisting of 3200x200 pixels. The
resulting analysis provides a geometric ray trace, coherent
irradiance, and coherent phase. In this simulation, the coher-
ent light source, e.g., coherent light source 10 in FIG. 30, has
a wavelength of 450 nm. The unit cell 20E is modeled as
FK3 glass from the Schott materials catalogue within the
Zemax® OpticStudio® software. In this simulated model,
the peak irradiance (e.g., white) has a power per area of
7.642 W/cm? and the minimum irradiance (e.g., black) has
a power per area of 0.157 W/cm?.

FIG. 31C illustrates the simulated coherent phase of the
second interferogram 71B created with the same model as
described in FIGS. 30, 31A, and 31B. FIG. 31D is an
enlarged view of the simulated coherent phase of the second
interferogram 71B illustrated in FIG. 31C. In this illustra-
tion, the maximum phase (e.g., light gray) value is 149.5
degrees and the minimum phase (e.g., dark gray) value is
47.4 degrees.

FIG. 32 illustrates another simplified ray trace through a
unit cell 20E, similar to the ray traces illustrated in FIGS. 28
and 30, except in this ray trace, internal optical light path 30
is blocked at surface 28F and external optical light path 40
and internal gas-cell optical path 50 are allowed to travel to
the array of electrically coupled light-sensitive pixel ele-
ments 60.

First external optical light path 40 and internal gas-cell
optical light path 50 recombine at the array of electrically
coupled light-sensitive pixel elements 60 and produce a third
interferogram 71C within region 70 on the array 60. The
third interferogram 71C is captured in the form of coherent
irradiance on the detector 60. The third interferogram 71C
may characterize the relative difference in optical properties
of the gas-cell 29 and external environment 90A, such as a
difference in temperature, pressure, refractive index, optical
density, or gas molarity. The characterization comparison
between external environment 90A and gas-cell 29 may take
place, in part, because the internal optical light path 30 is
blocked at surface 28F and does not reach detector 60.

FIG. 33A illustrates a simulated coherent irradiance of the
third interferogram 71C created on the detector 60 within
interferogram region 70 of the interferometer 116 illustrated
in FIG. 32. FIG. 33B is an enlarged view of the simulated
coherent irradiance of the third interferogram 71C illustrated
in FIG. 33A.

In FIGS. 33A and 33B, the detector 60 is defined as a 11
mmx3.5 mm array consisting of 3200x200 pixels. The
resulting analysis provides a geometric ray trace, coherent
irradiance, and coherent phase. In this simulation, the coher-
ent light source, e.g., coherent light source 10 in FIG. 32, has
a wavelength of 450 nm. The unit cell 20E is modeled as
FK3 glass from the Schott materials catalogue within the
Zemax® OpticStudio® software. In this simulated model,
the peak irradiance (e.g., white) has a power per area of



US 11,761,750 B1

21

6.332 W/cm?® and the minimum irradiance (e.g., black) has
a power per area of 0.049 W/cm?.

FIG. 33C illustrates the simulated coherent phase of the
third interferogram 71C created with the same model as
described in FIGS. 32, 33A, and 33B. FIG. 33D is an
enlarged view of the simulated coherent phase of the third
interferogram 71C illustrated in FIG. 33C. In this illustra-
tion, the maximum phase (e.g., light gray) value is 95.7
degrees and the minimum phase (e.g., dark gray) value is
-112.9 degrees.

FIG. 34 illustrates a single monolithic unit cell 20F. Unit
cell 20F has various external 28A and internal 28B surfaces
configured to redirect or reflect light through the unit cell
20F onto an array of electrically coupled light-sensitive
pixel elements (not shown in FIG. 34). Monolithic unit cell
20F also includes a first specimen or gas-cell 29A and a
second specimen or gas-cell 29B. Gas-cells 29A and 29B
may contain known or unknown gases at a known or
unknown pressures. In any case, monolithic unit cell 20F has
a refractive index 21 or 25 different than that contained in
the specimen or gas-cells 29A or 29B. In addition, mono-
lithic unit cell 20F has various surfaces that may be coated
with anti-reflective or absorptive coatings depending on
their purpose to prevent light from reflecting off the surface
or absorbing light hitting the surface. For example, surfaces
28C may be coated with an anti-reflective coating. Not all
the surfaces coated with an anti-reflective or absorptive
coating are labeled. Surfaces 28H may be coated with a
protected silver coating, which provides broadband reflec-
tivity. Coating 28H serves to prevent reflected light from
entering portions of the unit cell 20F. Other monolithic unit
cells described herein may be similarly coated with anti-
reflective or absorptive coatings or include a shutter.

FIG. 35 illustrates a simplified ray trace through a unit cell
20F of interferometer 120. In embodiments, a first internal
optical light path 30, a second internal optical light path 32,
and a third internal optical light path 34, originating from a
coherent light source 10, enters the unit cell 20F through an
external surface (such as external surface 28A illustrated in
FIG. 34) where the first, second, and third light or light paths
30, 32, and 24 are reflected off multiple internal surfaces
(such as internal surfaces 28B illustrated in FIG. 34) and
then directed to an array of electrically coupled light-
sensitive pixel elements 60. Once entering the unit cell 20F,
first, second, and third internal light paths 30, 32, and 34
travel entirely within the unit cell 20F until it exits the unit
cell 20F onto the array of electrically coupled light-sensitive
pixel elements 60. In this sense, first, second, and third
internal light paths 30, 32, and 34 are reference beams.

A first internal gas-cell or specimen cell optical light path
50 and a second internal gas-cell or specimen cell optical
light path 52, similarly originating from the coherent light
source 10, enters the unit cell 20F through an external
surface (such as external surface 28A illustrated in FIG. 34).
First internal gas-cell optical light path 50 is reflected off an
internal surface (such as internal surface 28B illustrated in
FIG. 34) and then directed back outside the monolithic unit
cell 20F through a specimen cell 29A and then back into the
monolithic unit cell 20F and finally onto the array of
electrically coupled light-sensitive pixel elements 60. Sec-
ond internal gas-cell optical light path 52 is similarly
reflected and transmitted through specimen cell 29B and
then onto the array of electrically coupled light-sensitive
pixel elements 60.

The specimen cells 29A and 29B may be unknown
environments containing unknown gases. Optical light paths
50 and 52 may be referred to as probe beams because they
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pass through environments being probed by a compact
monolithic multispectral interferometer, such as interferom-
eter 120.

A first external optical light path 40 similarly originating
from the coherent light source 10 enters the unit cell 20F
through an external surface (such as external surface 28A
illustrated in FIG. 34) where the light or light path 40 is
reflected off an internal surface (such as internal surface 28B
illustrated in FIG. 34) and then directed back outside the
monolithic unit cell 20F through a first external environment
90A and then back into the monolithic unit cell 20F and
finally onto the array of electrically coupled light-sensitive
pixel elements 60. The external environment 90 A may be an
unknown environment containing unknown gases. Optical
light path 40 may be referred to as a probe beam because it
passes through an environment being probed by a compact
monolithic multispectral interferometer, such as interferom-
eter 120.

Similarly, a second external optical light path 42 similarly
originating from the coherent light source 10 enters the unit
cell 20F through an external surface (such as external
surface 28A illustrated in FIG. 34) where the light or light
path 42 is reflected off an internal surface (such as internal
surface 28B illustrated in FIG. 34) and then directed back
outside the monolithic unit cell 20F through a second
external environment 90B and then back into the monolithic
unit cell 20F and finally onto the array of electrically
coupled light-sensitive pixel elements 60. The external envi-
ronment 90B may be an unknown environment containing
unknown gases. Optical light path 42 may be referred to as
a probe beam because it passes through an environment
being probed by a compact monolithic multispectral inter-
ferometer, such as interferometer 120.

Monolithic unit cell 20F has a refractive index 21 or 25
(labeled in FIG. 34) different from the first external envi-
ronment 90A or the second external environment 90B. As
the first external optical path 40 travels outside the mono-
lithic unit cell 20F, it experiences a change in refractive
index over a known length. Similarly, as the second external
optical path 42 travels outside the monolithic unit cell 20F,
it experiences a change in refractive index over a known
length. The change in refractive index experienced by the
first external optical path 40 and the second external optical
path 42 imparts a phase difference to the first external optical
path 40 and the second optical light path 42. Therefore, the
optical path difference arises not through mechanical actua-
tion (e.g., a rotating or travelling mirror or grating), but
because of the refractive index difference between the
monolithic unit cell 20F and the first and second external
environments 90A and 90B.

First internal optical path 30 and first external optical path
40 recombine at the array of electrically coupled light-
sensitive pixel elements 60 and produce a first interferogram
71A (shown in later figures) within region 70A on the array
60. The first interferogram 71A is captured in the form of
coherent irradiance on the detector 60. The interferogram
71A may characterize an optical property of the external
environment 90A such as its temperature, pressure, refrac-
tive index, optical density, or gas molarity of a gas or gases
within the external environment 90A.

Similarly, third internal optical path 34 and second exter-
nal optical path 42 recombine at the array of electrically
coupled light-sensitive pixel elements 60 and produce a third
interferogram 71C (shown in later figures) on the array 60.
First interferogram 71A and third interferogram 71C are
spatially separated from each other because regions 70A and
70C are spatially separated from each other. The third
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interferogram 71C is captured in the form of coherent
irradiance on the detector 60. The third interferogram 71C
may characterize an optical property of the external envi-
ronment 90B such as its temperature, pressure, refractive
index, optical density, or gas molarity of a gas or gases
within the external environment 90B.

First internal gas-cell or specimen-cell optical path 50 and
second internal gas-cell or specimen cell optical path 52
recombine at the array of electrically coupled light-sensitive
pixel elements 60 and produce a second interferogram 71B
(shown in later figures) within region 70B on the array 60.
An interferogram is captured in the form of coherent irra-
diance on the detector 60. The second interferogram 71B
may characterize differences in the optical properties of the
first internal gas-cell or specimen-cell 29A and the second
internal gas-cell or specimen-cell 29B, such as differences in
temperature, pressure, refractive index, optical density, or
gas molarity of a gas or gases within the gas cells 29A and
29B.

FIG. 36A illustrates a simulated coherent irradiance of the
interferograms 71A, 71B, and 71C created on the detector
60 within interferogram regions 70A, 70B, and 70C from the
interferometer 120 illustrated in FIG. 35. FIGS. 36B, 36C,
and 36D are enlarged views of the simulated coherent
irradiance of the interferogram illustrated in FIG. 35 of
regions 70C, 70B, and 70A, respectively.

In FIGS. 36A, 36B, 36C, and 36D, the detector 60 is
defined as a 60 mmx14 mm array consisting of 6000x200
pixels. The resulting analysis provides a geometric ray trace,
coherent irradiance, and coherent phase. In this simulation,
the coherent light source, e.g., coherent light source 10 in
FIG. 35, has a wavelength of 450 nm. The unit cell 20F is
modeled as FK3 glass from the Schott materials catalogue
within the Zemax® OpticStudio® software. In this simu-
lated model, the peak irradiance (e.g., white) has a power per
area of 1.062 W/cm? and the minimum irradiance (e.g.,
black) has a power per area of 6.3x107> W/cm?.

FIG. 36E illustrates the simulated coherent phase of the
interferograms 71A, 71B, and 71C created with the same
model as described in FIGS. 35, and 36A-36D. FIGS. 36F,
36G, and 36H are an enlarged views of the simulated
coherent phase of the interferograms 71C, 71B, and 71A
illustrated in FIG. 36E corresponding to regions 70C, 70B,
and 70A, respectively. In this illustration, the maximum
phase (e.g., light gray) value is 160.0 degrees and the
minimum phase (e.g., dark gray) value is —96.03 degrees.

FIG. 37 illustrates a single monolithic unit cell 20G. Like
unit cell 20F illustrated in FIG. 32, unit cell 20G has various
external 28A and internal 28B surfaces configured to redi-
rect or reflect light through the unit cell 20G onto an array
of electrically coupled light-sensitive pixel elements (not
shown in FIG. 37). Monolithic unit cell 20G also includes a
first specimen or gas-cell 29A and a second specimen or
gas-cell 29B. Gas-cells 29A and 29B may contain known or
unknown gases at a known or unknown pressures. Mono-
lithic unit cell 20G has a refractive index 21 or 25 different
than that contained within specimen or gas-cells 29A or 29B.
In addition, monolithic unit cell 20G has various surfaces
that may be coated with anti-reflective or absorptive coat-
ings depending on their purpose to prevent light from
reflecting off the surface or absorbing light hitting the
surface. For example, surfaces 28C may be coated with an
anti-reflective coating. Not all the surfaces coated with an
anti-reflective or absorptive coating are labeled. Surfaces
28H may be coated with a protected silver coating, which
provides broadband reflectivity. Coating 28H serves to pre-
vent reflected light from entering portions of the unit cell
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20G. Other monolithic unit cells described herein may be
similarly coated with anti-reflective or absorptive coatings
or include a shutter.

FIG. 38 illustrates a simplified ray trace through a unit cell
20G of interferometer 122. In embodiments, a first internal
optical light path 30, a second internal optical light path 32,
and a third internal optical light path 34, originating from a
coherent light source 10, enters the unit cell 20G through an
external surface (such as external surface 28A illustrated in
FIG. 37) where the first, second, and third light or light paths
30, 32, and 24 are reflected off multiple internal surfaces
(such as internal surfaces 28B illustrated in FIG. 37) and
then directed to an array of electrically coupled light-
sensitive pixel elements 60. Upon entering the unit cell 20G,
first, second, and third internal light paths 30, 32, and 34
travel entirely within the unit cell 20G until it exits the unit
cell 20G onto the array of electrically coupled light-sensitive
pixel elements 60. In this sense, first, second, and third
internal light paths 30, 32, and 34 are reference beams.

A first internal gas-cell or specimen cell optical light path
50 and a second internal gas-cell or specimen cell optical
light path 52, similarly originating from the coherent light
source 10, enters the unit cell 20G through an external
surface (such as external surface 28A illustrated in FIG. 37).
First internal gas-cell optical light path 50 is reflected off an
internal surface (such as internal surface 28B illustrated in
FIG. 37) and then directed back outside the monolithic unit
cell 20G through a specimen cell 29A and then back into the
monolithic unit cell 20G and finally onto the array of
electrically coupled light-sensitive pixel elements 60. Sec-
ond internal gas-cell optical light path 52 is similarly
reflected and transmitted through specimen cell 29B and
then onto the array of electrically coupled light-sensitive
pixel elements 60.

The specimen cells 29A and 29B may be unknown
environments containing unknown gases. Optical light paths
50 and 52 may be referred to as probe beams because they
pass through environments being probed by a compact
monolithic multispectral interferometer, such as interferom-
eter 122.

A first external optical light path 40 similarly originating
from the coherent light source 10 enters the unit cell 20G
through an external surface (such as external surface 28A
illustrated in FIG. 37) where the light or light path 40 is
reflected off an internal surface (such as internal surface 28B
illustrated in FIG. 37) and then directed back outside the
monolithic unit cell 20G through a first external environ-
ment 90A and then back into the monolithic unit cell 20G
and finally onto the array of electrically coupled light-
sensitive pixel elements 60. The external environment 90A
may be an unknown environment containing unknown
gases. Optical light path 40 may be referred to as a probe
beam because it passes through an environment being
probed by a compact monolithic multispectral interferom-
eter, such as interferometer 122.

Similarly, a second external optical light path 42 similarly
originating from the coherent light source 10 enters the unit
cell 20G through an external surface (such as external
surface 28A illustrated in FIG. 37) where the light or light
path 42 is reflected off an internal surface (such as internal
surface 28B illustrated in FIG. 37) and then directed back
outside the monolithic unit cell 20G through a second
external environment 90B and then back into the monolithic
unit cell 20G and finally onto the array of electrically
coupled light-sensitive pixel elements 60. The external envi-
ronment 90B may be an unknown environment containing
unknown gases. Optical light path 42 may be referred to as
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a probe beam because it passes through an environment
being probed by a compact monolithic multispectral inter-
ferometer, such as interferometer 122.

Monolithic unit cell 20G has a refractive index 21 or 25
(labeled in FIG. 37) different from the first external envi-
ronment 90A or the second external environment 90B. As
the first external optical path 40 travels outside the mono-
lithic unit cell 20G, it experiences a change in refractive
index over a known length. Similarly, as the second external
optical path 42 travels outside the monolithic unit cell 20G,
it experiences a change in refractive index over a known
length. The change in refractive index experienced by the
first external optical path 40 and the second external optical
path 42 imparts a phase difference to the first external optical
path 40 and the second optical light path 42. Therefore, the
optical path difference arises not through mechanical actua-
tion (e.g., a rotating or travelling mirror or grating), but
because of the refractive index difference between the
monolithic unit cell 20G and the first and second external
environments 90A and 90B.

First internal optical path 30 and first external optical path
40 recombine at the array of electrically coupled light-
sensitive pixel elements 60 and produce a first interferogram
71A (shown in later figures) within region 70A on the array
60. Interferogram 71A is captured in the form of coherent
irradiance on the detector 60. First interferogram 71A may
characterize an optical property of external environment
90A such as its temperature, pressure, refractive index,
optical density, or gas molarity of a gas or gases within the
external environment 90A.

In addition, first internal optical path 30 and second
gas-cell optical path 52 recombine at the array of electrically
coupled light-sensitive pixel elements 60 and produce a
second interferogram 71B within region 70B on the array
60. First interferogram 71A and second interferogram 71B
are spatially separated from each other because regions 70A
and 70B are spatially separated. Second interferogram 71B
is captured in the form of coherent irradiance on the detector
60. The second interferogram 71B may characterize an
optical property of second gas-cell 29B such as its tempera-
ture, pressure, refractive index, optical density, or gas molar-
ity of a gas or gases within the gas cell 29B.

Similarly, second internal optical path 32 and first gas-cell
optical path 50 recombine at the array of electrically coupled
light-sensitive pixel elements 60 and produce a third inter-
ferogram 71C within region 70C on the array 60. First
interferogram 71A, second interferogram pattern 71B, and
third interferogram 71C are spatially separated from each
other. The third interferogram 71C is captured in the form of
coherent irradiance on the detector 60. The third interfero-
gram 71C may characterize an optical property of the first
gas or specimen cell 29A environment such as its tempera-
ture, pressure, refractive index, optical density, or gas molar-
ity of a gas or gases within the gas cell 29A.

Similarly, third internal optical path 34 and second exter-
nal optical path 42 recombine at the array of electrically
coupled light-sensitive pixel elements 60 and produce a
fourth interferogram 71D within region 70D on the array 60.
First interferogram 71A, second interferogram 71B, third
interferogram 71C, and fourth interferogram 71D are spa-
tially separated from each other. The fourth interferogram
71D is captured in the form of coherent irradiance on the
detector 60. The fourth interferogram 71D may characterize
an optical property of the external environment 90B such as
its temperature, pressure, refractive index, optical density, or
gas molarity of a gas or gases within the external environ-
ment 90B.
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FIG. 39A illustrates a simulated coherent irradiance of the
interferograms 71A, 71B, 71C, and 71D, created on the
detector 60 within interferogram regions 70A, 70B, 70C,
and 70C from the interferometer 122 illustrated in FIG. 38.
FIGS. 39B, 39C, 39D, and 39E are enlarged views of the
simulated coherent irradiance of the interferograms 71A,
71B, 71C, and 71D, illustrated in FIG. 39A.

In FIGS. 39A, 39B, 39C, 36D, and 36E, the detector 60
is defined as a 60 mmx14 mm array consisting of 6000x200
pixels. The resulting analysis provides a geometric ray trace,
coherent irradiance, and coherent phase. In this simulation,
the coherent light source, e.g., coherent light source 10 in
FIG. 38, has a wavelength of 450 nm. The unit cell 20G is
modeled as FK3 glass from the Schott materials catalogue
within the Zemax® OpticStudio® software. In this simu-
lated model, the peak irradiance (e.g., white) has a power per
area of 0.908 W/cm? and the minimum irradiance (e.g.,
black) has a power per area of 0.027 W/cm®.

FIG. 39F illustrates the simulated coherent phase of the
interferograms 71A, 71B, 71C, and 71D, created with the
same model as described in FIGS. 38, and 39A-39E. FIGS.
39G, 39H, 391, and 36J] are an enlarged views of the
simulated coherent phase illustrated in FIG. 39F correspond-
ing to regions 70D, 70C, 70B, and 70A, respectively. In this
illustration, the maximum phase (e.g., light gray) value is
171.9 degrees and the minimum phase (e.g., dark gray)
value is —178.1 degrees.

FIG. 40 illustrates a single monolithic unit cell 20H. A
unit cell 20H has various external 28A and internal 28B
surfaces configured to redirect or reflect light through the
unit cell 20H onto an array of electrically coupled light-
sensitive pixel elements (not shown in FIG. 40). Monolithic
unit cell 20H has a refractive index 21 or 25 different than
that of air or a surrounding environment, such as external
environment 90 (not shown in FIG. 40).

In addition, monolithic unit cell 20H has various surfaces
that may be coated with anti-reflective or absorptive coat-
ings depending on their purpose to prevent light from
reflecting off the surface or absorbing light hitting the
surface. For example, surfaces 28C may be coated with an
anti-reflective coating. Not all the surfaces coated with an
anti-reflective or absorptive coating are labeled. Surfaces
28H may be coated with a protected silver coating, which
provides broadband reflectivity. Coating 28H serves to pre-
vent reflected light from entering portions of the unit cell
20H. Other monolithic unit cells described herein may be
similarly coated with anti-reflective or absorptive coatings
or include a shutter.

FIG. 41 illustrates a simplified ray trace through a unit cell
20H of interferometer 124. In embodiments, a first internal
optical light path 30 originating from a coherent light source
10 enters the unit cell 20H through an external surface (such
as external surface 28A illustrated in FIG. 40) where the
light or light path 30 is reflected off multiple internal
surfaces (such as internal surfaces 28B illustrated in FIG.
40) and then directed to an array of electrically coupled
light-sensitive pixel elements 60. Once entering the unit cell
20H, internal light path 30 travels entirely within the unit
cell 20H until it exits the unit cell 20H onto the array of
electrically coupled light-sensitive pixel elements 60. In this
sense, internal light path 30 is a reference beam.

A first external optical light path 40 similarly originating
from the coherent light source 10 enters the unit cell 20H
through an external surface (such as external surface 28A
illustrated in FIG. 40) where the light or light path 40 is
reflected off an internal surface (such as internal surface 28B
illustrated in FIG. 40) and then directed back outside the
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monolithic unit cell 20H through a first external environ-
ment 90A and then back into the monolithic unit cell 20H
and finally onto the array of electrically coupled light-
sensitive pixel elements 60. The external environment 90A
may be an unknown environment containing unknown
gases. Optical light path 40 may be referred to as a probe
beam because is passes through an environment being
probed by a compact monolithic multispectral interferom-
eter, such as interferometer 124.

A second external optical light path 42 similarly originat-
ing from the coherent light source 10 enters the unit cell 20H
through an external surface (such as external surface 28A
illustrated in FIG. 40) where the light or light path 42 is
reflected off an internal surface (such as internal surface 28B
illustrated in FIG. 40) and then directed back outside the
monolithic unit cell 20H through a second external envi-
ronment 90B and then back into the monolithic unit cell 20H
and finally onto the array of electrically coupled light-
sensitive pixel elements 60. The second external environ-
ment 90B may be an unknown environment containing
unknown gases. Optical light path 42 may be referred to as
a probe beam because is passes through an environment
being probed by a compact monolithic multispectral inter-
ferometer, such as interferometer 124.

Monolithic unit cell 20H has a refractive index 21 or 25
different from the first external environment 90A or the
second external environment 90B. As the first external
optical path 40 travels outside the monolithic unit cell 20H,
it experiences a change in refractive index over a known
length. Similarly, as the second external optical path 42
travels outside the monolithic unit cell 20H, it experiences
a change in refractive index over a known length. The
change in refractive index experienced by the first external
optical path 40 and the second external optical path 42
imparts a phase difference to the first external optical path 40
and the second optical light path 42. Therefore, the optical
path difference arises not through mechanical actuation
(e.g., a rotating or travelling mirror or grating), but because
of the refractive index mismatch between the monolithic
unit cell 20H and the first or second external environments
90A or 90B.

First internal optical path 30 and first external optical path
40 recombine at the array of electrically coupled light-
sensitive pixel elements 60 and produce a first interferogram
71A within region 70A on the array 60. First interferogram
71A is captured in the form of coherent irradiance on the
detector 60. First interferogram 71A may characterize an
optical property of the external environment 90A such as its
temperature, pressure, refractive index, optical density, or
gas molarity of a gas or gases within the external environ-
ment 90A.

First external optical path 40 and second external optical
path 42 recombine at the array of electrically coupled
light-sensitive pixel elements 60 and produce a second
interferogram 71B (shown in later figures) within region
70B on the array 60. First interferogram 71A and second
interferogram 71B are spatially separated from each other.
The second interferogram 71B is captured in the form of
coherent irradiance on the detector 60. The second inter-
ferogram 71B may characterize an optical property compar-
ing the external environments 90A and 90B such as a
difference in their temperature, pressure, refractive index,
optical density, or gas molarity of a gas or gases within the
external environments 90A and 90B.

Also, first internal optical path 30 and second external
optical path 42 recombine at the array of electrically coupled
light-sensitive pixel elements 60 and produce a third inter-
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ferogram 71C within region 70C on the array 60. First,
second, and third interferograms 71A, 71B, and 71C are
spatially separated from each other. The third interferogram
71C is captured in the form of coherent irradiance on the
detector 60. The third interferogram 71C may characterize
an optical property of the external environment 90B such as
its temperature, pressure, refractive index, optical density, or
gas molarity of a gas or gases within the external environ-
ment 90B.

FIG. 42A illustrates simulated coherent irradiance of the
interferograms 71A, 71B, and 71C created on the detector
60 within interferogram regions 70A, 70B, and 70C from the
interferometer 124 illustrated in FIG. 41. FIGS. 42B, 42C,
and 42D are enlarged views of the simulated coherent
irradiance of the interferograms 71A, 71B, and 71C illus-
trated in FIG. 41.

In FIGS. 42A, 42B, 42C, and 42D, the detector 60 is
defined as a 30 mmx14 mm array consisting of 6000x200
pixels. The resulting analysis provides a geometric ray trace,
coherent irradiance, and coherent phase. In this simulation,
the coherent light source, e.g., coherent light source 10 in
FIG. 41, has a wavelength of 450 nm. The unit cell 20H is
modeled as FK3 glass from the Schott materials catalogue
within the Zemax® OpticStudio® software. In this simu-
lated model, the peak irradiance (e.g., white) has a power per
area of 4.152 W/ecm? and the minimum irradiance (e.g.,
black) has a power per area of 1.1x 10™* W/cm?.

FIG. 42E illustrates the simulated coherent phase inter-
ferograms 71A, 71B, and 71C created with the same model
as described in FIGS. 41, and 42A-42D. FIGS. 42F, 42G,
and 42H are an enlarged views of the simulated coherent
phase interferograms 71A, 71B, and 71C. In this illustration,
the maximum phase (e.g., light gray) value is 161.7 degrees
and the minimum phase (e.g., dark gray) value is -169.7
degrees.

FIG. 43 illustrates a method 200 of characterizing an
optical property of an environment with an interferometer.
Method 200 includes: step 220 of providing a coherent light
source; step 222 of providing an array of electrically coupled
light-sensitive pixel elements; step 224 of, with the inter-
ferometer, directing a first internal optical path of the coher-
ent light source and a first external optical path of the
coherent light source into a monolithic unit cell; step 226 of,
with the monolithic unit cell, directing the first internal
optical path first through the monolithic unit cell and then
onto the array; step 228 of, with the interferometer, directing
the first external optical path back outside the monolithic
unit cell through a first external environment and then back
into the monolithic unit cell and finally onto the array; and
step 230 of, with the interferometer, combining the first
internal optical path and the first external optical path at the
array and producing a first interference pattern on the array,
the interference pattern characterizing an optical property of
the first external environment.

FIG. 44 illustrates a method 202 of characterizing an
optical property of an environment with an interferometer.
Method 202 includes: step 240 of providing a coherent light
source; step 242 of providing an array of electrically coupled
light-sensitive pixel elements; step 244 of, with the inter-
ferometer, directing a first internal optical path of the coher-
ent light source and a first internal gas-cell optical path of the
coherent light source into a monolithic unit cell; step 246 of,
with the monolithic unit cell, directing the first internal
optical path first through the monolithic unit cell and then
onto the array; step 248 of, with the monolithic unit cell,
directing the first internal gas-cell optical path through a first
internal gas cell within the monolithic unit cell and then onto
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the array; and step 250 of, with the interferometer, combin-
ing the first internal optical path of the coherent light source
and the first internal gas-cell optical path of the coherent
light source at the array and producing a first interference
pattern on the array characterizing an optical property of the
first internal gas cell.

The present invention may be embodied in other specific
forms without departing from its spirit or essential charac-
teristics. The described embodiments are to be considered in
all respects only as illustrative, and not restrictive. All
changes which come within the meaning and range of
equivalency of the foregoing description are to be embraced
within the scope of the invention.

It will be appreciated that several of the above-disclosed
and other features and functions, or alternatives thereof, may
be desirably combined into many other different systems or
applications. Also, various presently unforeseen or unantici-
pated alternatives, modifications, variations or improve-
ments therein may be subsequently made by those skilled in
the art and are also intended to be encompassed by the
following claims.

I claim:

1. An interferometer, comprising:

a coherent light source;

an array of electrically coupled light-sensitive pixel ele-
ments;

the interferometer configured to direct a first internal
optical path of the coherent light source and a first
external optical path of the coherent light source into a
monolithic unit cell;

the monolithic unit cell configured to direct the first
internal optical path first through the monolithic unit
cell and then onto the array; and

the monolithic unit cell also configured to direct the first
external optical path back outside the monolithic unit
cell through a first external environment and then back
into the monolithic unit cell and finally onto the array;

wherein:

the interferometer is further configured to:

combine the first internal optical path and the first external
optical path at the array; and

produce a first interferogram on the array, the first inter-
ferogram characterizing an optical property of the first
external environment.

2. The interferometer of claim 1, wherein:

the interferometer is configured to direct a second external
optical path of the coherent light source into the mono-
lithic unit cell;

the monolithic unit cell is configured to direct the second
external optical path back outside the monolithic unit
cell through a second external environment and then
back into the monolithic unit cell and finally onto the
array; and

the interferometer is further configured to:

combine the first internal optical path of the coherent light
source and the second external optical path of the
coherent light source at the array; and

produce a second interferogram on the array, the second
interferogram characterizing an optical property of the
second external environment.

3. The interferometer of claim 2, wherein the interferom-

eter is further configured to:

combine the first external optical path of the coherent
light source and the second external optical path of the
coherent light source between the monolithic unit cell
and the array; and
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produce a third interferogram on the array characterizing
a relative optical property between the first and second
external environments, the first, second, and third inter-
ferograms spatially separated from each other.
4. The interferometer of claim 1, wherein:
the interferometer is further configured to direct a first
internal gas-cell optical path of the coherent light
source into the monolithic unit cell;
the monolithic unit cell is configured to direct the first
internal gas-cell optical path through a first internal gas
cell within the monolithic unit cell and then onto the
array; and
the interferometer is further configured to:
combine the first external optical path of the coherent
light source and the first internal gas-cell optical path
of the coherent light source at the array; and
produce a second interferogram on the array charac-
terizing a relative optical property between the first
external environment and the first internal gas cell.
5. The interferometer of claim 4, wherein:
the interferometer is further configured to direct a second
internal gas-cell optical path of the coherent light
source into the monolithic unit cell;
the monolithic unit cell further configured to direct the
second internal gas-cell optical path through a second
internal gas cell within the monolithic unit cell and then
onto the array; and
the interferometer is further configured to:
combine the first external optical path of the coherent
light source and the second internal gas-cell optical
path of the coherent light source between the mono-
lithic unit cell and the array; and
produce a third interferogram on the array character-
izing a relative optical property between the first
external environment and the second internal gas
cell.
6. The interferometer of claim 5, wherein:
the interferometer is configured to direct a second external
optical path into the monolithic unit cell;
the monolithic unit cell is configured to direct the second
external optical path back outside the monolithic unit
cell through a second external environment and then
back into the monolithic unit cell and finally onto the
array; and
the interferometer is configured to:
combine the first internal gas-cell optical path of the
coherent light source and the second external optical
path of the coherent light source between the mono-
lithic unit cell and the array; and
produce a fourth interferogram on the array character-
izing a relative optical property between the first
internal gas cell and the second external environ-
ment.
7. The interferometer of claim 6, wherein the interferom-
eter is configured to:
combine the second internal gas-cell optical path of the
coherent light source and the second external optical
path of the coherent light source between the mono-
lithic unit cell and the array; and
produce a fifth interferogram on the array characterizing
a relative optical property between the second internal
gas cell and the second external environment, the first,
second, third, fourth, and fifth interferograms spatially
separated from each other.
8. An interferometer, comprising:
a coherent light source;
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an array of electrically coupled light-sensitive pixel ele-
ments;
the interferometer configured to direct a first internal
optical path of the coherent light source and a first
internal gas-cell optical path of the coherent light
source into a monolithic unit cell;
the monolithic unit cell configured to direct the first
internal optical path first through the monolithic unit
cell and then onto the array;
the monolithic unit cell also configured to direct the first
internal gas-cell optical path through a first internal gas
cell within the monolithic unit cell and then onto the
array;
wherein:
the interferometer is further configured to:
combine the first internal optical path of the coherent light
source and the first internal gas-cell optical path of the
coherent light source at the array; and
produce a first interferogram on the array characterizing
an optical property of the first internal gas cell.
9. The interferometer of claim 8, wherein:
the interferometer is further configured to direct a second
internal gas-cell optical path of the coherent light
source into the monolithic unit cell;
the monolithic unit cell further configured to direct the
second internal gas-cell optical path through a second
internal gas cell within the monolithic unit cell and then
onto the array; and
the interferometer is further configured to:
combine the first internal optical path of the coherent
light source and the second internal gas-cell optical
path of the coherent light source at the array; and
produce a second interferogram on the array charac-
terizing an optical property of the second internal gas
cell.
10. The interferometer of claim 9, wherein the interfer-
ometer is further configured to:
combine the first internal gas-cell optical path of the
coherent light source and the second internal gas-cell
optical path of the coherent light source at the array;
and
produce a third interferogram on the array characterizing
a relative optical property between the first internal gas
cell and the second internal gas cell, the first, second,
and third interferograms spatially separated from each
other.
11. A method for characterizing an optical property of an
environment with an interferometer, the method comprising:
providing a coherent light source;
providing an array of electrically coupled light-sensitive
pixel elements;
with the interferometer, directing a first internal optical
path of the coherent light source and a first external
optical path of the coherent light source into a mono-
lithic unit cell;
with the monolithic unit cell, directing the first internal
optical path first through the monolithic unit cell and
then onto the array;
with the monolithic unit cell, directing the first external
optical path back outside the monolithic unit cell
through a first external environment and then back into
the monolithic unit cell and finally onto the array; and
with the interferometer, combining the first internal opti-
cal path and the first external optical path at the array
and producing a first interferogram on the array, the
interferogram characterizing an optical property of the
first external environment.
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12. The method of claim 11, further comprising:

with the interferometer, directing a second external opti-
cal path into the monolithic unit cell;

with the monolithic unit cell, directing the second external
optical path back outside the monolithic unit cell
through a second external environment and then back
into the monolithic unit cell and finally onto the array;
and

with the interferometer, combining the first internal opti-
cal path of the coherent light source and the second
external optical path of the coherent light source at the
array; and

with the interferometer, producing a second interferogram
on the array characterizing an optical property of the
second external environment.

13. The method of claim 12, further comprising:

with the interferometer, combining the first external opti-
cal path of the coherent light source and the second
external optical path of the coherent light source
between the monolithic unit cell and the array; and

with the interferometer, producing a third interferogram
on the array characterizing a relative optical property
between the first and second external environments,
keeping the first, second, and third interferograms
spatially separated from each other.

14. A method for characterizing an optical property of an

environment with an interferometer, the method comprising:

providing a coherent light source;

providing an array of electrically coupled light-sensitive
pixel elements;

with the interferometer, directing a first internal optical
path of the coherent light source and a first internal
gas-cell optical path of the coherent light source into a
monolithic unit cell;

with the monolithic unit cell, directing the first internal
optical path first through the monolithic unit cell and
then onto the array;

with the monolithic unit cell, directing the first internal
gas-cell optical path through a first internal gas cell
within the monolithic unit cell and then onto the array;

with the interferometer, combining the first internal opti-
cal path of the coherent light source and the first
internal gas-cell optical path of the coherent light
source at the array; and

with the interferometer, producing a first interferogram on
the array characterizing an optical property of the first
internal gas cell.

15. The method of claim 14, further comprising:

with the interferometer, directing a second internal gas-
cell optical path of the coherent light source into the
monolithic unit cell;

with the interferometer, directing the second internal
gas-cell optical path through a second internal gas cell
within the monolithic unit cell and then onto the array;

with the interferometer, combining the first internal opti-
cal path of the coherent light source and the second
internal gas-cell optical path of the coherent light
source at the array; and

with the interferometer, producing a second interferogram
on the array characterizing an optical property of the
second internal gas cell.

16. The method of claim 15, further comprising:

with the interferometer, combining the first internal gas-
cell optical path of the coherent light source and the
second internal gas-cell optical path of the coherent
light source at the array; and
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with the interferometer, producing a third interferogram
on the array characterizing a relative optical property
between the first internal gas cell and the second
internal gas cell, keeping the first, second, and third
interferograms spatially separated from each other.

17. The method of claim 14, further comprising:

with the interferometer, directing a first external optical
path of the coherent light source into the monolithic
unit cell;

with the monolithic unit cell, directing the first external
optical path back outside the monolithic unit cell
through a first external environment and then onto the
array;

with the interferometer, combining the first external opti-
cal path of the coherent light source and the first
internal gas-cell optical path of the coherent light
source at the array; and

with the interferometer, producing a second interferogram
on the array characterizing a relative optical property
between the first external environment and the first
internal gas cell.

18. The method of claim 17, further comprising:

with the interferometer, directing a second internal gas-
cell optical path of the coherent light source into the
monolithic unit cell;

with the monolithic unit cell, directing the second internal
gas-cell optical path through a second internal gas cell
within the monolithic unit cell and then onto the array;
and

with the interferometer, combining the first external opti-
cal path of the coherent light source and the second
internal gas-cell optical path of the coherent light
source between the monolithic unit cell and the array;
and
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with the interferometer, producing a third interferogram
on the array characterizing a relative optical property
between the first external environment and the second
internal gas cell, keeping the first, second, and third
interferograms spatially separated from each other.

19. The method of claim 18, further comprising:

with the interferometer, directing a second external opti-
cal path into the monolithic unit cell;

with the monolithic unit cell, directing the second external
optical path back outside the monolithic unit cell
through a second external environment and then back
into the monolithic unit cell and finally onto the array;

with the interferometer, combining the first internal gas-
cell optical path of the coherent light source and the
second external optical path of the coherent light source
between the monolithic unit cell and the array; and

with the interferometer, producing a fourth interferogram
on the array characterizing a relative optical property
between the first internal gas cell and the second
external environment.

20. The method of claim 19, further comprising:

with the interferometer, combining the second internal
gas-cell optical path of the coherent light source and the
second external optical path of the coherent light source
between the monolithic unit cell and the array; and

with the interferometer, producing a fifth interferogram on
the array characterizing a relative optical property
between the second internal gas cell and the second
external environment, keeping the first, second, third,
fourth, and fifth interferograms spatially separated from
each other.



