
 ORCA – Online Research @ Cardiff

This is a n  Op e n  Acces s  doc u m e n t  dow nloa d e d  fro m  ORCA, Ca r diff U nive r si ty 's

ins ti t u tion al r e posi to ry:h t t p s://o rc a.c a r diff.ac.uk/id/ep rin t/13 4 9 1 9/

This  is t h e  a u t ho r’s ve r sion  of a  wo rk  t h a t  w as  s u b mi t t e d  to  / a c c e p t e d  for

p u blica tion.

Cit a tion  for  final p u blish e d  ve r sion:

Veen e n d a al, Ian,  N aylor, David, Gom, Br a d,  Ch ris ti an s e n,  Ada m,  Jelle m a,  Wille m,

Fe e n s t r a ,  Ca rolien,  Ridd er, M a r c el, E g g e n s,  M a r tin  a n d  Ade, Pe t e r  2 0 2 0.  An a n gle-

sc a n n e d  c ryog e nic  Fa b ry–Pé ro t  in t e rfe ro m e t e r  for  fa r-inf r a r e d  a s t ro no my. Review  of

Scie n tific Ins t r u m e n t s  9 1  (8) , 0 8 3 1 0 8.  1 0.10 6 3/5.00 1 2 4 3 2  file  

P u blish e r s  p a g e:  h t t p://dx.doi.o rg/10.10 6 3/5.001 2 4 3 2  

Ple a s e  no t e:  

Ch a n g e s  m a d e  a s  a  r e s ul t  of p u blishing  p roc e s s e s  s uc h  a s  copy-e di ting,  for m a t ting

a n d  p a g e  n u m b e r s  m ay  no t  b e  r eflec t e d  in t his  ve r sion.  For  t h e  d efini tive  ve r sion  of

t his  p u blica tion,  ple a s e  r efe r  to  t h e  p u blish e d  sou rc e .  You a r e  a dvis e d  to  cons ul t  t h e

p u blish e r’s ve r sion  if you  wis h  to  ci t e  t his  p a p er.

This  ve r sion  is b eing  m a d e  av ailabl e  in a cco r d a nc e  wi th  p u blish e r  policies.  S e e  

h t t p://o rc a .cf.ac.uk/policies.h t ml for  u s a g e  policies.  Copyrigh t  a n d  m o r al  r i gh t s  for

p u blica tions  m a d e  av ailabl e  in  ORCA a r e  r e t ain e d  by t h e  copyrigh t  hold e r s .



Rev. Sci. Instrum. 91, 083108 (2020); https://doi.org/10.1063/5.0012432 91, 083108

© 2020 Author(s).

An angle-scanned cryogenic Fabry–Pérot
interferometer for far-infrared astronomy
Cite as: Rev. Sci. Instrum. 91, 083108 (2020); https://doi.org/10.1063/5.0012432
Submitted: 30 April 2020 . Accepted: 02 August 2020 . Published Online: 20 August 2020

Ian Veenendaal , David Naylor , Brad Gom, Adam Christiansen, Willem Jellema , Carolien

Feenstra, Marcel Ridder , Martin Eggens , and Peter Ade 

ARTICLES YOU MAY BE INTERESTED IN

Miniaturized saturated absorption spectrometer
Review of Scientific Instruments 91, 083101 (2020); https://doi.org/10.1063/1.5144484

A new Collinear Apparatus for Laser Spectroscopy and Applied Science (COALA)
Review of Scientific Instruments 91, 081301 (2020); https://doi.org/10.1063/5.0010903

Manufacturing, installation, commissioning, and first results with the 3D low-temperature
co-fired ceramic high-frequency magnetic sensors on the Tokamak à Configuration
Variable
Review of Scientific Instruments 91, 081401 (2020); https://doi.org/10.1063/1.5115004



Review of

Scientific Instruments
ARTICLE scitation.org/journal/rsi

An angle-scanned cryogenic Fabry–Pérot
interferometer for far-infrared astronomy

Cite as: Rev. Sci. Instrum. 91, 083108 (2020); doi: 10.1063/5.0012432
Submitted: 30 April 2020 • Accepted: 2 August 2020 •

Published Online: 20 August 2020

Ian Veenendaal,1,a) David Naylor,1 Brad Gom,1 Adam Christiansen,1 Willem Jellema,2,b)

Carolien Feenstra,2 Marcel Ridder,3 Martin Eggens,2 and Peter Ade4

AFFILIATIONS

1Department of Physics and Astronomy, University of Lethbridge, 4401 University Dr. W, Lethbridge,

Alberta AB T1K 3M4, Canada
2SRON Netherlands Institute for Space Research, Landleven 12, 9747 AD Groningen, The Netherlands
3SRON Netherlands Institute for Space Research, Sorbonnelaan 2, 3584 CA Utrecht, The Netherlands
4School of Physics and Astronomy, Cardiff University, Cardiff CF24 3AA, Wales, United Kingdom

a)Author to whom correspondence should be addressed: ian.veenendaal@uleth.ca
b)Also at: Kapteyn Astronomical Institute, University of Groningen, Landleven 12, Groningen 9747 AD, The Netherlands.

ABSTRACT

The sensitivity of state-of-the-art superconducting far-infrared detectors used in conjunction with cryogenically cooled space telescopes
and instrumentation is such that spectroscopic observations are generally limited by photon noise from the astronomical source or
by galactic foreground or zodiacal emission within the field-of-view. Therefore, an instrument design that restricts the spectral band-
pass viewed by the detector must be employed. One method of achieving background limited, high resolution spectroscopy is to com-
bine a high resolution component such as a Fabry–Pérot interferometer (FPI) with a lower resolution, post-dispersing system, such as
a grating spectrometer, the latter serving to restrict the spectral bandpass. The resonant wavelength of an FPI is most often tuned by
changing the spacing or medium between the parallel reflecting plates of the etalon. In this paper, we present a novel design for an
FPI in which the wavelength is tuned by scanning the angle of incidence on a high refractive index etalon. This concept simplifies the
cryomechanical design, actuation, and metrology. The first results from the realized instrument are presented and compared with the-
ory. The effects on the spectral response as a function of the incident angle have been simulated and shown to agree well with the
observation.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0012432., s

I. INTRODUCTION

The Space Infrared Telescope for Cosmology and Astrophysics
(SPICA) is a collaboration between the European Space Agency
(ESA) and the Japan Aerospace Exploration Agency (JAXA).1 This
observatory class mission will provide mapping, spectroscopic, and
polarimetric capabilities within the 12 μm–350 μmwavelength range
with a 2.5 m telescope cooled to a temperature less than 8 K
through a combination of passive cooling and mechanical coolers.
The SPICA Far-infrared Instrument (SAFARI) is one of the three
onboard instruments that will, in combination with a new genera-

tion of ultra-sensitive far-infrared detectors (NEP ∼ 10−19W/√Hz)
and a cold telescope, allow astronomers to achieve spectroscopic

observations with sky-limited sensitivity over the 34 μm–230 μm
wavelength range. To realize this goal, however, a dispersive spec-
trometer based on a diffraction grating is required so that each detec-
tor observes a limited spectral band chosen such that the photon
noise from the astronomical source in this band is comparable to the
readout noise to optimize the sensitivity of the instrument. Since a
diffraction grating spectrometer provides only low resolution spec-
troscopy, a complementary high resolution component is required
to resolve narrower astronomical spectral features. In this paper, we
present the design of a novel Fabry–Pérot interferometer (FPI) con-
cept developed as a potential high resolution spectrometer solution.
Although an alternative solution based on a Martin–Puplett Fourier
transform spectrometer2 (MP-FTS) has been adopted as the baseline
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for SAFARI, the instrument concept presented here could be utilized
in future missions.

II. BACKGROUND

In the case of an ideal, plane parallel FPI illuminated by a plane
wave, the transmitted electric field may be expressed as a geomet-
ric series that coherently sums each intermediate transmitted beam,
shown in Fig. 1. Assuming beam divergence is negligible, and the
area of each intermediate beam in the series is identical, the resulting
series is3

ET ≙ E0t1t′2 ∞∑
m≙0

(r′1r′2)meimδ ≙ E0t1t
′
2

1 − r′1r′2eiδ (Vm
−1), (1)

where tn and rn are the Fresnel transmission and reflection ampli-
tude coefficients for the nth boundary between the etalon and the
environment, with the primed coefficients denoting boundary inter-
actions within the etalon, and δ is the phase difference between
consecutive interfering beams. The phase difference depends on the
wavelength λ, the etalon thickness d, the refractive index n, and the
transmitted beam angle θt by

δ ≙ (2π
λ
)2nd cos θt . (2)

Additionally, θt is related to the angle of incidence θ by sin
θ = n/n0 sin θt . Note that optical losses within the etalon substrate
may be accounted for by inclusion of an imaginary component of
the refractive index n.

The transmitted intensity is proportional to the squared mod-
ulus of the sum of the transmitted electric fields, and is given by
the Airy function.4 Assuming both surfaces of the etalon are iden-
tical, the reflection and transmission amplitude coefficients can be
expressed in terms of the total intensity reflection and transmis-
sion, R and T, and the expression for the transmitted intensity as
a function of the incident intensity I0 becomes

IT ≙ T2

(1 − R)2 I0

1 + [ 4R

(1−R)2
] sin2(δ/2) (Wm

−2). (3)

FIG. 1. A diagram of the beam paths at the etalon interfaces. The terms at each
beam represent the relative E-field in terms of the incident field E0. The variable
definitions and phase delay within the etalon are described in the text.

The transmitted intensity varies with the parameter δ, from
which it can be seen that the resonant wavelength of the FPI can
be scanned by varying d, n, or θ; by far, the most common approach
is to vary the spacing d.5

In this paper, we present the design of a cryogenic FPI, shown
schematically in Fig. 2, based on scanning the angle of incidence, θ.
A monolithic pendulum scanning mechanism, which incorporates
two precision, diamond turned plane mirrors, with an internal angle
of 90○, directs light through the etalon, which is mounted at a pupil
image and at an offset angle of 15○ to allow single sided scans of the
etalon with a scan range of ±7○.

The principal advantages of the angle-scanned design are that
the motion is only required around one axis, which simplifies both
the actuation and metrology, and that the etalon itself can be fabri-
cated plane and parallel by design, obviating the need to maintain
parallelism of the etalon plates if the gap, d, was to be scanned.
For example, this design requires significantly less resources for its
operation than the FPI in the ISO LWS/SWS instrument,5 which is
important in cryogenic application at 4 K, where thermal budgets
are limited.

The principal disadvantage of this design is that the multiply
reflected beams suffer increasing walk-off of the finite etalon aper-
ture as the angle of incidence increases. The effect of walk-off is
to change the spectral response as a function of angle, or effec-
tively wavelength, as the number of interfering beams decreases with
increasing θ. In the case of m interfering beams, ignoring differ-
ing aperture effects for each interfering beam, the above equation
is modified to6

IT ≙ I0(1 − Rm)2
1 + [ 4R

(1−R)2
] sin2( δ

2
)

× {1 + [ 4Rm

(1 − Rm)2 ] sin
2(mδ

2
)} (Wm

−2). (4)

FIG. 2. FPI schematic in which the angle of incidence on the offset mounted etalon
(blue) is scanned as the rooftop mirror pendulum, actuated by opposing rotary
voice coil drivers (green), rotates about the pivot (purple). A corner cube retro
reflector (orange) mounted to the rear of the pendulum arm forms a part of a cryo-
genic laser metrology system to determine θ. A schematic that shows the optical
beam passing through the etalon is shown in Fig. 9.
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The term outside of the braces shows the reduction in peak
transmitted intensity due to walk-off, and the part of the equation in
braces describes the broadening of the intensity profile with decreas-
ing m. The number of round trips can be determined by finding
the lateral shift, W, in the beam for each pass through the etalon
as follows (Fig. 1):

W ≙ 2d tan θt (m), (5)

where θt is the internal angle of the beam with respect to the etalon
normal and d is the etalon thickness. In the case of a finite aperture,
the transmitted cross-sectional area of each beam drops as the area
overlap between the beam and the aperture decreases due to beam
walk-off. With an aperture stop of diameterDc, only the overlapping
area with each beam within the aperture contributes to interference.
If we define the relative walk-off, w =W/Dc, and the total number of
round trips before the beam completely leaves, the aperture becomes
M = 1/w (Fig. 3). By ensuring the etalon diameter at maximum tilt
angle is not the limiting aperture of the optical system, the beam
cross section retains circular symmetry, and afterm round trips, the
overlapping area fraction with the original aperture can be written
as7

f (m) ≙ 2

π
[cos−1(mw) −mw

√
1 − (mw)2]. (6)

Incorporating the relative area overlap between successive transmit-
ted beams, the amplitude of the m-th transmitted wave is weighted

by a factor
√
f (m). The total transmission becomes7

TFPI(θt , λ) ≙ T2∣ M∑
m≙0

R
m
e
imδ
√
f (m)∣2. (7)

To avoid the added complexity introduced by walk-off, his-
torically Fabry–Pérot interferometers have been operated at nor-
mal incidence. However, with modern computing power, the chal-
lenges of calibrating an angle-scanned etalon, which requires a
unique correction for each angle of incidence, are considered
manageable.

FIG. 3. Schematic of the impact of walk-off on the overlapping area between trans-
mitted beams. The effect of walk-off is exaggerated to show the diminishing beam
area overlap for each successive reflection.

III. SIMULATING THE EFFECTS OF WALK-OFF

The finesse, F, of a Fabry–Pérot interferometer is defined as
the ratio of the free spectral range to the full width at half maxi-
mum (FWHM) of the spectral response function. In the ideal case,
the finesse is dominated by the reflectivity finesse, which is given by4

F ≙ π
√
R

1 − R . (8)

Finesse is a useful metric, which represents the increase in resolv-
ing power that will be achieved when an FPI is used in conjunction
with a post-dispersive element, whose resolution element matches
the free spectral range of the FPI.3

Figure 4 shows the simulated effect of walk-off for an angle-
scanned, air/vacuum gap etalon designed to provide a finesse of ∼10
at a wavelength of 260 μm. These values are chosen to mimic the
SAFARI application in which the grating alone provides a resolving
power, R ∼ 300 and in conjunction with the FPI, R ∼ 3000. In this
simulation, the air gap etalon is formed using inductive metal mesh
grids. The reflectivity of each grid is individually simulated to infer
reflectivity,R.8 An air gap of 27mm is required to achieve the desired
resolving power, and an incident angular scan range of 5○ is required
to cover a full spectral order. It can be seen that the change in spectral
response as a function of wavelength for an etalon aperture of 40mm
due to walk-off is severe.

Figure 5 shows the simulated effect of walk-off for an angle-
scanned etalon formed by mounting a dielectric mirror in the form
of an air gap layer followed by a silicon layer (∼60 μm each) on either
side of a high resistivity (HRFZ) silicon substrate of thickness 8 mm
(Fig. 7). While the high refractive index of the substrate partly mit-
igates the effects of walk-off, the angle scan required to achieve the
target wavelength range is scaled by the refractive index of the sili-
con substrate to >17○. It can be seen that the resulting variation in
spectral response as a function of wavelength has been significantly

FIG. 4. Simulated transmission as a function of wavelength for an air gap (27 mm)
etalon employing inductive metal mesh reflectors. The etalon has a clear aperture
of 40 mm at normal incidence and the scan range is 0○–4.8○, corresponding to
two etalon orders. The effect of walk-off is clearly evident.

Rev. Sci. Instrum. 91, 083108 (2020); doi: 10.1063/5.0012432 91, 083108-3
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FIG. 5. Simulated transmission as a function of wavelength for an etalon made
from a high resistivity silicon slab (8 mm) between air gap/silicon dielectric mirrors.
The effect of walk-off is seen to be less severe, however, absorption within the
silicon substrate has not been included in this analysis, and the incident angle
scan range has increased from Fig. 4.

improved. However, the effect of absorption within the high resistiv-
ity silicon substrate has not been included in this analysis. While the
loss tangent of HRFZ silicon is expected to be very low at terahertz
frequencies (<10−5), it has not been well characterized at cryogenic
temperatures. Indeed, one of the best ways of determining the loss
tangent is by constructing and measuring the transmission of a high
finesse silicon Fabry–Pérot etalon.

Volume is a key driver for cryogenic space instrumentation and
Fig. 5 shows the benefit of employing an etalon having a high refrac-
tive index substrate in an angle-scanned FPI configuration; in this
example, the gap has been reduced from 27 mm to 8 mm. Further-
more, with the diminished effects of walk-off, it becomes useful to

FIG. 6. The semi-angle scan range that is required to cover a full spectral order
is shown as a function of the initial offset angle of the etalon with respect to the
optical axis. The solid black like indicates the ±7.5○ limitation imposed by the
chosen flexures.

perform a trade-off between the initial offset angle of the etalon with
respect to the optical axis, and the angular tilt range required to scan
a full spectral order. Because of the cosine dependence, for a larger
offset angle, a smaller angular scan range is required (Fig. 6). For our
specific case, we procured cryogenic flexure bearings with a ±7.5○
scan range,9 for which the minimum offset angle was required to be
no less than 15○ to cover the full designed wavelength range. These
flexures were chosen because they had cryogenic space flight her-
itage,10 being used as part of the focal plane chopper unit of the HIFI
instrument on the Herschel Space Observatory.11

IV. ETALON DESIGN

An etalon requires high-reflectivity surfaces to achieve high
resolving power. Finding materials that exhibit both high reflectiv-
ity and low absorption in the FIR region is a considerable challenge.
Since reflectors made from metal deposited on a dielectric are either
too thin to reflect effectively or too thick resulting in significant
absorption, other materials are required. Historically, FIR reflectors
have been developed from thin metallic mesh structures deposited
on thin Mylar sheets.8 This type of reflector can also be fabri-
cated without the substrate resulting in free-standing meshes. This
approach was adopted for the air gap scanned Fabry–Pérot interfer-
ometers of the short (SWS) and long (LWS) wavelength spectrome-
ters of the Infrared Space Observatory (ISO).12 However, as shown
in Fig. 4, the effects of walk-off in the case of a small aperture and
large air gap precluded their use in a high resolution angle-scanned
concept.

To address the walk-off issue, two etalon designs were con-
sidered, both based on the use of a high refractive index silicon
substrate. The first approach was a hybrid etalon consisting of reflec-
tive metal meshes of the ISO LWS heritage mounted on thin invar
rings to create a small air gap (∼10 μm) on either side of a high
refractive index HRFZ silicon substrate. The second approach was
to use etching and micromachining techniques to develop a fully

FIG. 7. Left: Cross section of the etalon showing the wafer-air gap-substrate-air
gap-wafer structure (not to scale). Vent holes (not shown) allow the air gap to
be evacuated. Right: The silicon etalon within the cryogenic mount shown with
absorber panels to reduce the effects of stray light.

Rev. Sci. Instrum. 91, 083108 (2020); doi: 10.1063/5.0012432 91, 083108-4
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TABLE I. Etalon design specifications.

Parameter Minimum Nominal Maximum

Wavelength (μm) 220 240 300
Diameter (OD) (mm) 50.8
Clear aperture (ID) (mm) 44
Beam diameter (mm) 40
Refractive index 3.4
Thickness (mm) 7.86
Angle of incidence (AoI) (deg) 0○ 15○ 22○

Finesse 6 23 35
FSR (μm) 0.96 1.0 1.8
Spectral resolving power 1000 5000 8000

silicon-based etalon (Fig. 7). Thin silicon wafers were attached to the
substrate with an air gap between the wafer and substrate to form
dielectric stacked coatings, which mimic high reflectivity for narrow
wavelength bands by utilizing constructive interference on multiple
reflections (the principle on which the etalon itself functions). While
the first approach appeared the easiest, the task of mounting three
different components, with different coefficients of thermal expan-
sion (CTEs), proved to be difficult. At the same time, significant
advances were being made in the techniques required to fabricate
the fully silicon etalon. As a result, the latter approach was adopted
as our chosen solution.

Thin HRFZ Si wafers were first ground and polished to an
appropriate thickness to form the reflecting surfaces. The wafers
contained an etched air gap, which included a support ring with
venting holes to evacuate the air gap for cryogenic, vacuum oper-
ation, and were epoxied to the silicon substrate to provide an air gap
between the wafer and the substrate. The procedure was repeated
on both faces of the etalon substrate. In this way, a H/L/H dielectric
stack on both sides of the etalon was achieved to provide high reflec-
tivity. The dielectric stack coating on the etalon was designed such
that the path length difference between reflections from the outer
surface of the wafer and from the substrate were twice the design
wavelength of 240 μm at normal incidence. This was expected to
provide a good compromise between structural stiffness and ease of

manufacturing. A schematic of the etalon is shown in Fig. 7 together
with an image of the manufactured etalon within its cryogenic
mount. Complete details of the etalon fabrication process will be
described by the authors in a future publication. The etalon mount
consisted of an aluminum bracket using spring gaskets to compen-
sate for differences in CTE, avoiding unacceptable stresses in the sil-
icon substrate, and creating a conductive thermal path between the
substrate and the 4 K cold plate. The temperature of the etalon was
monitored using a temperature sensor which was directly mounted
on the edge of the silicon substrate.

The effective reflectivity of the etalon was modeled, for both
s- and p-polarizations, and as a function of the incident angle,
using the multiplication of transfer matrices for the consecutive
optical interfaces. The etalon design specifications are presented
in Table I.

V. ANGLE-SCANNING FPI DESIGN

An overview of the integrated FPI system is shown in Fig. 8.
To calibrate the FPI, a custom-built THz photomixer is illuminated
by two tunable continuous-wave (CW) infrared lasers, providing a
continuously tunable, CW narrow-line emission source at the dif-
ference frequency between the lasers.13 Alternatively, a gas cell can
be placed in front of the instrument to superimpose narrow absorp-
tion lines on a background continuum source, to provide an absolute
wavelength calibration.

The beam from the source optics is directed into a large test
facility cryostat so that its focus lies on the entrance slit to the spec-
trometer, which is mounted to the 4 K plate.14,15 Thermal filters are
placed in this converging beam, on the vacuum chamber, and on the
first and second stage radiation shields to minimize contributions
from stray light. Beyond the entrance slit, a collimator and plane
mirror direct the beam toward the rooftop mirror of the pendu-
lum assembly shown schematically in Fig. 9. With the etalon placed
between the pivoting rooftop mirror, the incident angle of the beam
on the etalon can be changed without affecting the beam geome-
try outside of the rooftop. The etalon is mounted at an offset angle,
which can be adjusted and optimized to provide an adjustable angu-
lar scan range for a given free spectral range (Fig. 6). The etalon

FIG. 8. System level block diagram for the angle scanned FPI.
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FIG. 9. Sketch of the optical layout for the integrated FPI. OAP refers to an off-axis parabolic mirror. The schematic shows two positions of the pendulum, highlight-
ing the change in beam angle with respect to the etalon. Since the pendulum pivots about the apex defined by the rooftop mirror, the output beam location does not
change.

holder contains absorbing panels that serve to mitigate the effects
of stray light and provide an aperture stop for the optical system.
Beyond the rooftop, exiting to the lower right in Fig. 9, the beam is
directed through a fourth filter mounted on the entrance aperture of
the custom designed, scanning grating spectrometer that serves as an
order sorter for the FPI. The cryogenic grating spectrometer is of the
Czerny–Turner configuration16 whose output is brought to a focus
on a exit slit behind which is located a sensitive 300 mK composite
bolometer detector.17 A cryogenic stepper motor,18 flexibly coupled
to a worm and wheel reducing gear, enables rotation of the grating
to select the spectral bandpass. The grating specifications are given
in Table II.

VI. RESULTS

The first step in validating the performance of the angle
scanned FPI was to confirm that the resolving power of the grating
spectrometer was sufficient to order sort the higher resolution FPI.
With the etalon removed and the grating held at a fixed angle, the
photomixer was tuned across the grating bandpass. To first order,
the spectral response of the grating is expected to be Gaussian. The
upper plots in Fig. 10 show typical results of fitting a Gaussian func-
tion to the raw data, which confirms that both the spectral response
and the target resolving power of ∼300 were achieved. The lower plot
in Fig. 10 compares the observed center of the grating response as a

Rev. Sci. Instrum. 91, 083108 (2020); doi: 10.1063/5.0012432 91, 083108-6
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TABLE II. The specifications for the grating used to order sort the FPI. The deviation
angle, 2ϕ, between incident and diffracted beams remains constant in the Czerny–
Turner monochromator configuration. The exit focal length requires an ∼f/6 optic.

Parameter Value

Height 100 mm
Width 50 mm
Order 1
Spacing 180 μm
2ϕ 15○

Blaze 47○

Focal length 310 mm
Exit slit width 2 mm

function of the grating angle with theory, establishing the grating
spectral calibration.

Once the grating had been calibrated, the etalon was installed
between the arms of the pendulum as shown schematically in Fig. 2
and in Fig. 11.

FIG. 10. Upper: A Gaussian fit to a grating spectral response measurements.
Lower: Relation between the grating angle and center wavelength determined from
fits to the individual response functions and comparison with theory.

FIG. 11. Images of the experimental setup of the FPI and grating modules within
the 4 K enclosure.

The spectral calibration of the FPI was based on the spec-
tral response of the instrument when observing the narrow, unre-
solved line produced by the photomixer.13 With the grating held
fixed, the output wavelength of the photomixer was stepped through
the predicted grating profile and data collected from several (∼5)
micro-scans of the pendulum. The transmission function of the
FPI was obtained by stitching together the individual spectral
micro-scans.

Five parameters were required to model the performance of
the FPI: the substrate thickness, the wafer thickness, the air gap
between the wafer and the substrate, the refractive index of silicon
at 4 K, and the angle of incidence. The thickness and gap param-
eters were obtained by a coordinate measurement machine dur-
ing the manufacturing process. Moreover, the thermal contraction
of silicon has been well characterized at cryogenic temperatures.19

Using the recorded temperatures of the thermometers attached to
the edges of the silicon substrate, the thickness of the substrate at
the operating temperature was determined. Additionally, the tem-
perature of the silicon at the etalon edge was stable and we did not
observe a temperature dependence on the photomixer power out-
put. As a result, we concluded that the thermal gradients across
the etalon were negligible, although we could not measure this
directly.

Rev. Sci. Instrum. 91, 083108 (2020); doi: 10.1063/5.0012432 91, 083108-7
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The refractive index of silicon at these wavelengths and the
initial offset angle of the etalon were the only variables in the
model fit. While the refractive index of silicon as a function of tem-
perature is well known at near infrared wavelengths,20 and some
publications report far infrared values at room temperature and
1.5 K,21 the precise dependence of refractive index on tempera-
ture dn/dT is not well characterized at far infrared wavelengths.
Although the refractive index of silicon also exhibits a frequency
dependence, this effect was modeled as negligible over the mea-
sured frequency range compared to the expected measurement pre-
cision. Another concern is that, since high resistivity silicon is a
poor thermal conductor, the temperature near the center of the
etalon may be higher than the measurement provided by the ther-
mometers located on the edge of the substrate. For these reasons,
we allowed the refractive index to be a free parameter in our fit.
While the precision of the laser based cryogenic metrology system
has been measured to be ∼2 nm rms,22 resulting in an angular pre-

cision of 0.007
′′

, the absence of a fiducial marker in these first scans
led to an uncertainty in the initial angle of incidence. For this rea-
son, the initial offset angle was also allowed to vary in the fitting
procedure.

The calibration scheme that was adopted for the FPI was
based on the average measurement obtained from the forward
and reverse scans of the pendulum, and an estimated initial off-
set of (15 ± 1)○ was determined by the design offset and mechan-
ical tolerances. For each input wavelength, a number of selected
refractive indices were applied to the multilayer model to gen-
erate model outputs. The angle at which the peak transmission
in the model occurred was found and the difference in the ini-
tial offset angle was calculated. The refractive index was taken
to be the values that minimized the variance in offset angles
for all mini-scans, regardless of the angle at which the transmis-
sion peak occurred (Fig. 12). Using this method, the optimum
refractive index and initial angle of incidence were determined
and the details are given in Table III. The measured refractive

FIG. 12. Visualization of the minimization of the variance in the offset angle for
the calibrated wavelength range. A fourth-order polynomial fit is overlaid, which is
used to find the optimum refractive index. From extrapolation from near-infrared
cryogenic measurements, the refractive index was expected to be ∼3.39.

TABLE III. Parameters of the etalon which were used for wavelength calibration.

Parameter Value

Substrate thickness (7.860 ± 0.001) mm
Air gap thickness (59.3 ± 0.1) μm
Wafer thickness (51.9 ± 0.1) μm
Refractive index 3.390 ± 0.001
Offset angle (15.0 ± 0.2)○

index matches well with extrapolated near-infrared and cryogenic
measurements.20,21

Having established the calibration parameters for the angle
scanned FPI spectra were subsequently obtained over the wave-
length range from 280 μm to 320 μm. Figure 13 shows a sam-
ple of four independent spectral line measurements. Each plot was
obtained by first selecting a grating angle and thus central wave-
length (Fig. 10) and tuning the photomixer output to this wave-
length. The incident beam angle was varied across the etalon with
slow periodic scans of the pendulum angle. The average signal from
ten forward and reverse scans of the pendulum was computed as
a function of angle. The resulting spectral line profiles were com-
pared to two models: the first of which computed the transmis-
sion through the etalon assuming the etalon was an infinitely wide
stack of dielectric layers, and the second incorporated the effects
of walk-off due to the finite aperture between the reflective lay-
ers on either side of the etalon substrate. Both models show excel-
lent agreement with the collected data, indicating that the effects
of walk-off on the shape of the spectral line profile were small for
the resolving powers of the etalon at these wavelengths. Although,
as the residual in the upper left plot in Fig. 13 shows, the dis-
crepancy between models became more pronounced at shorter
wavelengths.

Naturally, with increasing resolving power, the effects of walk-
off are expected to become more prominent. In general, the model
that included the effects of walk-off showed a slightly better agree-
ment with the measured data. Figure 14 shows a linear fit of
the normalized rms deviations for each model over all measured
wavelengths. While the deviations fell below the noise in each
measured line profile, and therefore were widely varying between
scans, the general trend showed an improvement in the fit qual-
ity by including the effects of walk-off. We can conclude that
the walk-off model captured the subtle effects of the broadening
of the instrumental line function. In particular, when a region
between the transmission peaks was scanned, the importance of
including the effects of walk-off was immediately evident as shown
in Fig. 15.

While the etalon was designed to provide optimum perfor-
mance at wavelengths between 220 μm and 300 μm, the available
power from a THz photomixer, which varies as λ4, quickly became
the limiting factor in obtaining the high signal-to-noise measure-
ments necessary to study the line profiles in detail. Despite this lim-
itation, by tuning the difference frequency between the (∼1.55 μm)
distributed feedback (DFB) lasers that illuminate the photomixer,
thus altering the output frequency, we were able to compare the
measured and theoretically predicted resolving power over the wave-
length range 280 μm–320 μm.
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FIG. 13. Line profiles obtained during the spectral calibration of the FPI for photomixer wavelengths of 285.5 μm, 292.8 μm, 301.8 μm, and 314.2 μm. The figures show the
incident beam angle on the lower x-axes and the corresponding wavelength scale on the upper x-axes. Each dataset was fit with two models: the multilayer model determined
the transmission by solving for the electric field at all boundaries of the etalon; the walk-off model determined the reflection coefficients for the front and back etalon surfaces
as a function of wavelength and angle, and included the diminishing area overlap from beam walk-off within the etalon. The residuals between each model and the data are
shown underneath each figure.

The resolving powers determined from fits to the individual
line profiles yield values of ∼2000 at 280 μm (Fig. 16), consistent
with the design goals for the angle-scanned Fabry–Pérot interfer-
ometer of achieving resolving powers of >5000 at 220 μm. Note that

FIG. 14. Comparison between the normalized rms deviations between the model
and data for the multilayer model and the walk-off model. A linear fit is performed
for the deviation in each model to show the quality of the model as a function
of wavelength, and the relative improvement of the model by incorporating the
walk-off method.

the spread in measured resolving powers in Fig. 16 was due to slow
temperature drifts in the infrared lasers, which we were not able to
continuously monitor. Additionally, the presence of a strong water
vapor transition near 305 μm skew the measured line width in that
region.

FIG. 15. An FPI scan that falls between two transmission peaks. The walk-off
model expects a transmission profile with slightly broader lines, and is therefore
able to provide a better fit to the sidelobes of the line profile.
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FIG. 16. Comparison of the measured resolving power (blue crosses) with the-
oretical resolving power as determined by the multilayer etalon model including
walk-off.

In summary, these first results from a novel cryogenic angle-
scanned Fabry–Pérot interferometer show that the effects of walk-
off and potential absorption losses have not compromised the per-
formance of the custom-designed etalon at the target resolving
powers.

VII. CONCLUSION

In this paper, we presented a novel design for a cryogenic
Fabry–Pérot interferometer in which the wavelength was tuned by
scanning the angle of incidence on a high refractive index etalon.
This concept simplifies the cryomechanical design, actuation, and
metrology. The effects on the spectral response of the varying
angle of incidence have been simulated and shown to agree well
with the observation. These results showed the first implementa-
tion of a cryogenic, angle scanned FPI etalon as a high-resolution
spectroscopic instrument.
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