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INTRODUCTION

The next-generation pressure standards will be
realized via gas density and the equation of state.

One way to access the density is through a mea-

surement of gas refractivity, underpinned by the
theoretical calculations that predict the relation-

ship between density and refractivity. At present,

calculations with sufficient accuracy that link re-
fractivity to density are only available for helium.

To measure helium refractivity we employ inter-
ferometry to make ultraprecise measurements of

the optical length of gas-filled cells and cavities.

The refractivity of helium at atmospheric pres-
sure is about 3.2 × 10−5: to measure this to

10−6 fractional uncertainty—our goal for a pascal

realization—would require the measurement of a
15 cm optical length with 4.5 pm accuracy.

We are pursuing two approaches to the measure-
ment of refractivity: a Fabry–Perot (FP) cavity-

based system with four interferometers, which we
call a variable-length optical cavity (VLOC), and

a cell-based heterodyne interferometer, which we

call a monolithic interferometer for refractometry
(MIRE). Both these optics have been built to pre-

cise geometric constraints by silicate-bonding.

The VLOC will measure refractivity as the differ-

ence between two 15 cm displacements, one in

vacuum and one in helium (where gas pressure
and temperature are kept constant during the mo-

tion). In actuality we have three interferometers
in vacuum surrounding a central interferometer

in helium. The main challenge was to minimize

the Abbe error: the Abbe offset in this measure-
ment is the deviation of the central interferometer

mode from the geometric center of the outer three

interferometer modes. In order to minimize the
Abbe error, the VLOC has been built with an Abbe

offset of less than 70 µm. This feat means that
keeping the Abbe error below 1 pm will require

measurement and control of angle to better than

20 nrad, which is relatively straightforward given
the picometer resolution of FP interferometry. An-

other feature of the VLOC is that it relies on the

flatness of an optical flat to ensure parallel beams
in multiple optical cavities and minimize errors as-

sociated with beam walk across imperfect optical

surfaces. This requires that local surface slopes
have a variation ideally held to less than 1 µrad,

where the slopes of interest are on a spatial scale

of the cavity mode size (sub-millimeter). Many
high-precision optics—including optics with better

than λ/100 figure—may not achieve this specifi-
cation.

In the case of the MIRE, refractivity will be mea-

sured as the change in pathlength through a gas
cell, as the cell is filled from vacuum to some pres-

sure. One benefit of a 25 cm multipass gas-cell

compared to a 15 cm FP cavity is that it has less
stringent requirements on the accuracy and sta-

bility of the length metrology, and the fact that the

experiment can be performed without motion is
a great simplification; on the other hand, a het-

erodyne interferometer has much lower resolu-
tion, and cell window thinning caused by chang-

ing pressure can contribute a systematic error of

several hundred parts per million. To cancel this
systematic error we plan to make refractivity mea-

surements through cells of different lengths but

with almost identical material properties, bore-
hole and window geometries, and beam inci-

dence. This last requirement—beam incidence—
has motivated us build an interferometer that has

four beams parallel to two planes within ±85 µrad.

This proceeding describes the features of both
optics,—VLOC and MIRE—the geometric re-

quirements that had to be met to achieve our de-

sired measurement precision, and the steps we
have taken to build the optics and satisfy these

geometric requirements.

VLOC

A general overview assembly of the VLOC is
shown in Fig. 1, and the principle behind the mea-

surement is described in more detail in Ref. [1]. At
the heart of the device are four Fabry–Perot (FP)

cavities, formed on two optics, a parallel mirror

plate and a concave mirror assembly. A photo-
graph of the optics is shown in the inset of Fig. 1:

three outer FP cavities in vacuum surround an in-

ner FP cavity which is to be sealed in a bellows
and filled with helium (the bellows is not shown
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FIGURE 1. The VLOC apparatus consists of a fixed parallel mirror plate inside the tip/tilt flexure at right,
and a moving concave mirror assembly inside the PZT stage at left. The displacement stage gives 15 cm

of travel, while the PZT stage makes fine adjustments to maintain angular alignment below 20 nrad at the
opposite ends of the travel. The inset photograph shows the interferometer optics: concave mirror assembly

and parallel mirror plate. The concave mirror assembly has four mirrors silicate-bonded to precise geometric

constraint. The span of the octagons are 38 mm.

in Fig. 1). The octagonal shape of the VLOC op-
tics owes its origin to alternative design scenarios

that envisioned the bellows sealed to the glass

with an o-ring and clamped at four corners; the
design we are currently pursuing has the bellows

transitioned to glass, and the glass monolithically
bonded to the octagon. The six 3.2 mm diameter

holes around the center of the octagons are for

(tensioned) bellows antisquirm rods: in the me-
chanicals of Fig. 1, these holes are redundant on

the concave mirror assembly.

The concave mirror assembly is housed in the

PZT stage which sits on a linear translation stage.
In the typical mode of operation the inner cav-

ity will be filled to about 105 Pa of helium, and

its length is to be changed from 15 cm to 30 cm
by the translation stage. (The pressure of helium

inside the bellows will be generated by a piston
gage: the pressure will be unknown, but constant

to 10−6
· p independent of the volume change.)

The outer cavities in vacuum will measure the dis-
placement ∆L, and also monitor pitch/yaw errors

in the motion: the PZT stage will be adjusted to

correct these motion errors to below 10 nrad. The
inner cavity in helium will measure a change in

optical length of n∆L, and thus the difference be-
tween the displacements in the outer and inner

cavities is a measure of refractivity n − 1. This

measure of helium refractivity at a known temper-
ature can be used to realize the pascal, as dis-

cussed for example in Refs. [2, 3]. In other words,
we will use the measured helium refractivity to de-

termine the unknown pressure generated by the

piston gage.

These refractivity measurements are expected

to happen in the near future. In addition to
pitch/yaw at sub-10 nrad, we will also be monitor-

ing straightness/flatness at sub-1 µm: the metrol-
ogy supporting this apparatus is a large undertak-

ing and will not be described here. The purpose

of this section is to describe the characteristics of
the interferometer optics at the heart of the VLOC.

Parallel mirror plate

The parallel mirror plate consists of four mirrored

portions, (6.5 ± 0.5) mm in diameter, coated on a
20 mm thick, flat substrate. The HR coating was

specified as 99.7 % at 633 nm and 1542 nm. (The

mirrored portions were masked so that the bel-
lows to glass transition can be bonded and sealed
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to bare glass on the parallel mirror plate.) Since

the mirrors are deposited directly on the plate,
the plate had to be wedged at 9 mrad to avoid

parasitic reflections entering the cavities (an ex-

tra precaution in addition to the AR coating on
the back-surface). Because we intend to translate

the concave mirror assembly by ∆L = 15 cm, mo-

tion errors during translation will inevitably cause
beam walk across the parallel mirror plate, and if

the mirrored portions are out-of-parallel by φ, this
beam walk effectively introduces an alignment

error between the interferometers approximately

n∆L(φ
2

2
+ θφ) [1]. Here, θ is the misalignment of

the central mode direction with the direction of the
displacement of the moving mirrors, and θ + φ is

the misalignment of one of the outer inteferom-

eters. Typically, θ is much larger than φ. It will
vary with position due to the stage straightness

(about 2 µm) and due to roll (30 µrad), so that it is

typically larger than 7 µrad regardless of how well
overall alignment is achieved. The modes of the

three outer interferometers are on a “bolt circle”
of 13 mm radius, and the mode diameter is about

0.3 mm: the specification requested of the man-

ufacturer was that all four mirrored regions were
to be parallel to 1 µrad, and that surface spatial

variations were to be less than 1 nm/mm. It is

notable that a λ/100 surface flatness would not
necessarily satisfy this unique parallelism require-

ment. The manufacturer achieved the 1 µrad par-
allelism before coating, but stresses induced by

the masked coatings changed surface form. The

parallel mirror plate was subsequently measured
at NIST with a Fizeau interferometer. In Fig. 2

we show surface flatness for each of the outer

mirrors relative to the central mirror. The slope
of the coatings are within 2 µrad of parallel (ie,

φ = 2 µrad) to one another, which means that mis-
alignment errors between central and outer inter-

ferometers should contribute less than 2 pm error

to the displacement measurement. (Interestingly
and not apparent in Fig. 2, is that the slope of the

coatings relative to the substrate is 15 µrad, and

the height of the mirror stacks are about 6.5 µm.)

Concave mirror assembly

The concave mirror assembly is a complicated
optic. Its main requirement was to maintain a very

stable relationship between the inner and outer

mirrors, and also to keep the Abbe offset below
100 µm. For the symmetric case, this is equiv-

alent to saying that the centers of curvature of

the three outer mirrors must be located on a cir-
cle whose center is concentric within 100 µm of

FIGURE 2. Profile of the four HR-coated regions
of the parallel mirror plate: The slopes of the

three outer coated areas relative to the central

coated area are within 2 µrad. Inset: fringes on
the Fizeau flatness interferometer.

the center of curvature of the central mirror. To

our knowledge it is not presently feasible to polish

multiple concavities into one substrate and meet
this 100 µm concentricity requirement, so posi-

tioning and bonding four separate mirrors to one
baseplate seemed the viable solution. Addition-

ally, the central interferometer (and the bond be-

tween the optics and the bellows-to-glass stub)
needs to be leak-tight, and any bonding technique

must be ultrastable. These requirements led us to

conclude that silicate-bonding [4] was the best (if
not only) solution.

The optic consists of a 10 mm thick baseplate

(parallel window) with four 6 mm holes drilled
through it to allow beam transmission. The four

concave mirrors were face-bonded to the paral-
lel window using silicate-bonding, following the

LIGO recipe [5]: we used a 4 : 1 ratio of dis-

tilled water to sodium-silicate solution, approxi-
mately 0.8 µL/cm

2
solution per bond area, and

all surfaces were flat to λ/10. Our approach of

face-bonding four separate concave mirrors to a
flat baseplate means that a flat annulus must re-

main on the substrate into which the concavity is
polished. It is also desirable that the annulus of

the central mirror be as large as possible to mini-

mize leak rates. These requirements must be put
in context to a size constraint of 38 mm-square

which was placed on our baseplate by the aper-

ture of the PZT stage: all this meant that our inner
mirror substrate had a diameter of 13.5 mm and
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FIGURE 3. (a) Schematic of the jig used for positioning and bonding the concave mirror assembly. (b)
The position of the third outer mirror D was found as a projection of the distance 2d through the center B

from the midpoint of the line AC: the points A, B, C, D refer to the locations of the mirror focal points. (c)

Photograph of center mirror located by ruby styli while bonding. For scale, the diameter of the center mirror
is 13.5 mm. (d) The actual jig being used for bonding with the rough alignment mask. To bond the final

mirror, the mask was removed, and a camera attached to the ram of a CMM probed the mirror focal points.

the outer mirrors had diameters of 10.5 mm; we
specified a diameter on the extent of the concave

polish of (7 ± 1) mm. The sagitta of a 0.5 m arc

extending 7 mm is only 3 µm, and not only was
our tolerance on polish depth/diameter challeng-

ing, the best that could be done with centering
the polish relative to the mirror substrates was

±1 mm. The lack of concentricity in the concave

mirrors meant that we could not use the mirror
substrate as a dimensional reference: we had

to position and bond the mirrors while looking at

their actual focal points. Also note: The lack of
concentricity between the concave polish and the

coating mask meant that the focal point was the
only point at which we could reliably gage the rel-

ative locations of the four interferometer modes.

(The coating stack was also undersized relative
to the concave polish, so as to permit face bond-

ing between the baseplate and outer annulus of

the mirror substrate.)

The principle behind assembling the optic was to
nudge the mirrors around so that the locations of

their focal points met the near zero-Abbe offset

requirement. For nudging the mirrors we used
three ruby styli mounted on manual translation

stages, shown in Fig. 3(c). In practice and for the
most reliable bonding, the assembly proceeded

by first bonding the inner mirror and two of the

outer mirrors in a cleanroom with rough align-
ment, and then bonding the last outer mirror in a

lab with a coordinate-measuring machine (CMM)
that told us precisely where the focal point had to

be. Our assembly jig, shown in Figs. 3(a) and (d),

worked as follows: We used a ×300 beam ex-
pander and HeNe laser to produce a collimated

beam of about 100 mm diameter, and this extra

large beam was directed to the baseplate. (As
mentioned previously, the separation between the

outer mirrors is 26 mm, so 50.8 mm optics offered
a large enough aperture.) When a concave mir-

ror was placed on the baseplate, its coating re-

flected a very small part of the large collimated
beam and focused it to a point at its focal length.

For coarse positioning of the first three mirrors in

the cleanroom, we used an aluminum plate as a
rough alignment mask, which had 0.2 mm diam-

eter holes drilled in locations where the centers

of curvature were nominally supposed to be; we
bonded the inner and two outer mirrors so that

three beams reflected and focused from these
mirrors passed through the holes in the mask.
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This rough alignment and bonding was judged by

eye, and is shown in process in Fig. 3(d).

For ease and convenience, we did not aim to

achieve an equilateral triangle with the focal

points of our first three coarsely positioned mir-
rors, and therefore lacking symmetry, the zero-

Abbe position of the third outer mirror does not

follow the concentric circle geometry previously
mentioned: instead, as in Fig. 3(b), the third outer

mirror was positioned a precise distance along a
line from the mid-point of the line between the

two outer mirrors projected through the point of

the central mirror. When positioning the final mir-
ror the coarse alignment mask was removed, and

we probed the focal point of beams reflected from

the mirrors with a camera mounted to a CMM.
[For reference, an analogous setup with a cam-

era on a CMM is shown in Fig. 4(c).] The po-
sitional uncertainty of the CMM was 2 µm. We

used the centroid of the camera image as the ref-

erence, and moved the camera (ram of CMM)
so that the centroid of each beam was refer-

enced to the same pixel location: we had re-

producibility of 6 µm locating the focal points of
the three coarsely positioned mirrors. As men-

tioned previously, there is a lack of concentric-

ity between the concave polish and coated re-
gion, which meant that the relative separations

of the reflected beams changed as a function of
distance (typically less than 1.7 µm/mm) and we

had to translate the camera at the focal plane: we

were confident of locating the focal plane to 3 mm.
Once the focal points of the three coarsely placed

mirrors were found, the position of the third outer

mirror was calculated, the camera moved to that
calculated point, and the mirror was nudged to

position and bonded so that its focal point was
at the reference position on the camera. We

achieved an Abbe offset of 62 µm.

A minor complication in the concave mirror as-
sembly is that the concave mirrors are polished

into wedged substrates to avoid parasitic cavities.

Since the concave mirror assembly is the mov-
ing part of the VLOC, beam alignment and cou-

pling into the cavities would be translation depen-
dent. To mitigate this problem, we employ the

compensating plate shown in Fig. 1, which has

a wedge nearly identical to that of the concave
mirror substrates but rotated in azimuth so that

the two prisms effectively cancel. However, effec-

tive cancellation of the beam deviation demanded
that we also ensure the rotation of each mirror—

wedge orientation—was nominally the same. To

achieve this, we used a second laser as a beam
pointer, also shown in Fig. 3(a) and (d). For the

bonding of each mirror, we directed the beam

pointer so that it passed through the outer edge
of the mirror substrate. This resulted in two re-

flections: one from the wedged back-surface of

the mirror and one from the baseplate. (In actu-
ality, the reflection from the baseplate overlapped

the reflection from the front-surface of the mirror
substrate—and this became a single reflection af-

ter bonding.) We positioned a reticle in front of the

pointing laser: the reticle was simply a line on a
piece of paper placed on the laser head (ie, the

reflection was deliberately directed almost back

into the laser tube). Our premise was that if each
mirror was rotated such that the two reflections

end up on the line of the reticle, then the wedge
of each mirror was orientated the same. Our

premise relied on the fact that the baseplate is

flat, and that the reticle did not rotate between the
bonding of each mirror. However, the approach

was independent of the angle and relative loca-

tion of the incident beam.

MIRE
MIRE is based on the classical Tanaka-style inter-

ferometer [6], in which we have a gas cell in the

measurement arm and a vacuum cell in the refer-
ence arm. We actually implement this in a mul-

tipass scheme with a triple-cell, where either the
central cell or the two outer cells can serve as a

reference arm while the other serves as the mea-

surement arm, as in Fig. 4(a). The body of the
triple-cell is a single piece of borosilicate crown

glass with three holes through it, and at each end

a single piece of glass is silicate-bonded form-
ing windows for the three holes: knowledge of

cell length is a prerequisite for accurate refrac-
tivity measurements, and the thin and repeatable

(100 ± 50) nm bond interface allowed us to accu-

rately measure cell length on a CMM before the
windows were bonded. Unlike the VLOC, which

is designed in such a manner that it can be op-

erated at constant pressure, the critical measur-
and for the MIRE is a change in optical pathlength

when gas is admitted to the measurement arm.
Effects of pressure distortions [7] must be taken

into account by building at least two such triple-

cells, one short and one long. This is a simpler
alternative than a possible approach based on a

variable length cell, analogous to the VLOC but

with a moving window replacing the moving mir-
ror, as discussed next.
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In most refractometers such as the MIRE, the ref-

erence and measurement beams pass through
the same thickness of glass windows. This ar-

rangement will largely compensate various ef-

fects including thermal variations of the windows
and changing pathlengths that will occur if the

window tilts. The compensation also will elimi-

nate the effect of any uniform wedge in window
thickness, which might otherwise cause an unac-

ceptably large variation in pathlength accompany-
ing even microscopic changes in where the beam

passes through the window. However, the com-

pensation will be imperfect due to non-flatness of
window surfaces, and the situation for a variable

length cell with a moving window then becomes

entirely analogous to the problem of beam-walk
across a non-flat mirror coating in the VLOC,

where variations in surface slopes of the optical
element between the positions of the measure-

ment and reference beams will give rise to er-

rors. As a practical matter the problem is some-
what more difficult to remedy for a cell-based ap-

proach than for the VLOC. For this reason and for

reasons of mechanical simplicity, we completely
abandon the moving window scheme with its re-

quirement of having equal glass paths indepen-
dent of cell length. Our approach is based on

two (or more) fixed-length cells, where the win-

dow thicknesses will ideally be matched at the mi-
crometer level but need not be matched at the pi-

cometer level! The critical measurement is not a

change in pathlength for a known displacement
but changes in pathlength when gas is admit-

ted to the short and long cell. Under these cir-

cumstances the requirement that the window op-
tical pathlength is independent of cell length is re-

placed by a requirement that, for any given fixed
length, the variation of the window pathlength with

cell pressure is the same for the short and long

cells. This can be assured if the window does
not move transversely to the beam when pressure

is changed (beam-walk), and if window thinning

due to the pressure change is the same for both
cells. The second requirement is more demand-

ing than the first but can be met if the dimensions
and geometry of the windows are near-identical,

if the mechanical and optical properties of the

windows are near-identical (glass made from the
same melt), and if the beams pass through all

windows at approximately the same position rela-

tive to the underlying holes. This last requirement
means that beams must be parallel to each other

so that they pass through the same window posi-
tion in cells of different length. We now describe

how the interferometer was built, and the steps

we have taken to ensure similar beam incidence
between long and short triple-cells.

For the MIRE apparatus stability is a chief con-

cern, and our requirement is rather challenging:
a thermodynamic measurement like refractivity

has a timescale of several hours (0.1 mHz), and

we need the interferometer to be stable below
100 pm during the measurement. By compari-

son, if extrapolated to 0.1 mHz, the stability re-
quirement of the LISA Pathfinder interferometer

is 5 nm [8]. We follow the LISA approach for in-

terferometer stability, and have all optics silicate-
bonded [4] to a 42 cm × 15 cm × 2.5 cm fused sil-

ica baseplate. A photograph and schematic of the

baseplate part of the interferometer are shown in
Fig. 4(a) and (b). All bonding surfaces were opti-

cally polished to λ/10 flatness: the baseplate has
λ/10 local flatness over 6.5 cm2, and 3λ global

flatness. Most optics were bonded directly to the

baseplate (fiber launch, polarizing-beamsplitters,
mirrors, and Jamin-beamsplitter); whereas others

were face-bonded to one another (polarizer and

waveplates to polarizing-beamsplitters, collimat-
ing lenses to the fiber launch, and wedge prism-

pairs to a mount block). The face-bonding was

done with uncoated surfaces, and we typically ob-
serve reflections less than 0.03 % from the bond

interface.

Fiber-launching (beam-pointing) began by insert-

ing flat-polished and antireflection (AR) coated

fiber ferrules into 20 µm clearance holes which
set the 22 mm separation between the beams.

The ferrules were epoxied into this tight-fit, and

the depth of insertion was adjusted to collimate
the beams at 2.1 mm diameter. In process we

found a shear plate and viewer the most practi-
cal method of judging collimation, and we sub-

sequently used a wavefront sensor to measure

beam divergences of 0.190 mrad and 0.254 mrad,
which are close to the 0.192 mrad of perfect colli-

mation. Two aspheric lenses (plano-convex) were

face-bonded along their 1 mm outer annulus to
the fiber launch block, and were nudged into

place with three ruby styli on micrometer stages
to set the beams to be parallel. (The collimat-

ing lenses are AR-coated, and this outer annu-

lus was the one bond that involved a coated sur-
face.) We configured a CMM to translate a cam-

era parallel to the polished baseplate surface, and

beam-pointing was adjudged by looking at the
image-centroid at near and far positions. See
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FIGURE 4. (a.) Schematic of the interferometer, with components drawn to scale. (b.) Photograph of MIRE,

without gas triple-cell. Threaded invar inserts are epoxied into the baseplate to clamp the inlet/outlet o-ring

flanges to the triple-cell. (c.) Setup to align beam-pointing. The collimating lens is positioned by three
styli on translation stages. The camera on the CMM is vertically translated by about 20 cm: the camera

measures the beam centroid at near and far positions. A touchprobe is used to build a coordinate system
so that the camera runs parallel to a desired plane (eg, the plane of the polished baseplate).

Fig. 4(c) for how this setup looked in practice. We

achieved beams out-of-parallel to one another by

(220±15) µrad. This residual error in beam align-
ment necessitated the 9 mrad wedge prism-pairs

to further correct beam-pointing, a point we will

return to momentarily.

After the fiber launch the two beams are sep-

arated into four by a Jamin-beamsplitter, which
consists of alternating 0.25 % and 50 % reflective-

coated portions on its front surface and a 99.5 %
reflective-coating on its back surface; the par-

allelism on the Jamin-beamsplitter was 10 µrad,

and its thickness sets the 12 mm reflected beam
separation. The four beams reflected from the

Jamin-beamsplitter are polarized with a 105 ex-

tinction ratio, and a quarter-waveplate set the po-
larization state such that more than 99.3 % of the

beam returning from the fold-mirror was reflected
by the polarizing-beamsplitter. The polarizing-

beamsplitters are epoxy-free, and the transmit-

ted beam deviation through the assemblies was
as large as 250 µrad; which is why the aforemen-

tioned lens bonding was done with the beamsplit-

ters temporarily in place, as shown in Fig. 4(c).
The bonding surface of the fold-mirror and Jamin-

beamsplitter were polished within 100 µrad of per-

pendicular to the coated surfaces. Two 0.4 mm

diameter aperture jigs were located relative to
the straightedge of the baseplate and temporar-

ily tacked in place at the extremities between the

Jamin-beamsplitter and eventual location of the
fold-mirror: the Jamin-beamsplitter was nudged

into position and bonded so as to maximize the
intensity passing through both apertures on a

large-area photodetector. At this point of the

build, we returned to the CMM and locked-in
the final beam-pointing with the wedge prism-

pairs. The CMM was configured to run parallel

to the polished surface and straightedge of the
baseplate: referencing beam alignment to both

these planes is advantageous for reproducible
positioning of triple-cells of different length. We

achieved beam alignment parallel to these two

planes within ±85 µrad. The resolution of our
beam-pointing setup was about 50 µrad, as de-

termined by the 6 µm reproducibility of the image

centroid, the few micrometers form of the planes
to which the CMM was configured to run parallel,

and the 15 cm travel of the CMM axis. In hind-
sight, we believe an improvement factor of two

to three could be gained with a more clever ar-
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rangement on the CMM (ie, more travel) and with

wedge prism-pairs closer to 1 mrad (our choice
of 9 mrad was based on what is available off-the-

shelf).

The aforementioned aperture jigs were once

again tacked in place and referenced to the
straightedge, and the fold mirror was nudged into

position and bonded so as to maximize the inten-

sity returning through the two apertures (as ob-
served reflected by the polarizing-beamsplitters);

this setup ensured that alignment of the returning
beams were referenced to the baseplate straight-

edge within 100 µrad; subsequent positioning of

the triple-cells (of different lengths) can initially be
achieved by caliper measurements referenced to

this straightedge, and reproducibility ensured by

hard-stops (ie, spheres epoxied in place). The
result of these efforts is that when we measure

gas refractivity in triple-cells of different lengths,
we are confident beam incidence is the same

for all window pairs to within 0.2 mm. After the

beams are returned through the triple-cell and re-
flected from the beamsplitters, they are combined

in a final halfwaveplate-beamsplitter-polarizer op-

tic and sent to photodetectors, outside the vac-
uum chamber in which the MIRE sits. Before in-

terference, we employed another wedge prism-
pair to optimize visibility: these prism-pairs are

a minor weakness of the design, because the

glass pathlength imbalance introduces a temper-
ature dependent drift of about 26 pm/mK; during

refractivity measurements we typically have sub-

mK temperature stability. Differential phase is
measured with a lock-in amplifier. As of writing,

MIRE is demonstrating sub-50 pm stability over
15 h (min: −44 pm, max: 45 pm,

600-s averaging), which in a 12.5 cm long triple-

cell would correspond to a fractional error of less
than 2×10−6

·p for a pascal realization at 200 kPa.

We are in the process of taking refractivity data

in triple-cells of different lengths, and these mea-
surements will be the subject of a future article.

OUTLOOK
We have described the precision engineering be-

hind optics at the heart of two ultraprecise re-
fractometers built at NIST, the VLOC and MIRE.

The refractometers will be used to realize the

pascal via measurements of gas density and the
equation of state. We described some of the

unique features of the VLOC optic, among which

is a 2 µrad parallelism between mirrored regions
26 mm apart, a 2 nm/mm local flatness, and an

Abbe offset of 62 µm. The critical feature of MIRE

is that, while keeping the build quasi-monolithic
and ultrastable, two pairs of beams launched from

two fibers have been aligned to two planes within

±85 µrad of parallel.

At the present time, MIRE is running and taking

data, and the experiment will soon be described

in more detail. The VLOC apparatus is nearing
completion, and initial characterization tests are

expected to begin late 2017.
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