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A compact multipass cell with low fringes and high thermal stability is described. This cell is formed by
two twisted cylindrical mirrors. The optical parameters are determined based on the selection criteria,
which include mirror filling efficiency, interference fringes, and pattern stability. With a pattern of 174
passes, this cell gives a 22-m path length in a volume of 0.55 L. The results of an absorption measurement
of oxygen at 13 091.7 ecm ™! show that the fringe noise is lower than 6.54x10~%. The maximum allowed
temperature change to keep the beam from exiting is 33 K, which indicates high stability against thermal

drift.
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Multipass cells are widely used in laser absorption spec-
troscopy because these devices can provide long path
lengths in a relatively small volumel’?. After several
decades of cell design developments, the most promis-
ing cell to date is the laser resonator, which is based
on two twisted cylindrical mirrors®=6/. This cylindrical
cell has the advantages of high spot density, easy align-
ment, and low cost, and has been utilized with different
configurations for specific purposes!™®!. However, most
of the design considerations for this cell only focus on
the pass numbers; no further criteria for pattern choos-
ing are revealed. In fact, considerations of the mirror
filling efficiency, interference fringes, and stability of the
different patterns are vital to cell design particularly
when a high pass number is used. In this letter, we pro-
pose a relatively complete design consideration of a cylin-
drical cell and then describe a compact cell design based
on these conclusions. Finally, an absorption measure-
ment for determining the cell’s usefulness is performed.
The basic geometry of the multipass cell is shown in
Fig. 1. The coordinate system in the figure is the Carte-
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Therefore, the beam spot pattern is determined by
Oy and 6, i.e., the ratios of the distance to the fo-
cal length dg and to the rotation angle 7, respectively.
Meanwhile, the position of the first spot (x1,y1) or the
direction of the injecting beam acts as a scale factor that
affects the relative distance between the beam spots.
The ratio dg, rather than the absolute focal length
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sian coordinate system. The center of the front cylin-
drical mirror M; is located at z = 0, whereas the back
mirror My is at z = d. The focal lengths of M; and
Ms are f1 and fo, respectively. Both mirrors are initially
aligned with the z axis and are then twisted by angles
of 71 and 7o, respectively. M; has a central hole whose
center coincides with the origin of the coordinate sys-
tem. The input and output beams through the hole are
shown as solid and dashed lines, respectively, in Fig. 1.
Beam spot positions are indicated as (z;,y;). Reflection
spots on M; are marked as 0, 2, 4---2N, whereas the
spots on M are labeled as 1, 3, 5---2N-1, where N is
the round-trip number. To determine the accurate beam
spot coordinates, the ray can be expressed as a state vec-
tor, Zy = [x2N+1,x2N,y2N+1,y2N]T, where T' denotes
transposition. A typical configuration consists of two
identical mirrors f; = fo = f and a symmetric twist an-
gle s = —m ==+7.

According to the derivation in Ref. [9], the analytical
expression of Zy can be written as
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1/g, determines the spot pattern, indicating that the
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Fig. 1. Basic geometry of a cylindrical multipass cell.
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manufacturing imprecision of the mirror can be accom-
modated by adjustments in mirror separation.

To perform a re-entrant pattern, i.e., (zon,yon) =
(0,0), sin(Nfy) and sin (N6,) should simultaneously
equal 0, which yields

HUZMUTF/N,GLZMLTF/N, (2)

where My and My, are both integers. Given a set of
My and My, one can determine the necessary ratio dg
and rotation angle 7 and achieve the desired number of
passes. Notably My and Mj, have a period of 2N be-
cause of the 2w period of the cosine function. The key
element in cylindrical multipass cell designs is in choos-
ing a suitable My and My, pair. From a practical per-
spective, the output beam should be separated from the
input beam to provide sufficient room for the detector
and the laser diode. Omne simple solution is to make
both My and M, even, yielding sin[(N —1/2)6y,1] =
—sin (fu,./2) = —Cu, and (zan—1,y2n—1) = — (T1,%1)
according to Eq. (1). In this case, the laser beam exits
the cell at an inverted angle, thus simplifying the opti-
cal alignment. In addition, sin (Nfy 1,/2) is also zero,
indicating that the Nth spot always lies at the center of
the mirror. With an even N, the Nth spot will lie on
the front mirror and cause an early exit from the cell
before completing the circulation. Thus, an extra con-
straint condition ensures that N is odd. More extensive
considerations involving the examination of different pat-
terns in terms of the mirror filling efficiency, interference
fringes, and pattern stability are discussed in the subse-
quent paragraphs.

The mirror filling efficiency is determined by the rela-
tive sizes of the pattern filling area and the mirror area. A
typical pattern shape is the parallelogram. From Eq. (1),
the parallelogram boundary is limited to a rectangle,
whose extreme point is at
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To increase the uniformity of the spot distribution and
to ensure that the pattern area is as large as possible,
the rectangle should be close to a square, i.e., Tmax/Ymax
should approximate 1. For a given pattern, the bound-
ary shape is determined by the position of the first spot
(21,91). To quantify the optimum injecting direction,
(z1,y1) can be rewritten in the polar coordinates as

x1 =r1c08(0),y1 =7r1sin(O), (4)

where 71 is the oscillating magnitude and @ is the polar
angle. 71 will be divided when calculating for Zmax/Ymax-
Therefore, only variations in @ are considered to affect
the ZTmax/Ymax value. For N=87, we calculated all com-
binations of even My and My, under 2N in the © range
of 0 to 7 at a step of 0.01. Each optimum polar angle
Oopt yielding a Tmax/Ymax value that most approximates
1 was then recorded. The original and fitted relation-
ships between the twist angle 7 and respective Ogpt of
each pattern are shown in Fig. 2. The near-unity value
of R? indicates that the variability in the data set is well-
accounted for by a linear model. The slope of the fitted

model is 0.984, indicating that 7 can be used as a good
approximation of O, for each pattern. Calculations for
other N yield nearly the same results.

After determining © by O,pt ~ T, one can scale the
pattern size to fill the mirror area better by adjusting
the value of r;. However, this scaling is limited by ryin,
which is the distance between the nearest spot on M; and
the origin. If ry;, is too small, 1 should be sufficiently
large to prevent the nearest spot from being clipped by
the hole edge. As a result, a larger mirror radius is nec-
essary to ensure that the farthest spot remains on the
mirror surface. By assuming that the distance between
the farthest spot and origin is 7y,.x, patterns with the
maximum ratio of ryi, to ryax are preferred. Figure 3
shows the 7min/Tmax values of all patterns for N=501.
The pattern locations are plotted as (My /2N, My, /2N),
and the color indicates the exact Tmin/Tmax value. The
regularity of Fig. 3 is due to the periodicity of the cosine
function. Patterns with minimum 7, /Tmax are located
at the corners of this map and regions where My, 1, are
approximated to N. In Fig. 3, the highest rmin/Tmax
value is 10 times larger than the smallest one. Therefore,
by choosing the “red” patterns, the mirror radius can
be 10 times smaller for a similar hole size. Again, cal-
culations for a higher or smaller NV give the same results
but with different resolutions in the solution space. This
conclusion holds true for the subsequent discussions.

When patterns with high 7min/rmax are chosen, the
spots on the mirror surface are closely distributed, and
some of the spots may overlap. Given the scattering at
the mirror’s reflective surface, overlapping beam radi-
ation will interfere with the laser beam and may ulti-
mately hit the detector when the radiation travels in the
laser beam direction. The recording spectra will then
be superimposed by an etalon structure, i.e., the inter-
ference fringes noise and the sensitivity will be decreased.
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Fig. 2. Linear relationship between the twist angle 7 and re-
spective Ogpt of each pattern.

Vn]in/ man

0.6 0.8

Mu/2N

Fig. 3. Tmin/Tmax values of all patterns for N=501.
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The fringes caused by the overlapping between spots with
small pass number differences are most problematic be-
cause these fringe periods are comparable with the width
of the absorption line. The typical pass numbers that
must be considered are 4 to 10 passes!'?. We calcu-
lated the minimum spot distances Arp, for each pass
number difference for all patterns with N=>501 accord-
ing to Eq. (1). The results are shown in Fig. 4. Given
the highly similar patterns on My and Ms, only the pat-
terns on Ms were calculated. The solution space is also
based on (My /2N, My, /2N). The color indicates the ex-
act value. In Fig. 4, several “zero” bands (dark blue
regions) are observed at £/A, where A is the pass num-
ber difference and £ = 2,4,---A. These bands can be
explained as follows: from Eq. 1, the spot distances de-
pend on sin [(N + A+ 0.5) 0y, ] — sin [(N + 0.5) 0y, 1].
Thus, Armin will be zero when 0y 1, = &n/A, ie,
My, /2N = £/A. Moreover, when My /2N equals 1/3
and 2/3, the spot distances are greater than the adja-
cent patterns for most values of My, /2N, as illustrated
by the two straight lines in Fig. 4. Note that the pat-
terns at the central part of the solution space have small
Arpin for all four pass number differences and may have
greater fringe noise. When we consider multiple low-
order fringes, zones near odd multiples of 1/A are pre-
ferred.  Pattern stability is another important factor
when designing multipass cells, particularly during field
measurements. Vibrations, accelerations, ambient tem-
perature and pressure variations, and other changes will
lead to variations in mirror distance as well as in rotation
angle. In turn, the cell ranges from pattern to pattern,
and the performances of spectrometers are reduced!).
The effects of small deviations Ad or A7 can be deter-
mined using the derivatives of xony and yon with respect
to d and 7. By taking Ad as an example, the variations
in xon and yon with d are

Oyan
ad

Oxan
od

A:L'QN = Ad, AygN = Ad. (5)

Therefore, the maximum allowed Ad is calculated by

(Ad) e = ] (6)
V() + ()

The relation for calculating (A7), . is analogous.
Numerical simulations of all patterns for (Ad), .. and
(AT) ax for N=501 are shown in Figs. 4 and 5, respec-
tively. In a similar manner, the pattern locations plotted
as (My/2N, My,/2N) and the color (logarithmically) in-
dicates the exact values of (Ad),_ . and (A7), .. . In the
two simulations, © is set to 7, whereas 0}, g, and 1
are all normalized for convenience. Figures 5 and 6 show
smoother curves than Fig. 3 because the variations in
(Ad),,.. and (A7) . between adjacent patterns in the
solution space are gradient. Patterns with the largest
(Ad),,., and (A7), arelocated at regions where My, 1,
are approximated (not simultaneously) to N. However,
according to Fig. 3, the patterns at these regions are dis-
tributed relatively uniformly and normally require larger
mirror radii. Thus, the choice of pattern is a balance be-
tween stability and mirror size. When one specific pat-
tern is chosen, the total path length is the sum of the

lengths of all slant rays'?; i.e.,

2N 2N

L= Z L, = Z \/d2 + (:En - xn—l>2 + (yn - yn—1)27
n=1 n=1

(7)

where L, is the distance between consecutive reflex spots.

The practical design of a cylindrical multipass cell is
based on the requirement for monitoring the oxygen
concentration in a cabin environment. Thus, the cell
should be miniature-sized, stable, and has low fringe
noise to ensure sensitivity. Using Figs. 3 to 6 as guides,
we found that patterns located at the first quadrant in
the (My /2N, My,/2N) space are suitable. Indicated as
{N, My, My}, the pattern we chose is {87, 44, 50}, which
corresponds to dg = 1.1314 and 7=41.03°. This pattern
is located at (0.25, 0.29) in the solution space. From
Fig. 3, the 7min/rmax of this pattern is 0.16. There-
fore, with a hole radius of 2.5 mm, the mirror radius
should not be less than 15.6 mm. By considering the
practical beam size and the cell volume, we chose cylin-
drical mirrors with 38-mm radii and 106.9-mm focal
lengths. The front mirror has a 5-mm-diameter cen-
tral hole. Thus, the total volume is 0.55 L, without
fittings. Both mirrors are coated with silver (nominal
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Fig. 4. Minimum spot separations for all patterns with
N=501 at a given pass number difference.
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Fig. 5. Maximum allowed variation of d for all patterns with
N=501.
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Fig. 6. Maximum allowed variation of 7 for all patterns with
N=501.

reflectivity is 98%) to reduce reflection loss. Two three-
dimensional (3D) aluminum adjusting racks that can
provide precise control over translation and rotation are
used to the assemble mirrors. The cell is enclosed in
a cuboid box constructed with aluminum. Eight blind
holes are drilled in two parallel rows into the bottom alu-
minum board of the box to lock the racks. A broad-band
dielectric coated transparent window is inserted into one
side board of the box to be used as the coupling window.
The front mirror is placed very close to this window,
which is deliberately tilted to prevent interference be-
tween the incident and reflective beams. The top of the
box is made of organic glass, which not only provides
clear observation of the spot patterns, but also reduces
the overall weight. Two air cocks are mounted on the
glass to allow gas exchange. The ultimate dimension of
this cell is 25x10x10 (cm), and its weight is only 1.5 kg.

To determine the usefulness of this cell in gas concen-
tration monitoring applications, a simple oxygen sens-
ing experiment that uses tunable diode laser absorption
spectroscopy (TDLAS) was performed. The experimen-
tal setup is illustrated in Fig. 7. The laser source was
VCSEL (Avalon Photonics) and was tuned to emit light
around the P9P9 line (13 091.7 cm™!) in the oxygen
A band. Transmitted light was transformed to current
by a Si photodiode. The amplified electronic signal
was acquired by a 16-bit DAQ card. Although the VC-
SEL output beam is visible, its low power (~0.6 mW)
complicated the direct visualization of the mirror spots.
Therefore, a coaligned He—Ne laser was used in the initial
alignment. Using a transflective mirror, the He—Ne laser
traced the same path as the VCSEL. The position of
the first spot on My was controlled by adjusting the flat
mirror. In this experiment, the position of the first spot
was set to a magnitude of approximately 18 mm and a
polar angle of around 41°. The calculated and observed
spot patterns on M; at this initial beam direction are
shown in Fig. 8. The path length was determined as
21.97 m according to Eq. 7. The direct absorption signal
of 2.5% standard oxygen under this path length is shown
in Fig. 9. The horizontal coordinates were converted
from the sample points to the relative wavenumbers by
assuming a 0.0491 cm~! half-width at half-maximum
according to HITRAN 200813, A Voigt lineshape fit
was performed by ORIGIN, and the standard deviation
of the residuals was 6.54x10~%. With a peak absorbance
of 0.059, a signal-to-noise ratio (SNR) of 90 can be es-
timated. Thus, the detection limit was determined as
278 ppm. Notably, the unwanted fringes in this pattern

are below 6.54x 1074,

With the initial injecting condition of r; = 18 mm and
a hole radius of 2.5 mm, the maximum allowed variations
of d and 7 were calculated as 0.095 mm and 0.044°, as
shown in Figs. 5 and 6, respectively. Although the mirror
twist can be controlled by careful locking, the additional
variation in the distance as a result of thermal drift is nor-
mally unavoidable. The coefficient of thermal expansion
of aluminum is 2.36x107° K~!. With a base length of
120.9 mm, a 0.095-mm variation in distance corresponds
to a temperature change of 33 K. This change is stable
enough for the relatively closed cabin environment. By
using a larger hole size (on condition that the nearest
spot does not exit from the hole) or using low-thermal
expansion materials in the construction, the stability of
this cell can be improved. In turn, the cell can be used
in harsh industrial environments.

In conclusion, an extensive discussion of design con-
siderations for a cylindrical multipass cell is presented.
We find the existence of a trade-off between minimizing
the mirror sizeminimizing the mirror size and maximiz-
ing the pattern stability according to numerical sim-
ulation results. A survey of spot spacing properties

FM 1 cylindrical muiti-pass cell

couplin .8as
win%0v§ inlet

LD
VCSEL driver

Fig. 7. Diagram of the experimental setup for oxygen sensing.
FM: flat mirror; BS: beam splitter; CL: collimating lens.

®)

Fig. 8. (a) Calculated spot pattern {87, 44, 50} on M;. (b)
Observed spot pattern {87, 44, 50} on M;.
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Fig. 9. Direct absorption signal and fitting residuals of 2.5%
oxygen at 13 091.7 cm™*.
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for all patterns under N=501 shows the locations of
patterns with wide spacings at low pass differences. A
0.55-L cylindrical cell with a 121-mm base length has
been constructed. By using the {87, 44, 50} pattern and
the optimum injecting condition, the total path length
is determined as 21.97 m. This pattern remains stable
during a temperature change of 33 K. The interference
fringes are lower than 6.54x10~% based on an oxygen
sensing experiment by TDLAS. The developed cell is
suitable for use in compact laser absorption spectrome-
ters for a wide variety of gas-monitoring applications.

This work was supported by the National Key Scien-
tific Instrument and Equipment Development Project
under Grant No. 2012YQ22011902.
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