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Viteazu Ave, Timisoara, 300222, Romarfidchool of Physics, West University of Timisoara, 4
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ABSTRACT

Swept Source Optical Coherence Tomography (SS-OCT) relies on the rdpgidafia broadband light source to produce
narrow laser linewidths. Imaging speed is governed by the sweepiuehcy of the source and the axial resolution is
given by the total bandwidth generated. Mechanical, free space methodsyjiegpitating polygonal mirrors with a pair
of telescopically arranged lenses, can achieve tuning speeds in ex¢é88skbfz. Their success relies upon maximising
the light throughput of the swept spectrum by reducing the effecteafatibn and vignetting caused by the lens design
and the geometrical properties of the polygon respectively. However, thesetipompose constrictions on the spectral
filter’s design and care must be taken when building the filter to avoid unnecessarily limiting the performance of ts&esy.
This paper presents some of the initial stages of a much larger dimdydroptimisation of such systems.

Theoretical work has been confirmed by experimental observations enghiaa with ideal simulations for a spectral
filter consisting of a dispersive element, a double lens telescope, arrangeittimaa configuration, and a 72-facet, off-
axis polygon mirror with end reflector. A ndinear relationship between the linewidth’s location on the telescope in time

with the rotation of the polygon was observed and a first approximé&iothe tuned wavelength with respect to the
polygon rotation angle was found. These observations, coupled witngrrgsearch, will lead to a complete description
of polygon based scanners and how their performance can beseptimifuture designs.

Keywords. Polygon, OCT Swept Source, Telescope, Zemax, Spectral Filter, Simulation, Scanning Function.

1. INTRODUCTION

Free space swept sources using a polygonal mirror as a wavelength seaerieeen demonstrated successfully in recent
years in OCT systerhd? Their architecture relies on components that are key to their operation, suan@sanductor
optical amplifier, the polygon mirror itself and an end reflector to guidelight back into the SOA. A dispersive
component such as a diffraction grating is also necessary to spsgjadisate the spectrum into its component wavelengths.
A telescope consisting of two lenses is generally used to bring togetfiactdii beams on the polygon facetThe
telescope collimates the spatially separated spectrum and directs the collimated beansngh mirrored facet of the
polygon. An important consideration in the design of such telescopiguaoations is on maximising the light throughput
between the grating and the end refléetdrwhich in turn provides the required optical power needed at the inpu of th
coherence imaging system.

The propagation of light through the real telescope is characterised bys\a@uations, which generally have detrimental
effects on the source linewidth, and on the coherence imaging system’s resolution and depth penetrattén

Understanding and quantifying the effects of the parameters of thelgagedmetries allowed by the particular size and
shape of the polygon allows thesigner to establish their impact on the system’s performance, thus helping improve the

line throughput and source linewidth. This is a valuable exercise in optimésiept source configurations using a
polygonal wavelength scanner and understanding how to achieve aalgetap based on given design constraints.
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In designing a polygon based telescopic spectral filter in Littman configofatiom the ground up, a fundamental set of
constraints is determined by the choice of polygon geometry (i.e. radimsanrr of facets). This sets limits on both the
numerical exit aperture of the telescHjmnd the beam diameter at the facet. A secondary set of constraintesedniyy
the choice of groove density (grating constant) of the diffraction gradince the angular spread of light towards the first
lens of the telescope needs to be fully accommodated. Increasing thierfigtia of the first lens results in the need to
increase the diameter of both lenses (since the propagation of ¢fsiés$ Earallel to the optical axis). The polygon facet
receiving the light from the second lens has a limited acceptance angteitduenited rotation angle so that is the primary
factor that determines the numerical aperture of the lens, and hence its fodal kenigbth cases care must be taken to
specify lens diameters that can accommodate the extra beam width assocrated wiarginal wavelengths &tin and
Amax The constraint set by the polygon the beam width exiting from the telescope is imposed by the size of the facets
as this should not be larger than the size of a single facet or else it will Tereidmetting and therefore a loss in power
transmissiof?. The polygon facet can be regarded as the optical stop, or limiting apethe# angle dependent), for
further propagation.

In this paper, we present a short study of one of the parametehowaniti will contribute to a full description of any
telescopic, polygon based swept source, arranged in a Littman configusatigraudiffraction grating. We have chosen
to present theoretically, experimentally and via simulation, the analysis laténal displacement (height, h) of the incident
wavelengths chief rays on the first lens (L1) and how this will leadamg a complete description of polygon based swept
sources. By considering the optimisation of key parameters ofyggmoscanner, such as maximising the total power
transmission and minimising the laser linewidth, our study corsisesolving the relationships between its components
fundamental features and using them to build towards a complete desafptiensystem, whereby these features could
determine the overall performance of the system and be modified to aalileygimisation.

Our set-up, based on previously reported &heslies on the convergence of multiple collimated beams on a polygon
facet, each carrying light of a different wavelength and each propagatingjfferent angle, as shown in Figure 1.

The light source is generated by a Semiconductor Optical Amplifier (SOA) (C&@44017, 600mA) operating with a
central wavelength of 1332.8 nm and an initial bandwidth of 7&.8Trhe light is sent via an optical fibre circulator to a
collimator, which directthe light onto a transmission grating (Wasatch, 1310 nm, incident ardlg £145 lines/mm).
The dispersed spectrum from the grating is captured by a telesoopisting of two lenses, L1 and L2, (Thorlabs AC254-
075-C and AC254100-C), which focus the beams onto a single facet of the polygon ni8A&84 Lincoln Laser, radius =
31.75 mm, 72 facet 5 /facet, 2.77 mm x 6.35 mm facet size). An off-axis design éseh to double the size of the
acceptance angle of the polygon and therefore decrease the laser lingvindtedsing the sweeping rafi§é? The off-
axis design requires an end reflector mirror to retroreflect the individual littesyid sequence, back through the system
of components where it is recaptured by the collimator and subsequeatiiated through the SOA for amplification
before exiting the filter via a fibre coupler and sent to the coherence inagitagm.
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Figure 1. Spectral filter consisting of a semiconductor optical amplifier {S@gical circulator, collimator, transmission
grating, two lens telescope, polygon mirror and retroreflector mirror. After fifiéhia light is circulated through the amplifier
and coupled off towards the OCT imaging system

2. THEORETICAL ANALYSIS

Considerations were given to the diffraction gratings operation anddbergiinate (which we denote h) of the chief ray
for any given wavelengthl, incident onL1. The lateral displacement or height,of each of the wavelength’s chief rays

was determined through a purely geometrical analysisc&ntral wavelengthl, = 1332.8 nim, was chosen to coincide
with the optical axis making the height on liil= 0 mm. This provides a coordinate system in the plane only. The
optical axis (z) sits at h = 0. Therefore, the heighthas both positive and negative values for any given wavelength
location on L1. Knowing the overall lateral displacement of the swept speotrihe lens provides the first steps towards
knowing its location in time and how this might be minimisgidce higher scanning speeds improve the quality of the
final imaging system.

First, to find the heighth, on L1, the grating equation must be rearranged to give thradtién angle as a function of
wavelengthg (1)
(1) = sin"*(GmA — siny) (1)

wheregG is the grating constant (1145 lines per mm}s the diffraction ordemg = 1 only) andy is the angle of incidence
on the grating (47 degrees) given by the specifications of ogenhmmponent.

Each wavelengthi,,, exits the grating at an angle = §,, — 6, from the optical axis, wher®, is the diffraction angle of
A, andé, is the diffraction angle of the central wavelength= 1332.8 nm (see fig. 2).
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Figure 2. The diagram depicts the propagation of light betweagratiag and lens 1 (L1). If the spectrum of light incident on
the grating is sampled at a coordinatethen the diffraction anglé,,, is given as a function of wavelengti{A,,).

This ensures a positive and negative height respectively on theamablewer side of the optical axis. Taking the product
of the focal length and the tangentagf gives the height on L1.

hl (5n) = fl tan(é‘n - 60) (2)
Substituting the grating equation @t (4,,) ands.(1.) gives the height as a function of wavelength.
hy(1,) = f, tan[sin~*(GmA,, — siny) — sin"*(GmA, — siny)] (3)

Equation 1.3 provides a starting point for a full description of thehheigthe chief ray for a chosen wavelength, at
any instant in time relative to the rotation of a single facet of the polydsmwas then compared with our simulation and
finally verified experimentally.

3. SIMULATED ANALYSIS

Simulations were carried out using ZerffaRay Tracing Software to compare with the theoretical and experimental
findings at each step of the analysis (Fig.\8F produced an ideal setup using paraxial lenses that suffer no aberration
effects. The simulation could be sgtto replicate the experimental apparatus in its entirety including the single im@de f
output that the light originates and returns to, which is essentiahfterstanding the light throughput of the system. To
simulate the bandwidth, 11 equidistantly spas@delengthsi,,, centred at 1332.8 nm over a bandwidth of 125 nm, were
set up to traverse through the system. Each wavelength requines iteiafiguration whereby the polygmrotation angle

must be set to reflect the light at normal incidence off the retroreflector mniliiner.angle on the polygon for each
wavelength was adjusted until the maximum amount of light e@sived back into the single mode fibre. The angle was
measured in degrees and required tuning down to the 4th detamal p
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Figure 3. The 3D layout from the simulation. Starting in the top lefliatedi in sequencesy) Optical Fibre § um), Paraxial
Collimator Lens, Diffraction Grating and Paraxial Lens 1. All 11 wavelengtim be seen exiting the grating and terminating
on the first lensb) Paraxial Lens 2, Polygon Mirror and Retroreflector Mirror. At 45 degoeeg,the central wavelength is

reflected off the retroreflector mirror at normal incidence and sent bdbk fibre.

With the central wavelength propagating along the optical axis, the height onuld be found by reading off the y-

coordinate for each of the waveleh@tchief rays in the spectrum. Footprint diagrams were also used to display the spot
of each wavelength’s beam and its location on the lens.

a) Footprint diagram on Lens 1

b) Footprint diagram on Lens 2
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Figure 4. Footprint diagrams of the 11 incident beams on both lentesx, y plane. Note the change in shape of the beams
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with increasing wavelength and the increased size on L2 dueratithef their focal lengths. More interestingly, their spatial
distribution decreases with increasing wavelength, suggesting a nonréteg@nship between their location in time with the

rotation of the polygon.

The analysis shows a change in the spot size from the first l¢éhe s@cond and a change in shape from a circular to
elliptical as the wavelength increases. This is, as expected, from the ratiaiffettent focal lengths impacting upon the
beam width. The size in the x-direction remains constant over the spgetsuexpected) but the size in the y-direction
becomes narrower with increasing wavelength, which correspondsrioraasing diffraction angle off the transmission
grating and therefore a larger incident angle on the lens. We also seethaaths are more tightly spaced towards the
shorter wavelengths, which overlap by the time they reach thedskxrts suggesting that the spectrum has a higher energy
density over the shorter wavelengths and therefore will have a non4lélatonship between the filtered spectrum and

the rotation of the polygon.



4. EXPERIMENTAL ANALYSIS

To verify the theoretical study, light from a collimator was captured, péssing through the first lens, and fed into a
spectrum analyser (Fig..9)he collimator was aligned with the optical axis and the height was measimgd translation
stage with a resolution of 10 microns. The collimator and its stage agjusted simultaneously until the power
transmission was maximised and the central wavelength of 1332vasfiound. The reading on the micrometre was then
recorded and used to zero its location in order to be easily compartbileewalues given by the theory. 13 measurements
were recorded over the 0-12 mm range of the translation stage whkeeetwavelength anis associated power were
recorded for each position. We assume thatriresmission grating and the lens are perfectly aligned with each other and
that the central wavelength lies exactly along the optical axis of the telescope. Blatitrarstage is also assumed to
operate at exactly 90 degrees to the optical axis. Any continuous deviabionthe expected values can be attributed to
tiny departures from this assumption.

Collimator on translation
stage (12 mm range)

Optical Axis — - — — — — ——————————- G et || . | O RS
—— Spectrum

Analyser

Transmission
Grating

Tm
=

Lens 1, f=75mm

Figure 5. Experimental setup for measuring the height of each wavetantib first lens.

To compare the results, new theoretical values were calculated, using equafimnebéh of the 13 wavelengths recorded
in the experiment.

Wavelength Location & Power Distribution on Lens 1
Theory vs Simulationvs Experimental
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Figure 6. Comparison between theoretical, simulated and experimentts fer the heighth, on lens L1 as well as the
normalised power received for each wavelength measurement.



The graph in figure 6 provides a comparison between theory, simuatibexperiment, and demonstrates that they are in
good agreement with each other. Slight deviations are noticed on thexexpativalues toward the longer wavelengths
which can be explained by the non-linear separation distances (nangineteeen each of the observed wavelengths in
the experiment (see fig. 7). The power measured on the speaalyser for each wavelength is also shown on the same
graph. This shows a bell curve with its peak shifted slightly tosviirel shorter wavelengths in the spectrum, confirming
the earlier observation that the spatial distribution of the spectresanhaeven distribution, with a higher density towards
the shorter wavelengths.

Theoretical/Experimental Values Difference

Difference (microns)

1280.0 1290.0 13000 1310.0 13200 1330.0 1340.0 1350.0 1360.0 1370.0
Wavelength (nm)

Figure 7. The difference (in microns) between the theoretical apdrimental height (black) plus the separation (in
nanometers) between adjacent wavelengths (orange). The trend ofih@th match one another, providing an explanation
for the deviation seen at the end of the spectrum.

Figure 7 gives the difference in microns between the theoretical and theneptal values. The largest deviation, at
approximately 320 microns, is supported by the fact that the separatioedn adjacent wavelengths was not linear.

5. THE SCANNING FUNCTION

A recent study on the effect of capturing light through a lens after refieoffoa rotating polygon mirror produced
theoretical predictions for the height of the beam on the lens with respleetrtdation angle of the polygtinThe analysis
was carried out purely from observations of the polygon systgaometry, and thstudy’s theoretical results are verified
experimentally in our present study. An expression called the scammictiph that depends only upon the parameters of
the polygon and its arrangement, which was also set up offxétkishe incident beam propagating onto the polygon with
an incidence angle of 45This is effectively identical to the return path of our setup, stpdirthe retroreflector mirror
and sequentially reflecting off the polygon and through the sdeosdsee fig. 1 & fig. 3, b)).

The scanning function, consisting of five terms, is given asdaifumof the polygons radius, R, the eccentricity, e (owing
to the off-axis design), and the distance, L, of the lens frorpdahgons facet (in our case this is the focal length of the
second lens).

h(6) = RV2 L 6
6) = _e_c056+e tan " tan26 @

Where@ is the rotation angle of the polygon, which has a restricted range dependimg number of facets used. In our
setup,f has a range of°due to the fact that the angle per fac@t’?#n, wheren = 72. Using the values our setup (R
=31.75 mm, e = 22.45 mm, L =% 100 mm), we can plot the scanning function over an appropaiage (42.5<0 <

47.5°). The values recorded in our simulation, the polygon angle and thiet lndieach wavelength on the lens, can also
be inserted into the graph for comparison.
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Figure 8. Over such a short range of angles, the curve produtie scanning function takes on a linear trend. The red bars
show the limit of the polygons rotation angle due to the numha#egrees per facet. Our largest wavelength in the simalatio
falls outside this range and therefore will not become part of thet Spectrum that is sent to the imaging system. This is also

seen in our simulations (see fig. 9).

Since an adjacent facet becomes active aft@f polygon rotation, the graph in figure 8 has been issuedbeithdary

markers at the appropriate locations, centred ¢nBse longest wavelength used in our simulation is shown outide
these markers and therefore does not contribute to the swept spectrum irgihg Bypstem. This is further confirmed by
observing the 3D layout images from the simulations (fig. 9).

a)

b)

Figure 9. Propagation of light of three chosen wavelengths thhemeflecting mirror, showing chief rays originating on the
retroreflector mirror and terminating on the second lens. Only the correcopaygle for each incident ray will propagate
exactly in reverse along the path it travelled, allowing it todptured in the single mode fibre. Configuration 1 (a) (1270.3
nm @ 42.6299 degrees) shows the chief ray only just striking the capettvihile configuration 11 (c) (1395.3 nm @
47.7968 degrees) shows the chief ray striking the adjacent face#; theldarget facet, which causes the ray to propagate
towards the second lens at the wrong angle. Configuration 6 (b).81332@ 44.9998 degrees) shows the chief ray reflecting

exactly along the optical axis of the system from the centre d¢&tbet facet.



The curve in the graph is tangential by nature but approximates tghstine over the short range of angles being used.
From the trend line, we can extract the linear equation () and rearrange it to giv@(h).

h + 157.41
- 5
o(n) 3.498 ®)
If we then substitute our own equation fdil) (Eq. 3) we obtaid (1).
tan[sin"!(GmA,, — siny) — sin"*(GmA, — siny)] + 157.41

3.498

We can now plot the graph of polygon angle as a function of waytélen
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Figure 10. Polygon rotation angke, required by each wavelength for optimal reinjection into the singtkeribre.

We see that the spectrum is clipdhe longest wavelengths, which is indicated by the final markers lagyant the

boundary of 47.5 degrees.

The polynomial trend line of the curve in Figure 10 is given as

(1) =5.263x1075-12 —99.333 x 1073 - 1 + 83.891 @)
This allows for an expression #€6) with numerical coefficients to be developed:
A(0) =+/1.9 x 10* -0 — 7.0 x 105 + 9.4 x 102 (8)



6. CONCLUSION

For any given wavelength, we have studied the chief ray intercafthe principal plane of the lens L1, comparing it with
our simulation and verifying it experimentally. Very good agreement bsareed between the three modalities. We have
further obtained a relationship betweeand, wheref is the required polygon angle for maximum reinjection of light of
an instantaneous wavelength

We have shown that by using a diffractive element (in our case a traiosngisating) the footprint of the dispersed beam
undergoes a narrowing in the y-direction with increasing wavelengththarfdotprint itself becomes more elliptical in
shape as the diffraction angle after the transmission grating increases.

This footprint variation has important implications for the eventual vignettingiteae beams are expected to undergo at
the polygon facet, since the narrower beams are less susceptiblegtitinggrOne interesting implication is for the siting
of the polygon in relation to the optical axis, which we are investigatimigefur

The spacing of the energy density towards the shorter wavelengths fosards a non-linear relationship between the
filtered spectrum and the rotation of the polygon. This in tuplies a nonlinear dependence of wavelength against time
in the swept spectrum.

The expression fot(6) is an important step along the path that leads towards an expressiadontir spectral density
of light that is reinjected into the fibre, and therefore towards the instoua linewidth of the spectral filter.

It is important to note that our analysis, while numerical in nature, was cautadth the assumption of a 5 degree facet
sweep angle polygon, and further research we are conducting will extestltly to a variety of polygon geometries.
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