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ABSTRACT

We present the application of Quadri-Wave Latefaaing Interferometry (QWLSI), a wave front segsiachnique,
to characterize optical beams at infrared wavelenffom 2 to 16um with a single instrument. We gpbis technique
to qualify optical systems dedicated to MWIR Within 3 and 5um) and LWIRAL(within 8 and 14pum) wavelength
ranges. The QWLSI offers the crucial advantageithaelds an analyzed wave front without the ua oeference arm
and consequent time consuming alignment. The dquatidn of an optical system with QWLSI gives a qdete
diagnostic, from the aberration cartography toRBS& and MTF curves for every direction in one gngkeasurement. In
this paper, we first present the QWLSI technology &s main features, we also detail an experinheadmparison
between our MTF measurement and the results giyemdbassical MTF test bench. We finally show tkpegimental
analysis of an infrared lens at two different wawejths, one in the MWIR range=3.39um) and the other in the LWIR
range §£=10.6um).
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1. INTRODUCTION

In the last years, infrared imagery has known adragpansion due to its large applications (ingeltice gathering,
security issue, night vision, thermography, ...).sTeixpansion has been accompanied by the progresgrafed

detectors’ technology allowing the production afgia scale detector array (320x256, 640x512 pixd@lsg increasing
demand of high-performance systems is supporteth&yneed of control systems with high sensitiviigyticularly

concerning the qualification of their optical parts

Though MTF remains the first standard objectivelifjoation, it does not diagnose possible defedtshe analyzed
objective (misalignment of lenses, inadequate agmt®sn,...). For the qualification of infrared obfeses, current
techniques based on interferometric set-up are l@ognd the alignment procedure for the analysisnaf objective is
time consuming. For these practical reasons, nfasteoobjectives are simply tested on MTF bench¥s.propose to
use a wave front sensor that directly analyzedigin transmitted by an objective and gives itsredgons. Therefore,
this considerably simplifies the qualification pess. The Quadri-Wave Lateral Shearing Interferomistra good
answer to infrared optical metrology due to its moleigical qualities (high resolution, high precisiand dynamic) and
offers cost-effective solutions.

2. QWLSI TECHNOLOGY
2.1 QWLSI origins

Our technology is based on Quadri Wave Lateral @hganterferometry, invented by Jerédme Primot §t]Onera. It
uses a 2D diffraction grating called “Modified Haignn Mask” (MHM). It takes its origin in the cléss Hartmann test
using a mask made of square holes. In 1971, Shagoged an evolution of this solution by replacihg mask by a
micro-lens array [2], and by this way creating tal-known Shack-Hartmann wave front sensors. B 98'’s, facing

! info@phasics.fr phone +33 (0)1 69 33 89 99 ; fax +33 (0)1 683388 ;www.phasics.com

-1/8-



S. Velghe et al. “Fast MTF and Aberrations Analysfi$IWIR and LWIR Imaging Systems using Quadri Waneerferometry”
Paper 8014-44 - SPIE Defense, Security and SerGifagndo (2011)

high resolution needs, Jerdme Primot suggestedn® dack to the Hartmann test while addingshift phase checker
board [1] (see Figure 1).

I (a) Hartmann mask

(b) Modified Hartmann
I Mask

Figure 1Differences between a Hartmann Mask (a) and a fibotHartmann Mask (b). The Hartmann mask is hetained by
metal deposition (black straits) on an optical salbs, the MHM is completed by adding a phase abrelskard (obtained by etching
process).

The basic idea of many wave front sensors deriveh the Harmtann test is to create an intensityutatobn and to
analyze its deformation when illuminated by an edded wave front. This deformation is directly tethto wave front
gradients in both x- and y-directions. From thedgrats, the original wave front is recovered by eugal integration

[3].

2.2 High dynamic range with high accuracy

With the micro-lens array or the Hartmann mask, rtteelulation pattern contrast, and thus the measnmesignal-to-

noise ratio, depends on the CCD position and orattegrations themselves. In some circumstancesmticeilation

vanishes and no measurement is possible. Adding-#hét phase checker board to the Hartmann masicomees this
limitation. This implies high accuracy even fordaraberrations.

To show this, we plot on Figure 2, the evolutiortha# intensity profile going through one lens @a}artmann test (b)
and a MHM (c) along the propagation axis z.

(a) Microlens

(b) Hartmann Mask
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(c) Modified
Hartmann Mask
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Figure 2 Evolution of the intensity profile accordithe propagation axis z through a lens, a Hammaask and a Modified
Hartmann Mask
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For the lens case, the beam simply converges téotta¢ spot and then diverges. The intensity mdthrahas a high
contrast only at the vicinity of the focal spot.elbehavior of the Hartmann mask is more complicdtezito diffraction
effects. The contrast depends on the observatameplt some planes, the intensity is focused dad anm further it
becomes almost uniform (the measure is difficuthate planes). Nevertheless, the so-called “Taffett” states that
the Hartmanngram contrast is periodic with theatise from mask to CCD: the period is equal to thbdt distance £
[4]. For a plane wave, 1Zis equal to 2pe2/A (where peyy is the spatial period of the Hartmann mask arnte
wavelength). If the beam is diverging or convergidg is altered and depends on the numerical apertitbeo
impinging beam: the Talbot planes become closemwhe beam is converging and move away when ivirging [5].
Thus for a diverging or converging beam, the madilriacontrast changes with the magnitude of ahberratt is
therefore difficult to predict the measurement aacy for large aberrations.

For the MHM, due to the-shift phase checker board, the Oth-diffractioneordanishes. This implies that the Talbot
distance vanishes also. Consequently the Hartrnanmgontrast becomes independent of the distanoetfie mask to
CCD and the measurement accuracy is kept whatéeeaberration dynamic range. This property can dud uo
measure high numerical aperture beam as schenhattewn on Figure 3 (up to F/1 with our infrareshsor) and
beams with high dynamic aberrations.

<
x
<
o
0
o

MHM

Spherical
wave front

U

AN

Plane wave front

(a) Analysis of a plane beam (a) Analysis of a divergent beam

Figure 3 Principle of the analysis of a plane béanand a divergent beam (b) with a MHM

2.3 High resolution wave front sensing

As the diffracted orders of a MHM are mainly cohgd of the £1 orders, the fringe pattern is vepge to a sinusoid
and thus is well sampled with few pixels. Typicallye use 4x4 CCD pixels to sample a 2D MHM fringfereas a
focal spot created by a microlens requires 16x¥6lgi Then when compared to Shack-Hartmann systix@QWLSI
technology offers 16 times more measurement paen using the same CCD. Consequently, combinddtiné high
dynamic range measurement, the MHM has a very bpgttial resolution (up to 96x72 measurement pdmtghe
infrared sensor and 300x400 for the high resolusiemsor in the visible domain) [6].

3. FTM AND OPTICAL ABERRATION CHARACTERIZATION
3.1 Measurement principle

Wave front sensing techniques can be used to dieaizkc optical aberrations as well as Fizeau omgnian-Green
interferometry. However, the dynamic range of ctadsinterferometer set-ups is not large enoughhiaroughly
measure remaining aberrations larger than 20 wewvepherical aberration. Moreover, double-passipegrtare stops
with highly aberrated beams lead to marginal rlgrfng when the beam comes back. Therefore a maasnt for the
complete lens group aperture is not possible ig toinfiguration. This is a major problem sincesiwiell known that
most aberrations occur at the edges. Thereforedirdgt wave front measurement is possible.

Thanks to the high dynamic range of QWLSI, Phapicposes a set-up for direct wave front measurenterthis
configuration, the characterization of lenses is/\&mple and easy to align: a calibrated collirdabeam propagates
through the lens, the transmitted wave front isithealyzed by the QWLSI wave front sensor (seerEigufor the
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infinite/finite configuration, for finite/finite aalysis, the collimated beam is simply replaced lpomt source). If the
lens is perfect, the measured wave front is spaleifonot, the distance to a sphere is then the &berrations. From the
intensity and wave front maps, we can then caleuthe Point Spread Function (PSF) and deduce theulstioon
Transfer Function (MTF) of the lens.

Aberration
Cartography PSF

-0

QwLsI
wave front
sensor

Calibrated collimated
beam

ﬁ/»

Lens under
test

~MTF

Figure 4 Principle of lens metrology with a QWL&E(e in infinite/finite configuration).

In this configuration, the wave front we measureadsstituted of the divergence term (defocus, ddjpgnon the beam
numerical aperture) and the deviation from a splteren (aberrations). Knowing the wave front and ihtensity

cartographies, we are able to predict the PSF lamslthe MTF in each propagation plane. This abiityery useful
when evaluating MTF because we can exactly chdoselbservation plane (paraxial, best focus, ...).eVaecisely,
with through focus calculation, it is possible detetmine the position in which the contrast at\s&egifrequency is
maximized and then calculate the MTF in this patéic plane. The possibility to adapt the observagane is
equivalent to finding the focus plane in a claddt@F bench (see a concrete application of thiditghn the following

paragraph).

3.2 Experimental comparison

To validate our MTF measurement process, we cordpaue results and those obtained with a classicaF Mench.
The comparison was achieved in the visible domaii=846nm. The lens under test has a focal lengthlegua
15,60mm and we studied this lens through a 3mm eiendiaphragm. The theoretical cut-off frequerscthien equal to
352Ip/mm. In the particular case described herewamted to obtain the MTF curve in the plangyfmm Where the
contrast of the frequence 100lp/mm is maximized.

Measurement with QWLS

The bench using a QWLSI sensor is described ingpaph 3.1. From the wave front measurement, wetase to find
the plane Romm For that, we calculated the through focus MTFveuwat 100lp/mm (see Figure 5, the curve is given in
function of optical power in diopters). From thate determine the position optimizing the contramst this spatial
frequency (here at 64,6 Diopters). We can therutatie the MTF in this particular plane (see Figtixe

Through focus MTF @100lp/mm

0 ~ T T ] - o S NPT 8 S
61,00 62,00 63,00 64,00 6500 6600 67,00 68,00
Diopters (D)

Figure 5 Through focus MTF at 100lp/mm
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Classical MTF bench

The experimental MTF bench is described on Figur & based on measurement of contrast of MTgetarhaving
different spatial frequencies according to the nt@ 11979-2.

The bench uses a spatially incoherent source @slgD, a condenser and a diffuser. This sourceniliates the MTF

targets. The collimating lens then creates the image of the MTF target at iyfinthe lens is then studied in
infinite/finite conjugate. The lens under test laged afterwards and creates an image at a fiistartte (at “image

plane”) of the target. This one is finally recordbdough a magnification system (x10, NA=0.25) an@CD camera.

This optical system has been designed in ordeave the smallest possible impact on the contraasorement.

Image plane
Diaphragm
Diameter=3mm

\ / Lateral shift for focusing

MTF targets

: —>
Microscope
Source assembly o Objective
A=546nm Collimating Lens under
Lens Test
f.=300mm

Figure 6 Scheme of the experimental MTF test bench

The image plane was adjusted in order to have ¢sepgossible contrast at 100lp/mm in the image. SMter having
found this position, we fixed the assembly micrggco@bjective/CCD camera and studied 8 MTF targetstudy the
contrast from 14Ip/mm to 250lp/mm (see results igute 7).

Comparison

The experimental results are displayed on Figurk 3hows the results obtained with the direct gsialby QWLSI
(continuous curve) and those obtained with the Nd&Rch (points). We also plotted the diffractionited curve. The
comparison shows a very good agreement betwedwthieenches with a quadratic error lower than 5%.

11C L e B e

100 ® Classical MTF Measurement | |
h ——— QWLSI (SID4) Measurement | 1
90 — Diffraction limit B
| ®
80\ 4

70
60[
50
40l
30f
200 .
10-_ ) ‘\\ji%\\ .

0 P T T T S S T =
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Frequency (Ip/mm)

Contrast (%)

Figure 7 Experimental comparison of MTF measurematiit QWLSI (continuous line) and with a classib&l'F bench (points).

This study shows the ability to measure MTF withhigh reliability. Compared to classical MTF benchése
measurement using a QWLSI is very fasty) as we measure the contrast for each frequenmyd shot. Besides that,
MTF by wave front sensing offers a great flexililihanks to post-processing analysis (plottingifgah any direction
or adapting the observation plane). The wave froeasurement bench is also very easy to align cadgara classical

-5/8 -



S. Velghe et al. “Fast MTF and Aberrations Analysfi$IWIR and LWIR Imaging Systems using Quadri Waneerferometry”
Paper 8014-44 - SPIE Defense, Security and SerGifagndo (2011)

MTF bench. The lens under test has to be align#d nespect to the optical axis, and the wave feamsor is simply
placed in the divergent beam; its position is agdpted to the beam size by a translation accotbegropagation axis.
There is also no optical relay to align betweenftital spot and the sensor.

4. APPLICATION TO MWIR AND LWIR LENS CHARACTERIZATION
4.1 DWIR wave front sensor

To develop our interferometer for MWIR and LWIR reaeement, we first realized a MHM dedicated toitifeared
region. We then chose a microbolometer array tortethe interference pattern created by the MHMarKs to the use

of a ULIS broadband microbolometer (see [7] andl {8jich is sensitive to wavelengths from 2 to 16pva,obtained a
single instrument for the MWIR and LWIR region. Bdson this detector, the wave front sensor hagja spatial
resolution £€7000 measurement points). Besides the advantagbraiadband response, this uncooled technologysnake
the device easy to use and to integrate to a rogioall measurement bench. The finalized instrunsecalled SID4-
DWIR, for Dual Wavelength Infrared (see Figure 8).

Figure 8 SID4-DWIR, wave front sensor for waveldisgithin 2 and 16pum

4.2 Application to analysis of a ZnSe lens in the MWIRand LWIR

We present here the analysis of a single ZnSedenwo different wavelengthg;=3.39um (with an infrared HeNe
laser) then &at,=10.6um (with a C@laser) using the SID4-DWIR. The bench is descritredrigure 9.

Collimated beam 3.39um
A;=3.39um or A,;=10.6um A,=10.6pm

R, at A,=3.39ur
Lens under test/

R, atA,=10.6um

Figure 9 Scheme of the analysis of a ZnSe lensadPWLSI atA1=3.39um and2=10.6um

The specifications of the lens under test are: dtars25.4mm, radius of curvature = 33.26mm +1%. TEms was
analyzed through a 8mm diameter diaphragm. The fvawé sensor is placed at few millimeters aftex thcal spot. For
both wavelengths, the wave front sensor was keffteasame position in order to study the displacgroéthe focal
spot due to dispersion on the refractive indexhefZnSe.

The Table 1 shows the experimental analysis ofitsnce between the best focus position and tive fvant sensor
(i.e. the radius of curvature Rc of the divergertith, see Figure 9). The comparison between theriegual
displacement and the theoretical one shows a ggmegtment (error <2%).
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Experimental radius of curvature
(best focus to wave front sensor)
2=3.39um Rc1=23,340mm
%2=10.6um Rc2=22,780mm
Experimental Difference Rc2- Re1=560pum
Theoretical Difference AR™=-569um

Table 1 Experimental analysis of the best focustipm

On Figure 10, we show the wave front cartograpfties best sphere has been removed) and the cadWifF and
diffraction limit at both wavelengths. The experime MTF at 3.39um is highly deteriorated compatedthe
theoretical one. This is directly linked to the lhigpherical aberration generated by a plano-cotems, particularly
when the beam is incident on the flat face of tres| At 10.6um, the impact of the aberration islodue to the higher
wavelength, that is why the measured curve is dloglee diffraction limit.

A=3.39um A=10.6pum

RMS=0.541um

100,00 100,00
95,00 95,00
90,00 90,00

s \ 85,00 -
:;; :f,’;:f,':m 80,00 A Vertical

75,00 Diffraction Limit 75,00 Diffaction Limit
70,00 20,00
65,00 65,00
60,00 60,00
55,00 . 55.00
£ 50,00 & so00
> 45,00 > 45,00
40,00 40,00
35,00 35,00
30,00 30,00
25,00 25,00
2000 - 10
15,00 15,00
10,00 1000
5,00 5,00

000
0,00 20,00 40,00 60,00 80,00 100,00 123,11 0,00 5,00 10,00 15,00 20,00 25,00 30,00 35,00 40,00 45,00 51,72
X (cc/mm) X (c¢/mm)

Cutoff frequency=112,3lp/mm Cutoff frequency=34.38lp/mm
Figure 10 Experimental MTF curves at 3.39um (left)l 10.6um (right) obtained with the SID4-DWIR

We have also studied the spherical aberration vemioh is mainly present in the wave front cartodmaghe Table 2
gives the experimental and theoretical values.

At 2,=3.39um At),=10.6um Difference ¥, vsi)
F# 2.58 2.70 -
Exp. Zernike Spherical Ab. (RMS) 513nm 498nm -15nm
Theoretical Zernike Spherical Ab.(RMS) 560nm 538nm -22nm
Difference (Theory/Exp) 47nm QJ/72) 40nm {/265) -

Table 2 Experimental analysis and comparisongorth

The comparison between experiment and theory slmwsth cases a lower spherical aberration at 10.6jith the
same order of magnitude (-15nm for the experimergthie and -22nmm for the theory) mainly due teeardase of the
numerical aperture of the beam. The study of ttselake value shows a slight difference, the expenia values are a
little lower than those expected (47nm at 3.39uch4hnm at 10.6um). At 10.6um the impact of thfiedénce is very
low (the difference is df/265), but it can be significant at 3.39um.

The incertitude on the radius of curvatutd %) of the lens surface can explain this differef@ampared to the analysis
with a classical MTF bench, which would have ortiypwn a better MTF than expected (especially at 339 the
analysis by QWLSI helps to give a diagnostic (resapposed difference of the surface radius ofature) of possible
defects of the lens under test.
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5. CONCLUSION

In this paper, we wanted to show the ability of QuidVave Lateral Shearing Interferometry (QWLSI) &ohieve
qualification of optical systems in the infraredwmn (MWIR and LWIR) with a high reliability and gh flexibility.
Our technique is a wave front sensor combining liighamic range while keeping interferometric prietis Optical
metrology by QWLSI gives, in one measurement, ralhens cartography and detail (defocus, sphegdbairation,
astigmatism, coma, ...) but also the PSF and the kliri#es for any directions. To show the reliabilitiythe MTF
measurement by QWLSI we presented an experimentgbarison of our results and those obtained threughssical
MTF bench. This study showed a very good accordart®een both benches. We also presented our rimetri) the
SID4-DWIR, for wave front sensing in both MWIR ah@W/IR wavelength ranges. Thanks to an analysis plaao-
convex ZnSe lens, we also pointed out another fgsfture of QWLSI, the possibility to have a diagtic of possible
defects of the optical system under test.

Compared to classical MTF benches, the QWLSI teldgyooffers a fast and easy to align solution thiewe a
complete MTF analysis. Indeed, the alignment iy fast because no optical relay is required betwherfocal spot
and the wave front sensor and the technique ddesequire to find the focusing plane. Moreover,hnét single wave
front analysis, we have access to an entire MTHRuatian: plotting MTF profiles for any direction,dh precision
contrast knowledge for each spatial frequency assipility to adapt the observation plane.
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