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Á.bstract

T¡so-wavelengÈh holography and phase-shifting interferoneEry are conbined to measure aspheric surface
conÈours wi th a var iable sensiEiv i t -y._ r r , r .  t l t is .  technique,  the surface is  ef fect ivel -y Eested aE a synthesízed
longer equivalent  t i l_"1-""q: l_1, :g,=-^e^Þ/11".- ,Àbl .u l ing measuremenrs nade at  wa., rete 'ng.rr"  i .  

" "¿ 
to ' "ùr"  t t .

d i f ference of  the pha.ses neasuréd fo i  t r "  . t t¿ ro-yrelds the nodulo 21 phase aÈ rec.  A mask of  poinË apertures
ls p laced over the detector  array ln order tõ resolve c losely sp."ád f r inges.=Y rhis techniqle has an rms
rePeaÈabi l f ty  of  Àeq/100. L in i ts  to Ehls technique are d. iscussed and resul ts are shown.

Iûtroduction

Aspheric optical comPonenLs are rapídly beconfng ímportant to the optlcal designer. often the performance of
an opt icar  systen wi l r  depend on whether i t  ís  possib le to generate and test  an aspher ic 

"or lorr"r r t .  
Un¡ i l

recentlyr means of generating sEeep aspherics have not been available. However, rüith the advent of new
Ëechniques such as dÍanond-point nachfningrl bend and po1lshr2 and computer-control.l-ed curve gener"aJr",3lä
aspherics are now nore feaslble. The missíng link in aipherlc production ls the Eeasurement of a surface tokno¡v what shape has been generated.

Current ly ,  aspher ics are tested using.  a nuober of  dÍ f ferent  techniques such as nul l  lenses and compurer-
generated holograms.)  A nul l  lens is  designed Èo compeûsate for  the deparÈure of  the test  surface f rom a
spher ical  sur face.  Each asphere requíres a di f ferent  nul l  lens contaíning a large number of  e lements which
lnust be Èested indívldua11y as well as a system. A conputer-generated holograro ùa.r." the same purpose, but
the wavefronÈ is produced by a hologran wtrich has been computer-calculated and drawn usíng sãne- sôrt of
Plottlng device. This technique also produces a one-of-a-kind test, and ít ls fiot always possible Èo obtaln a
sui table low-disÈort ion hologram from a plot ter .  Both of  these technfques invorve a lot  of  design for  each
asphere tested'  can be quiËe expensíve,  and are t ime-comsumLng. other techniques for  test ing asphJres include
mechanical oeans (such as a stylus), and shearing interfero*.i.y. Mechanical means cannot yield a hlgh enoughprecfsion, and shearlng generally only gives lnfornation ln one direction so that an integration is needed to
determine surface shape.

Another technlque rtorÈh mentioning is two-wavelength holography (TwH) which uses two vfsible- wavelengths to
produce a long ef fect ive wavelengÈh for  wagefront  contour ing of  any surface,  rough or snooth.6 rr  fs 'a goot t
technlque for  ÈesÈing aspheres and sÈeep surfaces because o1 i ts  var iable sensi t iv i ty ;  however,  í t  fs  not  veryprecfse' and requires an interrnediate holographlc recording. TI{II has also been conblned rüith phase-shifÈing
inter feronetry producÍng a high precis ion test .7 In th ls technlque,  a hologram made at  one wavelength is
i11uûlnated nith a second wavelength. The relative phase in the interferoneter is Èhen shifted aÈ the second
wavelength and the phese at  a longer,  less sensiÈive,  equivalenÈ wavelength can be deternined.  Thls technique
1s a good step beyond Tf{H' but lt requfres naking an inÈermedfate hùogran before interferogram data is
recorded to calculate phase.

A s inple means of  test ing a surface wiÈh a large departure f ron a spher ical  sur face is  in great  need. Such
a system needs to be as f lex ib le fn Èest lng aspheres as a Twyman-Green inter ferometer Ís  in test ing spheres.
r t  should arso not  need internediate recordíngs or  the generaÈion of  holograns to produce an inter feroqram of
the test surface. Tr¿o-wavelength phase-shÍftlng ÍnterferoEerry (TsJpsr) is such a tåchntque.a:g- 1".r."Ë height
var iaÈions of  opt ical ly  s!ûooth surfaces can be deternined f rom the phase data by ut i l iz ing computers to recold
data and calculate surface errors. This t.echnlque is fasÈ and has no internediaÈe recording step. wfth ï¡¿psr,
lÈ is  possib le to d l rect ly  neasure Ëhe prof i les of  deeper surfaces Ehan is possib le wi th a sfngle wavelength by
applying phase measurenent to two-\ravelength holography.

Theory

rn TI{H the interferogram at one wavelength i, is recorded on photograpluic filrn nith Ehe test surface inprace, developed, Plac,edrback 1n the origfnal posillon, and then llluninaied r¡iÈh the interferogran produced by
a di f ferent  wavelength,  À5 of  the same surface.  The inter ference pat tern betrùeen t .hese two inter fårograns is
then spat ia l ly  f i r tered to remove unwanted conponents.  The resul t  of  th is tesÈ Ls an inter ferogram ln which
f r l n g e s a r e s p a c e d a s i f t h e s u r f a c e w e r e t e s t e d ¡ g 1 t h a n e q u i v a 1 e n i w a v e I e n g t h g t v e n u f

T I .
I  a D'-ee = 

JÇ:\f 
.

The sensitivlty of the test can be varied by changlng the ttro
used are produced by argon-ion and HeNe lasers, the equfvalent
l¡m.

( l )

illuninating wavelengths. I{hen the wavelengths
wavelengÈh can be varied over a range of 2 to 50
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Phase-shí f t ing inter feroúet ly  (PSI)  is  a technique r¡ Ì r ich can deEerníne the shape of  a surface or  wavefront
by calculat ing a phase map f roro the measured inÈensi t ies.  The phase informaEion is  obtained by shí fÈing the
phase of  one bean in the inter feromeÈer by a knor¡n amount and measur ing the intensi ty in the inter ferogran for
many di f ferenE phase shi f ts .  For the phase calculat ions used ín t lL is paper,  the inEensi ty is  integrated over
the t ine í t  takes to move a reference mirror  l lnear ly through a 2c change in phase (usual ly  near 90' )  wi th a
piezo-electr ic  t ransducer (PZT).  Four f ranes of  intensÍ ty daEa are recorded in thís rarrr" t t l0

A(x ,y )  =  16 [ I  +  rcos(ô(x ,y )  -  3a) ]
B ( x , y )  =  I g l l  +  r c o s ( 0 ( x , y )  -  c ) l
C(x 'y )  =  16 [1  +  rcos(0(x ,y )  +  a ) ]
D(x ,y )  =  Ig [ l  +  Tcos(O(x ,y )  +  3a) ]  ,

where Ig is the average intensity, and T is the nodulat ion of the ínterference term.
using

( 2 )

The phase 0 is calculated

+ (B-c ) l [3 (B-c )  -  (A-D j

(B+C) -  (A+D)

aÈ each detected point  in the inter ferogran.  The calculat íon of  the phase ís
Ëhe phase is  st ¡ - i f ted as long as í t  ís  l inear and a is  constant .  Thls enabies
nany different wavelengths r{íthout changing the ranpíng voltage to the PZT.

where t lús expressíon assunes uni t  anpl i tudes,  no t i l t  bethreen the objecÈ
to the opt ical  path di f ference.  The phase is  g iven by the argunent of  the

arc fan

t(A-D)I'
L-

The opt ical  path di f ference (OPD) bet \ . teen the reference and object  wavefronts is  g iven by

o P D ( x , Y ) -  
O ( x : l ) À  ( 4 )

21t '

rqhere I  is  the ef fect ive wavelength for  the phase 0.  OPD is re lated to objecÈ surface height  by a
mult ip l icat ive factor ,  rshich is  one-hal f  for  a double-pass inter feroTneter l ike the Twynan-Green. 2T phase
ambigui t ies are smoothed by conpar ing adjacent  p ixels and adding or  subtract ing nul t ip les of  2r  unt i l  the
di f ference betrdeen adjacenÈ pixels is  less than Í .  The wavefrontrs phase betrreen adjacent p ixeJ.s must noE
change by more than r (one-half wave of OPD) for the 2r arnbiguíties to be handled correctly. TtLis linics the
number of  f r inges measurable across the test  surface,  thereby governing the Eest  sensi t ív i ty .

Extension of  the measurement range of  phase-shi f t ing inter ferometry over the range of  two-wavelength
holography requires a closer look at TWH. The interferograrn obtaíned with tno-r/avelengths ín Tt'ilI has an
intensi ty d ist r ibuÈion given by6

I(x,y) = 1 OPD(x,y)

where 0.  and 06 are the phases measured
wavelengths y ie lds the phase associated
fron lhe equivalent  wavelength data,  the
Eust  be less than t r  ( \ " r /2 ín OpD).

( 3 )

independent of the acÈua1 amount
the same equatíons to be used at

( 5 )

and reference beams, and OPD refers
cosine term and can be wr iÈten as

for  Àa and t rb.  The di f ference of  Èhe phases neasured at  Èhe two
lrith the equivalent wavelength. In order to rernove 21 ambiguiÈies
phase di f ference between t r ro adjacent  píxe1s of  the equívalent  phase

*  
" " " [2 "

f r  r i l
l Ç - t r l l  '
- - J

( 6 )

To rneasure phase at  an ef fect ive wavelength À"0 using t .wo shorter  wavelengths under computer contro l ,  Èhe
fol lowing algor i thn is  used.  Fi rsÈ, the conputer takes four f rarnes of  data ¿¡ t r .  whi te shi f t ing the phase in
Èhe inter ferometer.  NexE, the phase str i f ter  is  reËurned to i ts  or ig inal  posi t ion,  the i l lurn inat ion is  swi tched
from tra to Àb,  and four rnore data f rames are taken eih i le s l l i f t ing the phase the same as for  Ia.  The phases 0.
and 06 are calculated nodulo 2r  using Eq. (3)  and then subtracËed to yíe ld 0"o rnodulo 2n.  Phase ambigui t ies
are then renoved using an integration routine. Ttr.is approach is very siroplei and easily implenenÈed using
exist ing phase-measuremenÈ equipnent.

Liniratíons ro THPSI

There are three l in i tat íons r^rhich need to be considered.  Fi rst ly ,  sÈeep surfaces cause very c losely spaced
fr inges which may not  be resolvable by the detector .  Therefore,  a nodulat ion of  the f r inge ínÈensi ty nay not
be detected resul t ing ln phase calculat ion errors.  Secondly,  the uncerta inÈy in the measurexûent is
proport ional-  to the equivalent  wavelength.  This causes the s ignal- to-noise rat io of  Ehe measurement to be
reduced at  longer wavelengths.  Final ly ,  chromat ic eberrat ions in the systeû cause errors and lots of  "nolse"

in the equivalent  wavelength measurement.  t lays of  reducing these l in i tat ions are discussed Ín thÍs sect ion.
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When a f r inge pat tern is  recorded by a detecto1¡.  ar Íay,  d iscrete vol tages are outpuE represent ing the average
intensi ty lncídent  upon the detecEor e lement over che íntegrat ion t i r0e.  As the re lat íve phase between Èhe
object  and reference beams is shi f ted,  the intensi t ies read by poinE detectors should change as shown in Fig.
la.  I f  the ínter ference data are sampled such thaE there are two detector  e lements for  each f r inge (each

hal f - r¿ave of  oPD),  then the l tavefront  can be reconstructed.  However,  i f  the f r inge pat tern is  not  suf f ic ient ly
sampled,  the wavefronÈ cannot be correct ly  reconstructed as shown in Fig.  lb ¡ ¡here there ís more than L/2
fr inge per detector .  ÍJhen the area of  the detecEor Ís f in i te,  the deEector  reads the average f r inge inEensi ty
over i ts  area as shown in Fig.  lc .  As long as there is  less then one-hal f  of  a f r inge per detector  e lement,
the intensi ty wi l l  be roodulated.  I lowever,  i f  Ehere is  I  f r inge over Èhe area of  the de. tecËor e lement there
wi l l  be no modulat ion (Fig.  ld) .  Thus,  the detector  s ize inf luences Èhe recorded f r inge rnodulat ion,  whereas the
detector  spacing deternines i f  the v¡avefront  can be reconstructed wi thout  phase arûbiguiEies.
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Figure 1: A) Sufficient sampling with point detector¡ showing high modulation of the ¡ntensity as the inte¡fe¡oflrete¡'s
relative phase is shifted bV il2. B) Undersampling with po¡nt detectors showing aliasing of fringe pattern with
detector spacing whe¡e wavefront cannot be reconstructed. C) Sufficient sampling with finite-sized detectors with
(1/2 Í¡i¡Ee ove¡ the detector area. D) Undersampling with finite-sized detectors showing no intensity modulation.

Fringe nodulation is a fundamenEal problen in all- phase-shifting techniquesS'lI naking the ratio of the
detecEor s ize to the f r lnge spacing inportant .  I f  many f r Ínges are incidenL upon a s ingle detector  e lenent,  the
intensi ty measured wi l l  be an average over the detector  area.  l^ Ihen the phase is  shi f ted,  these points wi l l  noÈ
be modulated suf f ic ient ly  to get  an accuraÈe phase reading.  The modulat ion y of  a detected point  is  deternined
using

. r = l w =

¡vhere 2c is  assumed to be near 90o.  I f  the nodulaEion of  a data
point  is  f lagged as bad;  otherwise,  the point  is  considered good
at that  point .  In the examples sho¡sn in the next  secÈion,  there

( 7 )

point is less than a threshold Irir' that dala
and the phase of the ¡cavefront 1s calculated
are detect .or  points where th is occurs.  These

I
z
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To ensure suf f ic ient  sanpl ing to y ie ld h igh intensi ty modulat ion as the
phase is shi f ted,  the s ize of  Èhe detector  should be sna11 conpared to the
fr inge spacing.  Ttr is  is  acconpl ished by inaging a rnask of  snal l  apertures
onËo the face of  the detector  array.  The nask in Fig.  2 consists of  5 ¡n
square aperÈures separated by the detector  spacing.

The s ignat- to-noíse (S/N) rat io of  the equivalent  wavelength phase data
depends upon the wavelength.  I f  there are 10 r¿aves of  departure ât  a
wavelength of  500 nm, there wi l l  be or 'J-y l /2 of  a r¿ave departure aE an
equivalenÈ wavelength of  l0 Um. Phase-shi f t ing Èechniques are usual ly
precise (or  repeatable)  to an rns of  abouc l . /100,  and the precis ion is
proport íona1 Eo the ef fect ive wavelength of  the measurement.  At  500 n¡o
f /100 v¡ i l l  be 5 nn meaníng that  features smal ler  than 5 nrû in extenÈ
cannoE be measured.  AÈ 10 um À/100 precis ion v¡oufd be 100 nn.  Thus,  a
S/N rat io of  1000 at  5 nn ends up as a S/N of  5 at  l0 ¡nn.  Ttr is  scal ing has
been refered to as an error  nagni f icat ion,S and is  proport ional-  to the
square of  the rat io of  the t \ , ro wavelengths.  I f  anbigui t ies in the s ingle
wavelength EeasuremenÈ can be resolved by compar ison to the equivalent
wavelength data,  Èhe s ignal- to-noise rat io of  the measurement can be
significantly enhanced.

thus, the linitations to T'tlPSI can be reduced by using a mask of
modulat ion,  correct ing the inter feroDeter for  chromat ic aberrat ion,  and
wavelength daËa using the equivalenE rüavelengÈh data as a reference.
reconsÈrucEed over Èhe range of  the equivalent  wavelength test ,  and
shorter  measurenent wavelength.

points are discarded dur ing Ehe calculat ions
measurement sensi t iv i ty  because of  the 2r
equívalent wavelength.

Experiment

To i l lustrate th is technique,  phases of  steep
wavefronts r¡/ere rneasured using a . Twynan-Green
lnEerferometer (Fíg.  3)  ¡ ¡ i th a PMS tunable HeNe laser
source.  A tesÈ surface is  p laced Ín one arm of  the
inter ferometer,  and a f lat  n i r ror  contro l led by a PZT is
placed in the other.  An achromat ic díverging Ìens is
used to match the curvaLure of  the base sphere for  Ehe
aspher ic surface.  Inter ferograms are recorded using a
Ret icon I00xI00 diode array wiÈh a f iber opt ic  window
coupled to an HP-320 computer.  The f iber opt ic  window
ís used Eo enable the mask to be í rûaged dírect ly  onto
the detector  array when i t  is  p laced in contact  wiÈh the
windors.  A zoom lens images the test  surface onto the
fiber windo¡s. The wavelengths used ín ttr-is experiment
are 594 nm, 604 nn,  612 nm, and 633 nn f rom the tunable
HeNe laser yielding the equivalent wavelengths shown in
T a b l e  I . '

Table 1: Equivalent wayelengths us¡nt PfS tunable
HeNe lase¡.
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using Eq. (7) .  The spacing between detectors d ictates Ehe ul t imate
arnbiguities; but this can be overcome by sinply changing the

6O pm
-l l-

Figure 2: Mask of 5 ¡rn square
apertures separated by detector
spac¡ng uscd to increase the
nodulation of closely spaced fringes.

point  apertures to increase iotensi ty
by correcting aDbiguities in the single-
Ttús enables Èhe wavefront  phase to be
have the precfsion obtainable using a

s F r l

T

The largest  errors ín the phase maps can be at t r ibuted to chromat ic aberrat ion.  Any glass elenents in the
inter ferometer wi l l  have dispersíon which may produce a wavelength dependence of  the system abetrat ions.  t lhen
the inter ferograns change s ize or  shi f t  laÈeral ly  r { i th wavelength because of  chromat ic aberraÈion,  Èhe
equivalent  wavelength phase can have errors due to lack of  a point-by-point  correspondence between the phase
maps at  each ! ¡avelength.  To reduce errors due to chromat. ic  aberraEion,  a l l  g lass elements should be
achroToatízed for  Èhe wavelengths ín use.  A s¡nal l  amounÈ of  chrooaÈic aberrat ion can be to lerated,  but  i t
should not  st l i f t  the locat ion of  the incident  f r inges by more than one-hal f  of  a f r inge or  change the s ize of
the inter ferogran by more than a píxel  fn order to have good resul ts.

I f  the inter ferometer ís  correcced for  the Ewo colors in use,  the equivalent  waveleûgth data can be di rect ly
used to remove aûbigui t ies in one of  the síng1e-wavelength phase neasuremenÈs. As long as the noise due to
chromat ic aberraÈion is  less than one-hal f  of  t .he neasuremeot wavelengÈh (À" or  À6),  then Lhe number of  2nts
to add to the single-wavelength measurement can be determined by direct point-by-point conparison \ùith the
íntegrated equivalent  wavelength phase.  I f  a d i rect  compar ison is  not  possib le,  the equivalent  \ . ravelength daEa
can be modi f ied by rernovíng the t i lÈ and piston due Èo chromatÍc before correct ion.12

TEST SURFACE

DIVERGER

PZT
ACTUATED
MIRROR

Figure 3: Experimental setup for test¡nt an aspheric
surface us¡nt two-wavelength phase-shifting
interferometry.

req(um) 0.633 0.612 0.604 0.594

0.633 | --- 18.527 13.271 9.714
0.612 | 18.s27 46.783 20.423
0.604 | 13.271 46.783 36.246
0.594 | 9.714 20.423 36.246

FIBER
WINDOW
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Fig.  4 shows the inter ferograrn of  rhe aspher lc surface under tesE at  633 nm. When t t r Ís  surface is  tesEed
using data at  a s ingle wavelength,  Ëhere are anbiguiEíes in the phase wtr ich cannoE be resol-ved (see Fig.  5) .
This ís because .  the OPD of  the ! ¡avefront  is  changing by nore than one-hal f  of  the measurement wavelenggh
betr teen adjacent  detector  e lements.  When rnodulo 2n phase measurements are taken aÈ wavelengths of  633 nn and
594 nn and Èhen subtracted,  phase arnbugiuiÈes cân resolved as shor¿n in Fig.  .6a.  At  the equivalent  wavelenggh
of 9.7 ¡n,  the asphere has a peak-to-val ley (P-V) departure of  0.867 waves and an rns of  0.119.  Since phase
anbiguic ies are resolvable,  the OPD Dust be changing by less than hal f  a \ , ¡ave between adjacent detector
e l emen ts .

Figure 4: lnterferogram of aspheric
suface under test at 633 nm.

Figure 5: Result of trying to rernoye
amb¡guit¡es in the phase calculated at
633 nm f¡om surface of Fig., l .

I ¡ I i th the PMS laser nany dí f ferent  equivalent  wavelengths can be obtained.  Figure 6 shows Èhe same Èest
surface as measured at  three dí f ferent  eqr l ivalent  wavelengths.  NoEe that  as the equivalent  wavelength ís
increased, the noise also increases.  This ís due to the error  nagni f icaÈion.  The noise in the inter feromecer
system is measured to be abouE I / I5 in (P-V),  and f / I00 in r rns independent of  what Lravelength is  used.  Thus,
as the equivalent  wavelength gets longer,  t .he P-V of  the tesÈ surface r^r i l l  get  snal ler  as wi l l  the s ignal- to-
nofse rat io.  At  l "o=26.4 urû,  t .he P-V of  0.332 r¡aves and rrns of  0.052 waves scale wel l  in  compar ison to the
resul ts at  9.7 um. '  I f  a real  steep surface r¡ rere measured,  one could take measuremenÈs a¡ a ser ies of
wavelengÈhs and rvork backwards throug4^shorÈer and shorter  equÍvalent  wavelengÈhs unt i l  anbiguiÈies in the
single wavelength phase were corrected.rJ

A) B) c)
Figure 6: Calculated phase at diffe¡ent equ¡valent wavelengths for su¡face of Fig.4 showing magn¡ficat¡on of
noise with wavelengh. A) Ieq=9.7 |¡n. B) Ieq=2O.4 Urn. C) teq=46.8 um.

Conclusions

Îr¡o-wavelength Eechniques are very valuable for  the tesEing of  sEeep surfaces such as aspheres because of
the var iable measurenenr sensí t iv i ty  aEÈainable by changing Ehe wavelengths.  The cechnique presented in t tús
paper ís vely st ra ight forward and easy Èo implernent .  IÈ 's precison is  l in i ted by the equivalenÈ wâvelength.  In
order to increase the precís ion of  the neasureEent,  the s ingle-wavelength phese data can have i ts  Zt
anbiguiEies resolved using the íntegrated Lwo-navelengÈh phases. The range of Ehe meesurement can be
increased by using poinE detecÈors to sample f r inges ¡s l th a c loser spacing than the det .ector  s ize.  Since the
inter ferograms at  each wavelength are recorded and then conbined inside the computer,  the intermediaEe
recording step of  Ewo- i {avelength holography is  unneeded. This nakes Ehe Èechnique a more convenient  neans of
tesÈing than lWH. Using the coÌûputer  means Ehere are no errors due to f r inge dígi t izat . ion,  and fur ther analysis
on the phase data nay easi ly  be done. The technique of  manipulat ing pr inary inter ferograns inside a computer
to Produce a secondary inter ferogram fron double-exposure measureoents has nany appl icat ions besides TI , IpSI,
one of  which ls  phase measurenenE wi th double-exposure holography.
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