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MOAE/IUPOBAHUE U PACYET
FTMNEPXPOMATUYECKUX
ObbEKTUBOB

AN BOJIOKOHHbDIX
KOHOOKAJIbHbIX JATYUKOB
NOBEPXHOCTU HA OCHOBE
METOAA XPOMATUYECKOIO
KOAWPOBAHUA
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I1.C.3a8b5408, K.M.H.,
KoHcmpykmopcro-mexHoA02u4eckull UHCMUMYm Hay4-
Ho20 npubopocmpoerus CO PAH

CTaTbs NoCBSiLLleHa MOAE/IMPOBAHMIO N pacyeTy
runepxpomaTmyeckux 06 beKTUBOB, COCTABASIOWMNX
OCHOBY KOH(}OKa/IbHbIX AaTYMKOB NoBepxHocTU. Chepa
npUMeHeHUs TaKMX AaTYMKOB BeCbMa 06LIMpHA —
AATYUKMN MO3BOJIAIOT BbIMOJIHATb KaK Npeuu3snoHHoe
Mno3vLUOHUPOBAHMNE NCMNO/THUTE/TbHbIX 3/IeMEeHTOB
Ans GopMMpoBaHUS MUKPO- U HAHOCTPYKTYP
BbICOKOI0 Ka4yecTBa C rNy6UHOM A0 HECKOJIbKUX
AecsaTKOB MUKPOMETPOB, Tak U U3sMepeHUue ux
npoduns. B mogennposaHuu peannsoBaH MeTos
XpOMaTU4ecKoro KoanpoBaHus. O6bEKTUBbI
npepgHasHayeHbl A1 aBTOMATUYECKOro KOHTPOS
3D-NoBepXHOCTEN C BbICOKMM paspeLueHueM.
MpeacTaBsieH pacCYUTAHHbINA, U3FOTOB/IEHHbIN

M 3KCMepuUMeHTa/IbHO anpo6upoBaHHbIN
TPeXJINH30BbIN rMNepxpoMaTu4ecknii 06 beKTuB

C AJINHOM XpOMaTU4eckoro otpeska 300 MKM

1 GOKYCHbIM paccTosiHMeMm 24 mm. Ha ero ocHoBe
Bnepsble B Poccuun co3aaH npoTtoTun KOHPOKaibHOro
AaTymMKa NOBEPXHOCTU C MNOrpeLlHOCTbIO

M3MepeHus cMelleHus o6bekTa 0,1 MKM.

BBEAEHUE

[I1poOKOe MCIIONb30BAHHME MHUKPO- M HAHOTEXHOJIO-
TUN BjedeT 3a cobor HeoOXOAHMMOCTbh Pa3paboTKu
U HCCJIeIOBAHMS METOHOB U CPeACTB IJISI IIPeLiU3H-
OHHBIX M3MEPeHHH CBEPXMAJIbIX PACCTOSIHUI B XOZe
TeXHOJIOTHYeCKHX IIpoIleccoB. B macmitabe MHKpO-
METPOBBIX Pa3MepoB K HACTOSIIEMY BpeMeHH chop-
MHPOBaIach HOBOJIBHO 3HAYKMMasi 06/7acTh ITPOMBIII-
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HYPERCHROMATIC LENS

FOR FIBER CONFOCAL
SURFACE SENSORS

MODELING AND CALCULATION
BASED ON CHROMATIC CODING
METHOD

M.A.Zavialova, mzav@tdisie.nsc.ru,
P.S.Zavialov, Candidate of Technical Sciences
Design and Technological Institute of Scientific
Instrumentation SB RAS

The work is devoted to the modeling and calculation
of hyperchromatic lenses, which are the basis of
confocal surface sensors. The scope of such sensors
is very extensive — the sensors allow both precise
positioning of the actuating elements for the
formation of micro- and high-quality nanostructures
with depths up to several tens of micrometers, and
measuring their profile. The modeling based on the
chromatic coding method for automatic control

of 3D surfaces with high resolution. Calculated,
manufactured and experimentally tested three-lens
hyperchromatic lens with a chromatic length of 300
pm and a focal length of 24 mm are presented. For the
first time in Russia, a prototype of a confocal surface
sensor was created on its basis, with an errorin
measuring displacement of an object of 0.1 um.

INTRODUCTION

The extensive use of micro- and nanotechnology
entails the need for the development and research
of methods and tools for precision measurements of
ultra-small distances during technological processes.
Up to date, a significant area of industry, microsystem
one, has been developed at the greater of these two
scales. A whole class of sensors has been developed
with the accuracy reaching 1 pm. These include such
types of sensors as parametric (inductive, capacitive,
rheostatic), ultrasound and optical (triangulation,
fiber optic) [1]. If referring to metrology, covering
an area of sizes from 0.1 to 100 nm, then most
methods, with the exception of interferometric
ones, are still at the research stage, especially in
Russia. Therefore, the task of developing methods
for precision measurement of ultra-small distances
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JIEeHHOCTH — MHKPOCHCTeMHasi. [|1s Hee pa3paboTaH
Lle/IBIF KJIACC AATYUKOB, TOUHOCTh KOTOPBIX JOCTHUTAeT
1 MKM. K HUM OTHOCAT TaKHe THIIB JaTYMKOB, KaK
napaMeTpuyeckue (MHAYKTHBHBIE, eMKOCTHBIE, Peo-
CTaTHBIE), YIBTPA3BYKOBble U OITHYecKHe (TPHUAHTY-
JISILIMOHHBIE, OIITOBOJIOKOHHBIE) [1]. ECIM >ke UIeT peub
0 METPOJIOTHH, OXBaTBIBAIOLIEl 00/1acTh pa3sMepoB
ot 0,1 10 100 HM, TO 6OJIBIIMHCTBO METOIOB, 3a UCKIIIO-
YeHHeM HHTeppepoMeTpUYeCKHUX, BCe elle Haxo-
OATCA Ha CTafHM HUccaefloBaHUs. OTCTaBaHHe B 3TOU
obracTu MeTponorudeckoro obecredeHust B Poccuu
CTAaHOBHUTCSI 3aMeTHBIM. I103ToMy pa3paboTKa MeTo-
[IOB MPEeLIM3MOHHOIO HM3MepeHHs CBepxXxMaJsblX pac-
CTOSIHUH /10 TPeXMepHBIX 06BbeKTOB B HAHOMACHITA6-
HOM 00/1acTH IIO-TIPe’KHeMY OCTaeTCs aKTyalbHOM
3ajaven. [IpeskJe Bcero, Takye MeTo[bl He06X0M MBI
IJIsl CHUCTeM IIO3ULIMOHHMPOBAHHS PabOvYHX 3/eMeH-
TOB [2-4] IpU IpelU3HMOHHOM Ja3epHOH 06paboTke
U HCC/IeJOBAHHUH TPeXMePHBIX MHUKPO—~ U HaHOCTPYK-
Typ Pas3/M4YHBIX MaTepHajoB. PaHee B KPYTOBBIX
Ja3epHBIX 3aIHCBIBAIOIIUX CHCTeMax, pa3paboTaH-
HBIX COBMeCTHBIMHU ycuiauamu KTH HII u MAu3 CO
PAH [5], 3amuch MHOOPMALIMKU OCYINECTB/ISAIACh Ha
IUIOCKMX IIOBEPXHOCTAX. [IS MO3HLIMOHHPOBAHHUA
3arOTOBOK B 30He HaHWIy4ller GOKYCHPOBKH MHUKPO-
06beKTHBA 3aIIKCH HCII0/Ib30BAIUCh TPUAHTYISILIOH-
Hble MeToAbI [4] 1 BUleoTeXHONMOTuHU. OLHAKO I10 Mepe
Iporpecca B Pa3BUTHHM OHUPPAKLHOHHON OITHKH,
IOSIBU/IMCh 33Jaud  GOPMHUPOBAHMS THOPHIHBIX
CTPYKTYP, Korga npoduab AUGPaKIIMOHHBIX ONTHYe-
CKHUX 3/IeMEHTOB CHHTEe3HPYeTCS HeIoCpPelCTBeHHO
Ha KPHUBOJHHENHBIX IIOBEPXHOCTSIX pedpaKIliHOH-
HBIX THUH3 [6-8]. /151 peanu3alluu TaKOH MeTOLUKH
noTpeboBanuCh HOBbIE IOAXOABI K IIPOEKTHPOBAHUIO
CHCTeM IIO3MIIMOHHPOBAaHHUS, 00/lafalolMUX IIPHUH-
LIMIIMAIBHO HOBBIMHM BO3MOKHOCTSIMH. IIpu pabote
C IUIOCKMMH IIOBePXHOCTSIMH OCHOBHAas OQYHKLIHS
CHUCTeMBl aBTOPOKYCHUPOBKH -~ IIOALEpKaHHe 3a30pa
Mexxay pabounuM MHKPOOOBEKTHBOM U obpabaThiBae-
MO¥ [TIOBEPXHOCTBIO. B cilydae 3amucH M300paskeHUI
Ha TPEXMEpPHHIX IIOBEPXHOCTSAX MCIIOIHUTE/IbHEIE
3/IeMeHTBl, BXOASIIHe B COCTaB CHCTeM aBTOPOKYCH-
POBKH, HOJIKHBI OTPabaThIBaTh KaK OBICTpbIe Masible
OTK/IOHEHUSI IIOBEPXHOCTH, OOYCIIOBII€EHHBIE ee [IBU-
JKeHHeM B YIJIOBOM HaIIpaB/IeHUH, TaK U MelJIeHHbIe,
HO Oonbiine, 06yc/I0BlIeHHBIE eCTeCTBeHHON KPHBU3-
HOU IIOBEPXHOCTH IPHU CMeIIeHHUH 3aIKCHIBAIOIIEro
71a3€PHOro IIy4YKa B paAHa/IbHOM HaIllpaB/leHHH.
AJBTepHATUBHBIMHU BapHaHTaMH HMCIIOTb30BaHHUS
METOJ0B KOHTPOJIS IIOBEPXHOCTEH KM CBEePXTOYHOIO
MO3ULIHOHUPOBAHUSL PabouMX 3/1eMEeHTOB SIBJISIETCS
co3aHHe 6IHM>KHeNoMbHBIX MUKPOCKOIIOB, B KOTOPBIX
OUOPAKIMOHHBIN Ipefiesl MOXKeT ObITh IpeofoieH
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to three-dimensional objects in the nanoscale area
is urgent. First of all, such methods are necessary
for systems of working elements positioning [2-4]
for precision laser processing and investigation of
three-dimensional micro and nanostructures
of various materials. Earlier, in circular laser
recording systems, developed jointly by Design and
Technological Institute of Scientific Instrumentation
and Institute of Automation and Electrometry of SB
RAS [5], the information was recorded on flat surfaces.
Triangulation methods [4] and video technologies
were used to position the workpieces in the zone of the
best focusing of the recording micro-lens. However,
with the progress in the development of diffraction
optics, issues of the hybrid structures formation
have appeared when the profile of diffractive optical
elements was synthesized directly on the curved
surfaces of refractive lenses [6-8]. To implement such
a method, new approaches to designing positioning
systems that have fundamentally new capabilities
were needed. While working with flat surfaces, the
main function of the auto-focusing system is to
maintain a gap between the working micro-lens and
the surface to be machined. In the case of recording
images on three-dimensional surfaces, the actuating
elements that are part of the auto-focusing systems
must process both fast small deviations of the surface
due to its movement in the angular direction and
slow, but larger ones, due to the natural curvature
of the surface when the laser recording beam shifts
radially.

Alternative options of using surface control
methods and precision positioning of the working
elements are the creation of near-field microscopes,
wherein the diffraction limit can be overcome by
introducing into the area of analysis of a special
probe where its tip size is many times smaller than
the working wavelength. This is especially true for
microscopes wherein the source of radiation is a
terahertz laser with a wavelength of 20-240 microns,
since the long wavelength limits their resolution. In
this case, using the methods of 3D surfaces automatic
control, it is possible to build a scanning system that
allows the position of a subwavelength probe in the
region of the evanescent wave propagation with high
accuracy, which makes it possible to study micro- and
nanostructures in the terahertz range [9].

To develop the technology of laser ablation of
optically transparent materials by ultrashort pulses,
an important condition is the precise positioning
of the samples surface at the focus of the working
micro-lens, since the power density has a threshold
character and it is necessary to avoid melting the
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3a CueT BBeleHHUsI B 00/1acTh aHa/IM3a CIIelHaJIBHOTO
30H/Ia, pa3Mep OCTPH S KOTOPOro BO MHOTO pa3 MeHblIle
paboyer AJMHBI BOMHBL. JTO 0CO6EHHO aKTya/bHO
IJ1s MHKPOCKOIIOB, B KOTOPBIX MCTOYHHKOM H3J/yde-
HUS CIYKUT TeparepLoBbIM j1a3ep C JIHHOM BOJHBI
20-240 MKM, IIOCKO/IBKY 60/bIIasi AJIMHA BOMHBI Orpa-
HUYMBaeT UX Pa3pelIaloNylo CIIOCOOHOCTb. B 3ToM
c/ydae C IIOMOIIBIO METOLOB aBTOMAaTHYeCKOro KOH-
Tposisi 3D-TIOBEPXHOCTE MOKHO IIOCTPOUTH CKaHH-
PYIOILIYIO CHCTeMY, II03BO/ISIOILYIO TO3ULIMOHUPOBATh
cy6BOTHOBOM 30H[ B 00JIACTH PacIpOCTPaHEHHUS 3Ba-
HeCIHeHTHOM BOJIHBI C BBICOKOM TOYHOCTBIO, YTO JAeT
BO3MOXKHOCTb HM3YUMTb MHUKPO- M HAHOCTPYKTYPBHI
B TepareplieBoM Araria3oHe [9].

Nlns pa3spaboTKHU TeXHOJOTHH Ja3epHOH abis-
LMY ONTHYeCKH IIPO3PaYHBIX MaTepPHalOB UMIIY/Ib-
CaMHU CBePXKOPOTKOM JJIUTEeNIbHOCTH Ba>KHBIM YyCJIO-
BHeM SIB/IsIeTCsl IpeLIu3HOHHOe II03MIMOHHUPOBaHUE
[IOBePXHOCTU 06pasioB B pokyce pabouero MUKpO-
06beKTHBA, IIOCKOIBKY INIOTHOCTb MOIIHOCTH HOCHUT
[IOPOrOBBIM XapaKkTep. B mporecce 06paboTku Heob-
XogquMo u3beraTh OIIABJIeHHS KpaeB CTPYKTYp
M IIOSIBJIEHHS TPeIlMH, KOTOpble BO3MOXKHBI JasKe
npu HeboJIBIION PacOKYCHPOBKe JIa3epHOrO MSATHA
(0,2-0,5 mxmMm). Bosiee TOro, BBICOKOTOUYHOE H3Me-
peHHe reoMeTpHUYeCKHX IIapaMeTPOB CHHTE3HpPO-
BaHHBIX CTPYKTyp II03BOJISIET OIpefensiTh 3KCIle-
PHMeHTa/IbHBIM IIyTeM CKOPOCTb abnsiuuu. TakuUM
obpasom, aKTyaJbHOH SBJISeTCS 3ajJada paspa-
OOTKH METOHOB aBTOMATHYECKOI0 KOHTPOJS Tpex-
MepHBIX ITOBePXHOCTEIM C BBICOKMM paspelleHHEM
(<1 MKM) B XOfle Ja3epHBIX TeXHOJOIHYeCKHUX IIPO-
11eCCOB KaK BO BpeMsi 3aIlMCH, TaK U Iocie 6e3 cbema
obpasia.

KOHUEMUUA KOH®OOKANbHOIO AATHYHNKA
HA OCHOBE METOAA XPOMATUYECKOIO
KOONPOBAHUSA

B HacTosilmee BpeMs OOHHM M3 IIePCIeKTHUBHBIX
METOJIOB [JIsSI U3MepeHMsI CBePXMaJblX AUCTAHIUU
Y KOHTPOJIS I0JIOKEH M ST [IOBEPXHOCTEH SBJISIeTCS KOH-
boKaNnbHBIN MeTOJ, Ha OCHOBE XPOMATHUeCKOIo KOAH-
poBaHus (10, 11]. OCHOBBI 3TOT0 METOZA 3aIMCTBOBAHBI
13 KOHOOKAIBHOM J1a3epPHOHM CKAaHUPYIOIen MHKPO-
ckorinu (KJICM), KOTOpasi SIBJISIeTCSI OOHMM H3 HauU-
6osee pacIpocTpaHEeHHBIX METOJOB /ISl TPEXMEPHOTO
HCCIeIOBaHUS OOBEKTOB C BBICOKMM pa3pelleHHeM.
B KJICM B IIOCKOCTH H300paskeHHSI HCIIONb3YeTCs
CcrelnyajbHas ToueyHast (MaH KOHGQOKa/JbHAS) AHA-
dparma, orpaHHUYMBAIOIIAS IIOTOK QOHOBOIO pacce-
SIHHOTO CBeTa M3 TO4YeK BHe (HOKAJIBHOHM IIJIOCKOCTU
obbexTHBa [12]. 9TO 1103BO/SIET MOAYUUTh CEPUHU H30-
6paskeHHI Ha pa3IUYHBIX INTy6HHAX GOKAIBHOM ILJIO-
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edges of the structures and the formation of cracks
that are possible even with a small defocusing of
the laser spot (0.2-0.5 pm). Furthermore, a high-
precision measurement of the geometric parameters
of synthesized structures makes it possible to
determine the rate of ablation experimentally. Thus,
the current problem is the development of methods for
automatic control of three-dimensional surfaces with
high resolution (<1 pm) during laser technological
processes both during and after recording without
removing the sample.

THE CONCEPT OF CONFOCAL SENSOR
BASED ON THE CHROMATIC CODING
METHOD

Nowadays, a confocal method based on chromatic
coding is one of the promising methods for measuring
ultra-small distances and controlling the position of
surfaces (10, 11]. The fundamentals of this method are
borrowed from confocal laser scanning microscopy
(CLSM) which is one of the most common methods for
three-dimensional studies of high-resolution objects.
In CLSM, a special point (or confocal) diaphragm is
used in the image plane, which limits the flow of
background scattered light from points outside the
focal plane of the lens [12]. This allows you to obtain a
series of images at different depths of the focal plane
inside the sample and then reconstruct its three-
dimensional image.

In CLSM, the object is to be scanned along the
optical axis. If an enlarged longitudinal chromatic
aberration is introduced into the lens of such a
microscope, and the reflected signal passed through
the confocal diaphragm is measured with a spectral
analyzer, then a non-contact surface sensor can be
built according to basic scheme shown in Fig. 1. Its
distinctive feature is the absence of the need to scan
an object along its optical axis.

Most often, soldered multimode fibers are used in
confocal sensors to reduce the size of the measuring
head and carrying the lighting and receiving part
beyond the measurement area. In Fig. 1, the light
from the white light source is collected into an optical
fiber and sent to a hyperchromatic lens (HCL), which
is used to form an increased longitudinal chromatic
aberration. Since the HCL focal length depends on
the wavelength, the light is transformed into a
line of spectrally separated foci. Only one of the
foci coincides with the plane of the surface under
investigation. The reflected light passes through the
HCL for a second time and is collected back into the
fiber. Furthermore, the light from the focal plane is
focused on the fiber end coinciding with the surface
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CKOCTH BHYTpH obpaslia U 3aTeM PeKOHCTPYHPOBAThb
ero TpexmepHoe H3obpaskeHHe.

B KJICM TtpebyeTcsi CKaHUpOBaHUe 06beKTa BJONb
OITHYeCKOH OCH. EC/IH 5ke B 06beKTHB TAKOr0 MUKPO-
CKOIla BBECTH YBEJIHWYEHHYIO IIPOAOJIBHYI0 XPOMAaTH-
YyecKylo abeppalyio, a OTPaskeHHbIM CUTHAJI, IIPOIIes-
NN 4depe3 KOHPOKANBHYIO AHUadparmy, H3MepHUTb
C IIOMOIIBIO CIIEKTPOaHAIM3aTOpa, TO MOKHO IIOCTPO-
HUTb 6@CKOHTAKTHBIN JAaTYMK [IOBEPXHOCTH, Oa3oBas
CxemMa KOTOPOro IIpMBeJeHa Ha puc.l. Ero ornuumu-
Te/bHasl 0COOEHHOCTh ~ OTCYTCTBHE HEOOXOLHMMOCTH
CKAaHUPOBAHUS 00beKTa BIOJIb OIITHYECKOH OCH.

Yaime Bcero B KOHGOKAAbHBIX JATYMKAX MCIIONb-
3YIOTCS CIIaeHHBble MHOIOMOJOBbLIE BOJIOKHA C IIeJIbI0
yMeHBIIeHUsI pa3Mepa HM3MepPUTEJIbHOH TO0JI0BKH
M BBIHOCA OCBETUTEJIBFHOM M IPHEMHOM YaCTH
3a Ipefesibl U3MEPUTeNbHOM obnacTu. Ha puc.l cBeT
OT HCTOYHHKA Oeyoro cBeTa coOHpaeTcs B ONTHYe-
CKOe BOJIOKHO M HaIlpaB/IgeTCs Ha THIepXPOMaTH-
yecKUH 06beKTUB ([XO), KOTOPBIM HCIIONB3YeTCs IS
bopMHpOBaHMS YBeIHMYeHHOHM IPOAOJIBbHOK XpOMa-
THYeCcKoH abeppanuu. Tak Kak pOKyCHOE PacCTOSIHHe
I'XO 3aBHUCHUT OT AJIMHBI BOJIHBI, CBeT TPAHCHOPMHUPY-
eTCd B JIMHHUIO CIIeKTPaJIbHO pa3fe/ieHHBIX (OKYCOB.
TonbKo omyMH M3 QOKYCOB COBIIAZaeT C IIJIOCKOCThIO
HCC/IeZlyeMOM ITOBePXHOCTH. OTpakeHHBIM CBeT IIPO-
xoauT [’XO BTOpOM pa3 1 cobrpaeTcst Hasaf, B BOJIOKHO.
IIpu 5ToM Ha TOpel BOJIOKHA (POKYCHPYeTCS CBET
0T QOKaJIPHOM IIOCKOCTH, COBMNAJAIOIIEH C IOBEPX-
HOCTBI0 06beKTa. CBET OT OCTAJIbHBIX IIJIOCKOCTEH IIOA-
Bepraercsi 1epOKyCHPOBKE U CUIBHOMY OCIabIeHUIO.
CoekTpasibHOe pacIipefe/ieHHe CHUTHaja C BOJIOKHA
perucTpupyercs Ha CIekTpoaHanausarope. Ilo usMe-
HeHHIO JJOMHHHUPYIOIIEH AJIHHBI BOJHBL OTPaKeHHOI'0
CUTHaJa CMelleHHe 06BeKTa OIpesenseTcs aBTOMa-
Th4ecku (10, 13].

Jins peanusanuu I'XO O0OBIYHO MCIIONB3YIOT
ONTHYeCKHe CXeMbl, OCHOBaHHble Ha KOMOHMHALIUU
CTaHJAPTHBIX ONTHYECKUX 3JIEMEHTOB C AUPpPaKIIH-
OHHBIMH [14], a TaK>Ke IepeHACTPaHBaeMBIX JKHUKO-
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Puc. 1. KoHpokanbHbIl dam4uk Ha 0CHO8e Memoda Xpomamu-
4ecK020 KOOUPOBAHUS 8 BOAOKOHHOM UCNOAHEHUU

Fig. 1. Confocal sensor based on chromatic coding method

in a fiber design

of the object. The light from the remaining planes
undergoes defocusing and strong attenuation. The
spectral distribution of the signal from the fiber is
recorded by the spectral analyzer. By changing the
dominant wavelength of the reflected signal, the
object’s displacement is determined automatically
(10, 13].

To implement the HCL, optical circuits based on
a combination of standard optical elements with
diffraction [14] and also reconfigurable liquid crystal
lenses [15] are usually used. A video camera [16],
a spectrometer [17], as well as multielement RCB-
diodes [11] can be used as spectral analyzers. The
source of radiation is a white light lamp: halogen,
xenon, light-emitting diode, etc. In the next section,
we shall discuss the methods for calculating the HCL
in more details.

PHOTONICS N25/65/2017 83



i1

KPUCTAJI/IMYeCKHUX JIMH3 [15]. B KauecTBe CIleKTpoaHa-
JHM3aTOPOB MOTYT HCIIONb30BaThCSl BHAEOKaMepa [16],
criekTpoMeTp [17], a Tak>Ke MHOrosjaeMeHTHBle RGB-
ayozsl [11]. MICTOUHHMKOM H3/y4YeHHUs CIy>KaT JaMIIbl
6esioro cBeTa: rajgoreHoBble, KCEHOHOBbIE, CBETOLHO/-
Hble U Op. B cienyromeM paspesie OCTAHOBUMCS IIOJ-
pobHee Ha MeTozmax pacyera I'’XO.

PACYHET T’MMNEPXPOMATUYECKUX
OBBbEKTUBOB

Kaxk ObLIO TOKa3aHO BHIIIE, KIIOUEBBIM 3JIEMEHTOM
ONTUYECKOM CXeMBl XPOMaTHUYecKoro KOHPOKAb-
HOI'O [aT4YHKa SIB/ISETCS OOBEeKTHUB C CYILIeCTBEHHO
yBeJIHWYEHHBIM XpOMaTH3MOM monoxkeHus I'XO.
OOHMM M3 MOPOCTHIX IIOAXOLOB K CO3LAaHHIO TaKHUX
06BEeKTHUBOB SIBISETCS UCIIONb30BAHUE OUGPAKLIU-
OHHBIX JIMH3 COBMECTHO C OOBIYHBIM pebpaKIiHOH-
HBIM 0bbekTHBOM Hiu b6e3 Hero. B pabote [14, 16]
OIMCaHb pebpaklHOHHO-IUPPAKIIMOHHBE 00%5-
eKTHBBI, I103BOJIsIIOIIHE QOKYCHPOBAaTh OesIblMl CBeT
B XpOMaTH4eCKHe OTPe3KH Pa3JIU4YHOU [AJIHHBEI
B 3aBUCHUMOCTH OT TpebOBaHHUH crHelHubUUIECKUX
npuMeHeHUN. OCHOBHBIE IIPeHMMYINeCTBA JAHHBIX
06BbeKTHUBOB — IIPOCTOTA PeanH3alUM, yaydlleHHbIe
Macco-TabapUTHBIE [I0KA3ATENH U IMHENHAS 3aBUCH-
MOCTb CMellleHHs $OoKyca OT AJHHBI BOMHBI. OOHAKO
OAHHBIM IIOAX0[ obnajaeT HeKOTOPBIMH HeAOCTAT-
KaMH: B IIePBYIO o4epenb HaJHYHeM I1apa3sUTHBIX
AUPPaKIMOHHBIX IOPSAAKOB, a TakXKe >Xe HH3KOU
3¢ PeKTUBHOCTBIO Ha Kpadx OHalla30oHa IJIMH BOJIH
(400-700 HM). PacueT U IpoeKTHUPOBaHHE IHIIEPXPO-
MaTHUYeCKUX OOBEKTHBOB, OCHOBAHHBIX Ha KOMOMU-
HallUM CTeKOJ C Pa3JIMYHOM AUCIIepCHeH, SIBISeTCA
IIPeAIIOYTUTE/IbHBIM.

Kak M3BeCTHO, XpOMAaTHU3M IIOJIO’KEHUS B JIMH30-
BBIX CHCTeMaX BO3HHUKAeT BCJIEACTBHUE 3aBUCUMOCTU
IoKasaTessl IIPeJIOMJIeHHS HCIO0Nb3yeMBIX CTEKOI
oT miuHbl BoaHBL N(N). Tak Oas OMHHOYHON JIMHS3BI
¢ okycHbIM paccTosiHueM f m3menenue Af ommceiBa-
eTcsi OpMyJIOn:

o 1
f v

nD
rme v= - yucio Abbe, np, Ny, N - IOKA3aTeNIH

FnC

Ipe/IoMJIeHUS Cpellbl Ha AJIMHAX BOJIH, COOTBETCTBY-
omux ¢payHropepossiMm nuHUsIM C (656,3 HM),
D (589,2 um) u F (486,1 HM). [l/1s1 cCOBpeMeHHBIX OIITU-

Af
YeCKHX CTeKOJI BO3MO>KHO OOCTH >KeHHe

f

BIIJIOTH

Io 4,9% (cBepxTsikensiri GnuHT CTD2 13 oTedecTBeH-
Horo KaTtajora 'OCT 3514-94 unu ctekio SF66 U3 KaTa-
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CALCULATION
OF HYPERCHROMATIC LENSES
As it was shown above, the key element of the
optical scheme of the chromatic confocal sensor is
the lens with significantly increased chromaticity
of the HCL position. One of the simplest approaches
to the creation of such lenses is the use of
diffraction lenses in conjunction with or without a
conventional refractive lens. Refractive-diffraction
lenses are described in [14, 16], which allow you to
focus white light in chromatic segments of different
length, depending on the requirements of specific
applications. The main advantages of these lenses
are the ease of implementation, improved mass-
dimensional parameters and linear dependence of
the focus shift on the wavelength. However, this
approach has some drawbacks: first of all, the
presence of parasitic diffraction orders, as well
as low efficiency at the edges of the wavelength
range (400-700 nm). Calculation and design of
hyperchromatic lenses based on a combination of
glasses with different variances is preferable.
Obviously, the chromaticity of position in lens
systems arises from the dependence of the refractive
index of the glasses used on the wavelength n(}).
Thus, for a single lens with a focal length f, the
change Af is described by the formula:

Af 1
f v’

n
Where v= D

FnC

is the Abbe number, np, ng, nc

are the refractive indices of the medium at the
wavelengths corresponding to the Fraunhofer lines
C (656.3 nm), D (589.2 nm) and F (486.1 nm). For

modern optical glasses, it is possible to achieve Aff
up to 4.9% (superheavy lead glass STF2 from the
domestic catalog GOST 3514-94 or glass SF66 from
the Schott catalog). With the extension of the
wavelength range to 400+700 nm, the relative
change in the focal length is already 12%. It can be
seen that the use of glass dispersion helps to
achieve significant values of the position
chromaticity. However, the use of the same brand
of glass has a significant disadvantage, i.e., a
strong nonlinearity of the dependence of the focal
length on the wavelength f(A). Thus, for a single
lens such a relationship is expressed as:

£(n)=[(m()-1)(or-p2)] -
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nora Schott). [lpu pacuiMpeHHUHM AUAIa30HA IJIMH
BOJIH 10 400+700 HM OTHOCHTeJIbHOe H3MeHeHUe
(GOKYCHOro pacCTOSHMSA LOCTHraer yxke 12%. BuaHo,
YTO MCIIOJIb30BAHHEM [OUCIIEPCHH CTEKOJT MOXKHO
JOCTHYb 3HAYHTE/JbHBIX BeIMUMH XpPOMaTH3Ma I10J10-
>KeHH 1. OIHAKO HCII0/Ib30BaHHE CTeKOJI OMHOM MapKH
HMeeT 3Ha4uMTeJIbHbIN HelOCTATOK — CHJIBHYIO Hejlu-
HeHHYI0 3aBHCHMOCTh (OKYCHOIO PacCTOSHHS
ot gnuHbl BomHBL f(A). Tak AaS OAMHOYHOM JIMH3BI
TaKas 3aBUCHMOCTb byieT UMeTh BUTI;

£0)=[(n()-1)(p.-p2)]

IZe p,, P, - KPUBU3HBI II0BEPXHOCTEH THH3BI, N(A) -
3aBHCHMOCTb IT0Ka3aTeIsl ITPeIOM/IEHHU S OT JTHHEI
BOJTHBI 9Ta 3aBUCHMOCTH OOBIYTHO OITHCHIBALTCS
SMIIMPHUUYeCKUMHU popMmynaMu unu lloTTa [18]:

2 . _ — |
n(h) =a,+ar+arA?+ah +a M +ahd,

nnu Cenmeriepa [18]:

2 2 2
ny -1 K, Kt Kt
M-L, A2-L, A2-L,

roe a;, K;, L; - RoadduiipeHTs, HalieHHble 3MIIU-
PUYECKH [JIsI KOKAOIO M3 MaTepHasoB (IIPHUBOISITCS
B KaTaJIOTaX [IPOM3BOLUTENIE OIITHYeCKUX CTEKOI),

Ha puc.2 npeactaBieHsl rpadUKU 3aBUCHMOCTEM
GOKYCHBIX PAacCTOSIHUM JHH3 K3 Pa3/lHM4HBIX CTEKOI
OT AJIMHBI BOJIHHI.

M3 mpencraB/eHHBIX IPadUKOB BUIHO, YTO 3aBH-
cumocTu f(A\) OMMHOYHBIX JTUH3 HMeEIOT OOIBIIYIO
HeJTMHEeHMHOCTb 10 20% (IIpou3BoAHble QYHKIHUH Ha
Kpasix JUala3oHa pas3jindaoTcs B 4-7 pas). OueBUIHO,
YTO MCIIO/Ib30BaHME OFHOM MAapKH CTekja IIpU pas-
paborke I'XO BO3MOSKHO TOJIBKO IIPH CYIIeCTBEHHOM
OTpPaHHYEHHH HCII0/Ib3yeMOI'0 CIIeKTPaIbHOIO JHalla-
30Ha, YTO He 4BJISeTCS MPeAIIOYTHUTEeIbHBIM C TOYKH
3peHMU s SHePreTUKU ONITHYECKOM CUCTEMBI.

il

114
112 4 —SFe6

— BK7
110 4 —PSF8+TIF6

—

o

(o5}
L

f(A), mm / f(A), mm
5 o
= &

100 A

98 T T T T T
0,4 0,45 0,5 0,55 0,6 0,65 0,7

A, MM /A, mm

Puc.2. 3asucumocmu oKyCHbIX paccmosiHuli 0m 0AUHbI 0AS1
pasAu4HbIX cmeKoA: KpoH BK7 (aHanoz omeyecmeeHH020 K8),
ceepxmspkenblli pauHm SFG6, ckaelika P-SF8 + TIFG

Fig. 2. Dependences of the focal lengths for different glasses:
crown glass BK7 (analogue of the domestic K8 glass),
superheavy lead glass SF66, bonding P-SF8 + TIFG

Py, P, are the curvatures of the lens surfaces, n(A)
is the dependence of the refractive index on the
wavelength, which is usually described by empirical
formulas of Schott [18]:

n(r) =a,+a 2 +a,nt+a i +a v ant,
or Selmeyer [18]:
KN KN K

-1= + + ,
M-L, AM-L, »M-L,

n(»)
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3amaua pacueta I'XO [nsi monydeHHUs JHHeH-
HOM (Mnu 61U3KOU K Hel) 3aBucuMocTtu f(\) 6iamska
K 3aJjade pacyeTa aXpoMaTH4YeCKUX OObeKTHBOB, IZe
CTPeMSATCI MHHHMH3HUPOBATh H3MeHeHUsS QOKyC-
HOI'0 PacCTOSIHHS HJIH 33HEro oTpe3ka St OT JJIMHEI
BOJIHBI:
df (»
() o
da
B 3apmaye pacueta I['XO, Hao6op0T, CTPeMSATCS IOy~
YUTh 3HAYUTEIbHOE U3MeHeHHe, HO OHO JOJI>KHO ObITh
IIOCTOSIHHBIM B paboyeM [mama3oHe [MJIHH BOJH
A= 7‘max - }‘min :

df(x) Az
T A
rae Az - 0JIMHA XpOMaTHYeCKOro OTpesKa.

[Toka>keM Ha IpUMepe pacyeTa CKJIEHKH [ABYX
JIMH3, KaK MOXHO [J0OMTbCA yBelHYeHHUs JIMHeH-
Hoctu f(A). B mpuOMMIKeHUM TOHKMX KOMIIOHEHTOB
ONTHYeCKHe CHJIbI JIMH3 B CKJIeHKe CKJIaJbIBalOTCA
COIJIACHO CBOMCTBY aIIUTUBHOCTH:

1 1 1

f(n

N
Nr_h
—
>
N

[lombupass Mmapku MmartepuaysoB n;(A) u n,(A),
a TaKXXe COOTHOLIeHHe PaJHUycoB KPHUBH3HBI JHH3,
MOXHO [JOOHUTBCS 3HAUHUTEIBHOTO YBeJIHYEHHS
TUHeHMHOCTH. Ha puc.2 mpencTaBieH rpaduK 3aBHU-
cumoctu f(\) mns ckimerku us crexkon P-SF8 u TIFG.
HMrTak, AJsi CKAEHMKH MOXKHO IONYy4YUTh QYHKIIUIO,
IOCTAaTOYHO OIIM3KYIO K JIMHEHMHOM 3aBUCUMOCTSH f(A)
(HeTMHeMHOCTh CHHKaeTcd [0 6%). [ JaTYHKOB,
paboTaronyx B pesKMe H3MepPeHH s PACCTOSIHU I, KaK
IIpaBHIIO, TpebyeTcst HeTMHEHMHOCTh MeHee 1%. TaKux
3HaYeHHUH MOKHO JOOUThCS TONBKO B 6ojiee CIIOKHBIX
onThu4yeckux cxemax I'’XO ¢ HCIIONb30BaHHEM Tpex -
YyeThIpex JIMH3 1, KaK MUHUMYM, TPeX MapoK OIITHYe-
CKHX MaTepHaJoB.

IIpu pacyere I'’XO MOMHMO JHMHEHMHOCTH AHAaIla-
30Ha TaKkke HE0OXOIMMO H06MBAThCSI MUHHUMHU3ALMH
chepuueckoil abeppaniuu U chepoxpoMarusMa (3aBU-
CUMOCTHU chepryecKoil abeppallii OT AIHMHBI BOJIHBI).
CdepoxpoMaTh3M 0COOEHHO IPOSIBISIETCS IIPU pac-

yeTe ['XO ¢ 6onpIIuM pabodumM AHAIa30HOM (ATf>5%).

Ec/iu KadecTBO ISITEH paccesiHUS BO BCeM JHAIla30He
AN 6ynet 6m1m3Ko K 1UPPaKHUOHHOMY IIpefieny, To 6yayT
MHHHUMHU3HPOBAHBI [IOTEPH CBeTa IIPH 0OPaTHOM XOfie
Jy4deil oT 06beKTa K BOJIOKHY, a TAK>Ke He ITPOH30KIeT
YXyOIIeHUs IIOIIepeuyHOro pas3pelleHHs B IIJIOCKOCTH
obbeKTa.
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— Hyperchromatic douplet 03 3
2 — Hyperchromatic triple-lens 02
— Hyperchromatic four-lens 04

NN

HennnenHoctb S'(A), %

0,4 0,45 0,5 0,55 0,6 0,65 0,7
A, MKM /A, MKM

Puc.3. OmknoHeHuUst om AuHelHoU cocmasasitowel 2padpuka
3agucumocmu cmeuseHust okyca om 0AUHbI B0AHbI

Fig. 3. Deviations from the linear component of the diagram
of the dependence of the displacement of the focus on the
wavelength

where a;, K;, L; are the coefficients found empirically
for each of the materials (given in the catalogs of
optical glass manufacturers).

Fig. 2 shows the diagrams of dependence of the
focal lengths of lenses of different glasses on the
wavelength.

It is seen from the presented diagrams that
the dependences f(A) of single lenses have a large
nonlinearity up to 20% (the derivatives of functions
at the edge of the range differ by 4-7 times). It is
obvious that the use of a single brand of glass in the
HCL development is possible only with a significant
limitation of the used spectral range, which is not
preferable primarily from the point of view of the
energy of the optical system.

The problem of the HCL calculating for obtaining a
linear (or close) dependence f(}) is close to the problem
of calculating achromatic objectives, where they tend
to minimize changes in the focal length or the back
segment S'p of the wavelength:

df (»)
T 0.

In the task of the HCL calculation, on the contrary,

we tend to obtain a significant change, but it must be

constant in the operating wavelength range
A)‘=}‘max_}\min:

df(2) Az

dn A

where Az is the length of the chromatic segment.
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Eme oIHKMM Ba’KHBIM acIleK-
TOM IIpH pacueTe I'XO sBiseTcsa
BBIOOp amepTypel 06BbEeKTHBA Kak
CO CTOPOHBI OIITOBOJIOKHA, TaK U CO
CTOpoHBI 06beKTa. C Ie/IbI0 YMeHb-
IIEeHUS II0Teph SHePTHH BXOAHAs
arnepTypa o6beKkTHBa NA, T0/KHA
6bITh OMM3Ka K YHCIOBOHM aIlep-
Type HKCIIONb3yIOLIerocsi BOJIOKHA:
NA;*NA;,,. BeixomHas ke arep-
Typa BeIOMpaeTcss UCXOAs U3 AU-
PaKLMOHHOIO PpaspelleHUss 06b- a) 6)
eKTHBa BJIOJb ONTHYECKOM OCH,

KOTOpOe [OJIKHO OBITh 3HAUH-

TeJIBHO MeHbllle paboyero oTpesKa, Puc.4. OcHosHble 3nemeHmbl KOHYOKANAbHO20 @muuxa Ha ocHose Mer[ioaa Xpo-
Mamu4eckoz0 K0AUpPOBAHUS: ) MpexAUH308bIl 2unepxpomamuyeckuli o6sekmus;

6) usmepumenbHas 20A08ka

Fig. 4. Main elements of the confocal sensor based on the chromatic coding

method: a) three-lens hyperchromatic lens; B) measuring head

TO eCTb JOJI’KHO BBIIIOJIHSATHCS CJIe-
Ayollee yC/IOBUeE:

Az

" AZyg,
rae Azgie, — AUPPAKIIMOHHO-OTPAaHUYeHHasl ITyOHHA Let us show, for example, the calculation of two
pe3kocTH I'XO, a K - nrnadparmeHHOe YHCIIO. lenses bonding, how one can achieve an increase

Bosnblive 3Ha4eHMS JIeTKO AOCTHYb IIPOCTHIM Mac- || in the linearity of f(A). In the approximation of
mrabupoBaHueM (yBeIHMUYeHHeM) ONTHUYeCKHX cxeM || thin components, the optical forces of the lenses in
[XO. OgHako B 3TOM C/lydae yxXyAamarorcs sHepretd- || the bonding are added according to the additivity
YecKHe XapaKTepPHUCTUKU JaTuMKa, Tak Kak Ha ¢oTo- || property:
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BapuraHTbl ONTUYECKMX CXEM FMMEPXPOMATUYECKMX OOBLEKTMBO
paunn: a) FTXO-cknenka, b) TpexnH3oBbIn MXO, €) YeTbipexnnH
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B 415 OPMNPOBAHMSA MPOAOJIbHOM XpoMaTmyeckom abep-
308BbI TXO

Options of optical schemes of hyperchromatic lenses for the formation of longitudinal chromatic aberration: a) HCL-

bonding; b) three-lens HCL; c) four-lens HCL

Az_

T 5%, K=9;

a)

b)

T
NI

Y
/

Q

NMHENHOCTbL 2,5%; cTekna: SF3, LAK10
linearity 2,5%,; illuminator: SF3, LAK10

sz _

f

JINHEMHOCTb 1%; cTekna: KZFS2, FK5, LASF35
linearity 1%,; illuminator: KZFS2, FK5, LASF35

10%; K

7;

% Z2,5% K = 3,4

NINHENHOCTb 1,1%; cTekna: LAK31, SFGHT, SF11
linearity 1,1%; illuminator: LAK31, SF6HT, SF11

—

IIpHUeMHHUK II0lIaJilaeT BCe MeHee Y3KHUM Y4acTOK CIIeK-
Tpa. [Io3TOMy Ha IIpaKTHKe COOTHOIIeHHEe JOCTHUIraeT
3HayeHHUM 5+30.

C y4eTOM OIMCAHHBIX BBIIIE IIOAXOMOB U Tpebo-
BaHUIH K X0, 6bUI pacCYUTaH PAL ONITHUYECKUX CXeM
00BeKTHUBOB 15 OJUalla3oHa IJIWH BoaH 0,4-0,7 MKM.
OnTuyeckue cxeMbl ['XO M MX OCHOBHBIE XapaKTepH-
CTHKHU IIpefCTaB/IeHsl B Tabn. 1 aus IXO-ckiaenku (a),
TpexsnrH30Boro I'’XO (b), weTsIpexnnH30Boro I'XO (0).
JKUDHBIMU JIMHUSIMHU OTMeUYeHBl acpepuyecKkue
[IOBepXHOCTH. Ha puc.3 mpencraBieH Xof, KPHUBBIX
S’(\) 3a BBIUETOM JTMHEHHOH COCTaB/IAIOIICH.

SKCNMEPUMEHTAJIbHASA AMNMPOBALINA
B KTH HII CO PAH 6bUI pacCYMTaH K H3rOTOBJIEH
TpexJIMH30BbIH I'XO ¢ AJTUHOM Xpo-

) £() L

1
o) )

Selecting the material brands n,;(A) and n,(A),
as well as the ratio of the radii of curvature of
the lens, one can achieve a significant increase
in linearity. Thus, Fig. 2 shows a diagram of the
f(A\) dependence for the bonding of P-SF8 and
TIF6 glasses. Obviously, it is possible to obtain a
function sufficiently close to the linear dependence
f(A) (the nonlinearity is reduced to 6%) for the
bonding. For sensors operating in the distance
measurement mode, as a rule, a nonlinearity
of less than 1% is required. Such values can be
achieved only in more complex optical schemes

MaTH4ecKkoro orpes3ka 300 MKM.
Ero BHeIIHWH BHU/[ IIpe/CTaB/IeH
Ha puc.4a.

Ha ocuose I'’XO Bmepsele B Poc-
CHM CO3JaH MW YKe IIOJYYMJI 3KC-
[IepUMEeHTAJIBHYI0 amnpobaljHio
IIPOTOTUII KOHQPOKAIBHOIO [aT-
YMKa Ha OCHOBe XpoMaTuye-
CKOr0 KOOUPOBaHHSA B BOJIOKOH-
HOM MCIIONHEeHUH. Ha puc.db
NpeACTaB/leH ero BHENIHUM BH,.
OnrTuyeckas cxema JaT4yMKa IIOA-

pobHo omnumcaHa B [16]. OTnin4YreM
B CXeMe M3 IpefblAyIier paboTsl
aBTOPOB SB/SIeTCS HCIIOb30Ba-
HUe TpexJauH30Boro I'’XO BMecTo

Puc.5. Onmuueckas cxema mpexauH308020 '’XO. OCHOBHble Xxapakmepucmuku:
paboyuli ompe3ok — 30 mm, Az = 300 MKM; GOKYCHOEe pacCmosiHue — 24 mm, yeeau-
yeHue-0,2%, K=3.3

Fig. 5. Optical scheme of three-lens HCL. Main characteristics: working segment -
30 mm, Az =300 pm; focal length-24 mm, magnification - 0.2, K= 3.3

rubpunHoro gUGPaKLHOHHO-ped-
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PaKLIKOHHOIO obberTUBa. OTHeabHBIE JUH3BI [XO
M3TOTOBJIEHBl U3 JOCTYIIHBIX OT€YeCTBEHHBIX CTEKOII
AByx Mapok: T®10 u K8. OnTrveckas cxeMma I'’XO u ero
OCHOBHBIE XapaKTePUCTUKU IIpelCTaB/IeHbl Ha pUC.5.
[Ip1 MCIIO/IBP30BAHUM KaMephl B KadecTBe CIIeKTPoa-
Ha/IM3aTopa I10JIy4YeHa IIOrPelIHOCTh U3MepPeHH s pac-
CTOSIHH S 10 II0BEPXHOCTH 0,1 MKM.

PE3YJIbTATbI

B pabore mpenacTaBIeHBl OCHOBHBIE CXeMBI THIIEPXPO-
MaTHYeCKUX 0O0BeKTHBOB K IIPOAHATH3UPOBAHBI UX
OCHOBHBIE XaPaKTE@PUCTHUKHU. PacCUHMTaH M 3KCIIEpH-
MEHTAJIBHO aIlpoOHPOBAaH TPEX/IMH30BBIK I'HIIEPXPO-
MaTH4YeCKUH OO6BeKTUB C JJIMHOM XPOMAaTHYeCKOro
orpe3ka 300 MKM. Brepsrle B Poccuu paspaboTaH
IIPOTOTUII KOH(POKAJIBPHOIO HAT4YHKa II0BEPXHOCTHU
C XpOMaTHYeCKHMM KOOHPOBAaHHEM B BOJIOKOHHOM
HCIIOJIHeHWH, KOTOpOe II03BOJISIeT BBIHECTH 3a IIpe-
Ze/bl U3MepUTe/IbHON 006/1IaCTH UCTOYHUK U CIIeKTPO-
aHanu3aTop. IIorpelHOCTh M3MepeHHs CMeLleHHSs
obbeKkTa yganoch yMeHbIIUTh 0 0,1 MKM. JlaHHBIH
JaTUYMK MOXKeT IIPUMEHSAThCS B JIa3epPHBIX CHCTeMax
O/ TIpeliM3HOHHOI0 IIO3UIMOHHPOBaHHUS Ppabo-
YHUX 3JIeMEeHTOB HaJ obpabaTeiBaeMOM II0BEPXHO-
CTBIO BO BpeMs MHKPO—- M HAaHOCTPYKTYyPHPOBAaHMS,
a 3aTeM - ISl IPOQUIHPOBAHHS M BOCCTAHOBJICHUS
ee 3D popMBl.
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using three or four lenses and at least 3 brands of
optical materials.

When calculating the HCL, in addition to the
linearity of the range, it is also necessary to minimize
spherical aberrations and spherochromatism (the
dependence of the spherical aberration on the
wavelength). Spherochromatism 1is especially
pronounced when calculating the HCL with a large

operating range (ATf>5%). If the quality of the

scattering spots in the whole range of A\ is close to
the diffraction limit, light losses in the backward
path of the beams from the object to the fiber will be
minimized, and also the transverse resolution in the
object plane will not deteriorate.

Another important aspect in the calculation of the
HCL is the choice of the lens aperture, both from the
fiber side and from the object side. In order to reduce
energy losses, the input aperture of the objective
NA;,pu should be close to the numerical aperture of
the used fiber: NA;,, ., ~NAgy,,. The output aperture
should be selected based on the diffraction resolution
of the lens along the optical axis, which should be
much smaller than the working segment, i.e., the
following condition must be satisfied:

AZ
= ’
AZ .,

where Azgs, is the diffraction limited depth of the
HCL field:, where K is the diaphragm number.

The larger values are easily achieved by simply
scaling (increasing) the HCL optical schemes.
However, the energy characteristics of the sensor
deteriorate in this case, since the photodetector
receives an increasingly narrow portion of the
spectrum. Therefore, in practice, the ratio reaches
values of 5+30.

Using the above approaches and requirements
for HCL, a number of optical schemes of lenses for a
wavelength range of 0.4-0.7 pm were calculated. The
HCL optical schemes and their main characteristics
are given in Table 1 for the HCL-bonding (a), the
three-lens HCL (b), the four-lens HCL (c). Aspherical
surfaces are marked with bold lines. Fig. 3 shows
the run of the curves S'(A\) minus the linear
component.

EXPERIMENTAL APPROBATION

Three-lens HCL with a chromatic length of 300 pm
was calculated and manufactured at the Design and
Technological Institute of Scientific Instrumentation
SB RAS. Physical configuration is shown in Fig. 4a.
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