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B HacToswen pa6oTe npepsiaraeTcs KOHUenuus
ronorpadunyeckoro onTUYecKoro 3sieMeHTa
HOBOro Tuna. Takon oNTUYECKUn 31IeMEHT

6yaeT npeacTaBnaTb co60M rojsiorpaMmmy,
3anmncbiBaeMyto NyTemM CTbIKOBKM HECKOJIbKUX
3/1IeMeHTapHbIX Nosiei. Mpu 3TOM B KaXKAOM
3/1IeMeHTapHOM MoJie USMEHSAITCA c/lieayloume
napameTpbl: ryéuHa npopuns wWTpuxa

WK aMnNanTypa Moaynsauum nokasarens
npenomaeHus; Gopma npodpunas WTpmuxa nan
NONOCbl; YacTOTa WTPUXOB/ NONOC; KPUBU3HA
WTPUXOB / NONOC M NapaMeTpbl HEPAaBHOMEPHOCTHU
ux nepuoaa. Y noay4eHHOro KOMno3mTHOro
3/IeMeHTa TaKme XapakTepucTUKU, Kak
AndpakunoHHas 3¢pPeKTUBHOCTb, CneKTpaibHas
M yrnoBas CeNeKTUBHOCTb, MOASIPU3ALUOHHbIE,
AUCNepcUoHHbIe U abeppauoOHHbIe CBOM-

CTBa, MOTYT KOHTPO/INPOBATbCS JIOKAJIbHO.
Mcnonb3oBaHMe NOA06HbIX 3/1eMEHTOB NO3BOIUT
co3paBaTb HOBble ONMTUKO-3/IEKTPOHHbIE
npu6opbI C y1yYLEHHbIMU XapaKTepUCTUKAMMN.
Ha npumepe cxembl cnekTporpada ans
BMAUMOro gmana3soHa 400-800 HM nokasaHo,
YTO MCMOJIb30BaHMeE NOAO06HOro 3/1eMeHTa
no3sBosiseT CHU3UTb abeppauum Ao 2,14 pas

M MOBbICUTb CpeAHeKBaApaTUyYecKoe sHa4YeHue
AudpakunoHHom 3ppekTUBHOCTU Ao 1,47 pas.
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In the present paper we propose a concept of

a new type of holographic optical element. Such
an optical element will represent a hologram
recorded by stitching of several elementary
fields. In this case, the following parameters
may change in each elementary field: the groove
profile depth or refractive index modulation
amplitude; the shape of groove or fringe profile;
grooves/fringes frequency; curvature of the
grooves/fringes and their period non-uniformity
parameters. In the resulting composite element
such characteristics as diffraction efficiency,
spectral and angular selectivity, polarization,
dispersion and aberration properties can be
controlled locally. The use of such elements will
make it possible to create new optoelectronic
devices with improved performance. On an
example of spectrograph design for the visible
domain of 400-800 nm it is shown that the use
of such an element allows to reduce aberrations
by up to 2.14 times and to increase the root-
mean-square value of the diffraction efficiency
up to 1.47 times.
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1. BBEAEHWE

B mr060¥1 M306pasKarolIe OITHYECKOk CHCTeMe Habo-
JlaeTcsl U3MeHeHHe OCHOBHBIX ONTHYECKHX XapaKTe-
PHUCTHUK B IIPOCTPAHCTBE — KaK IIO IIOJIF0 3peHMs, TaK
U IO amepType. ITO CBOMCTBO CIIPaBelIHMBO IJIsI pa3-
JTUYHBIX 10 QU3UYECKOHM IPHUPOJEe XapaKTePUCTHK:
yBelIMYeHHUsI, reoMeTpUYecKUx abeppaliuil, IOTepb
Ha OTPKEHHE Ha IIOBepXHOCTAX, IIOTepb H3/1y4YeHHd
M3-32 IIOIVIOIIEHUSI U PacCesiHHsI B MaTepHalle OITH-
YeCKUX JAeTanel, AUGPaKIUOHHON 3 eKTHUBHOCTH.
M3MeHeHHe YKa3aHHBIX XapaKTePUCTHUK OrPaHHUYHU-
BaeT CO3JaHHeE ONTHUYECKHX CHCTeM C BBICOKOH CBe-
TOCHJION, IIMPOKUM II0JIeM 3PeHHsI, B HEKOTOPBIX
CIy4asiX CyskaeT pabodMil CIIeKTPAIBHBIN [IHAIa30H
CHUCTEMBl M, B LIeJIOM, IPelaTCTByeT IIOBBLILIEHHIO
K/IIO4YeBBIX QYHKIIMOHAIBHBIX IIOKa3aTe/lelr OIITHYe-
CKUX CHCTeM, HaIlpuMep pa3pellaromier CriocobHOCTH
U YyBCTBUTEIBHOCTH. C APYroHM CTOPOHBI, OJHOBpe-
MeHHOe IIOBBIIIeHHEe [TepeYHCIeHHbBIX XapaKTepPUCTUK
IO aIrlepType U IIOJIO 3peHHUs Her3bexkHo TpebyeT yBe-
JIMYeHUs] CBOOOSHBIX KOPPEKLIMOHHBIX I1apaMeTpPOB
Y BO3MOKHOCTH HX JIOKQJIBHOIO W3MeHeHUs IJISL pas-
HBIX TOYeK allepTyphl/Ions 3peHUsi. KolU4ecTBo CBO-
OOMHBIX KOPPEKLIMOHHBIX I1apaMeTPOB OIPAaHHUYEHO
psamoM $akToOpoB:

* TIIOCKOJBKY CHM’KEHHEe OITHYeCKHX XapaKTe-
PUCTUK OOyC/IOBIEHO Pa3IUYHBIMU QHU3HUe-
CKUMH 3QPeKTaMHU, ONHOBpeMeHHasl KOPPeKLMs
HEeCKOJIPKHX XapaKTepHUCTHUK TpebyeT KCII0Ib30Ba-
HUS Pa3s/IM4YHbIX QHU3UYEeCKUX IPUHIIUIIOB;

* TeXHOJIOTHH H3TOTOBJIEHUS ONTHYECKHUX JeTaslek
HMeIOT OTPaHUYeHHS, B YaCTHOCTH, yCJIOBHS OCe-
BOM MU IIJIOCKOCTHOM CUMMETPUHU OITHYECKHX
IIOBEPXHOCTEH, Ipefenbl TOUHOCTH KOHTPOJS
OIITHUYEeCKHX ITOBEPXHOCTEH U JleTasle, IIpefierbl
TOYHOCTH COOPKH U FOCTHPOBKH;

* [aXe B CJIy4ae, eCIH KOPpeKLHs HeKOTOPOH OIITH-
YeCKOM XapaKTepPUCTUKH BO3MOXKHA (QH3UYECKHU
Y TEXHOJIOTUYEeCKH, IIOMCK OITUMAJIBHOIO TEXHU-
4eCcKOro pelleHHs] OIPaHUYeH BO3MOXKHOCTSIMH
CYLIeCTBYIOLIUX aJITOPUTMOB pacdyeTa U ONTHMH-
3allMM U X IIPOTPaMMHOI peanu3aluu. C yBenu-
YeHHeM YHC/Ia CBOOOAHBIX ITapaMeTPOB BIHSHHE
JaHHOro GaKTopa pe3Ko BO3pacTaeT.

1. INTRODUCTION

In any imaging optical system, a spatial change in the
main optical characteristics occurs both across the field
of view and the aperture. This property is valid for char-
acteristics of different physical nature: magnification,
geometric aberrations, reflection losses on surfaces,
radiation losses due to absorption and scattering in the
optical elements material, and diffraction efficiency.
Change of these characteristics limits creation of opti-
cal systems with a high aperture, a wide field of view,
in some cases narrows the operating spectral range of
the system and, in general, prevents an increase in
the key functional parameters of optical systems, for
example, resolution and sensitivity. On the other hand,
a simultaneous increase in the listed characteristics
across the aperture and field of view inevitably requires
an increase in the number of free correction parameters
and a capability of their local change at different points
of the aperture/field of view. In turn, the number of
free correction parameters is limited by a number of
factors:

 Since the decrease in optical performance is due
to different physical effects, the simultaneous
correction of several characteristics requires use of
different physical principles.

e Optical elements manufacturing technologies
have limitations, in particular, the conditions
for axial or planar symmetry of optical surfaces,
limits of optical surfaces and components testing
accuracy, limits of assembly and alignment accu-
racy.

« Even if the correction of a certain optical charac-
teristic is physically and technologically possible,
the search for an optimal technical solution is
limited by the capabilities of the existing design
and optimization algorithms and their software
implementation. With an increase in the number
of free parameters, the influence of this factor
increases sharply.

The need to improve the optical characteristics of
imaging systems in terms of field of view and aperture
contradicts the listed limiting factors. This system of
contradictions can be generalized at the level of a scien-
tific and technical problem, typical for the entire opto-
electronic instrumentation.

2. UNDERLYING TECHNOLOGIES

It is possible to solve the problem formulated above for

a quite extensive group of optical and optoelectronic

devices, relying on the integral application of several

existing and developing technologies:

1. Holographic optical elements. By definition, optical
holography is an interferometric method for record-
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Heo6X0qHMMOCTb IOBBINIEHUSI OINTHYECKHX XapakK-
TePUCTUK M300pa’KAIOIIHUX CHCTeM II0 IIOTI0 3pe-
HUS M allepType BCTyIaeT B ITPOTHBOpedHe C Iepe-
YHUCIeHHBIMHU  OTPAaHHYHBAIOMUMH  (AKTOPAMH.
JlaHHAas CHUCTeMa IIPOTHBOPEYHUM MOXKeT OBITh 0606-
I[eHa Ha YpPOBHe HAy4YHO-TeXHUYECKOH IIpO6JIeMBI,
XapaKTepHOM [UIsI BCEero OITHKO-3JIeKTPOHHOIO
IIpU6OPOCTPOEHHUS.

2. BA3OBbIE TEXHOJIOIMUA

PemnTh COOPMYNTHPOBAHHYIO BbIIIe IIpobiemMy

IJIsL NOCTaTOYHO OOLIMPHOM TIPYIIIBl ONTHYECKUX

1 OIITHKO-3/IeKTPOHHBIX IPHOOPOB MOKHO, OIHPASICh

Ha MHTEerpajibHoe IpUMeHeHHe HeCKOJbKUX H3BeCT-

HBIX M Pa3BHUBAIOLIMXCSI TEXHOJIOTHH :

1. FTonorpammHbie onTuyeckne snemeHTbl. OINTHUYe-
CKasg Tojorpadus II0 OIpefeleHHI0 sBJISeTCS
UHTepPepOMEeTPUYECKMM MEeTONOM pPerucTpanuu
KOTePeHTHOH 3/1eKTPOMarHUTHOM BOJHBI, JUdpa-
TUPOBaHHOM Ha obbekTe [l]. B KOHTeKCTe HAcCTO-
SIIIer0 MCC/Ief0BAaHUS 3TO TaKKe MOIIHBIM METOJ
CO3JaHM S OIITHYECKHUX KOMIIOHEHTOB C 3aJlaHHBIMU
CBOMCTBaMH. [0JIOTPAMMHBIM OIITHYeCKHUH 3jIe-
MeHT (FO3) MoxkeT GopMHpOBaTh H306paskeHHE
HWJIN BOJIHOBOM OPOHT 3aJaHHOM IIPOM3BOJIBHOM
GOpMBI, BBIIIONHAThL QYHKLMU paccerBaTeIss WU
nonsgpusaTopa. Cpeau CyIIeCcTBYIOIMMUX TUIIOB O3
BKHO BBIZI@/INTD C/IeyIOIIHe IPYIIIbL:

la. ®wusuyeckne rosnorpammbl. [OD MoxkeT OBITH

IIpefcTaB/ieH U paKTUYECKHU HM3IOTOBJIEH IIyTeM
peructpanii Ha QOTOYYBCTBUTEIBHOM CJIo€
HHTepdepeHIIMOHHON KapTHHBI OT [JBYX BOJHO-
BbIX QPOHTOB. Kak IpaBM/IO, IIPU TaKOM IIOM-
XOZie CXema 3aIlMCH IoJI0TPpaMMBbl CPAaBHUTEIBHO
IIPOCTa, a IapaMeTphbl 3allMCH U BOCIIPOH3Bee-
HU S CBSI3aHbl HEIIOCPeACTBEHHO.

[IprMepoM MOTYT CIYKHUTb H300pa3sUTesbHbIE
TOJIOTPaMMBI MJIM TOJIOTPaMMHBIE TUGPAKIIHMOH-
Hble PelIeTKH, MCIIO0JIb3yeMble B CIIeKTPa/IbHBIX
npubopax [2].

16. CuHTe3snpoBaHHble rosorpaMmbl, MoJsyvaemble
MeTOAOM MPSIMOMN 3anUCU NasepHbIM MYYKOM.
C npyrou cropoHel, ['OJ, pacCYUTaHHBIN Kak
vHTepdepeHIMOHHAs KapTHHA, Ha CTaJUHU IIPO-
M3BOZCTBA MOXKET PACCMaTPHUBAThCs KaK CHCTeMa
I10/10C MJTH IUTPHXOB, KK bIK K3 KOTOPBIX MOKET
6BITE COOPMHPOBAH OTAENBHO. Hampumep, oH
MOKeT OBITb 3alMCaH C IIOMOIIBIO JIA3€PHOrO
HCTOYHHKA B PeKHMMe, KOIJa Y3KHUU JIa3epHBIH
Ay4 GOpMHUPYeT LITPUXHU OOHH 3a APYyrUM. I1pu-
MepaMHU JJaHHOIO IIO/IX0Ja MOTYT OBITb CHHTe-
3MpOBaHHBIE TOJIOTPAMMEI [3] K rolorpaMMHBIe
pemeTku [4].
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ing a coherent electromagnetic wave diffracted by
an object [1]. In the context of this research, it is
also a powerful method for creating optical compo-
nents with desired properties. A holographic optical
element (HOE) can form an image or a wavefront
of a given arbitrary shape, perform the functions
of a diffuser or polarizer. Among the existing types
of HOEs, it is important to highlight the following
groups:
Physical holograms. HOE can be represented and
actually manufactured by recording an interfer-
ence pattern from two wavefronts on a photosen-
sitive material. As a rule, with this approach, the
hologram recording scheme is relatively simple,
and the recording and reproduction parameters
are directly related. An example is image holo-
grams or holographic diffraction gratings used in
spectral instruments [2].
Synthesized holograms obtained by direct record-
ing with a laser beam. On the other hand, a HOE
designed as an interference pattern, at the produc-
tion stage can be considered as a system of grooves
or fringes, each of which can be formed separately.
For example, it can be recorded using a laser
source, in a mode, when a narrow laser beam
forms the grooves one after another. The synthe-
sized holograms [3] and holographic gratings [4]
can serve as the examples of this approach.
In both cases, it is possible to create a HOE with
a complex grooves pattern.

. Diffractive elements with a variable grooves depth.

Relief-phase reflective gratings with continuously
varying groove depth are used in some spectral
instruments [5]. This technical solution allows to
adjust the diffraction efficiency over the entire area
of the element, thereby maximizing the overall effi-
ciency or allows building a scanning system.

. Stitching interferometry. This technology is used,

for example, when testing optical elements, when
a complex optical surface must be measured with
high accuracy [6, 7]. The accuracy of this method is
mainly limited by the size of the elementary field
and the number of stitched fields. As applied to the
problem under consideration, this method is pro-
posed to be used to form a complex interference pat-
tern by stitching several elementary fields.

New holographic materials. A number of new holo-
graphic materials have recently been developed and
successfully tested. Among other advantages, some
of these new materials have a known and accurately
calibrated exposure response and require fewer post-
processing steps. For example, new photopolymers
for volume holography are characterized by repro-



B oboux ciny4asix BO3MOXHO co3maHue [O3
CO CI0KHOM GOPMOHU IUTPUXOB.
. MepemeHHas rnybuHa wrpuxa AnNdpakUMOHHOIO
3nemeHTa. PenbedHO-Pa3oBble OTpaskaTelbHbIe
PelIeTKH C HeIIPephIBHO HM3MEHSIOIeNcs I1ybu-
HOIM HITPHXa MCIIOJNB3YIOTCSI B HEKOTOPBIX CIIeK-
TpanbHBIX Ipubopax [5]. Takoe TexHHUecKoe
pelleHMe [103BOJIseT PeryJHupoBaTh AUPPAKLIHMOH-
HY10 3¢ PeKTHUBHOCTS 10 BCeH IJIOWAJH JIeMeHTa,
TeM CaMbIM MAaKCHMH3HUPYysT obmyno 3bdex-
TUBHOCTb MJIM II03BOJIASL IIOCTPOUTEL CHCTEMY
CKaHHUPOBAaHHUS.
. NuTepdepomeTpus co cumsaHueMm nonen. ITa
TeXHOJIOTHS MCIIOJIb3YyeTCsl, HallpuMep, IIPH KOH-
TpoJie ONTHYeCKHX 3/IeMeHTOB, KOIJa CI0XKHas
OIITUYeCKass IIOBePXHOCTh [JOJ/I’KHA H3MepAThCs
C BBICOKOM TOYHOCTBIO [6, 7]. TOYHOCTH 3TOrO
MeTofla OrpaHHYeHa IJaBHBIM o06pa3om pasme-
POM 3JIeMeHTapHOIO IO/ M KOJHYeCTBOM CIIH-
BaeMBIX KaZpoB. IIpHMeHHUTeIbHO K PacCMaTpH-
BaeMOH IpobiieMe HAHHBIN MeTOJ, IIpefJiaraeTcs
HCIIONb30BaTh M1 GOPMHUPOBAHHUS CIOKHOHU
HHTepOepeHIIMOHHON KapTHHBl MyTeM CIIHBa-
HUS HECKOJIBKUX JIeMEeHTAPHEIX IT0/IeH.
. HoBble ronorpaguueckme martepuannsl. HemaBHO
6pL71 pa3paboTaH U YCIEIIHO HCIBITAH PSJ HOBBIX
MaTepHanoB Ajad romorpapuu. Cpegu IOPYrux
IIPeMMYIIEeCTB HEKOTOpPble M3 3THX HOBBIX MaTe-
pHAIOB 00MafaloT H3BEeCTHBIM U TOYHO KaJlH-
OpyeMBIM OTKJIHMKOM Ha O3KCIIO3HUIHI0 H Tpe-
OYIOT MeHbllle 3TAIlOB ITOC/IeAyomer o6paboTKU.
Hanpumep, HoBble QOTOMONUMEPHI A1 06beM-
HOI rojnorpaduu XapaKTePHU3YIOTCS BOCIIPOM3BO-
JUMOCTBIO 3aBUCUMOCTH MOMY/IALMHU IIOKA3aTesIs
IpeOMJIEHUS OT 3KCIIO3UIHH [8,9].
CinemoBaTe/lbHO, C MCIIOJb30BAHHEM TaKOTO
MaTepHhasia MOXKHO HM3roToBUTh [0 c 3agaHHOU
AMIUIMTYOOM MOIYISILMU II0Ka3aTe/s IIpeoMile-
HHS. 9TO 03Ha4aeT, YTO TAKUMH CBOMCTBAMH, KaK
[IOJIOKeHHe, MKMPHHA U $opMa KpPHUBOU AHUpaK-
LHOHHOM 30 $eKTHUBHOCTH, MOKHO YIIPaBIIsTh.
. AKTMBHas n apantusHas onTtuka. TeXHOJIOIMH
aKTHUBHOM OITHUKH, HallpuMep AePopMUPYeMBbIe
3epKajla MM IIPOCTPAHCTBEHHBIE MOJIYJISTOPHI
cBeta (SLM - spatial light modulator), ucmons-
3yI0TCSL A/l KOppeKIIMK abeppalluM BBICOKHX
IIOPSIKOB. B KOHTEKCTe OMMCAHHOM ITPO6IeMBI
OHH MOTYT OBITb NPHUMEHEHBl IS CO3[aHUS
3allKMCBIBAIOIEr0 BOJIHOBOIO GpOHTAa IIPHU H3TO-
ToB/eHUU [O3. ITogobHoe HCIIONb30BaHMHE OBIIO
ImokasaHo eme B [10], ¥ HHOTZA OHO Ha3bIBa-
eTCsl 3aIIMChI0 TOJIOTPAMMHOM pelleTKH BTOPOIO
[IOKOJIEHHS.
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ducibility of the dependence of the refractive index
modulation on the exposure [8, 9]. Consequently,
using such a material, it is possible to manufacture
a HOE with a desired refractive index modulation
amplitude. This means that such properties as posi-
tion, width and shape of the diffraction efficiency
curve can be controlled.

Active and adaptive optics. Active optics technologies
such as deformable mirrors or spatial light modula-
tors (SLMs) are used to correct high-order aberrations.
In the context of the described problem, they can be
used to create a recording wavefront when manu-
facturing the HOE. A similar use was shown in [10]
and is sometimes referred to as recording a second-
generation holographic grating.

THE CONCEPT OF COMPOSITE
HOLOGRAPHIC ELEMENTS

In the frame of this study, we consider the possibility
of development and integral application of the listed
technical solutions and technologies for the creation of
a new type of holographic optical elements and optical
systems based on them. Such an element will combine
the advantages of the above technologies and will sig-
nificantly increase the number of correction parameters,
and, as a result, improve the main optical characteris-
tics of imaging systems.

The proposed holographic optical elements will repre-

sent holograms recorded by stitching several elementary
fields. The hologram can be volume-phase or relief-
phase. In this case, the following parameters may
change in each of the elementary field:

« the depth of grove profile or the refractive index
modulation amplitude;

« the shape of groove/fringe profile;

« frequency of grooves/fringes;

« curvature of grooves/fringes and the parameters of
their period non-uniformity.

Therefore, such parameters of the element as diffrac-

tion efficiency, spectral selectivity, angular selectivity,
polarization, dispersion, and aberration properties can
be controlled locally. Hereinafter, we propose to call such
an optical element a composite holographic optical ele-
ment - CHOE. A variant of the CHOE recording scheme
is shown in Fig. 1. Laser radiation 1 passes through
pinholes 2 and is collimated by objective lenses 3. In
one of the arms of the interferometer there is a device
for controlling the wavefront - a deformable mirror or

=

spatial light modulator 4. Also, auxiliary optical ele-

ments 5 can be used. Beams formed by them interfere
forming a pattern of grooves in an elementary field 6,
which is recorded on a substrate with a photosensitive
material 7. Using the scanning mechanism 8, the inter-
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3. KOHLUEMUNA KOMMO3UTHDbIX
roOJIOrPAMMHbBIX D/IEMEHTOB

B pamKax JAaHHOIO HUCCIe[0BAHHS PACCMaTPHUBAETCS
BO3MOKHOCTb PasBUTHS U KOMILJIEKCHOTO IIPHUMeHe-
HUS IIepeuHC/IeHHBIX TeXHUYeCKUX pelleHHH U Tex-
HOJIOTUM [JIsI CO3[aHHUsI HOBOI'O THIIA TOJIOIPaMM-
HBIX ONTHYECKUX 3/IeMEHTOB K OITHYeCKHX CUCTEM
Ha HUX OCHOBe. IIof0OHBIN 37eMeHT OOBeJUHHUT IIpe-
HMYyILeCTBa YKa3aHHBIX BBIIIE TEXHOIOTHIH U II03BO-
JIUT 3HAYUTE/IbHO YBeJIUYUTh YHUCI0 KOPPEKLIMOHHBIX
IapamMeTpoB M, KaK CJe[CTBHE, IIOBBICUTb OCHOB-
Hble OITHYeCKHe XapaKTEPUCTHUKHU H300paskaroliux
CHCTEeM.

[Tpenaraemsle rojaorpadpuyeckde OINTHYECKHe
371eMeHTHl OyAyT MpefCTaBIsATh COOOM TOJIOTPaMMBI,
3aIlMChIBaeMble I1yTeM CTBIKOBKH HEeCKOJIbKUX 3/1eMeH-
TapHBIX IIONeH. [omorpaMMa MoXKeT ObITb 06BEMHO-
daszoBor mau penbedHO-Pa30BOU. IIpU 3TOM B KaK-
JIOM 3/IeMeHTAapHOM IIOJIe U3MEeHSIOTCS Clefyolihe
[apaMeTphl:

e raybuHa npoduas IUTPHUXAa HJIM AMIUIUTYZAA

MOJY/ISLIMH II0Ka3aTesIsi IIPeJIOM/IeHHUS

*  dopma mpoduIs IMTPUXA HUIH I10JIOCHI;

* YaCToTa IITPHUXOB/II0JIOC;

* KPHBH3HA IITPUXOB/IIONOC K [IapaMeTPbl HEPaB-

HOMEPHOCTH HX IIepHOJa.

CiemoBaTe/IbHO, TaKHWe IIapaMeTphl 3JIeMeHTa,
Kak gudpakuproHHas 3PPeKTUBHOCTh, CIIEKTPaJIb-
Hasl CeJIeKTUBHOCTb, YIJIOBas CeJIeKTHBHOCTb, I10JIS-
PHU3ALMOHHBIE, NUCIIEPCHOHHBIE U abeppallloOHHEBIE
CBOMCTBA, MOI'YT KOHTPOJIMPOBATLCS JIOKAJIIBHO. 311€eCh
U [ajlee IIpefjaraeM Has3blBaThb TaKOM ONTHYeCKUH
3JIeMeHT KOMIIO3UTHBIM TOJIOTPAMMHBIM OIITHYe-
CKHM 371eMeHTOM —- KI'03.

BapHaHT NPUHLHIIHAIBHOK CXeMbl 3anucu KI0Od
IpeacTaB/iieH Ha puc. 1. Msnydenure jasepa I 1po-
XOOUT 4epe3 ToueuHble JHAadparMbl 2 U KOJJIMMUPY-
eTcs obbeKTHUBAMHU 3. B omHOM M3 Iledel HHTepde-
PEHLIMOHHON YCTAaHOBKH pacIlonaraeTcs YCTPOMCTBO
[U1s YIIpaB/IeHUSI BOJTHOBBIM QPOHTOM — AedOpMHUPY-
emMoe 3epKaJIo WM IIPOCTPAaHCTBEHHBIM MOZY/ISTOP
cBeta 4. Takke MOI'YT KUCIIO/Ib30BATHCS BCIIOMOIATe b
Hble ONTHYeCKHe 3jeMeHTHl 5. Ilyuku, chopMHUpO-
BaHHbIe C KX IIOMOLIbI0, HMHTepdepupylor, obpasys
KapTHHY LITPHUXOB B 3JIeMeHTapPHOM I1071e G, KOTopas
PerucTpUpyeTcss Ha IIOMJIOKKe C (POTOYYBCTBHTEIb-
HBIM cs1oeM 7. C IIOMOIIBI0O MeXaHK3Ma Pa3sBepTKH §
HHTepdepeHIIMOHHAsl KapTHHA II0C/Ie[0BaTe/IbHO
IPUBOAUTCS HA Ppa3/lHU4YHBle YYaCTKH IIOAJIOKKH.
[Tpu 3TOM 3a C4eT U3MeHeHHUs IPOPUIISL MOAYISATOPa
CBeTa M3MeHseTCsd KapTHHA LITPUXOB H abepparu-
OHHBIE CBOMCTBAa PelIeTKH B KaKAOM K3 3/1eMeHTap-
HBIX Iosed. C [IOMOIbI0O [IOBOPOTHOIO MexaHH3Ma 9
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ference pattern is sequentially brought to different parts
of the substrate. In this case, due to a change in the
profile of the light modulator, the pattern of grooves and
the aberration properties of the grating in each of the
elementary fields change. With the help of the rotation
mechanism 9, the angles of inclination in the recording
scheme and, consequently, the frequency of the fringes
and their inclination can be changed. Change the expo-
sure time and/or radiation power during recording of
each elementary field will make it possible to change
the parameters of the formed holographic structure and
its diffraction efficiency. Next, we consider the use of
a CHOE recorded in a similar scheme for constructing
a flat-field spectrograph scheme. Note that the design
and modeling of an optical system with such an element
requires an integral use of several methods. In Figure 2

Puc. 1. [TpuHyUNUAAbHas cxema 3anucu KOMNo3umHoz0
20/102pAMMHO020 3AemMmeHma: 1 - ny4yoK Ad3epd; 2 — moveyHas
duappazma; 3 - Koraumamop; 4 — depopmupyemoe 3ep-
Kano/npocmpaHcmeeHHbll Modyasmop caema; 5 —-8cnomo-
2ameAnbHas npoekyuoHHast OC; 6, 6’ - anemeHmapHbie noAs
3anucbleaemoll 20A02pamMmbi; 7 — N00A0XKKA; 8 — cucmema
MexaHu4eckol pazeepmiu; 9 — N080POMHbIL MEXAHU3M
Fig. 1. A composite holographic element recording scheme:
1-laser beam; 2 — pinhole; 3 - collimator; 4 - deformable
mirror/ spatial light modulator; 5 - auxiliary projection
optics; 6, 6 ‘- elementary fields of the recorded hologram;

7 - substrate; 8 — mechanical scanning system; 9 - rotation
mechanism.
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MOTYT HM3MEHSTbCA YyI/Ibl HAaKJIOHA B CXeMe 3allHCH
M, CJIefoBaTe/IbHO, YacTOTa IUTPHUXOB M HX HAKJIOH.
H3MeHeHHe BpeMeHH 3KCIIO3MLIUK H/HIH MOILHO-
CTH M3/IYYeHHUS [P 3aIKUCH KaXKA0ro 3/IeMEeHTapHOIo
I10JIS1 IIO3BOJIUT M3MEHHUTD [TapaMeTpbl GOPMHPYeMOK
rosorpapuyeckor CTPYKTYpEl U ee NHPAKLHOHHYIO
3pdeKTHBHOCTD.

Jlasmee MBI pacCMaTpUBaeM HCIIOJAb30BaHHe KI'O3,
3aIIMCAaHHOTO B IIOfOOHOM cxeMe, [/ IIOCTPOeHHSI
CXeMBbl CIekTporpada C IIOCKUM IonemM. OTMeTHM,
YTO pacdeT U MOJETUPOBAHHE CXEMBI C MOLOOHBIM
37IeMEHTOM TpebyeT KOMILUIEKCHOIO HKCIIOIb30BaHMUS
HECKOJIbKMX MeTO0B. Ha puc. 2. yIIpoIeHHO ITI0Ka3aH
AJITOPUTM pacueTa. [jid APYTUX THUIIOB OITHYECKUX
CxXeM OH MOKeT He3Ha4MTe/IbHO OT/IMYaThCs. B Kadye-
CTBe HMCXOAHOM KOHOUIYPALIMU HCIIONB3YeTCsl CxeMa
criekTporpada ¢ IJIOCKUM I1071eM Ha OCHOBE BOTHYTOM
IIPOIyCKAIOIIeN TOJOTPAMMHOK PpelleTKH, I10H06-
Has omnMcaHHoH B [11]. B naHHOM cinydae JUPPaAKIIH-
OHHAas pelleTKa 3aIllHChIBaeTCs ABYMS TOUYEUYHBIMU
KOTepeHTHBIMM KMCTOYHMKaMH. IlapaMeTphl CXeMBI
paboThl M CXeMBI 3alKCH MOTYT OBITh OIIpefeeHbl
AHAJIUTHYECKH M3 YCJIOBUS KOPPeKLUHH IepOKyCH-
POBKH I10 CIIeKTPY, KOMBI U aCTHI-

a simplified design algorithm is shown. For other types
of optical schemes, it may differ slightly. The initial
configuration is a flat-field spectrograph based on a con-
cave transmission holographic grating, similar to that
described in [11]. In this case, the diffraction grating is
recorded by two point coherent sources. The parameters
of the operating scheme and the recording scheme can
be determined analytically from the condition for cor-
recting defocusing along the spectrum, the 1st order
coma and astigmatism at the central wavelength. Ray-
tracing using numerical methods allows to refine the
scheme parameters, for example, introduce the image
surface tilt angle. Assuming that the transmission grat-
ing is a volume-phase one, we can use the analytical
equations of the Kogelnik’s coupled waves theory [12]
to determine the thickness and modulation depth of
the holographic structure that provides the maximum
diffraction efficiency at the grating vertex. After deter-
mining such an initial configuration, the holographic
element is divided into zones, the number and shape
of which is defined by technological and computation
capabilities. It is assumed that for each zone, such
variables as the thickness and modulation depth of the

MaTu3Ma 1-ro mopsiaka Ha Cpefi-
Hel JJIMHe BOJHBI. TpaccHpoBKa
JTyder C IOMOIIBIO YHCIeHHBIX
MeTO/IOB I103BOJIsleT yTOYHHTh
IapaMeTphl CXeM, HallpuMep BBe-

PacyeT UCXOLHOM
CcXeMBI paboThL

.

TpaccupoBKa PacueT cxeMBbl
CTH YILOJ Pa3BOpOTa IIOBEPXHO- nydert 33ITHCH
CTH 1/1306pa>1<eH1/151. Honaraﬂ, 4To l
IIpOIlyCKaloIias pelleTKa sBJIsi- P — 1 [ )

eTcss 0b6beMHO-$a30BOM, MOXKHO

i

CBsA3aHHEBIX BOJIH

Oontumusanus 13
I 1 TOUKU

KCII0/Ib30BaTh aHaJIMTHYeCKHE
COOTHOIIEHUSI TEOPUM CBSI3aHHBIX
BosmH KorenmpHuka [12] myis orpe-
IelleHUsT TONIIUHBL U ITyOHHBI
MOOYJISIIUKU Toa0rpadUvIecKOH
CTPYKTYypBl, obeclednBarollen
MaKCHMMAJIPHYI0  OUPPaKILIKOH-
HYIO 5pPeKTUBHOCTL B BepIIHHE
pemetrku. Ilocie ompeneneHus
ofo6HOM HCXOAHOM KOHQHUTY-
pallMd TO/JOTPAMMHBIM 3/IeMeHT
pasbuBaeTcsi Ha 30HBI, KOJIH-
4ecTBO U GopMa KOTOPHIX OIIpe-

|

Pas6uenue [JO3
Ha 30HbI

YucneHHad
OIITUMHU3ALUSA

PacueTt ab6epaniui

OrpaHHUYeHUN

| !

‘ ITpoBepKa }‘ _

IensieTcss  TeXHOJIOTHYeCKUMHU
U pPacyeTHBIMU BO3MOXKHOCTSIMH.
[TomaraeTcs, 4YTO IS KaXKIOH
30HBl TaKHe IlepeMeHHBble, Kak
TOJANMHA M INybHMHA MOLyJIs-
LUH Tronorpaduvueckor CTIPyK-
TYpBl, KOOPAHWHATBHl HCTOYHUKOB

Puc. 2. YnpoueHHbIl anzopumm pacyema onmuydeckol cxembi ¢ KFOD
Fig. 2. Simplified algorithm for design of an optical scheme with CHOE

Pacyet 15

AHaIN3
XapaKTepUCTHUK
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3aIIMCH Y I1apaMeTphl OPMbl KAK MUHHUMYM OJHOTO
3allMCHIBAIOIEr0 BOJIHOBOTO (GPOHTA, SBISIOTCS
HEe3aBHCHUMBIMH KOPPEKLHOHHBIMHU IIapaMeTpPaMH.
C IOMOIIIbI0 YHMC/IEHHBIX METOL0B OITHMM3HUPYETCs
oueHouHas QyHKIHUs. OHa BKIOYaeT B cebs: B3Be-
IIeHHYIO CyMMYy abeppalluil Ha KOHTPOJIBHBIX IJIMHAX
BOJIH [IJISI HECKOJBKHX TOYEK IT0 BHICOTE BXOIHOM
eIk CIleKTporpada; cpefHeKBaApaTH4YecKoe 3Haue-
HUe AUPPAKLHOHHON 3PPeKTHUBHOCTH IO 3alITPH-
XOBAaHHOM 00JIaCTH Ha KOHTPOJIBHBIX IJIMHAX BOJIH;
rpaHHUYHBIe YCIOBUS, 33Jal0lKe IIpefie/ibHble 3Haue-
HMUS PACCTOSIHUM U YITIOB B CXeMax paboThl U 3aIIHCH;
Ipefe/ibHble 3HAUeHMs TOJIIUHBL KU TTyOHHBI MOIY-
JISILIUM TOJIOTPAMMEI, a TAaK’Ke COXpaHeHHe 0bpaTHOM
JTMHENHOH JUCIIEPCHH.

BeluncieHHs BCceX II€pedHC/IeHHBIX 3HauYeHHM
IIOBTOPSIIOTCSL OIS KaKAOH 30HBI KIO3 M CyMMH-
PyIOTCsL B 0OIIel OLIeHOYHOHM (QYHKUMHU. IIpH 3ToM
B KKAOM I[MK/JIe ONTUMMH3AIUU COBMECTHO BBIUHC-
JAIOTCSL 3HaueHHs! abeppauuil U JUPPAKLIIHOHHOM
3QPeKTUBHOCTH C UCII0/Ib30BaHHEM YKa3aHHBIX PaHee
MeTonoB. Ha BhIXOJe LIMK/IA YUCIEHHOM ONTHMH3A-
MU [OIIOJIHUTE/IbHO KOHTPOJNHPYeTcs Qr3nYecKas
peann3yeMoCcTb HalIeHHOTO pelleHHs], B TOM 4YHCIIe
dopma 3amUCBHIBAOLMUX BOTHOBBIX QPOHTOB U Ilepe-
MeIleHHUs 3JIeMeHTOB CXeM 3allMCH IIPU IIepexofe
OT OTHOM 30HBHI K IpyTou. B ciy4ae, eciv HaKleHHEIe
3HAa4YeHUs peajr3yeMbl, [IPOBOAHTCS aHAIU3 JOCTUI-
HYTBIX XapaKTePUCTHUK, MHa4e, IIOBTOPSeTCS YHC/IeH-
Has ONTHMM3aLKS I10C/le KOPPeKLHU OrPaHHYeHUN
U1 BECOBBIX KO3PPHUIIHEHTOB.

B cnenyromem paspene OeMOHCTPHUPYETCS IIPH-
MeHeHHe [JAHHOIO QITOPUTMA ISl pacdyeTa CXeMbl
criekTporpada [yist BUAMMOM 06/IaCTH CIIeKTpa U IIPH-
BOJSATCSL OLIEHKH IIPeUMYIIeCTB C TOYKH 3peHHs KOp-
pekuMY abeppalluil U MaKCUMHU3ALUU OUGPAKIIUOH-
HOHU 30PeKTUBHOCTHU, AOoCTUTraeMble B cxeme ¢ KTOD
B CPaBHEHMH C UCXOAHOMN KOHOUTypallHemn.

4. MPUMEP ONMTUYECKOW CXEMblI
CMNMEKTPOIPAD®A

PacCMOTpPUM OINTHYECKYIO CXeMy CIIeKTporpada s
BHUIKMMOIO CIIeKTpaJibHOro auaras’oHa 400-800 HM,
paboTarmmyio ¢ 3KBHBAJIEHTHBIM OTHOCHUTEIBHBIM
oTBepcTheM 1:3,2. OHaA COCTOMT U3 eIUHCTBEHHOIO
ONTUYECKOro 3/IeMEeHTa — BOIHYTOM IIPOIyCKaIoIleH
pellleTKH, YCTAHABIHMBAEMOM B CXOIAINeMCS IIy4Ke
B HOpPMAaJ/IPHOM IIaJeHHH. PacCTosiHHe OT II0BepX-
HOCTU pelleTKH [0 PoKyca Iyduka (MHHMOM BXO[-
HOHU IIenx) cocTaBiseT 200 MM. PaccMaTpHBaeTcs
cay4ar paboThl ¢ BXOAHOM INEIbI0 BBICOTOM 10 MM.
PermeTka HAaHOCHMTCA Ha BOTHYTOM II0BEPXHOCTH
KOHILIEHTPHUYECKOTO MeHMCKa C paguycoMm 200 MM.
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holographic structure, the coordinates of the recording
sources and the shape parameters of at least one record-
ing wavefront are independent correction parameters.
Using numerical methods, a merit function is opti-
mized, which includes:

« a weighted sum of aberrations at the reference
wavelengths for several points along the the spec-
trograph entrance slit,

« a root-mean-square value of the diffraction effi-
ciency over the grating area at the reference wave-
lengths,

+ boundary conditions that set the limiting values of
distances and angles in the schemes of operation
and recording, limiting values of the hologram
thickness and modulation depth, as well as main-
tenance of the reciprocal linear dispersion.

Calculations of all the listed values are repeated for
each CHOE zone and are summed up in a general merit
function. In this case, in each optimization cycle, the
values of aberrations and diffraction efficiency are cal-
culated simultaneously using the methods mentioned
above. At the output of the numerical optimization
cycle, the physical feasibility of the found solution is
additionally checked, including the shape of recording
wavefronts and the movement of recording scheme ele-
ments when passing from one zone to another. If the
found values are realizable, the achieved characteristics
are analyzed, otherwise the numerical optimization
is repeated after correcting the constraints and weight
coefficients.

The next section demonstrates application of this
algorithm for design of spectrograph scheme working
in the visible spectral region and provides estimations
of the advantages in terms of aberration correction
and maximization of diffraction efficiency achieved in
the scheme with CHOE in comparison with the initial
configuration.

4. AN EXAMPLE OF SPECTROGRAPH
OPTICAL SCHEME

Let us consider an optical scheme of spectrograph for
the visible spectral range of 400-800 nm, operating
with an equivalent F/# of 3.2. It consists of a single
optical element - a concave transmission grating set
up in a converging beam at normal incidence. The
distance from the grating surface to the beam focus
(imaginary entrance slit) is 200 mm. The case of
operation with a 10 mm high entrance slit is consid-
ered. The grating is imposed on the concave surface of
a concentric meniscus with the radius of 200 mm. The
meniscus central thickness is 5 mm and it is made of
K8 (Schott BK7 equivalent) glass. As the initial config-
uration, we use a scheme with a grating recorded by
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MeHHCK HMeeT TONIIHUHY [0 OCH
5 MM U BBIIIOJIHEH M3 CcTekia K8.
B KavecTBe HMCXOLHOM KOHQUIYpa-
LMK MCIIO/NIb3yeM CXeMy C pelleT-
KO, 3aIllMCBhIBa€MOM ABYMS TOUeU-
HBIMH HCTOYHMKAMH Ha IJHHEe
BO/HEL 441,6 HM. IIpy 3TOM LIEHT]
HM300paskeHUs] CIIeKTpa HMeeT
KoopauHaThel (207,93 MM; 13,89°),
a ero ajauHa 34,1 MM.

IlIss pacyeTa CXeMbl HMCIIO/Ib"
3yeTcs aJTOPUTM, IIpeAcTaB-
JeHHBIM Ha pHc. 2. IlapaMeTpsl
CXeMBbl 3allMCH U Trojorpadpuye-
CKOM CTPYKTYPBI, HalJeHHBbIe [JIs
HCXOOHON KOHQHUTypallMH, YKa-
3aHbI B CBOLHOM Tabi. 1.

I[Ipy MogudUKALUKK JAaHHOU

cxeMbl bymemM paccMaTpHUBaTh
KOMIIO3UTHYI0 T0JOTPAaMMHYIO cnekmpa
pellleTKy, COCTOSINYI U3 Tpex

37leMeHTapHBIX II07el pa3MepoM

Puc. 3. Onmuueckas cxema cnekmpozpaga ¢ KFO3: 1- nadarouiee usny4e-
Hue; 2= Kro3 (I, Il u lll - 3nemeHmapHsle noAs); 3 = NAOCKOCMb pezucmpauuu

Fig. 3. Optical scheme of the spectrograph with CHOET - incident beam;
2-CHOE (I, Il and Ill - elementary fields); 3 - spectral image plane

II1 \II

21,4x64 MM, CMeIIEeHHBIX OTHO-
CUTEJIIBHO [Apyr Apyra B MepH-
OUOHAIBHON IIIOCKOCTH. BHI cxeMbl crekTporpada
¢ KT'O3 mpencTaBieH Ha puc. 3.

PaccMOTpUM OCHOBHBIE OITHYeCKHE XapaKTepH-
CTUKHM HCXOJHOM KOHOQHUIypaluu cxeMbl. Ha puc. 4
JaHbBl TOYeYHBIe OHUArpaMMBbl CXeMBbl CIIeKTporpadpa
Ha TpexX KOHTPOJBHBIX [IIHHAX BOJMH g LeHTpa
M Kpasi BXOOHOM Wienu. O4eBHUIHO, YTO HCXOAHBIN
AHUINTHYECKUI MeToJ, pacuera obecriedrBaeT XOpo-
IIyI0 KOPPeKILIHIO abeppalikii [IePBOro IIOPsAKa Iyder
CpelHeH JIJIMHBL BOJHBL AUATla30Ha J/Is LIeHTpa Le/TH.
K Kpasgm crmekTpa 3HAYUTEIbHO BO3PACTAeT aCTHUI-
MaTHU3M, XOTS OedOKYCHPOBKA B MeEPHIHUOHAIbHOU
IUIOCKOCTH IIO-IIpeKHEMY CKOppeKTHpoBaHa. Taxske
MO>KHO OTMETHTbH CHH KeHIEe KaueCTBa H300paskeHHUsI
I10 BBICOTE BXOJHOM e/ .

Insi ymobcTBa YMCIEHHOM OLIEHKHM M CpaBHe-
HUSI JaHHBle 00 abepparysx IIpe/CTaBIeHBl B BHE
Tabnuuel (Tabi. 2.)

Tabnunua 1. OCHOBHbIE NapaMeTpbl CTPYKTYypbl KTO3
Table 1. The main parameters of CHOE structure

two point sources at 441.6 nm. In this case, the center
of the spectrum image has coordinates (207.93 mm,;
13.89°), and its length is 34.1 mm.

The scheme is designed using the algorithm shown
in Fig. 2. The parameters of the recording scheme
and holographic structure found for the initial con-
figuration are shown in the summary Table 1. When
modifying this scheme, we will consider a composite
holographic grating consisting of three elementary
fields 21.4x64 mm in size, offset with respect to each
other in the tangential plane. The schematic view of
the spectrograph with CHOE is shown in Fig. 3. Let
us consider the main optical characteristics of the
scheme initial configuration. Figure 4 shows spot
diagrams of the spectrograph at the three reference
wavelengths for the center and the edge of entrance
slit. It is obvious that the original analytical design
method provides good first-order aberration correc-

[MapameTtp McxopgHasa cxema
KoopAanHaTbl UCTOYHMKA 1 (yl; zl), MM 45,56; 205,14
KoopanHaTbl cTouHMKa 2 (Y,; Z,), MM 8,63; 203,87
TonwmHa cnos t, MKM 4.3
rnybuHa mogynsunm An 0,063

Kro33oHall Kro33oHall Kro33oHa lll

34,97,213,82 33,99;208,83 35,58;213,99

6,61;208,73 6,25;203,95 7,15;208,73
2,588 2,588 2,588
0,1004 0,1004 0,1004

PHoTONICs vOL. 14 N2 72020 §g3



‘.% ONTUYECKME YCTPOUCTBA M CUCTEMbI I

JudpakuroHHas 3bPeKTUB-
HOCTb PellleTKH B MCXOAHOI CXeMe
6bUla pacCYUTaAHA C HCIIOIB30-
BaHHEM COOTHOIIEHUN TeOpHUHU
KorenpHuKa. OTMeTHM, YTO pea-
JU3alKs JaHHBIX BBIYHCIEHUU
B IIpOTpPaMMe pacyeTa OITH4Ye-
CKHUX CHCTeM TpebyeT cO3maHUS
[10JIb30BaTEIBCKUX  OHOIHOTEK
M IOAIIPOrpaMM-MaKpocoB. Pac-
npeneneHve AUGPaKIMOHHOU
3¢ PeKTUBHOCTH IIO IIOBEPXHO-
CTH pelleTKH II0Ka3aHo Ha pHC. 5.
AHAZIOTUYHO, MCIIONB3YIOTCSI TPHU
KOHTDOJIbHBIE JUIMHBL BOJIHBL -~
LeHTP U Kpas pabouero muama-
30Ha. JlMarpaMMbl JeMOHCTPHU-

=0 MM
=2 MM
&

y
y

5 MM

T wd

y

.« 400 HM 600 HM 800 HM
PYyIOT, YTO i CpefHeM [JIHMHBI
BOJIHBI B BePIIHHE PelleTKH JOCTH- Puc. 4. To4yeyHble duazpammpl 0As1 UCXOOHOU CxeMbl cnekmpozpaga
raercss 3PdeKTHUBHOCTH, OIM3- Fig. 4. Spot diagrams for the initial spectrograph scheme

Kasg K 100%, 4To obecrieyuBaeTCs
OIITUMMU3ALIMEH HCXOOHOM CXEeMBEI.
OpHako 3PeKTUBHOCTh M3MeHsI- Tabnuua 2. Abeppauum NCXOAHOW ONTUYECKOW CUCTEMDI
eTCsl II0 IIOBePXHOCTH PpelIeTKH Table 2. Aberrations of the initial optical system

U 1o paboueMy CIIEKTPAJIBHOMY
IuamasoHy. B pesyinbTaTe cpen-
HeKBaJpaTHyeckas 3¢PeKTUB-

HOCTb Ha KOPOTKOBO/IHOBOM Kpalo
OHUAIla30Ha CHHXKAeTCda MO0 51,90/0. -31 0 982 0 526 0 1197 0
IIpx 3TOM [j11 HEKOTOPBEIX TO4YeK

-19 0 48,9 0 -377 0 77,0 0
Ha II0BepXHOCTH 3$eKTHUBHOCTD
6/IM3Ka K HYJIIO. —6 0 131 0 -14,5 0 27,2 0

Jns 3allMCHU KaKLOTO U3 3Jle- 6 0 -101 0 16,4 0 -285 0

MeHTapHbIX Ioner KIO2 Hucmonb- % 0 18 0 548 0 _88.9 0
3yeTcd  CXema, IIOKa3’aHHas
Ha puc. 6a. MHTepdepeHIIMOHHAS 31 0 ~23.5 0 99.8 0 -152.0 0
KapTHHa GopMHUpyeTCcs [OBYyMsS 0 6 0,5 -103,3 0,4 -11,8 01 83,0
BOJIHOBBIMH QPOHTaMHU. B ogHOM 0 19 438 -309,9 3.9 35,3 0.7 2489
Ilede HHTeppepoMeTpa HKCIIONb-
syeTcs TOYeYHBIHl HCTOYHHUK, 0 31 13,3 —-516,3 10,8 —58,6 19 4149
B [PYyrOM - TOYEeYHBIH HCTOYHHK y=5MM
u nedopmupyemoe sepkaino. Ilpu -31 0 97,8 1751 -52,6 260,6 1204 348,9
3TOM II0JIaraeTcs, 4To B 06eux

-19 0 48,7 106,8 —-37,6 158,8 77,6 212,3
BeTBSIX UHTepdepoMeTpa, HCIIONb-
BYEMOI‘O ,ZLJ'[H 3aHI/ICI/I, HpeHYCMo— -6 0 13,0 36,4 _14,5 53,6 27,5 71,5
TPEeHO HM3MeHeHHe yIJla IaJeHHUs 6 0 -10,0 -36,4 16,4 -54,0 -28,9 -72,0
M PACCTOSTHUS 10 MCTOUHMKA. 3€p- 19 0 -217  -1100 544 1629 899  -2169
KaJI0 uMeeT guamerp 36,4 MM,
dOpMa ero MOBEPXHOCTH OITHCHI- 31 0 -23,6 -184,1 98,9 -272,1 -154,1 -361,5
BAaeTCs CTAaHAAPTHBIMU IIOJTHHO- 0 6 -36,7 -106,5 -55,3 -15,0 ~75,5 79,6
Mamu Llepruke Z;-Z;5. Ha puc. 66 0 19 -1066 = -3207 | -1628 = -468  -2253 236,
pacciMTaHHai (QOpMa BCHOMO® 0 31 171,2 526,1 265,2 80,9 372,3 389,2
raTejibHOIO 3€pKajia IIOKa3aHa ! ! ' ! ! !
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tion for the average wavelength
and for the center of the slit. The

o
. .
T

T -

100%
astimatism increases significantly

towards the edges of the spectrum,
although defocusing in the tan-
50% gential plane remains corrected.
We can also note a decrease in the
image quality along the height of
the entrance slit.

A=400HM, N=51,9% A=600 HM, N=75,2%

Puc. 5. luazpammsl pacnpedeneHusi dudppakuuoHHol 3¢pdekmusHocmu 0As

UCXodHol cxembl cnekmpozpaga

Figure: 5. Diagrams of the diffraction efficiency distribution for the initial

spectrograph scheme

A=800 M, N=62,1%

For convenience of numerical
assessment and comparison, data
on aberrations are presented as
a table (Table 2.)

The grating diffraction effi-
ciency in the initial scheme was

KaK OTK/IOHEeHHe IOBEPXHOCTHU OT IUIOCKOCTH B MKM.
CpenHekBagpaTU4YecKoe OTK/JIOHEHKEe COCTaBIseT
153,5 MKM, MaKCUMaJIbHOe - 355,8 MKM.

[lonyyeHHBIe B pesyjibTaTe ONTHMH3ALIMH 3Haue-
HHSI KOOPOHMHAT MCTOYHHKOB 3aIlMCH U IIapaMeTpoB
rogorpaduveckorl CTPYKTYpBl O/ KKOOM M3 30H
IIpefCTaB/IeHbl B Tabn. 1. MOKHO OTMETHTh, YTO CMe-
IIeHHS HCTOYHMKOB IIPHU Ilepexofe OT 30HBI K 30He
CPpaBHUTE/JIBHO HEeBeJIHMKH M TeXHOJIOTHYeCKH pea-
nu3yemel. IIpd 3TOM IapaMeTpsl rojaorpadpuyeckorn
CTPYKTYPBbI, PaBHO KaK M $popMa BCIIOMOTATEIBHOIO
3epKajia, OCTAIOTCS HU3MEHHBIMU /IS BCeX 30H.

Js IeMOHCTpallMM IIPEeMMYINeCTB, AOCTUTaeMBIX
B cxeMe ¢ KI['OD c TOUKH 3peHHs KOppeKUMHU abep-
palyil, pPacCMOTPUM TO4YeuHBble AUArpPaMMBl CIIeK-
Tporpada (puc. 7). OUeBHAHO, UTO HCIIOJB30BAHHeE

computed using the Kogelnik
theory equations. Note that the
implementation of these calculations in an optical sys-
tem design software requires creation of user defined
libraries and macros. The distribution of the diffrac-
tion efficiency over the grating surface is shown in
Fig. 5. Similarly, three reference wavelengths are
used - the center and the edges of the working range.
The diagrams show that for the average wavelength
at the grating vertex the efficiency close to 100% is
achieved, which is ensured by optimization of the
initial scheme. However, the efficiency varies over the
grating surface and over the working spectral range.
As a result, root-mean-square (RMS) efficiency at the
shortwave end of the range is reduced to 51.9%. More-
over, for some points on the surface, the efficiency is
close to zero.

To record each of the CHOE elementary fields, the
scheme shown in Fig.6a is used.

:

a) b)

2ameAbH020 3epKana (8 MKm)

b) - diagram of the auxiliary mirror asphericity (in microns).

Puc. 6. Cxema 20n0zpagputeckoli 3anucu KFO3: a) - NpUHUUNUAABHAS CXemd
3anucu: 1-nodnoxka KFO3, 2 u 3 — mo4eyHble UCMOYHUKU 3anucu, 4 — 8cnomo-
2ameAbHoe 3epkano ceo60dHol popmbl; b) - duazpamma acdepuyHocmu 8cnomo-

Fig. 6. CHOE holographic recording scheme: a) - schematic diagram of recording:
1- CHOE substrate, 2, 3 - recording point sources, 4 — auxiliary free-form mirror;

The interference pattern is formed
182 by two wavefronts. One arm of the
interferometer uses a point source,
the other uses a point source and
a deformable mirror. It is assumed
= that in both arms of the recording
interferometer the angle of inci-
dence and distance to the source
0 can be changed. The mirror has
diameter of 36.4 mm, the shape of
its surface is described by the stan-
dard Zernike polynomials Z4-Z15.
In Fig.6b, the calculated shape
of the auxiliary mirror is shown
as the deviation of surface from
a plane in pm. The standard devia-
tion is 153.5 microns, the maxi-
mum is 355.8 microns.
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KIO2 1103BOJIUIIO 3HAYHUTE/IBHO
YMEHBIIUTh abeppalliu CHCTEMEI.
B mepByo odepenb, clenyeT oTMme-
TUTh CHIDKeHHUe abeppauuil mis
LIeHTpa CIeKTPaJbHOIO [AHama-
30Ha, KOTOpPOe MOXKHO COOTHECTH
C KoppeK1yen abeppaliuil BBICIINX
IOPSAKOB 3a CYeT MCII0/Ib30Ba-
HHS BCIIOMOTATe/JIbHOIO 3epKaja.
Taxke MOCTHUIHYTBI JydIlasl KOp-
pPeKUMs II0 CIeKTPaJbHOMY [OHa-
[Ia30Hy K BBLICOTE INe/NH, B TOM
YHCIe 3a cCYeT He3aBUCUMOM OIITH-
MH3ALHKU [apaMeTPOB 3allMCHU
IJ1s pas3sIMYHBIX 30H KI'O3.
AHAJIOTUYHO, OIS YHCIeHHOH
OLleHKH [JOCTUTaeMBIX IIpeuMy-

0 MM
2 MM
L

y=
y

5 MM

~ & &

y

400 HM 600 HM 800 HM
1ecTB B Tabi1. 3. maHbl abeppanuu
cucteMbl. CpaBHeHHe [JAaHHBIX Puc. 7. ToyeuHble duazpammel 0ns cnekmpozpada ¢ Krod
BTabs. 21 Tabi. 3 TOKa3kIBaeT, UTO Fig. 7. Spot diagrams for the spectrograph with CHOE

ucrionb3oBaHue KIOD mo3BossieT
IOCTHYb YMeHbIIeHUs abepparui
B MepHnHOHaanofI IIJIOCKOCTU Tabnuua 3. Abeppauymm oNnTUHeCKom cuctemMbl ¢ KFrOd
B 1,64-1,92 pas, B CaruTTaJIbHOU Table 3. Aberrations of the optical system with CHOE
IUIOCKOCTH — B 1,74-2,14 pas.
PaccMoTpuM OHPPAKIIMOHHYIO
sboPpekTUBHOCTP KO3 B AaHHOU

cxeme paboTsl. JMarpaMMbl pac- y=0 MM
npenereHus 3¢ beKTUBHOCTU | 31 0 63.1 0 28,8 0 575 0
[0 ITOBEPXHOCTU PeIIeTKU I10Ka-

[ -19 0 269 0 -27,3 0 29,2 0
3aHBI Ha pUC. 8.

Kak BHIHO U3 PHUCYHKa, AHb- Il -6 0 8,2 0 ~7.8 0 14,6 0
PakLMOHHAasA 3¢ PeKTUBHOCTh I 6 0 6.0 0 9,1 0 -15.3 0
moBpimena jo 1,47 pas. llpu m 19 o -177 0 22,5 0 -57,9 0
3TOM MHHHMaJIbHasA 3P eKTUB-

HOCTb I10 IOBEPXHOCTH PeIleTKH w30 -133 0 238 0 —83.9 0
Bospocna fo 49%. JJOCTUTHYTBIH Il 0 6 0.4 -56,1 0.3 =54 0 471
2pdext  obpacHseTC  OCObeH- I 0 19 34 -1682 2,5 -16,3 -0,1 141,3
HOCTSMM QJITOPUTMA pacyeTa,
[O3BONISIOMIET0  OFHOBPEMEHHO I 0 31 93  -2801 6,9 -26,9 -0,4 235,7
YUHUTBIBATh BIHSHHE YIJIOB IIafie- y=5MM
HHUS B CXeMe 3aIHMCH Ha abeppa- I =31 0 628 129,5 -28,9 192,2 577 2572
LILOHHbIE XapaKTEPUCTHUKU U AUb-

| -19 0 26,7 79,0 =273 117,3 29,4 156,8
PakuHoHHYIO  3)OEeKTUBHOCTD,
a TaKKe BO3MOKHOCTBIO U3MEHSITh I 6 0 8,2 26,9 =77 39.8 14,7 53.3
yroJl HaKJIOHA IIOJOC PpeIleTKH I 6 0 -59 272 9,0 -40.3 -15.4 538
JUIL pasHBIX 30H KTO3 B coorset- m - 19 o -177  -818 223 1212 -586 1617
CTBUH C YIVIAMH IIafIeHUs B CXeMe
PaBOTSL. m 31, 0 -134  -1369 53,3  -202,6 -852 | -270,0

B 1menoM pacCMOTpeHHBIe I 0 6 -273 -59,4 -41,5 -8,8 -56,7 43,7
OLITHMYeCKHe CXeMbl HaIJIANHO I 0 19 -796 | -1790 @ -122,4 277 | -1697 128,9
OEeMOHCTPHUPYIOT IIpeuMYy-

I 0 31 -1280 | -299,7  —200,0 -486  -2811 211,3
[[eCTBA B OCHOBHBIX OIITHYE-
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The values of the recording
sources coordinates and the holo-

: SEiE——— 95%
|
—— R -

graphic structure parameters
obtained as by optimization for
each of the zones are presented
72% in Table 1. It can be noted that
the displacements of sources dur-
ing the transition from one zone
49% to another are relatively small

A=400 HM. N =76.6% A=600 HM. n=88.8%

cnekmpozpaga ¢ KrO3

CHOE

A=800 HM. n=67.6%

Puc. 8. luazpammbl pacnpedeneHus dUGpakuuoHHol 3¢ppekmusHocmu das

Fig. 8. Diagrams of the iffraction efficiency distribution for a spectrograph with

and technologically feasible. In
this case, the parameters of the
holographic structure, as well as
the shape of the auxiliary mirror,
remain the same for all zones.

To demonstrate the advantages
achieved in a scheme with a CHOE

CKHUX XapaKTepUCTHKaX,
HCI10/1b30BaHUI KI'O3.

OJOCTHUIraeMble 3a CYeT

5. 3AK/TIOYEHUE
TakuM 06pa3oM, B HacTosIel paboTe M3IOKeHA KOH-
LeIIKs HOBOIO THIIA OITHUYECKUX 3JIEMEHTOB — KOM-
IIO3UTHBIX TOJIOTPAMMHBIX OIITHYECKUX 3/1eMeHTOB.
OHa omMpaeTcs Ha Ppsf, CyIIeCTBYIOMIUX 1 [IePCIIeKTUB-
HBIX TEXHOJIOTHH, a IIpelJIo>KeHHBIN 371eMeHT - KI['03 -
3alMeT IIPOMEeXYTO4YHOe I0I0KeHHe MeXKIY HeCKOJIb-
KMMH H3BeCTHBIMU THUIIAMH T'OJIOTPAMMBIX 3JIEMEHTOB,
00BeIMHUB HX IIPEUMYILECTBA. BO3MOKHOCTh TOUHOT'O
KOHTPOJ/IS U U3MEeHeHU s XapaKTepUCTHUK TOJI0rPaMMBL
IUIS. MHOKeCTBa 3JIeMeHTapHBIX II0Jel I103BOJIsieT
y4ecTb U3MeHeHHe YCIOBHH 3aIllUCH U paboThl rojo-
rpaMMBI IIpU GONBUIMX 3HAUEHHUSX aIlepTypsl, IIOJs
3peHHs B IIHUPOKOM CIIeKTPAIPHOM OHala3oHe U CO3-
JaTh OIITHYECKHE CHCTeMBI C YIyUIIeHHBIMU QYHKIIHU-
OHAJIBHBIMH XapPaKTePUCTHUKAMHK. PacuyeT M MOIE/IH-
poBaHMe CXeMBbl CIIeKTporpada C IVIOCKHUM II0IeM [JId
BHMMOIO AHUaria3oHa Ha ocHoBe KI'O3 rokasaiu, 4To
3a CYeT HCIIO0NIB30BaHUS I1006HOr0 37eMeHTa yAaeTcs
NOCTUYb CHUKeHUs abeppaliiil B MepUIHUOHATBHOH
IIOCKOCTH B 1,64-1,92 pa3, B CaruTTaJbHOM IIJIOCKO-
¢t - B 1,74-2,14 pa3 oJHOBPEMEHHO C IIOBBIIIEHHEM
AUOPaKIHOHHOU 3GeKTUBHOCTH 0 1,47 pasa.
Hcnoonb3oBaHue KI'O3 MOKeT MpencTaBIsTh 0CO-
OBIF MHTEepeC IIPYU CO3aHUU ONTHYECKUX CHUCTEM CJIe-
OYIONIMX TPYIIIL:
1. CreKTpaabHBble IPHUOOPHL:

* (IIeKTPOMETPBI BEICOKOTO pa3pelleHus,

* [ Hay4HBIX HCCIelOBaHUH,

* KOMIIAKTHBIE CIIEKTPOMETPHl J1abOpPaTOPHOro

Y IIPOMBIIIEHHOIO IIPUMeHeHHU,
* KOMIIaKTHBIe CIIEKTPOMETPhHI aBHALIHOHHOIO
Y KOCMHYeCKOoro 6a3upoBaHUs.

in terms of aberration correction,
we consider the spectrograph spot diagrams (Fig. 7).
It is seen that the use of CHOE made it possible to sig-
nificantly reduce the spectrograph aberrations. First
of all, a decrease in aberrations for the spectral range
center should be noted, which can be related to the
correction of higher-order aberrations due to the use
of auxiliary mirror. Also, a better correction along the
spectral range and slit height was achieved, including
that due to the independent optimization of recording
parameters for different CHOE zones.

Similarly, for a numerical assessment of the
achieved benefits the aberrations of the system are
given in Table 3. Comparison of the data in Table 2 and
Table 3 shows that the use of CHOE makes it possible
to achieve a decrease of aberrations in the tangential
plane by 1.64-1.92 times, and those in the sagittal
plane - by 1.74-2.14 times.

Further we consider the CHOE diffraction efficiency
in this operaton scheme. The efficiency distribution
diagrams over the grating surface are shown in Fig. 8.
As can be seen from the figure, the diffraction effi-
ciency is increased up to 1.47 times. In this case,
the minimum efficiency over the grating surface is
increased to 49%. The achieved effect is explained by
the peculiarities of the design and modelling algo-
rithm, which makes it possible to simultaneously
take into account the influence of the angles of inci-
dence in the recording scheme on the aberration char-
acteristics and the diffraction efficiency, as well as by
the possibility of changing the angle of inclination of
the grating fringes for different zones of the CHOE in
accordance with the angles of incidence in the operat-
ing scheme.

In general, the considered optical schemes clearly
demonstrate the advantages in the main optical char-
acteristics achieved through the use of CHOE.
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2. TonmorpaMMHbIe JHUCIIIEH
* HarojoBHBbIE,
* IUIeMHEIE,
e aBTOMOOMIIBHEIE.
3. MismepHTe/IbHbIE CUCTEMBI:
* ronorpadpuyeckre JaTYMKU BOTHOBOIO GpoHTa,
* 3TaJIOHHBIE OIITUYECKHE KOMIIOHEHTHI.
4. Cucrtembl GOPMHPOBAHUSA J1A3€PHOTO U3/TYYeHH
* CKaHHPYIOLIHE CHCTEMBEI,
* KOMIIPECCOPHI JIa3€PHOr'0 U3/IYIYeHU .
JlanbHeNIINe HUCCIefOBAHUS U Pa3paboTKu B pam-
KaX IpelOXKeHHOK KOHIEILMH MOTYT BK/IIOYaTh
COBEpLIEHCTBOBAaHME METOJO0B pacyeTa U MOIEIHPO-
BaHHe KIO3, B T.4. 3a CYeT MCIIOJIBb30BAHUS UYHC-
JIEHHBIX METOJNOB aHa/IM3a CBA3aHHBIX BOJH, CO3fa-
HYe MeTOAMK pacueTa Pa3s/JIMYHbIX TUIIOB OIITHYECKHX
cucteM Ha 6ase K['OJ, pa3paboTKy aIrOPUTMOB IIepe-
CyeTa pacyeTHBIX IapaMeTpoB KI'O3 B TeXHOJIOTH-
YecKHe C y4yeTOM KOHEYHOM TOYHOCTH CIIMBaHUS
37leMeHTapHBIX II0Jlell KM Ppa3paboTKy TeXHOJIOTHH
u3rotopaeHuss KO3 ¢ HCIOIb30BaHHEM IIPOCTPaH-
CTBEHHBIX MOAY/IATOPOB C4eTa, HepOpMUPYEeMBIX 3ep-
KaJl 1 COBpeMeHHBIX GOTOIIOIMMEPHEIX Toiorpadpuye-
CKHX MaTepHaJjIoB.
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5.  CONCLUSION

Thus, in this paper, we outline the fundamentals of
the concept of a new type of optical elements - compos-
ite holographic optical elements. It relies on a num-
ber of existing and prospective technologies, and the
proposed element - CHOE will take an intermediate
position between several known types of holographic
elements, combining their advantages. The ability to
accurately control and change the characteristics of
the hologram for a number of elementary fields allows
one to take into account changes in the recording and
operating conditions of a hologram at large values of
the aperture, field of view in a wide spectral range,
and to create optical systems with improved func-
tional characteristics. Calculation and modeling of
a flat-field spectrograph scheme for the visible range
based on CHOE showed that by using such an element
it is possible to achieve a decrease in aberrations in
the tangential plane by 1.64-1.92 times, and those in
the sagittal plane by 1.74-2.14 times simultaneously
with an increase in the diffraction efficiency up to
1.47 times.

The use of CHOE can be of particular interest when
creating optical systems of the following groups:

1. Spectral devices:

+ high resolution spectrometers,

« spectrographs for scientific research,

« compact spectrometers for laboratory and
industrial use,

 compact air- and space-borne spectrometers.

2. Hologram displays:

+ head-mounted displays,
glasses,
 helmet displays,
+ automotive head-up displays.
3. Measurment systems:
+ holographic wavefront sensors,
« reference optical components.
4. Laser beam shaping systems:
+ scanning systems,
 compressors of laser radiation.

Further research and development within the frame-
work of proposed concept may include the improvement
of methods for design and modeling of CHOE, incl.
that by use of coupled waves analysis numerical meth-
ods, the creation of design methods for various types
of optical systems based on CHOE, the development of
algorithms for transfer of the calculated CHOE param-
eters into technological ones, taking into account the
final accuracy of the elementary fields stitching, and
the development of CHOE manufacturing technology
using spatial light modulators, deformable mirrors and
modern photopolymer holographic materials.

including AR/VR
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