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Direct measurement of the refractive index profile of phase gratings,
recorded in silver halide holographic materials by phase-contrast
microscopy
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Plane-wave phase holograms recorded in Agfa-Gevaert 8E75HD emulsions and processed by
the combination of AAC developer and the R-9 bleaching agent were studied by phase-contrast
microscopy, using high-power immersioh00x) objective. Thus the modulation of the refractive
index as a function of the bias exposure and the visibility of the recording interference pattern
can also be determined. Measured diffraction efficiencies were compared to those predicted by
coupled wave theory, using the measured refractive index modulations. Direct measurement of
the phase profile of the gratings can be used for optimizing processin@008 American Institute

of Physics. [DOI: 10.1063/1.1629794

Phase contrast microscopy was invented by Zernicke with AAC developer and bleached in and R-9 solvent bleach.
The method was applied to various fields of optical metrol-Diffraction efficiency of each hologram was measured. The
ogy and especially to biology, and it was considerably im-following analytical function® was fitted to the measured
proved by Zernicke himself and othérs. Contributions and ~ Lin curves?
improvements to the method by Framt®” were especially V(B2
impc_than_t. For the stud_y of holographically rt_acorded phase o(EO,V)zf(EO)(l—e*V)e%, 1)
gratings interference microscopy was also U§éd.

There can be found only a couple of articles on the us&vherec is the square root of the diffraction efficiendyy is
of phase-contrast microscopy for the study of phase gratingshe bias exposurey is the visibility of the interference
One of them is the work of Kostuk and GoodmidiThey  fringes andf(Egp), Vo(Ep), andw(Ey) are parameter func-
proved the existence of a spatial frequency dependent diffuions of the following form:
sion process in the fixation-free rehalogenating bleaching of

holograms recorded in Agfa 8E75HD emulsion at layp to , 1 ) 1 ,
100 Ip/mm spatial frequencies. Par(Eo)=Cloy| — g, TCls Egcip 1 Cl2s
Systematic study of phase gratings, fabricated via ion €ci, +1 € ¢, t+1

implantation in glass, was performed by the author and his
co-workers, both with interference- and phase-contrast 1 .

. 415 . . X - = + C|33 5 (2)
microscopy-*® Semiphysically developed phase holograms cigrEo
in Agfa 8E75HD emulsion were also studied by the author €cigp; T1

using phase-contrast microscoy. . _ i
The aim of the present work was to measure thewherePar stands forf, VO andw andci,, (x=1,2,3) rep

I ; N resent three sets of constants=(f,V,W).
depondence of the reftastve indox modulation of the holo, Meastred and fited values of the Lin curfexEo.V)]
. . . ) o at five values ol are shown in Fig. 1. Values of the param-

graphic gratings on bias exposure and fringe visibility for
fixed spatial frequency and processing, using phase-contrast
microscopy.

Detailed description of the recording conditions and the e
diffraction efficiency measurements were published 0.8

8E75HD, AAC, RY, v = 1200 ip/mm

earlier}”'®They are resumed briefly here. Plane wave holo- 0.7
grams were recorded in Agfa-Gevaert 8E75HD plates with a g:gz . V=10
helium—neon laser operating at 632.8 nm. The spatial fre- 0.4 v Vv=0.8
quency of the gratings was=1200 Ip/mm. Holograms at 8-33 o V=06
seven values of fringe visibility, namely =0.2, 0.4, 0.6, 014 . tg;
0.8, 0.9, 0.95, and 1.0 were recorded. Twelve holograms at 0.0 — — ey e
exposures ranging from 1@J/cn? to 1.3 mJ/cr were re- 5 10 50 100 5001000
corded at each visibility. Holograms have been developed Exposure (ud/cm?)

FIG. 1. Measured and fitteds(Ey,V) curves of Agfa 8E75HD,
3Electronic mail: banyasz@sunserv.kfki.hu v=1200 Ip/mm.
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FIG. 2. Phase contrast micrograph of a hologram, point No. 6 o¥/th8.2 0 M

curve on Fig. 1. Microscope objecti#ed 00X . . . . .
FIG. 4. Measured refractive index modulation vs bias exposure.

100X objective.
eters of the fitted function can be found in Ref. 18.

The microscope used in the measurements of the grating However, especially when fine objedgratings of high

profiles was a Nikon Labophot 2 with a phase-contrast at'spatial frequency in this casare studied, one has to take

tachment. Each hologram was observed using two phas“f‘ﬁto account the modulation transfer functicdTF) of the

contrast microscope objectives. The first one was & 40 \icroscope objective, too. According to the theory devel-
(dry) achromate objectiveCF DL 40x), of a focal length of - o 1oy Frangn® the contrast of a phase contrast image is

4.4 mm and pupil diameter of 7.53 mmumerical aperture j,q,enced by the MTF of the microscope objective in the

(NA)=0.65], with the corresponding annular phase plate.qame way as that of a “normal” amplitude object. Modula-
The second objective was a CF N Plan DL 200nmersion i, transfer functiofMTF) of a diffraction-limited lens is

type one with an NA=1.25 and a focal length of 1.71 m¢im described by?

an immersion of cedar wood @ilA green interference filter '

centred at\=540 nm was used. Measurements performed T=2[arc co$K)—K(1—-K?)¥?]/, (4)
with the 40< (dry) microscope objective yielded the total \ pareT s the MTF value and is the normalized spatial
modulation of the optical path in the gratings, including anyfrequency

possible surface relief, while those performed using the

100X immersion objective yielded only the optical path ~ K=S\f*, 5
variations due to the index-of-refraction grating. Each phasgvhereS is the spatial frequency in Ip/mm is the wave-
contrast micrograph was recorded photographically, usmgength, and* is the ratio of the focal length and the diameter
the Micro flex photo micrographic attachment of the Labo-of the lens.

phot 2 microscope and Kodak HRIEO 100 films. Bias With A=540 nm andS=1200 Ip/mm, in case of the 40

exposure was set to the middle of the qua;i—linear range %icroscope objective we obtal,,=0.379 and for the MTF,
the D —log(E) curve of the film. The photomicrographs were using Eq.(4): T40=0.529. In case of the 100 immersion

scanned in a high-resolution scanner and stored in filgs. objective we obtairk ;55=0.222 andT;p;=0.720. So mea-
i Examples O,f phase contrast micrographs and their POured values ofp should be divided by these values I§f
files are shown_m F|gs._2 and 3. lf[ can t_;ee seen that even tW"@spectively, to obtain the correct phase differences. Further
lowest modulatlon gratings are discernible. ) correction was made for the MTF of the photographic mate-
Accordm_g to the _theory of phase-contr_ast MICTOSCOPYyjg|. |ts value for the film and processing used was
the phase difference in a phase contrast micrographis  \; _ 417, The formula for the corrected value of the phase
difference is

o=2 3 y

Pcorr™ TMf ) (6)

whereg is the phase difference in radians apés the mea- and hence, the modulation of the optical path becomes
sured contrast of the phase objétt. Ad= gy N /27, )

Assuming uniform modulation throughout the depth of
the holographic emulsion, setting its thicknessite5 um >
we can determine the refractive index modulatidm by
dividing the Ad values byd. The results obtained with the
100X objective are shown in Fig. 4.

Lin curves of the holograms were calculated from these
An(E,,V) curves using the Kogelnik formuthand were
compared to those measured directly. As resolution in the
photomicrographs obtained using the ¥0@mmersion ob-
jective (NA=1.25) is twice as high as in those obtained us-

FIG. 3. Phase contrast micrograph of a hologram, point No. 6 of/th&.0 ing the 40< objective (NA=0.65), only the former results

curve on Fig. 1. Microscope objectivel 00X . were used for the calculation of thgEy,V) curves.
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FIG. 5. Measuredsymbolg and calculatedlines) values ofo(Eq,V). Cal-
culations were performed using the measutadvalues and the Kogelnik
formula.

|. Banyasz

croscopy is an adequate method for the quantitative charac-
terization of the gratings even at spatial frequencies as high
as 1200 Ip/mm and for the determination of the Lin curves of
holographic materials.
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