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1. Introduction 

Ho10graphio 古omography is a powerfu1 古001 阳的udy refrac古ive index 0/ a phase 

objeot in plasma diagnostios, aerodyna皿ios) and me也suremen也 of density or deforma力ion

of a transparent objeot. Several au古hors [1""勾 have 的udied various 古ypes of 3-D fields 

employing differen古 m的hods. The major advantage Ofl时ilizing holographiú 怡。hnique

is 也e abiH也y of úapturing 古he oomplex wave 鱼。ld of an objeot. Incorporation of 

holographic and iomographic úonoep回 may offer some advan也ages in 的udying 古h{\

complex 古ransmi阳d field of a 3-D obje的. By rneans of 也is holographic 协皿ography

conúept，古he conventional holographic multiplexing 怕。hnique could be used to record 

various proje的时 or 古ransmi协ed wave 直elds from a 3-D obje的. Mul古irure的ional

interferograms provide a, s的 of measured values of line intergrals 也hrough 由。古rans

parent mediurn. The interferograms can be reúons古ruc拍dw且h appropria也e coheren古

Hluminations) and can 古hen be sequen也ial1 y d的ec帕d by 2-D or 1一D OOD array 

d的ec古or for computer pos古-processing. Therefore) various cross seú古ions of 3-D object 

fields may be reOODS回ucted.

In our s古udy， a donble exposure holographiú 怡。hnique is nsed 古o record 也he path 

leng也h difference of probing ray~ in a phase field. r:rbe refrac-tion effect in measured 

phase obje的 may be negligible in 也e recons也rUúted in古erferograms [5J. In 古he case, 
rays remain straigh古 lines and the path in古ergral beúomes a line 且也ergral. An image 

sensing device is used to dete的 recons力ruc抽d in terferogra皿S. The de恼。古ed da也 are

inpu抽ed 古o a compu古er for pos扣processing.

1n 古he following sec也ions， we shall explain 吐1e 乱nalog reoording and recons古ruc

tion systems as well as the principle of 古he digi也1 recons古ru的ion of the phase field. 

80me preHminary experimenial resul古S are presen ted. A古古he la的 seotion} we shall 

也souss 古he advan古ages and disadvan古ages of the prese时皿创hod.

11. Principle 
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A double exposure holographio 怡。hnique i9 employed 古o reoord 古he di的ribu世on

M4 

of refraotivo index of a 古ransparen也

objeot. The schematio diagram of 

由e holographio interferometer :iS 

depic古θd in Fig. 1. 

Obje的 platform and mi1'ro1' M4 

1丑古he in古erfero皿的e1' are l'。如力。d

synchronously 北o perfor皿 multi

dire的ional holograms. A dou blo 

exposure hologram is 恤ken for eaoh 

dire的ion.

krlhr 
L1 fI (X, y ,z) 

JTig. 1 日chematic diagram of the 
hologra phic interferometer 

During 也he 自r的 exposure， a plane waye probs 也he phase object. 'llhen the phase 

objeot iS 也ken away before second exposure. Wì古hi且也e phase objeo古古ho di的ribution

refractive index is 叫X， y, z) dur恒g 也ho initial holographic exposuro and 份。 during

古he S8CO丑d. Of古er no is a 00丑的ant. For a new dire创，ion，古he phase obje的 is rota扫d to a 

oor阳.in orientation whi1e 白。皿irror M 4 is rota协d 也o a relev孔的 orien幅古，ion 古o ensure 

由e separation of reoonstru的ed 四ul古idire叫ional interferograms. When 曲。 devoloped

hologram 1S illumina加d by refere丑。e bωm， 古wo objeot waves wil1 be reüonst:.ruo古巴d

simultaneously ín the same direotion [5J: 

问 ωexp[i伊f叫 i
(1) 

U卢o(x，阶xp[哼西队 ω]
where 

tþ，(鸟护扑(x， y , z)dz, 

øo队护f ')1,0 dz 

Uf and Uo represen古古he oomplex ampli阳des of 也e phase objeot and 古he pla丑e

wave respeo古ively.

'l'he fringe pat回rn i9 也he irradiance of 也ho sum of U, and Uo in iroage pla丑。

Assuming for sim plioity 他的 α， a丑dαo are uniform uni古 amp1itudes~ 血。 irramanCe

oan be wri抽en as 

I(鸟护斗十ωs [子 Lltl> (x， ω]}， (2) 

where 

LJØ(鸟护f[<n (x， y, ft均)一饥向叫0ι]
and the equa岛J忠也ion of 乱 bright fringe is 

LlØ(x, y) =N^~ N =O~ l~ 2, eto. 

N i8 eal1ed fringe order. 

。)
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We are now in a po国植on to 的udy the re1的ionship between 也he dou b1e exposure 

ho1ographic in如rferome回yand 古he distribution 

of refractive index ofphase object. We can 

determine LlØ d:íroo古ly in un抗日 of w乱velengiih -r i I i I ..,.,. ray. 

λby ass:igning order nu皿bers 古。他e fring佣

and 古hen inverting equa也on (3) 阳 calcula'te

n(:v, '!J, z) 一份。.

Since a compu古er is utilized for pos• 
processing, i古 1S convenien古古o analyze a slice 

of a phase obje的 in 2-D samp1ed form of (M 

xN; matrix. 
‘ 

z 

. 
As shown in Fig. 2，古he phase fÌe1d can be 

divirled i川o discre古e rec也ngular ele皿ents of 

dimensions J:v by Lly, where 

Fig.2 Sche皿atic diagra皿 of ωordinates 

of 皿崎Bured phase object neld 

Amz」Lpdg=」LM +1' -:1 N十1 . 
Each e1ement is considered 古oh乱ve a uniform refractive index. Let F lG denote 也he

value of refraci的e index change of 由e elemen古 centered on 古he poin北 ø=mo Llø， y= 倪，"

Lly, where m and 'J1., are 扭曲gers. The subscrip古 k is re1时ed 古o m , n by 

k=何 (M十1)+刑十 1.

Let 古he frìnge order number 几 be associated wi由也ei古hray 世aversing 古he phase 

objeot. This ray is specified by the coordinates p, (). If L lGi deno怕自 the leng也h of 也he

segme丑北 of the i古h ray which lies in 也he k斗ih element，古he 古o tal op古，ical p的hlength

for the φ-古h ra,y is given by 
K 

cþ怡， y) = ~Lk~F函， (4) 

where K = (J! +1) (N +1) is the total 丑umber of elemen捆.

Because during the doub1e exposure the second roedium íS 副r，他。 opt.:icaI

pa;古h1eng也h difference for i-也h ray can be wri协en as 
E 

Aφ (æ~ y) = ~ ~iFu=丸Ni .
k=l 

The coe伍。cient Lw can be de古ermined geometrically as follows: 

rO for Ibl>(ALlø十 LJV) /2J 

Icl >L1x/2 and 101 号

勾 f盯 Icl <..:1x/2 and 101 =号3

Llx sec (} for , b J 豆 (Lly- A Llx) /2 and A~L1y/ L1ø, 
áy sec ()jA for I b I ~ (ALI:v- LJy) /2 乱nd .A > L1y / L1ø, 
sec (j I .A&十 iJy \ 

(5) 

(6) 



906 光 学 学 报 7 卷

Whero A= Itan8j , b=psec8+刑 .Llx 切n8一叫'!J， c=p十m. Llx.

1n 古he experiment，古he measured phase 丑eld ÌS square and ì恼 center ooincides wi也
y ~ 也he center of rotation of obje创抖的form， as 

shown in Fih. 3. 

We call ray 俨 refere丑ce ray and e andf edge 

rays. The ray 俨 passes through 古he origin of 

coordina古e ， The posi也ìon of reference ray oan be 

defined by 

8白专 (L7I一句〉削β-(}).

Here 

β=450 ， 

Fig. 3 Schematic diagram of geometrical The pOSì古ìons of 世1e 古wo edge rays are 
时ation between values 'P andθ 'P1 = (Lu- Jy)ω'S 1), 

'P2 = (LQl- Llx)sin 8, 
For squaI飞

L" = LII' L1x = iJy. 

The va1ue of p for each ray i丑古he experiment can be assigned by 也he size of measured 

fie1d wìth 古he val ues of 'p1 and P2. 

1 t is apparent fro皿 equation (5) , if 古he number of samp1ed rays is equal to 也he

nu皿berof 刚al elemen阳 K， αlinear algebraic equations can be generated. The refrac

古ive index F 古hus can be ob古ained by sol ving 古hese linear equa古ions.

111. Experi皿entalprooed ure 

The experimen如1 setup is shown schematically in Fig. 1. The objec古 and reference 

bûams were expanded and fil古ered using microscope 0 bjeωveS and pineholes. In order 

to make a Mgh visìbilì可 hologra血， i古 ìS impor如nt 古o adju的 objec古 and reference 

path1eng古h near 1y equal and 古he ratio of ìrradiance of reference beam to objec古 beam

1:1 也01:5. Holograms were recorded on Kodak 649F films. A 50 mW He-Ne laser is 

used as light source. Two achromatic lenseθ L~ and L2 are used for oollìmatìon. To 

ob如in multidirec毛iOllal holograms) 古he obje的 pl前form was ro恼.ted wi白白e ce时er of 

也e me乱sured phase field and 古he corresponding reference beam synchroneously 

changüd orion古的ion due to a ro也，table mirror M4. 

In 古he experime时，也he size of measured phase field Ìn the sample ìs 2 X 2 mm且

The phase field was divided i川o 40 x 40 elements. The 也皿es of ro帕拉on of samp1e ís 

40 and a doub1e exposure hologram is taken for each dire的ion of ray. Fronl each 

recons甘u的ed interfürogram, 40 sampling data were taken by 也he image sensing 

device. The accura.cy of sample reture and re] ative position b的ween 也ho obje的 and

film ín carnera aro ] ess 也an 0.005 mm. 

Tbe reCQns古ruc也iOn se古up of 尬。 double exposure holograms i9 sche皿atically



10 期 全息层析术在测定三维透明物体折射系数中的应用 907 

shown in Fig. 4. In 古his 町的em， bhe developed hologram can be illumina也ed from 

rear side by a con juga品。 reference beam at a certain angle, (). The 也wø recons古ruo也ed

bea皿s， i. e. , Uf and Uo in equation (1) , would produce an interferogram. In order 古o

perform a sequential reconstruction for each direc古ional angle, a rotatable mirror was 

employed. 

凸
u
a
u

出

M

d
ω
 

C

『

d叫
出
血

口
』U
4
4

盯

晴
。
o
u
h

d
p

』

-mmb 
d

宁L
U
O
】

l
l

a

由

e

咄
咀
阳

'
泪
-
h
m

k
m
m

品

re '
中U

4tm 

.• 

m
v
ω
 

MFm 

ooD 

Fig.5 ScheI且atic diagram oÎthe 
procedure of de仁ecting and 

post-processíng 

In order to determine 也e fringe order of eaoh ray , N", it is necessary 古o meaSllre 

the posi古io丑 of each reconstruc古ed fringe as indicated in equation (4) .An image sensing 

device such as 1-D OOD array is used 也o de古ec也 reoon的ruc古ed fringe as shown in F'ig. 

5. It i9 n的时古hat any slioe of an obje的菇。ld oan be reoonstruo古ed by compu切r pos• 
prooessing. Therefore, a 3一D reco丑的ruoted image of phase obje的直eld can be realized' 

by applying a 1-D or 2一D image sensing device acrOS9 古he measured plane. 

I古 is possible to measure L1φdirec古ly in uni切 ofwaveleng也 λby assigning order 

numbers 阳也e fringes. Various app

roaches can be used 古o define 古hefringe

order and ofte卫古he experi皿enwr has 

su值cient know ledge of 由。直eld being 

examined. In 古he experiment, the 

number N =0 was assigned by refe

rence fringe before 曲。 measurement

g古a古ed. The subsequen也 brigh古 fringes Fig. 6 Block diagram of computer postproc剧sing

are assigned 古he order number N =1, 2, 3，… consecu挝vely. The cen抽rs of all dark 

fringes aTe assigned n um bers N = 0 .民1.5， 2.5, etc. A linear OOD a.rray wi也 1024

pixels was employed. '1'he size of each pixel is abou古 10μ. The signals from COD 

device were amplified by amp1ifying circui古 and sen古 to a microcomputer by an interface 

町的em which a的S as signal numeric conver面。丑 and keeping 的ep with 由。皿icrocom';

pu回r. The block diagram of comput四 po刷-prOGOSSing is down sohemaAioally iaA 
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Fig. 6. We only p1'ocessed optical patblength differencθof each ray vv.i古h， the data from 

CCD device i~ 古he microQor平puter， because i恼的orage was usually n的 large enough 

市o 801 ve a M ?< N line町 a]geb1'aic equa也ions i:Q.也he experime时 and i古 could n的 output

g1'马ph wi古h gl'ey level. The 1a剧也wo 的eps of 古he procedure in Fig. 6 were done in a 

large IBMωmput~ sy的em.

Asa 鱼nal result of 古he po的-p1'ocessing，古he matrix {F} repres~n幅古he refrac古ive

index of 古，he obje的 fie1d. The refrac也ive index of each element in 也e obje的自eld is 

mar ked by a proper grey leve1 to display 也he value of refrac也ive index. The matrix 

{F} for plo古iing is 256 x 256. However, due 古。由e limi古ation of 古1e computer 的orage，

也e matrix dimension is reduced to be 40 x 40 fo1' processing. The computer resul古 is

古ransfe1'ed back as a 256 x 256 mat1'ix in ou坤的.

Two examples of 1'esu1古 computed from reduced matrixes are presented in Fig. 7 

w hi0h is the recons古ruc古io丑 of 古he in 古erferograms of 古，wo t1'anspa1'en古 sa皿p1es. 'rhe 

grey level shows 古he di的ribution of ref1'ac古ive index. The accu1'acy of index 1'econs古ruc

也ion is abou古 0.001 的书he prelìmina1'y resul ts. 

(α〉 (的

Fig. 7 Results of ∞mputer reooDstruction 
(α:) A phase sa.mple with th如e di:fferent uniform inde.xes: 1.103, 1. 331, alld 1. 515; 
(b) A phase sample with refra巳tive inde.xes: 1.413, 1.586 

IV. Discussion and concl usion 

In 也is papei" we have p1'esented an al 也erna如血的hod 切 d的e1'mine ref1'ac也ive in 

dex di的ribution of 3-D 01' 2-D t1'ansparent phase objec恼. Double exposu1'e multimreo

姐onal holographic 旬出nique is used 也o 1'ecord 由。 inform础ion . of a phase object field. 

The 皿ul古iplexed holog1'ams a1'e used 古o reoons恒u的 differe时 directional i川崎ferograms

sequentially in an op古ical syst~m. A se1'ies of path leng古h differences of ravs a1'e 

d创。。如d by applying an image sensing device in 也he op古ical sy剖eIIl:. These duta we1'e 

也hen s也o1'ed in a digital computer fO-;t" po的-p1'ocessing. Wi也h bo也h analog and 也gi如l

recons古ruc古，ion，古he distribu古ion of 古hee-r?frao古ive index of the phase fìeld can be 

diSpl号yed wi古h diffe1'en古 g1'ey lev~ls. 

As mentioned befo1'e，古he measured phase fìeld is square. It.. should be oonsidered 

也hat when 仙。 obje的 platform l'的ates an angle of α， i. e. 也he incide时 ray ís 剖 an angle 

也 ofα 古o the surface of phase objec飞古he ray will have a displacement LI&(恼nα-也n fJ) 
，and 也e orientation of 1'ay in measu1'ed phase objeotθJ equals a1'c sin (sinα/时. He1'a 
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n is a verage index i且也he phaS8 object. 

It ìs no 古ed 古ha古古he refrac"tio丑 errors can be negleú古ed if 古he 也hickness of 古he

measured obje时 S的isfies the inequali古y [5J: 

λL EZT< 0.8, (7)

where L一一-古he length of 皿easured obje的3

n'-←-古he refractive index of a cho民n poin古 in the object, 
Gf一←←也he fringe spacing. 

In 古he experinient, waveleng古hλis 6328λand n' i9 of古en in arange of 1 to 1. 7. 
~owever，古he fringe spacing depends on 古he distribution of refrao古ive index and 尬。

因ze of measured area in 仙。 phase object. It can sa加付出。 inequality (7) that the 

length of measured obje的 is taken 1 皿皿 to 7 皿皿， if the fringe spacing i9 0.04 mm to 

0.1 mm. 

In order to reoons回u的 a measured phase field in de也il a be拙。r resolu古ioo ， & 

larger compu如T 的orage is needed. To d的ermine 也he refrac古ive indexes of a M x N 

皿的rix， a compu古er s古orage larger than ]{2 x N2 is req uired. 
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全息层析术在测定三维透明

物体折射系数中的应用

郑乐年
(北京工业学院光学工程系)

林聪能 杨振寰
〈美国宾夕法尼亚州立大学光电实验室〉

提要

东文试就相干光的层面分析进行初步探索，介绍一种以全息术记录三维物体的位相信息，而以计算

制作后处理输出，再现物体各层面位相的分布的方法.
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