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F r o m the Current Li tera ture

HOLOGRAPHIC SPECTROSCOPY
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1 HE groundwork for the method of Four ie r spectro-
scopy was laid already by the works of Michelson. But
the greatest p r o g r e s s in this method was reached after
the publication of the papers of F e l l g e t t ' 1 3 , Jacquinot ' 2 · 1 ,
S t r o n g [ 3 ] , and J . and P. C o n n e s [ 4 > 5 ] , when it became
possible to effect F o u r i e r t ransformations with the aid
of the electronic digital computer. However, the use of
expensive computers , and also the p r e s e n c e of a large
t ime interval between the regis t rat ion of the spectrum
and i ts reconstruction, have prevented extensive use of
the Four ier-spectroscopy method. To simplify it, spec-
ialized analog computers were constructed.

At the same t ime, the method of photographic regis-
trat ion of the interference pat tern i s also used. The
interference pattern is projected in the plane of the
photographic plate and i s photographed. The obtained
image is then subjected to microphotometric analysis
and subsequent numerical reduction' 1 1- 1 .

jnu2,i3] ^ a gpgctrum analyzer making it possible to
obtain the spectrum directly without recording the inter-
ference pat tern was proposed. In addition, the effect of
the displacement of the inter ferometer m i r r o r s was
eliminated.

The old methods of reconstructing the spectrum gave
way to holographic s p e c t r o s c o p y ' 6 ' 1 4 ] . The gist of the
method consists in the following. During the first stage
one r e c o r d s the spectra l hologram, and in the second
stage the investigated spectrum i s reconstructed. This
method makes it possible to r e g i s t e r the spectrum
relatively simply and requi res the use of electronic
computers for its reconstruction.

1. PRINCIPLE OF HOLOGRAPHIC SPECTROSCOPY

The idea of this method' 1 0 1 se rves a s the bas i s of a
holographic spectroscope, in which the hologram plays
simultaneously the role of the dispers ive and focusing
elements.

The hologram Η i s reg i s tered in the following man-
ner (Fig. l a ) . The object is a very narrow slit Fi paral-
lel to H; the reference wave comes from a point source
So located in the symmetry plane Ρ of the slit F i .

A l a s e r emitting a monochromatic light of wavelength
λ i l luminates Fi and So simultaneously. After photo-
graphic process ing, the hologram Η occupies its original
position relative to So, and Fi i s removed. If the light
coming from So now includes several wavelengths, then
the hologram reconst ructs as many different images
F[ of the slit Fi , one for each wavelength λ'.

Let us examine the p r o c e s s of localization of the
image of the slit for each wavelength. We place the axis
Ox ι Η, and the Oy axis on the intersect ion of the planes
Ρ and Η (see Fig. l a ) . We take the points So, Si and Si,
which lie in the symmetry plane P. Each of these points

FIG. 1. Hologram registration scheme [ 1 0 ] . Η-hologram; F, —slit
parallel to H; So— point source from which the reference wave comes;
P-symmetry plane; Fi-image of slit F ! for the wavelength λ'; So, S,,
and S[ -points lying in the symmetry plane P, OS = R > 0, -π/2 < θ <
π/2, M-observation point.

i s d e t e r m i n e d by i t s p o l a r c o o r d i n a t e s ( F i g . l b ) OS = R

> 0, —π/2 < θ < π/2. The waves emitted by these points
and arr iv ing at the point M(0, y) of the Oy axis can be
written in the form

S — aex\> [/*('• •/*)].

where k = 2π/λ and r = MS.
Since y/R C l , r - R can be expanded in a s e r i e s

r—B<« — ,/ (1)

Comparing the phases of the two waves and putting λ/λ'
= u, we obtain from (1)

sin OJ = u (sin Ct — sin θ0) -)- sin θ0,

cos? o; _ o£0_0 (3)

T h e s e r e l a t i o n s d e t e r m i n e c o m p l e t e l y t h e p o s i t i o n of

the point S[ corresponding to a radiation λ ' . F r o m
formula (2) we can obtain an equation for the dispersion:

άλ'
sin 0t — sin 00

λ cos 61 (4)

The dispers ion άθΊ/άλ' does not depend on Ro, Ri, or
R[, and i s the higher the l a r g e r |0 ! - θ ο | · If it i s des i ra-
ble to obtain the spectrum almost perpendicular to the
Ox axis, it i s necessary to choose θ1 = 0 for λ = 0.50 μ.
Then

sin 00

F o r θ0 = - 4 5 ° and λ = 0.50 μ we have άθ[/άλ' = 1.4
x 10"4 r a d / A or approximately 0.5 min/A. Under favor-
able conditions, such an instrument makes it possible
to separate two l ines at a distance on the order of 2 A.

During the p r o c e s s of construction of the spectro-
scope, the pointlike source So was replaced, from light-
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FIG. 2. Diagram of Michelson interferometer. S-source; P-diffuse
scatterer; M,, M2 -mirrors; D-beam splitter, O-output lens, Ph-holo-
gram; θ-angle between M2 and the image MJ of mirror Μ,.

s t r e n g t h c o n s i d e r a t i o n s , by a s l i t s o u r c e p a r a l l e l t o F i .

A h o l o g r a m of v e r y s m a l l d i m e n s i o n s (25 m m 2 ) and a n

a d j u s t a b l e s l i t s o u r c e w e r e m o u n t e d on t h e e n d s of a

t u b e 25 c m l o n g . By p l a c i n g a s t r o n g l y s t o p p e d - d o w n

p h o t o g r a p h i c c a m e r a b e h i n d t h e h o l o g r a m , i t w a s p o s s i -

b l e t o r e s o l v e t h e y e l l o w d o u b l e t of s o d i u m (5890 a n d

5896 A). T h e r e s o l v i n g p o w e r of t h e s p e c t r o s c o p e 1 - 1 0 3 i s

e s t i m a t e d a t a p p r o x i m a t e l y 1 A. It ig i m p o r t a n t t h a t t h e

l ight s t r e n g t h of t h e h o l o g r a p h i c s p e c t r o s c o p e c a n b e

i n c r e a s e d b y u s i n g b l e a c h e d h o l o g r a m s .

An u n d e s i r a b l e f a c t o r i n t h e u s e of t h i s m e t h o d i s t h e

e x c e s s i v e d i f f e r e n c e b e t w e e n t h e i n t e n s i t i e s of t h e two

i n t e r f e r i n g b e a m s , w h i c h r e d u c e s t h e l i ght i n t e n s i t y .

T h i s s h o r t c o m i n g c a n b e o v e r c o m e by t h e m e t h o d d e s -

c r i b e d in t h e next s e c t i o n , and a l s o by o t h e r m e t h o d s of

o b t a i n i n g c o h e r e n t p o i n t s o u r c e s .

2. HOLOGRAPHIC SPECTROSCOPY USING
INTERFEROMETERS

If t h e s c r e e n wi th two o p e n i n g s i s r e p l a c e d by a

M i c h e l s o n i n t e r f e r o m e t e r a d j u s t e d i n s u c h a w a y t h a t

both i m a g e s of t h e s o u r c e a t t h e ex i t o v e r l a p fully, and

t h e n o n e of t h e m i r r o r s i s i n c l i n e d u n t i l f r i n g e s of equal

t h i c k n e s s a p p e a r , t h e n i n t h i s c a s e w e a g a i n r e a l i z e t h e

m e t h o d of h o l o g r a p h i c s p e c t r o s c o p y .

Such a m e t h o d h a s a n a d v a n t a g e o v e r t h e p r e c e d i n g

o n e s i n c e t h e u s e of b e a m s p l i t t e r s with s p e c i a l c o a t i n g

m a k e s i t p o s s i b l e t o g r e a t l y i n c r e a s e t h e f r a c t i o n of t h e

ef fect ive l i ght f lux by e q u a l i z i n g t h e i n t e n s i t i e s of both

b e a m s .

Such a n a s s u m p t i o n i s v a l i d f o r a n i d e a l b e a m s p l i t -

t e r , w h e n t h e a m p l i t u d e s of t h e r e f l e c t e d and r e f r a c t e d

r a y s a r e e q u a l .

I n L 6 : l , a M i c h e l s o n i n t e r f e r o m e t e r w a s u s e d f o r t h i s

p u r p o s e * ( F i g . 2) . T h e m i r r o r s i n t h e i n t e r f e r o m e t e r

w e r e p l a c e d at a n a n g l e o t h e r t h a n a r i g h t a n g l e t o t h e

o p t i c a l a x i s , in s u c h a w a y t h a t t h e w a v e f r o n t s r e f l e c t e d

from each of the m i r r o r s were at a small angle Θ. The
photographic plate reg is tered a system of equal-thick-
ness fr inges, produced in the a i r gap between one of the
m i r r o r s and the image of the o t h e r t . The interferome-
t e r wedge gave 30 fr inges/mm. The light source was a
m e r c u r y lamp and a diffuse s c a t t e r e r was used to illum-
inate the surface of the m i r r o r uniformly.

*It is possible to use for analogous purposes optical systems of in-
terferometers with compensated optical paths, for example with a tri-
angular ray path [ 7].

tWhen an objective is used to project the interference pattern, it is
necessary to take into account the bandwidth of the spatial frequencies
of such an objective.

We present the derivation of the equation of the sys-
tem of fringes in the plane of the photographic plate.
If E(x, y, z) i s the e lectr ic vector of a plane wave in-
clined at an angle Θ/2 to the ζ axis of the interferome-
t e r , then the field in the (x, y) plane, which i s perpen-
dicular to the ζ axis, is described as follows:

Ε (χ, y) = Εΰ exp 2JI/VZ sin -^- -f ω ( 5 )

In this expression u = l/λ cm" 1 and ω = 2-ncu, where
c i s the velocity of light. We assume now that a second
plane wave of the same wavelength λ, incident at an
angle (— θ/2) to the ζ axis, produces in the same plane a
field

Ε (χ, y) = Et oxp 2jiivi sin ( — ψ Ι ( 6 )

where φ i s the phase difference. A photographic plate
placed in the (x, y) plane r e g i s t e r s the intensity of the
interference pattern:

We a s s u m e t h a t t h e i n t e r f e r o m e t e r i s a d j u s t e d i n

such a way that φ = 0, and also Ε2, = Ε? = l(u), where I(i>)
i s the intensity of the source with wave number v. We
shall a s sume that θ i s a small angle. Then expression
(7) takes the form S

[I (x, y)\k = / (v) [1 + cos 2πνθΐ]. (8)

B e c a u s e of t h e i n c o h e r e n c e b e t w e e n t h e s p e c t r a l

l i n e s o f t h e s o u r c e , t h e h o l o g r a m o b t a i n e d f r o m a s o u r c e

w i t h a c o m p l e x s p e c t r u m w i l l h a v e t h e f o l l o w i n g f o r m :

'(·<)-.- f 7 (v)[H-co.s 2πνβ·Η,ίν ( 9 )
t)

It i s k n o w n t h a t t h e a m p l i t u d e H(x) of t h e r a d i a t i o n

p a s s i n g t h r o u g h t h e h o l o g r a m with i n t e n s i t y I(x) i s

77 (r) M ' M r v / 2 , (10)

where γ i s the contrast coefficient of the photographic
plate.

In the case when the spectrum is a set of η narrow
spectral l ines separated by sufficiently large distances,
Ι(ί^) can be represented in the form

fC I(\·). 7,6 ( V — Y , ) J 2 8(v — Y 2 ) • ; - . . . + 7 η 6 ( ν — v n ) .

T h e n s u b s t i t u t i o n o f t h i s e x p r e s s i o n i n ( 9 ) a n d ( 1 0 ) y i e l d s

If γ < 2, then approximately

Iflx) 2 ^ J
I i cos 2πν/θ.ε. ( 1 2 )

F r o m t h i s w e f i n d t h a t t h e v a r i a b l e c o m p o n e n t s o b -

s e r v e d a s a r e s u l t o f a n a l y s i s o f t h e s t r u c t u r e o f t h e

r e c o n s t r u c t e d h o l o g r a m H ( x ) a r e p r o p o r t i o n a l t o t h e

initial intensit ies Ij and to the hologram contrast coeffi-
cient γ, while the spatial frequencies a re Nj = νβ = θ/λ}.

I n ' 6 2 the spectrum was obtained by illuminating the
holographic F o u r i e r interference pat tern with a l a s e r
beam of wavelength 6328 A. Five mercury l ines were
separated in the wavelength band from 4047 to 6234 A.
The resolution was 50 A.
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FIG. 3. Dependence of the relative intensity of the fundamental and
combination frequencies on the contrast coefficient γ of the photo-
graphic plate. The calculation is based on the formula

h Ο, 1, 2,

In the particular case for E n = 1 and 7 = 2 and 4. The parameter a -
ω/(Δω) 0, where (Δω) 0 is the resolution limit.

3. COMBINATION FREQUENCIES

When the holographic method w a s u s e d to inves t igate
the s p e c t r a of m e r c u r y and cadmium l a m p s ' 7 J it w a s
noted that f a l s e i m a g e s appeared in the reconstructed
hologram. The author of18-1 in terpreted th i s phenomenon
a s the appearance of " g h o s t s " with combination spatial
f requenc ies . It i s obv ious that upon subsequent photo-
m e t r y t h e s e " g h o s t s " can great ly d is tort the spectrum
and l o w e r the reso lut ion. We shal l there fore dwell in
g r e a t e r detai l on the nature of the " g h o s t s . "

We wr i te down e x p r e s s i o n (10), ca l led the hologram
equation, for a finite number of t e r m s of the F o u r i e r
s e r i e s :

H(x) *[/(.r)|-T.-^ K\ 5] /,(v)[I-;-cos£iViA])-v/2, (13)

where δ i s the path difference.
We expand (13) in s e r i e s and retain the first four

t e r m s :

[ Σ ' < < ν > - | 2

X cos itv;i> cos 2nvftf>--|r ^ ("T+

ιΣ Σ '

2 Σ Σ '< (ν)/* (ν)/; (ν)
i=l k=l1=1

X cos 2πνίό CJS 2πν^δ cos 2n\'fi j- r · · · ι

corresponds to the intensity of the " g h o s t s . "
Assume that we investigate a very weak emission in

which the intensity of some one frequency v^ is much
stronger than all the remaining frequencies i^. Then the
intensity of the " g h o s t s " corresponding to the sum
( ^ + Uj) and the difference ( i ^ k - i^) of this frequency
and of all the remaining frequencies of the spectrum
will exceed the intensit ies not only of the remaining
" g h o s t s , " but also of the fundamental frequencies. In
part icular , it i s possible to use a l a s e r to produce such
a powerful radiation at the frequency v^.

It is much m o r e convenient to use for the analysis of
this phenomenon simulation of the p r o c e s s of obtaining
spectra with the aid of a computer. Thus, in part icular,
if we have two spectral l ines with equal intensit ies and
frequencies ωχ = 200 and o>2 = 210, then at γ = 2 and 4
(Fig. 3) we can predict the intensit ies of all the compon-
ent frequencies.

The foregoing resu l t s have shown that in the method
of holographic spectroscopy it is necessary to pay spec-
ial attention to the choice of photographic mater ia l s and
the method of process ing them. On the other hand, par-
t icular interes t attaches to making good use of the non-
l inear p r o c e s s of obtaining holograms with γ > 1 and
accordingly to registrat ion of the spectra at the com-
bination spatial frequencies. This effect is analogous
to the phenomenon of Raman scatter ing in matter .

In s imi lar fashion, it is also possible to use for
spectroscopic purposes the effect of the nonlinearity of
the refractive index of certain crys ta l s to obtain fre-
quency multiplication by illumination with light from a
l a s e r and the investigated source. This phenomenon has
already been used e a r l i e r to convert l a s e r radiation to
other frequencies U 5 J .

4. CONCLUSION

F o r pract ica l utilization of the method in question,
it i s , a s usual, necessary to find the form of the appara-
tus function. Such a function was derived i n t l 6 ] . It was
found to coincide in form with the function obtained in
ordinary F o u r i e r spect roscopy U 4 : i . F r o m this it i s
possible to determine beforehand the angle between the
wave fronts, s tart ing from the requirement that the r e -
solving power R, the c r o s s section of the beam L, and
the angle between the interfering fronts a should satisfy
the relation

/i(v)--1-2 'i (ν) cos 2πν;ή

I n t h i s c a s e w h e n t h e i n t e r f e r o m e t e r i s i l l u m i n a t e d w i t h

light of wavelength λ, the number of equal-thickness
fringes located on both s ides of the " z e r o t h " fringe is
equal to R. The permiss ib le angular dimensions of the
source for a given R should satisfy the relation

4--|- ( - T - M ) 2 2 Μ * ) Λι (v) [cos i i 6 (Vi •-vA)-'-cos2.-T6(v i-v / 1)]-

"-"s(l+1) (1+2) Σ 2 2 / i(
}-..-[ k -i (=i

t-co?2.i6 (-Vi-j-v/, — V()- ;-cos^.i6 {vh-{-v/ — v;) I- cos 2-tti (v f i -Vf—ν Λ ) ΐ [ , . .

( 1 4 )

I n t h i s e x p r e s s i o n t h e f i r s t t e r m c o r r e s p o n d s t o t h e

d c c o m p o n e n t ; t h e s e c o n d t e r m d e s c r i b e s t h e i n t e n s i t y

o f t h e f r e q u e n c i e s o f t h e s p e c t r u m , a n d t h e t h i r d t e r m

where 6 m i s the maximum path difference between the
interfering fronts, equal to 5 m = (L/2)cos a.

The method can be useful for the regis trat ion of
rapidly occurr ing p r o c e s s e s and sources of weak glow
in the spectra l region where photographic m a t e r i a l s can
be used.
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