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Abstract. The his tory and physical prerequisi tes for the 
realisat ion of the Sagnac experiment , tha t is of the 'vortex 
optical effect' in the frame of a ro ta t ing interferometer , are 
considered. Genera l relativity is used to develop the theory of 
p ropaga t i on for e lectromagnet ic waves in a noninert ia l ly 
moving mater ia l med ium. The theoret ical analysis of the 
peculiarit ies of the X-ray and gamma- rad ia t ion diffractions 
has been performed within the system of the three-mirror 
m o n o b l o c k crystalline interferometer and resonator , while 
t ak ing into account their ro ta t ions . Exper imenta l studies of 
the X-ray Vortex optical effect' were performed on a specially 
designed a u t o n o m o u s X-ray a p p a r a t u s (commonly used for 
X-ray interference investigations), which was pu t on the 
ro ta t ing p la t form. A series of f luctuation effects (the 
t empera tu re drift, the field of r a n d o m deformat ions , etc.), 
which keep the Sagnac experiment out of reach of the limiting 
accuracy, have been revealed and investigated. The 
exper imental da ta , ob ta ined in the investigation of the 
'vortex optical effect', are compared with the results of the 
theoret ical analysis. 

1. Introduction 
The Sagnac experiment deserves a special place a m o n g the 
classical exper iments in optics which have laid the founda
tions of the theory of relativity and of modern electrodynamics. 
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I ts origins typify the wide interest in the 'e ther ' p rob lem at 
the beginning of the 20th century, and the setting up of 
fundamenta l opt ical experiments in m a n y countr ies . The 
possibili ty of detect ing absolute ro t a ry mot ion by using 
electromagnet ic effects of the first order (with respect to vie) 
was first suggested by Michelson [1] in 1904. 

In 1913 Sagnac constructed an a p p a r a t u s for s tudying the 
p ropaga t i on of light waves in a ro ta t ing r ing interfero
meter [2, 3]. These experiments showed tha t the ro t a ry 
mot ion of the a p p a r a t u s did no t result in the dragging and 
ro ta t ion of the 'e ther ' . D u r i n g this work Sagnac discovered 
the 'vortex optical effect', consist ing in effect of the ro ta ry 
mot ion of the interferometer on the phase characterist ics of 
waves travell ing in opposi te directions. 

Wi thou t going into details the essential aspects of this 
effect can be described by referring to the d iagram of 
Sagnac 's a p p a r a t u s shown in Fig. 1. Rad i a t i on from the 
light source (7 ) (an incandescent lamp) passes t h rough the 
semit rans-parent p la te 2 which p roduces two mutua l ly 
coherent waves. These are circulated by the mi r rors (3) 
r o u n d the perimeter of the interferometer , of area S, in 
opposi te directions. The same half-silvered mir ror (2 ) then 
adds the waves and p roduces a system of interference b a n d s 
on a pho tog raph i c plate . The ro ta t ion of the p la t form (which 
suppor t s the interferometer) at an angular velocity Q induces 
a phase difference 

ZKSQ 
<P\ -<Pi = -j— (1-1) 

between the waves, with an associated shift in the posi t ion of 
the interference b a n d s on the p h o t o g r a p h i c pla te (4): 

4SQ 
5x = ± - (1.2) 

Plots ofcpi-cp2 and of 8x were obta ined [2, 3] as functions of 
wavelength X by the use of the formulae of the special theory 
of relativity, t hough the ro ta t ing p la t form was a noniner t ia l 
system and an exact descript ion of the processes on this p la t 
form can be provided only by the general theory of relativity. 
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Figure 1. The Sagnac experiment in visible radiation. 

Nevertheless by using the pos tu la te of pseudo-Eucl idici ty 
of the s p a c e - t i m e geometry we can treat the mo t ion of the 
noniner t ia l system ( though wi thout al lowing for the disper
sion proper t ies of the mater ia l media a long the pa th of the 
rays) within the f ramework of the special theory of relativity. 

In 1925 Michelson and Gale [4, 5] built an a p p a r a t u s on 
the principle used in Sagnac 's experiment to determine the 
ra te of ro ta t ion of the Ea r th . This required the const ruct ion 
of an interferometer in the form of a rectangle with sides 
613 m a n d 339.5 m. 

In 1949 Bershtein [6] p roduced a var iant of Sagnac 's 
experiment using a radio-frequency signal with a frequency 
of co — 30 M H z as the informat ion carrier, and a mul t i tu rn 
s t ructure of coaxial cable w o u n d on a d rum as the inter
ferometer con tour . Because of its essentially novel app roach 
— the replacement of a single circuit of a large system by a 
mult iple circuit of a small system — this work can be 
considered to be a precursor of the me thod of realising the 
Sagnac experiment by using fibre-optical systems (developed 
in the 1970s) which led to the development of a whole class of 
phase gyroscopes (fibre-optical detectors) [7]. 

In 1979 the Sagnac experiment was successfully modified 
with the aim of determining the ra te of ro ta t ion of the E a r t h 
by means of a purely q u a n t u m p h e n o m e n o n : the phase 
interference of the rmal neu t rons circulating (after an initial 
splitting of the wave function) r o u n d a three-mirror 
interfero-meter of area S = 9 c m 2 . The Bragg diffraction 
p h e n o m e n o n in m o n o crystalline mi r ro r s was used to p roduce 
a closed trajectory for the moving neu t rons . Al lowing for the 
form of the de Broglie wave for a moving neu t ron with 
X = 2%H/mv and for the fact tha t the trajectories of the two 
opposi tely moving beams in a three-mirror interferometer 
cover only one half of the to ta l per imeter , one finds tha t the 
final expression for the q u a n t u m mechanica l phase difference 
becomes 

and is independent of the velocity and of the energy of the 
neu t ron . 

The same expression is valid for ro ta t ing phase-sensit ive 
interferometers which use the interference of coherent elec
tronic states in superconduct ing quan tum interference devices. 

Even when ar ranged in chronological order the mos t 
characterist ic models of the Sagnac experiment all have the 
following features: (a) the use of b e a m s of mutua l ly coherent 
rad ia t ion travell ing in opposi te direct ions; (b) systems for 
forming closed trajectories for these beams ; (c) very sensitive 
phase-sensit ive a p p a r a t u s for detect ing ro ta t ion . 

On purely logical considera t ions of experiment design 
these studies of the Sagnac experiment should n o w be carried 
out with X-rays or with g a m m a rad ia t ion [ 9 - 1 2 ] . 

In addi t ion to offering a m o r e complete methodologica l 
approach , i.e. a test for the effect over the whole of the 
frequency spectrum, these modif icat ions would give (in 
principle), as a result of the decrease in A, much m o r e precise 
characterist ics t han those obta ined in the visible range with 
an interferometer of the same area. On the other h a n d the 
change to electromagnet ic rad ia t ion of shorter wavelength is 
technically simpler t han using the p h e n o m e n o n of neu t ron 
interference, b o t h for quan t a and for m o n o c h r o m a t i c 
the rmal neu t rons of wavelength typical of Bragg diffraction 
(X«0.5-2 A), which can be obta ined in reasonable 
quant i t ies only by monochroma t i s ing the flux from nuclear 
reactors . 

Nevertheless , as was shown by calculat ions and experi
men t s in our laborator ies , the formulat ion of the Sagnac 
experiment in te rms of X rad ia t ion meets some very serious 
difficulties, usual ly associated with f luctuation effects. 

In this review we shall discuss the theoret ical aspects of 
the Sagnac experiment with X rad ia t ion and the results of 
recent exper imental studies using a specially const ructed 
appa ra tu s . 

Section 2 conta ins a detailed discussion of the m e t r o -
logical aspects of the noniner t ia l mo t ion of interferometers 
and resona tors , and of the e lectrodynamics of the wave fields 
in them, which calls for the use of the elements of general as 
well as special relativity. 

In Section 3 we shall examine the p ropaga t i on of cha rac 
teristic waves in the X-ray b a n d and their interact ion with a 
system of monocrys ta l l ine mi r ro r s as a function of the 
determined or f luctuating phase relat ionships (including 
those caused by ro ta t ion) in the interferometer system. 

Sections 4 and 5 are devoted to the formulat ion, p r o 
cedure, and results of the exper imental real isat ion of the 
Sagnac experiment using X rad ia t ion . 

2. Electrodynamics and metrics of rotating 
optical systems 
Because of the essentially noniner t ia l character of the mo t ion 
in ro ta t ing systems such as tha t displaying the Sagnac effect a 
m o r e detailed discussion of the effect should be developed in 
theoret ical t e rms using the general as well as the special 
theory of relativity. By adop t ing this m o r e general app roach 
we shall present the results of studies of the e lectrodynamics 
of mater ia l media in nons t a t i ona ry frames of reference 
specially aimed at detecting the Vortex optical effect' in the 
X-ray region. 

A clear presenta t ion of the general features of the Sagnac 
effect, no t limited to any par t icular region of wavelength of 
the chosen radia t ion , is obta ined by the use of the following 
model . Let the light from a source be p ropaga t ed a long a 
circular p a t h in two opposi te directions after passing t h rough 
a splitter (Fig. 2). A suitable r ing system can be const ructed 
as a mul t ip le-mirror interferometer, a fibre-optical system, or 
a closed resona tor . If the r ing system is at rest relative to the 
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As a result we find 

Figure 2. Annular interferometer in a rotating coordinate system. 

inertial l abora to ry frame of reference the two light b e a m s 
find identical p ropaga t i on condi t ions and re turn to the initial 
splitter in identical phases . D u r i n g ro ta t ion the p ropaga t ion 
condi t ions of the waves travell ing in opposi te direct ions are 
changed: their velocities are n o w different, and an addi t iona l 
phase incursion takes place [13]. 

W e shall demons t ra t e this effect by considering a ro ta t ing 
disc. Let the system K ' be the inertial l abo ra to ry system with 
coordina tes r ' , and the system K be the ro ta t ing disc with 
coordina tes r. Let us establish the metrics of the ro ta t ing 
disc [14]. The element of length in the rad ia l direction of the 
disc is identical in the two systems, bu t the element tangent ia l 
to the circumference is different. F r o m the poin t of view of 
the inertial observer in the system K ' the element a long the 
linear velocity of ro ta t ion of the disc should be cont rac ted 
according to the Loren tz t rans format ion 

d / ' = d/( l - £ 2 ) ~ 1 / 2 , P = v c \ v = Qxr, (2.1) 

where v is the linear velocity, Q is the angular velocity of the 
ro ta t ion , and c is the velocity of light in a vacuum. The 
concentr ic pa th s of the two systems coincide, bu t their 
lengths are different: 

= 2nr, = A d/ ' = 2nr 
2-i -1 /2 

Thus , since the familiar expressions of Eucl idean geo
met ry are no t obeyed on the ro ta t ing disc, we must change to 
a covar iant formulat ion in order to describe adequate ly the 
behav iour of an electromagnet ic wave. To simplify the 
calculat ions we shall consider the p ropaga t i on of light a long 
the circumference of the ro ta t ing disc. 

The 4-interval ds for light travell ing on the circumference 
in the inertial system can be wri t ten as follows in cylindrical 
coordinates : 

ds2=c2 dtf2-rf2dcpf = 0 (2.2) 

W e shall apply a change of coordina tes for the ro ta t ing disc: 

dt' = ydt, dcp' = dcp + yQdt, 
-1/2 

Inser t ing (2.3) into (2.2) gives 

ds2 = [yedt + r(d<p + yQdt)][ycdt - r(d<p + yQdt)] 

(2.3) 

0 . 

dt = rdcp yc( 1 =F! 
Qr 

(2.4) 

In tegra t ing over the whole central angle of the circle gives 
the change in the t ime needed by the light b e a m s to circle the 
per imeter in opposi te direct ions on the ro ta t ing disc. The 
difference between the circulation t imes of the b e a m s a long 
the perimeter of the ro ta t ing disc is defined to first order in 
angular velocity by the expression 

An^Q _ 4SQ 
At = t\ - t2 = • (2.5) 

(We no te tha t this result has also been obta ined by other 
workers [16, 33, 35].) The relative change in the velocity of 
the wave r o u n d the perimeter is vie = Qrlc. In the linear 
approx imat ion , E q n (2.5) for optical beams can be obta ined 
for any form of flat con tour by s tar t ing from the vector form 
of E q n (2.4): 

At = —$) v 
i 

j(V xv)-n dS 

4SQ-n 
(2.6) 

where n is the ou tward n o r m a l to the surface S of the contour , 
in accordance with the r igh t -hand drill rule V x v = 2Q. F o r 
two types of r ing system (resonator , with full access of b o t h 
b e a m s travelling in opposi te directions to the contour ; and 
the interferometric, with half access) the difference between 
the t imes needed for the b e a m s to circle the perimeter 
p roduces a change in the phase difference. 

The metr ic of a ro ta t ing disc differs from those of inertial 
systems. In a Car tes ian system of coordina tes the ro ta ted 
3-interval given by 

dr = R drf + vdt , 

( cos Qt, —sin Qt, 0 \ 
sin&f, cos&f, 0 j 

0 , 0 , 1 / 

leads to the following expression for the 4-interval: 

fiV - (Qr)21 

(2.7) 

ds1 = -c1 dt1 

goo 

+2\Q x r | d r d ; + dr2 = gap dxa dx? 

- ( l - / ? 2 ) > g0k=Pk> gmn = (>mr, (2.: 

The result ing equat ion (2.8) shows tha t in order to describe 
the condi t ions under which electromagnet ic waves are 
p ropaga t ed on a ro ta t ing p la t form we must adop t the 
metr ics of noniner t ia l frames of reference. F u r t h e r m o r e the 
k inemat ic app roach described here is valid only for systems 
in which the optical channel does no t contain addi t iona l 
elements. In the majori ty of interferometers or resona tors the 
optical channel includes opt ical elements (plates, phase 
shifting devices, crystalline structures). Also, since the 
diffraction is a vo lume effect in the X- ray region, the 
substance of the crystal mi r ro r s is unavo idab ly a componen t 
of the opt ical pa th . Obviously, however , the initial equa t ions 
used to describe the state of the electromagnet ic waves in 
ro ta t ing systems can only be the Maxwel l equa t ions in 



292 V I Vysotskii, et al. 

covar iant form and the cor responding mater ia l equat ions . 
W e in t roduce the bivectors of the electromagnet ic field [15] 

ffiv _ I E 0 k _ 

Epv — \E kO 

Fmny = { D H } 

Emn} = {E, B} , (2.9) 

whose componen t s are the 3-dimensional vectors of the 
electromagnet ic displacement and of the field s trength. In 
our no ta t ion the Greek indices cor respond to the values 
a = 0, 1, 2, 3, and m = 1,2, 3. The Maxwel l equat ions can 
then be wri t ten in te rms of the 4-dimensional divergence or 
the curl of the bivectors of the electromagnet ic field: 

(2.10) 

where the 4-dimensional current density vector is related to 
the electrical charge density and to the 3-dimensional current 
density by the expression 

H I (2.11) 

In the system of equa t ions (2.10) the covar iant derivatives are 
defined in te rms of the connect ion coefficients, which can 
themselves be expressed by derivatives of the metr ic tensor 
[including the case of ro ta t ing systems, E q n (2.8)]. In the 
e lectrodynamics of inertial and of noniner t ia l systems the 
relat ionship between the cont ravar ian t and covar iant 
bivectors [Eqn (2.9)] is ob ta ined by using the metr ic tensor , 
and in e lect rodynamic media by using the T a m m -
M a n d e l s h t a m dielectric and magnet ic permeabi l i ty tensor 
(the D - M tensor) . F o r isotropic media in the characteris t ic 
system of a med ium inertially at rest this 4-dimensional 
tensor takes the form 

1 
( 

\ 

S/H, 
0 , 

o, 
0 , 

0 , 
1, 
o, 
o, 

0 
0 
1 / 

(2.12) 

Here s and p are the dielectric permit t ivi ty and the magnet ic 
permit t ivi ty respectively. The usua l 3-dimensional l inking 
equa t ions D = sE and B = \iH in 4-dimensional form are 
replaced by the so-called mater ia l equa t ions 

: 8^8 (2.13) 

which are valid in any frame of reference. Only specific 
informat ion on the f luctuat ional dependence of the elements 
of the D - M tensor on the pa rame te r s of the med ium and of 
its mot ion are n o w required. To determine the form of the 
componen t s of the D - M tensor it is convenient to apply the 
conformal dyadic t r ans format ions to the metr ic tensor: 

s,v = a(g,v _ K u „ M v ) 9 ^ = a - l fev + 9 ( 2 . 1 4 ) 

where is the 4-velocity of an element of the medium, 
a - 2 = /I, K = 8 / 1 — 1 , x = K/(1 +K). The l inking equa t ions 
(2.13) can be rewri t ten in te rms of the 4 th- rank D - M 
tensors : 

2 f c fcap, yco — uyco ' (2.15) 

where 

gjxv, ka = 28NV]<x = 2 a 2 ( g ^ W g 1 ^ + 2 t o J V ] . 

The 4 th- rank D - M tensors (2.15) are very cumbersome. 
However , if we allow for their symmetry only 36 of their 256 
elements remain linearly independent . To simplify the 
discussion it is convenient to describe the mater ia l equa t ions 
(2.15) in the 6-dimensional space of the electromagnet ic field 
bivectors . W e shall in t roduce the collective indices of the 
6-dimensional (configurat ions) space [14], A = {01; 02; 03; 
23, 31 , 12}. After this the bivectors of the electromagnet ic 
field (2.9) can be represented in the 6-dimensional space by 
means of a single-row column or a six-row line: 

E A = {E0k^Emn} = { D H } ^ 

EA ={E0k,Emn} = {-E,B} . (2.16) 

As a result the 4 th- rank D - M tensors in the 4-dimen
sional space become 2nd- rank in the 6-dimensional bivectors 
space. This simplifies the formulat ion of the mater ia l 
equat ions . In the cor responding system composed of even 
an anisot ropic med ium the 6-dimensional D - M tensors t ake 
a simple form, convenient for compar i sons with_the usua l 
3-dimensional tensors of the dielectric cons tant ( 8 ) and the 
magnet ic permeabi l i ty (fi) 

gA , 5 = 

-s ! 0 

o ! 
- l - i ! 

0 ! V 
(2.17) 

Here the 6-dimensional matr ices are b roken down into four 
3-dimensional b locks . The const ra int equa t ions (2.13) on the 
bivectors of the electromagnet ic field finally t ake the form 

Eb , pa,b £b,c (2.11 

The conformat iona l dyadic t r ans format ions (2.14) for the 
metr ic tensor in 6-dimensional form do no t undergo m a r k e d 
changes and n o w become 

fiA,* = ^gA,B _KUA,B^9 UA,B = 2 u ^ W , (2.19) 

By using the definitions (2.19) and (2.17) we can calculate the 
6-dimensional D - M tensor in the cor responding ro ta t ing 
disc system: 

gA , 5 = 

-(=srl-n-lP) -p~lV 

o, o, p y 

o, o, -p. 
0 

- 8 - ! V 

8 - ! V ! Jl-g-l--E-lp 

( p?y9 -pxpy9 0 

-PxPy, ft, 0 

V o, o, p 2 

(2.20) 
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The block s t ructure of the 6-dimensional matr ices allows 
us to pass relatively easily from the bivector form of the 
mater ia l equa t ions (2.18) to the 3-dimensional (vector) form. 
In the special case of isotropic media these equa t ions for the 
electric displacement and the field intensity simplify to 

D = eg-1E-ffixH, B = figlH + y2fixE. (2.21) 

A n a l o g o u s expressions can be obta ined no t only for mater ia l 
media bu t also for mater ia l systems in the field of ro ta t ing 
masses. F or example, for the Ker r metr ic [16] and for the case 
of a field far from the centre of mass , when r > rg = 2 ym/c 2, 
the 4-interval in the local Car tes ian system of coordina tes 
becomes 

d s 2 = - c 2 ( l - rgr~l) dt2 + d x 2 ( l - rgr-lYl 

+ dy2 + d z 2 + 2rgr-2arct dz , (2.22) 

where the constant ar= a sin 6 is p ropo r t i ona l to the angular 
m o m e n t u m componen t . By using the metr ic tensor of (2.22) 
we can obta in its 6-dimensional const ruct ion. Mate r i a l 
equa t ions of the type of (2.18) p roduce the following 3 -
dimensional equa t ions similar to (2.21): 

D = N(E-WH), B = N(H+WE) , 

1, 0 , 
N = [ 0 9 ( \ - r g r - l ) - \ 

, 0 , o, 

w 

(1 

w 

0 
0 

rgarr (2.23) 

In the case of a non ro t a t i ng gravi ta t ional mass the cor re 
sponding angular m o m e n t u m \M | = mca -> 0, and the Ker r 
metr ic is replaced by the Schwartzchild metr ic while the 
3-dimensional tensors W -> 0. As a result the constra int 
equa t ions (2.23) reduce to the usua l mater ia l equa t ions only 
for electrical or only for magnet ic field vectors. Thus , the 
effect of ro ta t ion in the first order of angular velocity can be 
obta ined in the final formulae by using the constra int 
equat ion for the electric displacement and field intensity 
with the addi t iona l t e rms (2.21) or (2.23). 

In the general case the system of Maxwel l 
equa t ions (2.10) with the mater ia l equa t ions (2.21) is 
unwieldy because of the dependence of the permit t ivi ty 
tensors in the ro ta t ing system on the coordinates . In m a n y 
cases the system can be simplified. Thus , in the geometr ical 
optics approx ima t ion we can ignore the changes in the field 
pa rame te r s and in those of the med ium in the t ransverse 
p lane of the wave fronts of the electromagnet ic waves. Then 
in the local region of waves p ropaga t ed a long the linear 
ro ta t ion velocity the solut ions for p lane waves remain valid: 

E = E0 exp [i(cot — &•#•)] , 

\Eq\ = cons t , k = — , (2.24) 

where k is the wave vector and § are the vectors of n o r m a l 
refraction, equal in m o d u l u s to the refractive index. 

The differential equa t ions for the free electro-magnetic 
field t ake the vectorial form 

D = -£xH, B = £xE, 

Z-D = 09 $-B = 09 

with the mater ia l equat ions (2.21). S imul taneous solut ion of 
(2.25) and (2.21) gives the effective dielectric and magnet ic 
permit t ivi ty tensors 

D = 8effE, B = fieffH, 

(2.26) 

where the following 3-dimensional tensors have been used: 

a x b = ab 

fifo-l), -(eiJL-l)fiJ29 0 \ 

n = y2 -{sn - \)fij29 {sn - ft-fifr - 1), 0 

\ 0, 0, £ j U - £ 2 / 

( 0, —(33, (32 \ 

(23, 0, —a\ I . (2.26a) 

—(32, (31, 0 J 
The ord inary refraction vector is found by solving the 

equat ion when the de te rminant of the uni form system of 
equa t ions for the s trength of the electromagnet ic field 
vanishes: 

+ eiig -1 + fff) - ( l i s + n ) I = 0 . (2.27) 

In the special case of the p ropaga t i on of a wave a long the r ing 
system, when the wave vector is paral lel to the linear velocity 
of ro ta t ion in every local region, we obta in a solut ion for a 
p lane wave with a wave resistance R = \E\/\H\= ( / i / e ) 1 / 2 , 
for which the o rd inary refraction vector is t ransformed 
according to the law 

1/2 (2.28) 

The result (2.28) is the basis for the de terminat ion of the 
phase difference between waves travell ing r o u n d the 
per imeter in opposi te directions in the Sagnac experiment in 
the case of a resona tor and an interferometer respectively: 

<p0 = ±4KSQ[Xc(\ -P2)]~l , 

<p0 = ±2nSQ[Xc{\ - /I2)]' (2.29) 

This same change in the effective refractive index |§ | for two 
waves circulat ing in opposi te directions leads (as a result of 
the difference in the opt ical lengths of the resona tor 
per imeter) to a difference in the characterist ic resonance 
frequencies: 

O) = ( B 0 ( l ± ^ ) ( l - ^ ) . (2.30) 

(2.25) 

In an actual annu la r interferometer or resona tor a 
t ransverse m o d e s t ructure which makes the wave i nhomoge -
neous and different from the solution (2.24) can be formed. 
This p h e n o m e n o n can be allowed for by solving the system of 
Maxwel l equa t ions (2.10) s imultaneously with the mater ia l 
equa t ions in the quasiopt ical approx ima t ion [17]. 

In a ro ta t ing system with a 3-dimensional formulat ion in 
Car tes ian coord ina tes the Maxwel l equa t ions stay the same 
as in an immobi le system if all four vectors of the electro
magnet ic field remain in their places. Al lowing for the 
mater ia l expressions (2.21) the system of Maxwel l equa t ions 
reduces to equa t ions for the electric and magnet ic field 
intensity vectors: 
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H cdt) c J cdt 
1 
c 

\i 8 
~cdt 

1 
c 

(2.31) 

F o r a to ro ida l regular resona tor the solut ion with a 
slowly varying field ampl i tude is 

Ep(r) =ep(r)Qxp(-ihq) , (2.32) 

in which q is the longi tudinal coord ina te a long the perimeter 
of the to ro id and h is the longi tudinal wave number . This 
solut ion leads to the following equat ion for the spectrum of 
characteris t ic frequencies: 

K [ h p - cDppc-ly (2.33) 

Here K± is the t ransverse wave number , determined by the 
t ransverse m o d e s t ructure of the field and the t ransverse 
dimensions of the waveguide pa r t of the resona tor . 

In the geometr ical optics approx imat ion , in which the 
t ransverse s t ructure can be ignored, we have K± —> 0, and for 
the longi tudinal wave number we obta in the expression 

hp=(Op[(8fi)1/2+P] (2.34) 

the ana logue of (2.28) for p lane waves with a uni form 
s t ructure in the first order of the linear velocity of ro ta t ion . 

F o r a quasiopt ica l annula r resona tor of rad ius ro, in 
which the oscil latory field is limited by caustics of size d, the 
dispersion relat ionship for the characteris t ic waves and 
frequencies takes the form 

2K±d = mn + (2n + 1) arcsin ( tanh rj) , (2.35) 

where 

m P<X>Q\ 

ro c ) 

1/2 
(2.35a) 

and the integers p , m, and n define the number of wave or 
half-wave oscillations of the field (respectively) a long the 
per imeter and in the t ransverse direction. 

Thus , the existing equa t ions of the e lectrodynamics of 
media in ro ta t ing frames of reference can be used to calculate 
the phase changes in interferometers or the frequency bea ts in 
annu la r r e sona to r s with an active med ium produced by the 
ro ta t ion of the p la t form, and also pa rame te r s such as the 
dielectric cons tant and magnet ic permeabi l i ty in the optical 
channels or in the design of the system. In par t icular the effect 
of ro ta t ion is seen no t only in the phase (2.29) and the 
frequency characterist ics (2.30) bu t also in the effective 
susceptibility of the med ium, ob ta ined from (2.28) and 
given by 

Z e f f = 8 e f f - l = | £ | - l - Z + 2 i 5 . (2.36) 

In the X-ray region #eff effectively determines all the 
characterist ics of the Bragg diffraction (the fundamenta l 
effect in the X-ray ana logue of the Sagnac experiment) . It 
can be seen tha t in the X- ray region, which is characterised by 
a very low value of \x\ <̂  1, the effect of the relativistic factor 
is observed at lower values of ft <̂  1 and becomes 
p r e d o m i n a n t for ft > \%\/2, whereas in the optics of the 
visible region a comparab le effect is ob ta ined only in 
mo t ions whose velocity approaches the speed of light. In the 
p rob lems with |/?| <̂  |#|, discussed below, we shall assume 
tha t Xeff « X-

3. Electrodynamics of the characteristic waves 
in a crystalline X-ray resonator or 
interferometer allowing for rotation 
All the condi t ions st ipulated for the realisat ion of the Sagnac 
experiment in the X-ray region ( format ion of coherent waves, 
format ion of a closed r ing trajectory, effective phase-sensit ive 
detectors) can be satisfied automat ica l ly in a mul t imir ror 
crystalline interferometer or resona tor . 

Let us examine the special features of the e lectrodynamics 
of characterist ic waves in crystalline per iodic s tructures . 

The solution of the wave equat ion 

V 2 £ ( r , t) 
c2 dt2 

Air Tr 

E ( r , ( ) = ? s [ i ( # , ' ) ] (3-D 

in crystals is a set of characterist ic waves cor responding to the 
expansion of E(r,t) into a Four ie r series of the reciprocal 
lattice vectors Kn = nK\ 

E(r, t) = Y , <K e x P ft®' " k n ' r)] , (3.2) 

where kn = ko + Kn, co = 2nd2., and en is the uni t vector of 
the polar isa t ion of the electromagnet ic wave travell ing in the 
direction of the vector kn. 

By ignoring the small longi tudinal componen t s of E(r, t) 
in the crystal [18] and using the expansion (3.1) we can easily 
convert E q n (2.1) into 

^2(k2

n - co2c-2)El

n exp [i((Dt - kn-r)] 

4nco2 

^2xil(r)El

pQxV[i(cot-krr)] , (3.3) 

where xd(r) is the tensor of the local susceptibility of the 
crystal. Mul t ip ly ing this equat ion by exp[— i (co t -k a • r)] and 
integrat ing over the vo lume of the uni t cell Vo of the crystal 
we obta in 

( * « K - 2 - i ) * i = £ s W 

4r 
471 
Vo. 

f / ( r ) e x p [ i ( ^ - ^ ) . r ] d y , (3.4) 

where is a tensor with componen t s p ropo r t i ona l to the 
Four ie r density of the local susceptibility of one uni t cell, and 
K = co/c. The quan t i ty g1^ cor responds essentially to the 
ampl i tude scattering of the wave into the wave Elp for one 
uni t cell. 

Al lowing for the specific pa rame te r s of the y t ransi t ion in 
the nucleus and of the electronic t ransi t ion in the a tom the 
explicit expression for g1^ can be converted into the general 
form [19] 
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a I' — v " -I- v " 

Xa/? = ro^a/Kl^a -kp\)pi l(Oa,(pa;0p,<pp) , 

v*'/ _ ~ r J M

 r

J v M ° 
tap — AOajS /-^ JoLM (M-M0)^JLM (M0-M) 

M,M0 

i + [ 2 ( ^ - w M , M o ) / r ] 

H e r e r 0 is the classical rad ius of the electron; Fap is the 
a tomic factor; pd is the polar isa t ion factor for electron 
scattering; ^3

J\^MX{M1-MX) a r e t n e K l e b s c h - J o r d a n coefficients; 
X^2~Ml(9a, (pa) is the vectorial spherical ha rmon ic for the 
electromagnetic t ransi t ion of the multiplicity L between the 
hyperfine sublevels of the nucleus with spin project ions on the 
quant isa t ion axis M\ and M 2 ; e\ are the polar isa t ion vectors of 
the characterist ic waves El

a lying in the scattering p lane 
(/ = 2) or in a p lane at right angles to it (/ = 1); 6a and cpa 

are spatial angles describing the or ientat ion of the vector ka; 
Xoajg is a pa ramete r which allows for the relative concentra t ion 
of resonance nuclei, the Mossbaue r factor, and the posi t ion of 
the resonance nucleus in the uni t cell [20]. 

F or resonance processes involving the Mossbaue r g a m m a 
rad ia t ion we have \x^\ > \xHp\-

In the cases of greatest pract ical impor tance the system of 
linear equa t ions (3.4) is greatly simplified. 

If the direction ko of the wave Eq falling on the crystal 
does not satisfy the Bragg condi t ion,which in this case 
cor responds to the requi rements tha t ka — ko = ±Kn, the 
integral over the vo lume of the uni t cell in the expressions for 
g£p is different from zero only in the case of scattering wi thout 
change in the direction of the wave. As a result the p rob lem 
reduces to the rectilinear p ropaga t i on of a wave in an 
anisot ropic med ium. 

The next simplest case, which is very impor t an t in 
pract ice, is when the Bragg condi t ion is obeyed for only one 
of the scattered waves with wave vector k\ = ko ± K. U n d e r 
these condi t ions only the ampl i tudes of the characteris t ic 
waves Eq and E[ are different from zero. These waves are 
related by the system of four equa t ions 

{klK-2-l)E< = 
i=i p=o 

i=l,2, a = 0, 1 . (3.6) 

Put t ing , as usua l [18], ko = K(1 + e ) , & i = K(1 + bs + (5/2), 
where \e\ <̂  1, b = cos 60/ cos 0i, and 3 = K• (K + 2K)/K2 is 
a small angular deviat ion of the direction of incidence of the 
wave on the crystal from the exact Bragg condi t ion, we 
obta in from the condi t ion tha t the de te rminant of the 
system (3.6) mus t be zero a four th-order dispersion equat ion 
which defines the complex quan t i ty s (which characterises, in 
par t icular , the absorp t ion of the waves). In general this 
solut ion cannot be obta ined in an explicit form. Some 
special cases in which s can be found have been 
discussed [ 1 8 - 2 0 ] . The equat ion for s can be simplified 
substant ial ly in the simplest case of external fields act ing on 
the scattering nucleus or a tom, or in the presence of an 
internal pe r tu rba- t ion having an energy whose eigenvalues 
are independent of the sign of the project ion of the spin of the 
scattering nucleus on the quant i sa t ion axis. F o r example, the 
latter condi t ion is satisfied by the quad rupo le interact ion of 
the m o m e n t u m of the nucleus with the electrostatic field of 
the lattice. U n d e r these condi t ions the expression for glJp 

[Eqn (3.5)] is diagonalised with respect to the polar isa t ion 
indices, and g£p = glJpSu. As a result the system (3.6) is split 
into two independent subsystems conta in ing two equa t ions 
each for different polar i sa t ions of the field: 

1 
(k^K-2 - l)El

a = , a = 0, 1 , (3.7) 
p=o 

and the solut ion of the dispersion equat ion for this system is 

T | [(g& + fcgfi " bdf + 4fc(g«,5 - A')]1/2 , 

^ ' ' = * M - * M > - (3-8) 
The appearance of two wave vectors k(s[),k(sl

2) for the 
refracted as well as for the reflected wave is associated with 
the relief of the degeneracy in wave number space, owing to 
an interact ion of the waves in the crystal. The explicit form of 
e[2 depends on the characterist ic pa ramete r A\ It follows 
from (3.5) tha t in the case of an E l electrical dipole t ransi t ion 
£00 = £11 = £01 = £10 m t n e scat tering nucleus, and A1 for 
a wave polar ised at r ight angles to the scat tering plane , 
whereas , as in the case of the wave polar ised in the scat tering 
plane , we have 

Soo = Sn = ^ ? ( c o s 2 0 o ) - 1 = ^ 2

o

2 ( c o s 2 0 o ) - 1 , 

A2 = {g22)\m22eo . (3.8a) 

F o r a magnet ic dipole t rans i t ion of the M l type involving 
Mossbaue r rad ia t ion with > w e have A2 = 0, 
A!= feoo)sin220o. 

In b o t h these types of t rans i t ion with a wave Eq incident 
on the crystal in the exact Bragg direction for which 3=0 
and with a polar isa t ion cor responding to the condi t ion 
A1 = Owe have 

e\=0, 4 = 2 * o o 0 + * ) • (3-8b) 

The vanishing of one of the roo t s , s\, (which defines the 
imaginary pa r t of ka) shows tha t a wave with this polar isa t ion 
creates, as a result of diffraction in the bulk of the crystal, a 
coherent superposi t ion of a refracted (wave vector ko) and a 
diffracted wave [wave vector ki, E q n (3.3)], which passes 
t h rough the crystal (case of diffraction in the Laue geometry) 
or is reflected from it (diffraction in the Bragg geometry) 
wi thout loss in either case. At the same t ime the second roo t 
s\ > # q 0 for the Laue diffraction (b > 0) cor responds to a 
superposi t ion of the waves which is s trongly absorbed in the 
crystal. 

C o m p a r i n g the latter roo t , sl

2, with the solut ion (3.8), 
obta ined for angles differing substant ial ly from the Bragg 
angle bu t equal (sl = glQ0/2), we can see tha t this form of the 
solut ion predicts a spatial a t t enua t ion of the superposi t ion 
with a decrement (1 + b) t imes greater t han for a wave 
p ropaga t ed outs ide the limits of the Laue diffraction region. 

However , in the case of Bragg diffraction the second root 
of the dispersion equat ion is sl

2 <^ goo/2, and in the case of 
symmetr ical diffraction with b = — 1 it vanishes. This result 
suggests the possibili ty of the almost complete exclusion of 
bulk absorp t ion for the whole of the incident rad ia t ion with a 
given polar isa t ion for symmetr ical reflection from the 
surface, and the realisat ion of this effect for only pa r t 
(approximate ly one half) of the incident rad ia t ion , cor re 
sponding to the e\ (first) roo t for the L a u e diffraction, when 
the incident wave and the sum of the refracted and the 

file:///xHp/-
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diffracted waves lie on different sides of the crystal. 
Obviously, the Bragg diffraction can be used to create a 
very efficient reflecting mir ror with a reflection coefficient 
R « 1, whereas the Laue diffraction can be used in a coherent 
splitter of shor t -wave radia t ion , and also (in m a n y cases) to 
p roduce a reflecting mir ror . 

Let us examine in an explicit form the s t ructure of the 
field in the L a u e geometry. In this case we obta in from (3.7) 

£ / « 2 ) = [ ( 2 < 2 - g&xs&r'No^) • (3-8c) 
F r o m this expression we find, for waves being p ropaga t ed in 
the exact Bragg direction with A1 = 0, one ob ta ins 

Ei(A) = -EM), £ f ( 4 ) = ^ ( 4 ) , 

£ i ( « i ) = £ i ( 4 ) = y , (3-9) 

where Eo is the ampl i tude of the wave incident on the crystal. 
Al lowing for (3.9) gives the following solution of (3.3): 

E^r, t) = [Ei(8\) + £ f ( f i i ) e x p ( i t f . r ) ] 

x e x p [ i ( c t f - * 0 ( f i i + [El(e2)+Ei(e!2) 

x e x p ( i t f - r ) ] exp [i(atf - fc0(e2) «r)] , (3.10) 

result ing from the presence of two types of superposi t ion of 
the characterist ic waves. 

The first superposi t ion of the refracted and the diffracted 
wave, which cor responds to the roo t e\, vanishes in the 
regions of the crystal associated with the crystal planes, for 
which K*r = 2K. Since the great major i ty of the a tomic 
electrons and all the nuclei are located close to these p lanes 
this p roduces a very marked suppression of the absorp t ion 
process, analytically displayed by the form of the decay to 
zero of the imaginary pa r t of the wave vectors ko(e\) 
and ki(e\). 

F o r the second superposi t ion with K*r = 2K the ampl i 
tude of the combined fields (for symmetr ical diffraction) is 
equal to double the ampl i tude of each of the waves, which 
doubles the absorp t ion coefficient for this pair of waves, 
leading to its complete decay in a layer 1 - 1 0 \\m thick (for 
Mossbaue r rad ia t ion) or h u n d r e d s of micromet res thick (for 
an X-ray wave). 

The final conclusion, as in the qual i tat ive considera t ions 
examined above, is tha t the initial incident wave is split in the 
crystal into two very slowly decaying coherent waves hav ing 
half their previous ampl i tude and diverging at double the 
Bragg angle (20 o ) . 

At low deviat ions (3 ^ 0 ) of the direction of the incident 
wave from the exact Bragg angle the condi t ion (3.9) no 
longer applies, and the ampl i tudes of b o t h diffracted waves 
E[(s\ 2 ) and refracted waves Eq(S\ 2 ) increases, ul t imately 
leading to incomplete compensa t ion of the first superposi t ion 
within the p lane and to an increased absorp t ion . In the limit 
of a very large angular deviat ion the ampl i tudes of the 
diffracted waves become negligibly small and the p rob lem 
reduces to the single-wave case. This effect (suppression of 
the absorp t ion near the Bragg direction) was first detected by 
B o r m a n [21] in the case of X-rays , and predicted by K a g a n 
and Afans 'ev [18] for Mossbaue r rad ia t ion . 

By using these features of the e lectrodynamics of shor t 
wave rad ia t ion in monocrys ta l s we can analyse p roposed 
[ 9 - 1 1 ] schemes for setting up the Sagnac experiments , one of 
which has been realised in pract ice. 

Figure 3. Path of the rays in a three-mirror crystal interferometer with 
reflecting mirrors in the Bragg (7 ) and the Laue geometry (2); (3) shows 
the structure of the interference field in the volume of the emergence 
mirror. 

The initial rad ia t ion from the source t h rough a system of 
coll imating d i aphragms falls on a m o n o crystalline p la te fixed 
in the Bragg posi t ion with respect to the direction of the 
source. The format ion of a weakly absorb ing wave 
superposi t ion leads to the creat ion within the crystal of two 
coherent waves of equal ampl i tude emerging from the crystal 
in the k and K\ = k K directions: 

El(r, t) = £<5(ei) exp [i(cot -*•#•)] 

+ £ f ( e i ) e x p [ i ( f i ) f - * ! • # • ) ] , 

K = k0(ei92 = 0) . (3.10a) 

Crystal l ine reflecting mi r ro r s in the Bragg [F ig. (3a)] or in the 
L a u e geometry [Fig. (3b)] are used to ensure the spatial 
convergence of these waves. In the latter case each of the 
incident waves (in tu rn ) is split on this mir ror into a coherent 
pair identical to the initial pair . Only one wave from each of 
these pai rs is used in the subsequent interference in the thi rd 
crystal. The two unreflected waves can be used in a cont ro l 
(moni tor ing) channel after pass ing th rough the reflecting 
mir ror . 

W e no te tha t for very thin crystals of thickness L = Lp, 
in which 

Lp = (2p+ 1 ) t i c o s 0 O | R e [ 4 ( e j ) - 4 ( 4 ) ] | - 1 > 

Lp < cos0o | l m 4 ( e i j 2 ) | " \ p = 0 , l , 2 , . . . , (3.10b) 

the incident wave is completely t ransferred into the diffracted 
wave in the case of Laue diffraction. This effect is associated 
with the interference of two pai rs of coherent waves with 
&o( e i ) a n d &o(e2)> a n d a l s o with k[(e\) and k[(el

2)9 each 
travell ing in its direction and differing in their wave vectors 
by a small a m o u n t . The result ing ' pendu lum effect' ( the 
spatially per iodic conversion of the refracted wave into a 
diffracted wave and vice versa) can be observed only in a very 
thin layer of crystal, where absorp t ion effects can legitimately 
be ignored and the ampl i tudes of all four waves have 
comparab le magni tudes . F u r t h e r m o r e , in order to form a 
diffracted wave with a uni form cross-section the crystal must 
have a strictly cons tant thickness Lp over the whole aper tu re 
of the beam. 

A wave field at the surface of the third crystal, identical 
with the first and oriented in the same way, can be obta ined 
by no t ing tha t the ro ta t ion of two waves in space leads to the 
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replacement of K by K\ = K + K and K\ —K = #e. The result 
is 

El(r91) = E0

l(s\)Qxp[i(cot - K\ -r + (px)\ 

+E{(&\) exp [i(cot - K-r + cp2)] (3.11) 

W e have allowed for the fact tha t dur ing the p ropaga t ion of 
two waves by different trajectories each wave can experience 
an addi t iona l phase change cp\ and q>2, owing to physical 
effects, a n d ly ing b e y o n d t h e s cope of t h e t h e o r y o f 
diff ract ion. In keep ing wi th t he special fea tures of t he 
met r ics and e l ec t rodynamics of r o t a t i n g r ing s t ruc tu res 
d i scussed a b o v e t h e p a r a m e t e r s cp\ a n d cpi in t h e 
modif icat ion of the Sagnac experiment being discussed are 
the result (in addi t ion to possible f luctuation mechanisms) of 
the phase difference ±cpo [Eqn (2.29)] associated with the 
mot ion of two waves in opposi te directions in a ro ta t ing 
interferometer system. In order to generalise the discussion 
we shall assume tha t in addi t ion to the phase shift + q>o9 each 
of the waves travell ing in opposi te direct ions can experience 
dur ing its t rajectory an addi t iona l phase change hq)\y 2, which 
a l l ows a un i f i ed t r e a t m e n t of t h e i n s e r t i o n in to t h e 
in terferometer of correct ive phase-shif t ing elements , and 
also of r a n d o m f luctuat ions of the phases owing to the 
instabili ty of the system pa ramete r s . Replac ing the phases 
<Pi = <Po + Acpi and q>2 = — cpo + Aq>2 in E q n (3.11) b y 
their combina t ions cpa,b = (<pi ± <P2)/2 gives 

El(r9 t) = exp(i tf-r)] cos <pfc 

+ {[Eo ~ E \ e x P • r)\ s i n <Pb } 

x exp [i(oot - K\ t + <pa)] . (3.12) 

The last expression shows tha t because of the result ing 
phase shift q>b the two coherent initial waves E^ i(e[)9 

incident (symmetrically to the crystal p lanes with a doubled 
Bragg angle) on the surface of a third crystal mir ror , form 
two coher-ent superposi t ions . N o t i n g tha t the ampl i tudes of 
the inter-act ing waves are related by Eqn (3.9) E[ = —Eq = 
8 0 / 2 , it is evident tha t for one of the superposi t ions (the first) 
the to ta l field vanishes within the absorb ing planes of the 
third crystal, which are an extension in space of the p lanes of 
the first crystal, whereas for the other superposi t ion [the 
second in (3.12)] it reaches its m a x i m u m value in this region. 
As a result the first wave superposi t ion (whose relative 
ampl i tude is c o s ^ ) passes th rough the thi rd crystal, which 
plays the pa r t of a phase analyser or a p h a s e - a m p l i t u d e 
converter wi thou t substant ia l absorp t ion . After their passage 
t h rough the crystal the two waves of this superposi t ion are 
p ropaga t ed a long their independent trajectories and can be 
measured by ampl i tude detectors . At the same t ime a 
p h o t o g r a p h i c p la te located directly beyond the emergence 
surface of the third crystal can record the interference field of 
the waves. 

The second wave superposi t ion is s trongly absorbed and 
decays very rapidly in the crystal: it is undetec table beyond it. 

As a result of these processes the intensity of the rad ia t ion 
registered by each of the ampl i tude detectors located beyond 
the thi rd crystal is given by J = J(cpb) = (Jo/4) c o s 2 ((pb), 
where Jo = EQ(70C/4Khco is the intensity of the initial wave 
incident on the splitter crystal (first mi r ro r ) and cr0 is the cross 
section of the beam. 

In the modif icat ion of the Sagnac experiment which we 
are discussing the monocrys ta l l ine mi r ro r s s imultaneously 
solve the three p rob lems which oppose the realisat ion of the 

experiment in the X- ray region: they act as the source of a 
pair of coherent X- ray waves (i.e. as the splitter), as very 
effective reflectors, and as a phase analyser. The count ing 
ra te of the quan t a provides valuable informat ion, 
cor responding to the angular ro ta t ion velocity Q. 

Let us examine the possibili ty of opt imising the experi
ment . Because of the pa rabo l ic dependence of the velocity of 
light N = Jt on Q at low values of cpb and Q a significant 
increase in precision is possible by moving the work ing poin t 
cpb (Q = 0) a long the linear pa r t of the a m p l i t u d e - p h a s e 
characterist ic J(q>b). This can be achieved by insert ing 
addi t iona l phase-shift ing elements into one or b o t h of the 
interferometer a rms . If under these condi t ions Acp = 
( A ^ — A(p2)/2 = K/4 the J(q>b) dependence becomes 

Jo 4nSQ 
(3.13) 

There are several ways of in t roducing into the interferometer 
this addi t iona l ' l inearising' shift ( 'phase subst i tu t ion ' ) . It can 
be done by placing phase plates in the a p p a r a t u s or by 
addi t iona l ro ta t ion of the interferometer at a high angular 
velocity £20, which offers the required value of 
Acpx - Acp2 = n/2 at Q0 = A C / 8 5 . 

A m o r e na tu ra l way of in t roducing the phase subst i tut ion 
is to use (as was suggested by experiments with an actual 
interferometer) the built-in field of small deformat ions , 
which leads to an equivalent addi t iona l phase shift 
Acp = nAxld as a result of the displacement of the crystal 
p lanes by Ax from their mode l posi t ion (the same for all three 
mirrors) . He re d is the in terplanar spacing. 

In the case of a he te rogeneous deformat ion field the 
quant i ty Ax is a smooth function of the coord ina te x9 per 
pendicular to the planes . F o r a relative deformat ion Ad/dthe 
overall interference field at the emergence surface of the last 
( third) mir ror will be characterised by a moi re pa t t e rn with 
per iod A = d2/Ad. F o r a s t rong enough deformat ion the 
spatial per iod of this moi re pa t t e rn can be comparab le to the 
size of the t race of the incident X-ray beam D = Do/cos #o, 
which requires al lowing for the change in phase within the 
range of D. This is done by averaging the final expression for 
J((pb) over the whole range of changes in Acp within the region 
Sep = KD/A. A s a result we find 

^0 

•A<p+(8<p/2) 
1 

A<p-(8p/2) 
cos2(A(p + <jo0) d(A<jo) 

= ^ [ l + F c o s 2 ( A < ? > + <io0)] , (3.14) 

where F = sm(d(p)/dcp is the aper tu re phase pa ramete r of the 
beam. 

This averaging p roduces a large decrease in the contras t 
of the s t ructure of the interference field and lowers the 
precision of the measurement of angular velocity. 

W e shall n o w assess the prospects (in principle) of the 
Sagnac experiment carried out with X radia t ion . Ignor ing the 
f luctuation processes in the interferometer system, which will 
be examined in detail below, we shall de termine the 
dimensions of an interferometer able to measure the ra te of 
ro ta t ion of the Ear th . Tentat ively assuming a m a x i m u m 
precision of the ampl i tude measurements of AN/N « 1 0 ~ 4 

by the count ing of quan ta , we find from (3.13) tha t the 
smallest area of an interferometer able to determine the ra te 
of ro ta t ion of the E a r t h by means of X rad ia t ion of wave
length X = 0.3 A is S m m « 10 c m 2 . 
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Wi th softer rad ia t ion and a smaller interferometer 
con tour the effect of the ro ta t ion of the Ea r th on the 
gyroscopic effect is negligibly small. The experiment with 
the a p p a r a t u s and rad ia t ion pa rame te r s S « 4.28 c m 2 and 
A « 1.54 A led to the same conclusion. 

A further increase in the sensitivity of the Sagnac experi
ment can be p roduced by adop t ing a resona tor scheme with a 
closed circular t rajectory and mult iple circuits. 

The main p rob lem met in the realisat ion of this scheme is 
the need to satisfy the requi rements of a closed pa th for the 
mo t ion of the quan t a [ 2 2 - 2 9 ] . Wi thou t dwelling on this 
specific and complex p rob lem we shall only ment ion some 
a t t empts to analyse its solut ion, including the use of a n o n -
p lanar t rajectory [22], the use of a figure-of-eight t rajectory 
of the rays [23] (with cross-over), u l t rasonic cont ro l of the 
Bragg diffraction pa rame te r s [24, 25], and asymmetr ic 
reflections [26]. The last of these models ha s a l ready been 
realised, and used to construct the first (and so far, 
apparent ly , the only) work ing resona tor in the X-ray 
b a n d [27]. W e shall not discuss the physical form of this 
resona tor [28], bu t merely consider the m a x i m u m precision 
of the measurements of Q of which the ins t rument is capable. 

Consider the case when the characteris t ic frequency of 
one of the modes of the resona tor coincides with the 
frequency of the rad ia t ion a>o applied from the source. 
W h e n the system is ro ta t ing , the tun ing frequency of the 
resona tor is different for different directions [2, 30], and 
equal to cor = &>o(l ± 2SQI Ic). 

H e r e / is the perimeter of the resona tor . Accord ing to the 
theory of resonant systems, waves of identical frequency 
p ropaga t ed in equivalent resonance circuits with different 
resonance frequencies acquire addi t iona l phase shifts 
cpo = ± a rc tan (2Qcoo/coo\ where Q is the qual i ty factor of 
the resona tor . 

F o r low values of 2QAcoolcoo the difference in phase 
between waves travell ing in opposi te directions is 

<p0 = ± — j — . (3.15) 

W h e n the appropr i a t e 'phase subs t i tu t ion ' is used to 
linearise the phase-ampl i tude characteris t ic of the count ing 
ra te of the quan t a the increase in precision of the Sagnac 
experiment is determined by the rat io of the differences in 
phase for the resona tor (3.15) and the interferometric scheme 
cpo = ±2KSQ/XC, and is equal to G= 2XQ/nl. The 
m a x i m u m value of Q ( ignoring the diffraction losses, which 
are u n i m p o r t a n t in the X- ray and g a m m a regions) is given by 
g m a x ^ 2%l/No2(\ —R), where R is the reflection coefficient 
for each of the No mi r ro r s of the resona tor [10]. F or this Q m a x 

value we have G m a x « 4/N0(l -R). 
Using the experimental ly accessible value R » 0 . 9 5 , and 

assuming N = 4, we obta in G m a x « 20. W e no te tha t in the 
case, which has already been realised and experimentally 
studied, of a germanium resonator the quality factor Q « 2.6 
x 10 9 determined experimentally [27] for a wavelength 

X « 1.8 A corresponds to an almost three-fold increase in 
precision and sensitivity. 

W e should also no te tha t the use of rad ia t ion whose 
spectrum occupies a frequency b a n d hco small in compar i son 
with the in te rmode separa t ion co\ = 2nd I and with the 
t ransmiss ion b a n d of the resona tor ACQ = co/Q is a 
necessary condi t ion for the accumula t ion of phase shift 
dur ing mult iple circuits. F o r the a l ready implemented and 
other possible single-block crystal r e sona to r s with 

pa rame te r s Q > 10 9 , X « 10 8 cm, / « 10 cm we have 
coi « 2 x 1 0 1 0 H z and ACQ ̂  2 x 1 0 1 0 Hz , which is 4 - 5 
orders of magn i tude lower t han the width of the 
characterist ic X rad ia t ion b a n d . Obviously, only the 
Mossbaue r g a m m a rad ia t ion satisfies this necessary 
condi t ion. The low activity of the isotopic Mossbaue r 
g a m m a sources complicates the const ruct ion of resona tor 
schemes for the Sagnac experiment . 

4. Experimental assembly and possible error 
sources of the Sagnac experiment with 
X radiation 
Because of the very high sensitivity of interference 
experiments using rad ia t ion with a short wavelength in the 
X-ray range t owards weak pe r tu rba t ions (deformat ions of 
the crystal mi r rors in a static posi t ion and dur ing mot ion or 
under the influence of angular acceleration, t empera tu re 
gradients , etc.) the experiment was p lanned to include 
several ' r igid' ( in-shaped) interferometers all m a d e from a 
single silicon monocrys ta l by mechanica l removal (cutt ing) of 
the unwan ted pa r t s followed by anneal ing, lapping, and 
chemical polishing. Addi t iona l rigidity was obta ined by 
designing the single-block interferometers in the form of 
three thin mi r ro r s connected by an upper and lower thick 
base fastened by four edge pillars (Fig. 4). The interferometer 
had external d imensions of 4.5 cm x 3 cm (measured a long 
the perimeter of the reflecting mirrors) , and was designed to 
use rad ia t ion from the characterist ic CuK^X = 1.541 A) X -
ray line in a system of (220) planes perpendicular to the 
mir ror surfaces and hav ing a per iod J220 ~ 1-92 A 
cor responding to the diffraction angle 9o « 23.65°, and area 
of the con tour S « 4.28 A c m 2 . The length of each of the split 
trajectories was 1/2 « 6.4 cm. 

Figure 4. Single-block three-mirror crystal interferometer with corner 
rigidity pillars. 

A pre l iminary s tudy of the p repared interferometers 
confirmed the absence of moi re in the central region of the 
interference field (1 cm x 1 cm) on the emergence surface of 
the thi rd mir ror and a weak moi re (one b a n d ) on its 
per iphery. This observat ion demons t ra ted the strict 
periodici ty and the exact coincidence of the (220) planes in 
all three spaced-out mir rors . 

A self-contained a p p a r a t u s weighing 1500 kg and 
suppor ted on a ro ta t ing p la t form was assembled in order to 
s tudy the gyroscopic effect based on the Sagnac effect with 
X radia t ion . A large opening was provided at the centre of the 
p la t form to allow cooling water to be led to the X-ray tube 
and also to provide a three-phase power supply t h rough slip-
r ing contacts (F ig. 5). The whole a p p a r a t u s was ro ta ted from 
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Figure 5. Arrangement of the Sagnac experiment on a rotating platform, 
using X radiation: (7) X-ray tube, (2) collimating tubulation, 
(3) diaphragms, (4) three-mirror crystal interferometer, (5) monitor 
counter, (6) main (signal) counter, (7) data processing system, 
(8) rotating platform. The sizes of the tubulation and of the horizontal 
and the vertical slits in the diaphragms are in millimetres. 

a low-speed vibration-free (4A 1 1 2 M V 8UZ) electric m o t o r 
t h rough a gear-box. 

A n X-ray generator and tube (40 kV, tube current 30 mA) , 
a 12 G U R - 8 goniometer , and also a main counter and a 
moni to r ing counter , were placed on the ro ta t ing pla t form. 
The main counter was of the B D P 2-02 (propor t ional ) type; 
the moni to r ing counter was a scintillation counter (type S R S -
4 ^ 1 1 ) . The system included electronic means of processing 
the signals from the counters . All the control uni ts were 
duplicated on a nonro ta t ing panel . 

The mon i to r ing count ing channel was needed to 
eliminate the effects of the f luctuat ions in the power supply 
to the X-ray tube (i.e. of f luctuat ions in the intensity of the X 
rad ia t ion) on the results of measurements in the main 
channel . This was done by expressing the result ob ta ined in 
all the possible measurement regimes (for a given t ime, for a 
given to ta l n u m b e r of pulses from the mon i to r ing counter , or 
for a given number of complete ro ta t ions of the whole 
p la t form) as a rat io of the number of pulses from the main 
counter N to the n u m b e r of pulses from the mon i to r counter 
NM. 

Serious difficulties arose in fixing the crystal interfero
meter rigidly on the p la t form of the ro ta t ing appa ra tu s . All 
the a t t empts to a t tach the interferometer directly to the 
co lumn of the goniometer head (direct location on a lapped 
surface or on a greased suppor t , fixing the picein or plastilin 
wax, etc.) p roduced large deformat ions of the mir rors . As a 
result, because of the large and arbitrari ly varying difference 
between the phases of the waves in different pa r t s of the 
interferometer, the to ta l field was strongly per turbed and was 
characterised on the t o p o g r a m either by a moire pa t te rn with 
a small per iod or by a chaotic grain structure. One possible 
cause of this pe r tu rba t ion stems from the different values of 
the thermal expansion coefficient of the interferometer 
mater ial , the fixing mater ial , and the surface on which the 
interferometer is fixed. In the presence of the unavoidab le 
instability of the t empera tu re this state of affairs led to 
deformat ions and to a substant ial pe r tu rba t ion of the final 
interference field [30]. The sensitivity of the s tructure of the 
interference field to deformations can be illustrated by quot ing 

results similar to ours on the behaviour of a ro ta t iona l moire 
in a specially deformable three-mirror interferometer [31], 
according to which a ro ta t ion of one of the mir rors by 10 ~ 2 

second of arc p roduces a moire with a per iod of 4 m m . 
The best me thod from the poin t of view of minimising the 

imposed deformat ions was found to be the 'soft ' fixation of 
the interferometer by placing it on a soft cloth suppor t 
a t tached to the stage of the goniometer head . However , this 
me thod of fixing p roduced inertia effects associated with the 
change in state of the system at the beginning and at the end 
of the ro ta t ion , and also after changes in the ra te or in the 
direction of ro ta t ion of the p la t form. Pre l iminary 
exper iments had shown tha t in all the changes in the state of 
the equil ibrium ro ta t ion the interferometer was initially 
shifted (or ro ta t ion) in the direction of the inertia force and 
then slowly re turned towards its final posi t ion (slightly 
different from the initial posi t ion) . This re laxat ion took 
place over a per iod of several tens of seconds, which is 
incompat ib le with the need (pointed out below) to keep the 
measurement t imes short . The most suitable m e t h o d of 
a t taching the interfero-meter was found to be by provid ing 
four locat ing indenta t ions under the pillars. Wi th this 
modif icat ion the moi re pa t t e rn of the interference field was 
so large (3—5 m m ) tha t a coll imated X-ray beam could be 
oriented in the region of the local quasi-uniform field. 

Ano the r possible origin of uncont ro l led deformat ions 
leading to a nons t a t iona ry pe r tu rba t ion of the final inter
ference field is the t empera tu re drift. By using a p h o t o g r a p h i c 
me thod of mult iple recording of the t o p o g r a m s of a given 
pa r t of the interferometer it was possible to s tudy the effect of 
t empera tu re instability. The magn i tude of this effect can be 
judged by the fact tha t changes in t empera tu re of the 
su r round ing med ium of A r « 3 - 4 K p roduce a change by 
1 uni t in the n u m b e r of moi re b a n d s in the interference 
pa t t e rn associated with the initial deformat ion . 

Tempera tu r e drift effects were minimised by means of a 
the rma l isolation system. The interferometer , m a d e from 
sheets of foam plastic 4 m m thick in the shape of a 
rectangu-lar box, was placed in a thermal ly insulated 
chamber rigidly fixed to the goniometer head. In order to 
even out the t empera tu re field the inner surface of the 
chamber was lined with copper plates 0.5 m m thick, and the 
outer surface with thermal ly reflecting a luminium foil. 

The effectiveness of these modif icat ions aimed at improv
ing the the rmal insulat ion and at el iminating uncont ro l led 
nons t a t i ona ry deformat ions by finding a suitable me thod of 
fixing the interferometer was tested dur ing a s tudy of the 
deviat ion of the exper imental count ing statistics for the 
signal channel from the Poisson statistics. A previous s tudy 
had been m a d e of the count ra te statistics of the X-ray quan t a 
in the moni tor channel. The latter differed only very slightly 
from the Poisson statistics and was characterised by a roo t -
mean-square error [((NM — NM)2}]1^2 ~ 1.76a for 
NM = 2.7 x 10 6 counts . 

The count ing statistics for the signal channel were then 
investigated by 10 successive measurements (counts) of the 
pulses in the signal channel Not with / = 1, 2 , . . . , 10 and a 
mean No(t) for a given count in the mon i to r channel A/MI 
(circles). F o r the Poisson statistics the calculated r o o t - m e a n -
square error cr(t) should cor respond to the result of 
processing the exper imental da ta if there are no addi t iona l 
(i.e. other t han pure ly statistical) f luctuation mechanisms. 
The same me thod was applied in further studies of the 
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Figure 6. Experimental dependence of the root-mean-square counting 
error for the quanta ANo(No) and dispersion function of the Poisson 
statistics <r(No) for the final interference field of the X radiation emerging 
from the interferometer. 

count ing statistics for fixed measurement t imes t ( t r iangular 
signs) on the stabilised quar tz generator . 

The measurements by b o t h m e t h o d s were carried out over 
a wide range of measurement t imes (from 10 s to 2 x 10 3 s), 
and they showed (Fig. 6) tha t as a result of the suggested 
modif icat ions the measurement statistics did no t differ from 
the Poisson statistics for t imes up to t = 70 - 80 s, with mos t 
p robab le value of to = 73 s. The latter t ime defines the upper 
limit of the reliable measurements in the signal channel , for 
which the effect of nonstat is t ical f luctuat ions is no t 
significant. Wi thou t these improvements the reliable range 
of measurement t imes falls to a few seconds. 

To determine the effectiveness of the action of the 
mon i to r channel separately we studied the effects of changes 
in the pa rame te r s of the opera t ing regime of the X-ray tube 
on the results of the measurements of the Not/Nt ra t io . 
Changes in the tube vol tage from 30 to 40 kV or in the tube 
current from 30 to 25 m A produced very large changes in Not 
and NMI, bu t their rat io stayed the same. 

Yet ano ther possible source of measurement error could 
be the accelerometric effect, which is seen as a nonun i fo rm 
deformat ion of different pa r t s of the interferometer and as a 
different shift of the mi r ro r s owing to the nonuni formi ty of 
the centrifugal acceleration and of the cor responding force 
F = mQ2r dur ing the ro ta t ion of the system. F or small values 
of Q and r, and also al lowing for the rigid const ruct ion of the 
interferometer and for the well control led or ienta t ion of the 
reflecting planes , this influence appears to be insignificant. It 
has also been studied in tests of the gyroscopic effect. 

5. Experimental realisation of the Sagnac 
experiment with X radiation 
Interference measurements of the angular velocity of ro ta t ion 
were carried out by placing the interferometer in a thermal ly 
insulated chamber and fixed to its base with picein wax at the 
corners of the rigidity pillars. The steel pl inth carrying the 
X-ray tube , the goniometer with the interferometer , and 

the measurement counters were a r ranged so tha t the 
reflecting (220) a tomic planes of the crystal mi r rors were 
paral lel to the rad ius of ro ta t ion and the central (second) 
crystal mir ror was located exactly on the axis of the ro ta t ing 
p la t form with n = 0. This choice of or ienta t ion for the (220) 
planes is necessary in order to avoid the accelerometric effect, 
since in this case the centrifugal deformat ion shifts the mir ror 
only a long the p lanes themselves and does not pe r tu rb the 
phase s t ructure of the wave. 

The vertical size of the b e a m was then substantial ly 
shor tened, and the surface of the first mi r ror was scanned 
with a thin beam of X rad ia t ion while p lo t t ing the cha rac 
teristics of the signal channel on a recorder chart . F r o m the 
d iagram thus obta ined, which gave the intensity dis t r ibut ion 
J(Acp) (3.12), we took the initial phase difference Acp = n/4 
for an immobi le p la t form, cor responding to the surface of the 
first mi r ror (which gave an emergent ray of intensity 
J = . / m a x / 2 when the X-ray beam was focused on it). In the 
same way the work ing poin t with a m a x i m u m (linearised) 
steepness of the J(Q) dependence (3.13) was chosen. After 
this the measurement was carried out [counting of the quan t a 
N = J(t)] in this region of space while applying ro ta t ions in 
the r igh t -hand (R) and in the left-hand direction (L). 
Occasional measurements (0) with Q = 0 were m a d e at the 
same poin t as the control . The results of measurements for 
Q = 0.45 s _ 1 ( ro ta t ion per iod of 14 s of the p la t form) are 
shown in Fig. 7 from da ta taken with a K S P ^ x-y recorder . 
This series of (R, L, 0) measurements was repeated wi thout 
in ter rupt ion for several hours . D u r i n g each measurement of 
A / R , A / L , NO (lasting up to 10 s, the complete series lasting 
approximate ly 30 s) the reproducibi l i ty of the results was 
very good. The average values ]VR, N-L, NO lie in an error b a n d 
determined only by the laws of statistics. However , dur ing 
each sequence of m a n y series of measurements a change in 
A ^ R , ] V L , NO (usually an increase) was observed, t hough the 
differences N^-No, No~N^ remained cons tant and equal to 
each other . This paral lel shift of the whole pic ture was 
ascribed to the rmal drift of the interference field s t ructure. 

The next step was the detailed quant i ta t ive s tudy of the 
gyroscopic effect, us ing the mon i to r channel with a l lowance 
for the accelerometric effect. 

Initially the interferometer was set up so tha t the distance 
from the axis of ro ta t ion to the second mir ror was r2 = 5 cm. 
Because of the small per iod of the moi re pa t t e rn of the inter-

Figure 7. Dependence of the intensity of the X-ray interference field on 
the direction of rotation of the interferometer platform for an optimum 
initial difference in phase between waves moving in opposite directions: 
R denotes rotation towards the right, L towards the left. 
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ference field in the absence of ro ta t ion and of the relatively 
large size of the t race of the X- ray b e a m on the crystal the 
posi t ion of the work ing poin t (as was shown by subsequent 
studies) did no t cor respond to the o p t i m u m value Acp = n/4. 
This did no t affect the fixation of the gyroscopic effect. 

Each series of measurements of the ro ta t ion effects 
consisted of three subseries, chosen sequentially for 
£ 2 L

 = QQ= 0, and £ 2 R = —R. Each subseries consisted 
of 10 measurements . In each measurement the n u m b e r of 
recorded pulses ( A / R , L , O ~ 3 x 10 3 ) was found for the given 
number of pulses in the moni to r ing channel NM = 4 X 10 4 . 
This dura t ion of each separate measurement allows the long-
term t empera tu re drift to be ignored. 

A n ana logous series of measurements with an unde te r 
mined initial phase difference Acp was carried out for an 
initial displacement of the interferometer to the poin t 
r 3 = 25 cm. 

The results of these measurements for all the 5 series and 
for the ro ta t ion of the p la t form bear ing all the measurement 
a p p a r a t u s at a frequency O » 0 . 6 s " 1 ( ro ta t ion per iod 
T = 10.4 s) are shown in Fig. 8, together with da ta on the 
absolute roo t -mean-squa re errors for each subseries as well 
as for all the 5 series. A statistical t r ea tment of the da ta 
showed tha t , as in the case of r 2 = 5 cm, even with 
r 3 = 25 cm the final error in the measurements on the 
whole complex 5 series satisfies the condi t ion ANst « co, 
which confirms the absence of significant f luctuat ional error 
mechanisms other t han the purely statistical mechanisms. 

In the lower pa r t of Fig . 8 we show the relative count ing 
differences in different directions (iVR — NL)/No for each 
series of measurements . 

W e suggest qual i tat ive and quant i ta t ive in terpre ta t ions of 
the measurement results. The very s t rong asymmetry in the 
counts A / R and A / L for the right and the left ro ta t ion directions 
respectively with respect to the state of rest (No) shows tha t 
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Figure 8. Number of counts of the quanta of the X-ray interference field 
during rotation of the platform towards the right (A/R) or towards the left 
(A/L), and for an immobile platform (No). Corresponding data for 
individual series of measurements are denoted by squares, triangles,or 
circles. The series 1 -5 correspond to r 2 = 5 cm, the series 6 - 1 0 to 
r 3 = 25 cm. The circles with a cross describe (AfR — N^)/NQ. 

the posi t ion of the work ing poin t did no t cor respond to the 
linear pa r t of the phase characterist ic, i.e. the exper imental 
value Acp differed substant ial ly from Acpopt = (n ± \/4)n. 

The a p e r t u r e - p h a s e pa ramete r F (3 .14 ) , al lowing for the 
experimental ly observed per iod of the moi re A « 2.5 m m 
and the width of the t race of the beam on the hor izon ta l p lane 
(the length of the intersection of the beam with the surface of 
the thi rd mi r ror ) D « 0.55 m m was F « 0.92. 

By applying (3.14) to the case of three values of the 
angular velocity O R = — Q, Qo = 0, £ 2 L = O we obta in 
the system of equa t ions 

— = 1 +Fcos (2Acp) , 
N 
N R , L 

N 

N = y 0 t 

= 1 + Fcos[2(Acp±cp0)] , 

(5.1) 

which relates the required pa rame te r s of the angular ro ta t ion 
velocity and of the phase of the work ing poin t with the values 
of the relative number of counts in these three regimes. This 
system is easily converted into 

[l + Fcos(2Acp) cos(2(p0)] [l + F c o s ( 2 A c p ) ] _ 1 

= (NR+NL)(2No)~l , (5.2) 

Fsin(2Acp) sin(2(p0) [l + Fcos(2Acp)] 1 

= (NR-NL)(2N0y1 , 

even for F < 1, and for low ro ta t ion ra tes (2q>o <̂  1) we have 

2cp0 

'1 'NR+NL-2N0 , / A / R — A / L 

No + N0 

tan(2Ap) s -cp^R ~ NL)(NR + NL - 2 i V 0 ) _ 1 . (5.2a) 

Let us first consider the results of measurements with 
r 2 = 5 cm: 

(NR ~ NL) « 0 . 6 9 ( W R +NL - 2N0) (5.3) 

By using the measurement results for (NR + NL — 2No) 
« 5.15 x 1 0 ~ 2 No we find the required difference in phase 
between the waves travell ing in opposi te directions 
2cpo ~ 0.064 ± 0.012, associated with ro ta t ion . U n d e r these 
condi t ions the final phase of the work ing poin t differed from 
(n ± 1.2)71 by ± 0 . 0 2 2 . 

Similarly, _ for = 25 cm _ ( N R + NL_- 2N0) « 
7 . 1 1 x l O - 2 A ^ o , and (NR - NL)/(NT ~ NL - 2N0) « 1.33. 
In this case 2cpo ~ 0.075 + 0.014. In this posi t ion of the 
interferometer the difference between the phase of the 
work ing poin t Acp and the same value of (n ± l/2)n was 
± 0 . 0 2 2 . 

It can be seen tha t the final posi t ion of the work ing poin t 
for two successive posi t ions of the interferometer was far 
from the o p t i m u m value (n ± 1/4)tc and close to the least 
favourable value (n ± 1/2)ti. Nevertheless there was no 
obstacle to the observat ion of the Sagnac effect. 

Al lowing for the relat ionship between \ cpo\ = 2nS(Q/Xc) 
and the angular velocity of the ro ta t ion Q for given values of 
the pa rame te r s S and X we finally ob ta in expressions for the 
measured value Q « (0.55 ± 0.1) s _ 1 for r 2 = 5 cm and 
Q « (0.64 ± 0.12) s _ 1 for = 25 cm, which agrees well 
with the accurate value found in pract ice for the ro ta t ing 
p la t form Q = 0.604 s _ 1 . The agreement (allowing for the 
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statistical error b a n d ) between the exper imental values of the 
angular velocity for the coordina tes r2 and r 3 of the centre of 
the interferometer shows tha t this behaviour is due to the 
gyro-scope effect and no t to a deformat ion (accelerometric) 
effect. 

6. Conclusions 
The quant i ta t ive agreement between the results of the 
theoret ical analysis of the e lect rodynamic process tak ing 
place in the X-ray b a n d in a ro ta t ing crystal interferometer 
system and the exper imental results suggests tha t the Sagnac 
effect can be reliably observed in X rad ia t ion . 

Some very serious bu t purely technological difficulties 
( including the effects of t he rma l instabili ty and of the 
deformat ion of the interferometer blocks) have prevented 
the achievement (in the first real isat ion of the Sagnac 
experiment in the X-ray b a n d ) of all the poten t ia l 
advantages offered by the use of shorter wavelengths on 
going from the optics of the visible region to those of the X -
ray region. 

A substant ia l improvement in the precision of the 
characterist ics of the experiment can be achieved by 
adop t ing a resona tor scheme involving a single pass of the 
X-ray beams a long coincident trajectories. The result ing 
m u t u a l compensa t ion of the f luctuation in teract ions allows 
the theoret ical precision limits of the measurement to be 
realised: these limits are set (at least in principle) by the 
count ing statistics only. This opt imisat ion makes possibly 
no t only a test of the Sagnac effect (which originates from a 
change in the metrics of ro ta t ing systems wi thou t a mater ia l 
med ium) bu t also a test of the weak effect of the ro ta t ion on 
the characterist ics of the med ium itself (in par t icular , the 
susceptibility and its anomalous ly s t rong dependence on the 
pa rame te r s of the nonrelat ivist ic mot ion) . In the optics of the 
visible range the effect of ro ta t ion on the e lectrodynamics of 
mater ia l media can be studied by al ternat ive me thods : the 
'passive ' Sagnac experiment and the 'act ive ' laser gyroscope. 
In the X- ray range, because of the very serious difficulties met 
in the const ruct ion of X- ray and of g a m m a lasers [28], there 
are no al ternat ive Sagnac experiments . W e expect the current 
interest in this experiment to cont inue unt i l the end of the 
century [2, 3, 3 2 - 3 4 ] . 
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