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The polar asymmetry in the emission of photoelectrons (photoemissive effect) with interference 
of two-photon absorption of radiation of frequency w and one-photon absorption at frequency 2w 
is calculated and recorded experimentally. The presence of polar asymmetry of the photocurrent 
is established on the basis of the dependence of the photocurrent on the phase difference of the 
interfering waves Aq, = q,, - 2p1. The dependence of the phase shift between the interference 
pattern of the field cc (E" and the interference pattern of the photocurrent on the direction of 
polarization of the interfering waves is demonstrated experimentally. 

1. INTRODUCTION 

Efficient generation of the second harmonic in an opti- 
cal fiber has been detected experimentally.' To achieve gen- 
eration the fiber must be "specially prepared" beforehand. 
The most effective way of doing this consists of simulta- 
neously irradiating the fiber with radiation at the fundamen- 
tal frequency o and at the second harmonic 2w, obtained in a 
nonlinear crystal., A longer preparation time and special 
selection of the material of the fiber are required if the fiber is 
irradiated only by radiation at the frequency a. 

The explanation of the second harmonic generation 
(SHG) reduces to the f~ l l owing .~ ,~  The real part of the am- 
plitude of the field that is introduced into the fiber during the 
preparation process has the form 

Ex,, ( r ,  t )  =El cos (ot-cpi) f Ez c o s ( 2 @ t - ~ 2 )  - (1) 

Such a field has a zero mean value (E) = 0, but possesses 
polar asymmetry, which is characterized by the value 

(see Fig. 1, where El = E, = 1 and q,, - 2p1 = 0).  In the 
presence of the field 

a steady nonequilibrium charge distribution is formed in the 
fiber, proportional to the cube of the field: 

( E t 2 )  *E2 exp ( iAkz)  +EiZE2' exp ( - i A k z ) ,  (2)  

Here, as in a usual volume hologram, the condition of 
phase synchronism is automatically satisfied. In the present 
case the polar asymmetry of the field is manifested in the 
medium in the form of an induced polarization proportional 
to whose presence, as is well known, indicates the ab- 
sence of a symmetry center. 

In the present article we consider another effect due to 
the polar asymmetry of the light field, namely the polar 
asymmetry of electron emission during photoionization. Be- 
sides that, the effect is interesting in itself; it can be used to 
explain the mechanism of writing of SX'2'-holograms in op- 
tical fibers. 

The assertion that the writing ofxC2)-holograms in opti- 
cal fibers may be due to changes in the medium arising dur- 
ing the polar-asymmetric interference of single-photon ab- 
sorption of the wave E,, and two-photon absorption of the 
wave E,, was made in Ref. 3. The idea of the appearance of a 
photocurrent as a result of photoionization under the influ- 
ence of pumping radiation and second harmonic radiation 
was expressed in Refs. 9 and 11. In Ref. 9 it was also suggest- 
ed that this effect may explain SHG in optical fibers. In Ref. 
11 it was shown that such a photocurrent consists of two 
components, one of which is determined by the interference 
of processes of single-photon absorption of a quantum of 
frequency 2w and two-photon absorption of a quantum of 
frequency w. A relation between the photoinduced SHG ef- 
fect and the interference of single-photon ionization by radi- 
ation of the second harmonic and two-photon ionization by 
the pumping radiation was indicated in Refs. 12 and 13. 

where Ak = k, - 2kl is the mismatch of the wave vectors. 
This interference pattern is transformed by some micro- 

scopic mechanism into a spatial modulation grating of the 
quadratic polarizability tensor ax$): E ( t )  

~9%'~' ( z )  =p ( E t 2 )  *E2 exp ( iAkz)  + c.c., ( 3  

wherep = B, + iP2 is a coefficient that depends on the expo- 
sure time. The nature of the writing mechanism (formation 4f l  w t  
of the grating) is still unclear, in spite of numerous 
 effort^.^"^ 

During the reading of the 6~'~ ' -hologram (3)  the wave - 2 1  
at the fundamental frequency E l  ( r )  exp(ikl z - iwt) in- 
duces a polarization at the doubled frequency in the fiber: FIG. 1 .  Time dependence of the real part of the field strength in the case 

E, = E,,  p, - 2p, = 0, ( E  ) = 0. The quantity (E') = 4/3 serves as a 
P z = x ' ~ ' E I ~  exp (2iktz-2iot)  =p IE, I v2 exp ( i k 2 z - 2 i o t ) .  ( 4 )  quantitative characteristic of the polar asymmetry of the field. 
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FIG. 2. Interference of two-photon ~.%IJ and single-photon l i . 2 ~ ~  ioniza- 
tion leads to polar asymmetry of the photoeffect. 

2. POLAR ASYMMETRY OF PHOTOIONIZATION BY A FIELD 
WITH (E3) # O  

Consider the photoionization of an atom by a doubled- 
frequency field of the form ( 1 ). We assume that the ioniza- 
tion potential of the atom liw, satisfies the condition 
liw < liw, < 2&, so that the laser field El can cause only 
two-photon ionization, and its second harmonic can cause 
only single-photon ionization (Fig. 2). The transition prob- 
ability d W(n)/do depends on the direction of emission of 
the electron ( In1 = 1 ). 

As is well known, during monochromatic irradiation 
d W(n)/do possesses the symmetry property 
d W(n)/do = d W( - n)/do. The presence of polar asy- 
metry of the field E( t ) ,  see Fig. 1, gives a reason to expect 
polar asymmetry in the probability of photoionization, 
dW(n)/do - dW( - n)/do#O. 

In our calculations we use the model of a short-range 
spherically symmetric S-function potential in which there is 
only one bound s-state. The Hamiltonian of the system atom 
+ field we take to be in the form 

where 

A(t) =-~{2 iE ,e -~" '+ iE ,e -~~~~+  C.C.) /4o 

is the vector potential of the light field. In the general case of 
elliptically polarized waves the vector amplitudes El  and E2 
are essentially complex. In the expression for the potential 
we have introduced the auxiliary parameter ro - + 0, which 
must tend to zero. In terms of the radial wave function of the 
s-wave $(r) = x(r) / r ,  this corresponds to the imposition of 
the boundary conditionx '/x = - x as r -  + 0, see Ref. 14. 
In the absence of the field the Hamiltonian (5)  has one 
bound s-state with energy - &ao: 

and states of the continuous spectrum-'with energies 
fi2k2/2m, where k is the electron momentum far from the 
center. Since these states for a given energy are infinitely 
degenerate with respect to angle, additional considerations 
are necessary to choose appropriate linear combinations. If 
we are interested in the probability of emission in a given 
direction n = k/k, then, as is well known (see, e.g., Ref. 14), 
wave functions of the form 

1 e-fkr 

q,. (r) = (2n) -% (edkr - -- fikZ 
)exp(-i-t), (7 )  

x-ik r 2m 

in the asymptotic limit r- oo , containing a plane wave and a 
spherical wave converging on the center, are adequate to the 
problem. 

The amplitude of the transition from the ground state 
(6)  to the state with kinetic energy fi2k 2/2m = fi(2o - wo ) 
consists of two terms: the first one describes the contribution 
of the single-photon transition under the influence of the 
field E2 exp( - 2iwt), and the second describes the two- 
photon transition under the influence of the field 
E, exp( - iwt). The first term corresponds to first-order 
perturbation theory with respect to E,, and the second term 
to second-order perturbation theory with respect to E l .  Cal- 
culation of the second order requires the calculation of the 
matrix elements of the perturbations between go and $,. and 
between $,. and $, and integrating with the corresponding 
energy denominator over all values of the momentum of the 
virtual stated 'k'. Without going into the technical details of 
these calculations, we mention only that the integration can 
be conveniently carried out by first integrating over d 'k' and 
then over the coordinates d 3r. As a result we obtain the fol- 
lowing expression for the photoionization probability: 

Here 

2e2 [00(20-o0) I"', B = -  
nmfi (20)' 

Let us clarify the meaning of the individual terms in Eq. 
(8).  The term f, (E2n) corresponds to the single-photon 
transition. According to the selection rules of the electric 
dipole moment, from a state with orbital momentum I = 0 
(ans-state) it is possible to transition only to ap-state, I = 1; 
this is due to the dependence of the amplitude on n of the 
form oc (E,n). In second order in the field El two-photon 
transitions are possible: s-s with amplitude af, (E, E, ), 
andalsos-d, with amplitude af, [ ( E l n ) 2  - (ElE2 1/31. 

In the dipole approximation the excitation of an elec- 
tron to the continuous spectrum occurs locally, near the cen- 
ter. The subsequent departure of the electron to infinity is 
accompanied by a phase shift of its wave function by the 
amount 8,-the quantum-mechanical scattering phase in 
the state with orbital momentum I [S ,  is the scattering ma- 
trix, which is diagonal in I and equal to exp(iS, ) ] and phase 
factor exp ( i d  /2) associated with the expansion of the plane 
wave into spherical waves. It can be easily seen that in the 
short-acting potential there is only smattering, and it fol- 
lows from expression ( 7 )  that S, = S2 = ... = 0, and 

Go=-arctg (klx) =-arctg [ (2o-oo)loo] " 
In complete accordance with this the quantity f, is real and 
the quantity f l  is purely imaginary, and the quantity fa has 
the phase factor exp [is, (a) 1. 

The ionization probability contains three terms, which 
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correspond to the single-photon process ( cc 1 f, 12), the two- 
photon process ( a I fo + f2 12), and their interference. It is 
precisely this interference term that characterizes the polar 
asymmetry of ionization: 

dW ( n )  d W ( - n )  -- 
do do 

= 2B I f I f 2  I {i (E2n) [ (Ei'n) ' 

The additional phase shift i6, in Eq. (9)  can be ex- 
plained in the following way. The expression for the ordi- 
nary single-photon ionization probability contains only even 
powers of the unit vector n = k / k .  If we neglect the interac- 
tion of the emitted electron with the atom, 6, = 0, then its 
motion must be time-reversible, and the expression 

will be symmetric with respect to time reversal since here 
n-+ - n. Averaging over a few optical periods gives 
(EiE,) - (E,*E, + E,E:)/2. To obtain the odd powers of 
n it is necessary to use d E  /dt in order to retain the symmetry 
with respect to time reversal, for example, by introducing 
the conditions 

and for a monochromatic wave d E, /dt = - 2iwE2. Quan- 
tum-mechanical scattering of the electron by an atom gives a 
time-irreversible factor, in our case exp (iso ) . 

Let the polarization of the waves El and E, be linear, 
i.e., E, = El  el  and E, = E2e2 with real unit vectors e l  and 
e, . Then according to Eq. (9)  the polar asymmetry is equal 
to 

W ( n )  - W ( - n )  cc Re (E,*2E2e'7), 

where 

As a result, the phase y of the term with polar asymmetry, 
first of all, is no longer equal to zero and, secondly, it de- 
pends on the polarization of the interfering waves. 

The polar asymmetry of the photoionization process in- 
side the optical fiber under the influence of the waves Eo and 
E;,, can provide a mechanism for the writing of 6~'"-holo- 
grams in the fiber.2,3s9212*13 Indeed, for ( E  3, ) > 0, the elec- 
trons are emitted mainly along thex axis, while for (E: ) < 0 
they are emitted in the opposite direction. Free electrons can 
then be caught in traps. The arising spatial charge distribu- 
tion gives rise to the appearance of a static electric field 

E: ( 2 )  a ( E x 8 ( z )  ) a c o s [ ( 2 k 4 - k z ) z ] .  

The action of the static electric field then gives rise to the 
grating 

6 f 2 )  ( z )  a x(') (0, o ,  w, -20) ExcT ( 2 )  , 
as was assumed by Stolen and Tom., 

However, in contrast with the model of Stolen and 
Tom,* we assume that the static electric field arises as a 
result of active absorption of quanta of frequency w and 2w 
(see also Refs. 9-1 1) instead, in order to take into account 

the appearance of static polarization through the reactive 
cubic polarization 

P = = X ( ~ )  (0, 0 ,  0, -20) EI2EZ*.  

As the example with the dynamic holograms in photorefrac- 
tive crystals shows, active absorption gives a stronger effect 
than reactive processes. 

Important results which follow from a consideration of 
this simple model are 1 ) calculation of the polar asymmetry 
as such and 2) the conclusion that in general there is a phase 
shift between the (E:=,, ) pattern and the pattern of the polar 
asymmetry of the polarization. As is well known, in photore- 
fractive crystals the phase shift between (E:e,l ) and the vari- 
ation of the refractive index plays an important role in the 
realization of energy exchange between waves. Since such a 
photoionization process can provide a mechanism for writ- 
ing a grating cc (E3) in optical fibers, the phase of the 6~'~'- 
grating also has a large value (see Ref. 8).  

After the completion of this paper Professor R. Glauber 
kindly informed us that the idea of interference of single- 
photon and two-photon absorption for fields with 
(EEE) # O  was discussed by him as early as 1967," but 
without any special mention of polar photoionization. 

3. EXPERIMENT 

We experimentally investigated the polar asymmetry of 
electrons being emitted from the photocathode during nor- 
mal incidence of two waves, the fundamental w and the sec- 
ond harmonic 2w. 

The detection of interference of the fields E,, and E,,, 
during the external photoeffect was first reported in Ref. 16. 
In the present paper we report the experimental recording of 
polar asymmetry of the photoionization for two different 
polarizations of the light. This allows us to conclude that in 
agreement with theoretical predictions there exists a polar- 
ization-dependent phase shift between the interference pat- 
tern of the field and the polar asymmetry pattern of the emit- 
ted electrons. To observe the interference we chose an 
FEU-127 photomultiplier. It possesses two characteristics 
that are necessary for this study. First, the red limit of the 
photoeffect of the antimony-cesium photocathode of the 
photomultiplier is 0.6 pm. Therefore laser radiation at 
A ,  = 1.06 p m  should cause only the two-photon effect, and 
its second harmonic A, = 0.53 pm, only the single-photon 
effect. The two-photon character of the photoeffect was first 
checked by illuminating only with the wave A,.  The experi- 
mental dependence of the photocurrent on I, was found to 
be quadratic over a large range of intensities I, (see Fig. 3b). 
As I ,  increases beyond some value the regime changes ab- 
ruptly: the photocurrent saturates, and the photocathode be- 
gins to break down. Note that to increase the accuracy of the 
measurements the quantity I :  was recorded in all the experi- 
ments from the signal of the second harmonic, obtained in a 
separate crystal of KTP. 

The second necessary characteristic of the FEU-127 
photomultiplier is the presence of discrimination in the re- 
cording of the photoelectrons emitted in different dir?ctions. 
This anisotropy of the sensitivity was built into the FEU-127 
(see Fig. 3a). As it turned out, the sensitivity of the photo- 
multiplier to radiation of frequencies w and 20 depends on 
the angle a between the direction to the "hole" in the photo- 
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FIG. 3. Characteristics of the FEU-127: a )  construction; b) dependence 
of the photocurrent ion the square of the intensity I :  of the radiation with 
A, = 1.064 pm; c )  angular dependence of the D-sensitivity of the photo- 
multiplier for linearly polarized radiation with A, = 0.532 p m  (upper 
curve) and A, = 1.064 pm (lower curve); a is the angle between the 
direction to the "hole" in the photomultiplier and the direction of the 
polarization vector; K is the cathode, the thick arrow indicates the direc- 
tion of motion of the photoelectrons to the first dynode. 

multiplier and the direction of the vector of the linear polar- 
ization of the incident radiation. Figure 3c presents the ex- 
perimentally obtained dependence of the sensitivity of the 
FEU-127 on the angle a for A ,  = 1.064pm and A, = 0.532 
pm in reduced units. We also measured the sensitivity of the 
FEU- 127 to circular polarization at A ,  = 1.064 pm, and, as 
it turned out, within the limits of experimental error it is 
equal to the sensitivity to radiation with linear polarization 
at a = 0 at the same wavelength. 

An optical diagram of the experiment is shown in Fig. 4. 
As in Ref. 16, important use was made in the experiment of 
the interference nature of the polar asymmetry of the pho- 
toeffect. The presence of polar asymmetry was established 
not by direct recording of the angular distribution of the 
emitted electrons, but from the dependence of the photocur- 
rent on the phase difference of the interfering waves 
Ap = p, - 2p l .  In contrast with Ref. 16, in our experimen- 
tal setup we added two dichroic polarizers immediately after 
the Glan prism. Such polarizers are commonly used in pho- 
tography. The point here is that, conducting measurements 
with unknown polarizations of the waves E, and E,, it is 
quite difficult to determine the phase shift between the inter- 
ference pattern of the field a { E  :ET exp [i(2k, 

FIG. 4. Schematic of the experiment: 1) KDP crystal, 2) Glan prism, 3) 
dichroic polarizers, 4) hermetically sealed cuvette, air-pumped, 5 )  glass 
wedge, and 6 )  FEU-127 photomultiplier. 

- k, )z] + c.c.) and the interference term in the photocur- 
rent since the path to the photocathode passes through the 
glass window of the photomultiplier, which has a thickness 
of - 50 rad." We therefore posed the experimental problem 
of measuring the relative phase shift of the interference term 
for two different polarizations of the waves. The greatest 
experimental difficulty here lay in the necessity of varying 
the polarization state without introducing an additional 
phase shift Ap = p, - 2p l .  As it turned out, the dichroic 
polarizer for radiation with A ,  = 1.064 p m  is a weak phase 
plate with maximum depolarization 5 5.10 - 3. Therefore, 
arranging the two dichroic polarizers as shown in Fig. 4, we 
were able to vary the polarization of the wave E,, from the 
vertical to the horizontal by rotating the second polarizer by 
90", practically without changing the polarization of the 
wave E,, or introducing an additional phase shift. 

Radiation with frequencies w and 2w was normally inci- 
dent simultaneously on the photocathode of the photomulti- 
plier. The measurements were carried out at values of the 
intensity I, corresponding to unsaturated I :-dependence of 
the photocurrent. The second-harmonic conversion coeffi- 
cient in KDP was chosen so that the signal of the single- 
photon photocurrent, proportional to I,, roughly coincided 
in magnitude with the signal proportional to I, . In this situa- 
tion in the first case the linear polarization of the waves E, 
and E,, coincided with the direction to the "hole" of the 
photomultiplier, as in Ref. 16. In the second case the polar- 
ization of the wave E,, coincided with the direction to the 
hole, but the polarization of the wave E, was perpendicular 
to this direction. We achieved such an arrangement by si- 
multaneously rotating the polarization vector of the 20  wave 
and the photomultiplier by 90" around the horizontal axis. 
Control experiments with a He-Ne laser on the interference 
of the reflected waves from the front and back surfaces of the 
glass window of the photomultiplier showed that such a ro- 
tation does not introduce an additional phase difference. 

To observe the interference we measured the phase dif- 
ference Ae, = e,, - 2p, ,  in contrast with Ref. 16, by varying 
the air pressure in the hermetically sealed cuvette with the 
glass windows. The calibration method is described in the 
Appendix. So as not to spoil the agreement of the wave fronts 
of the interfering beams, rather than focusing them we 
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FIG. 5. Dependence of the photocurrent of the FEU-127 on the phase 
difference A q  for two cases: 1 ) the polarization ofthe waves with frequen- 
cies w and 2 0  coincide with the direction to the "hole" in the photomulti- 
plier, 2 )  the polarization of the wave with frequency 2w coincides with 
this direction, while the polarization with frequency w is perpendiculuar 
to it. 

passed them through a dispersive wedge. 
Figure 5 shows the dependence of the photocurrent on 

the phase difference A p  for the two cases described above. 
The calculated curves (solid lines) were obtained by an ap- 
proximate fit of the form 

I F ~ I J = C , + C , ( A ~ )  +C, cos (aAq+Arp,) 

to the experimental points. Decrease of the mean energy of 
the recorded field with increase in the pressure in the cuvette 
is possible due to induced birefringence in the glass windows. 
The phase shift between the two interference patterns of the 
photocurrent is equal to -9s". 

This also indirectly demonstrates the existence of a 
phase shift between the interference pattern of the field and 
that of the photocurrent. 

4. CONCLUSION 

In the present work we have calculated and experimen- 
tally recorded polar asymmetry of electron emission during 
interference of two-photon absorption of light at the fre- 
quency w and single-photon absorption at the frequency of 
the second harmonic 2w. We have experimentally demon- 
strated that the phase shift between the interference pattern 
of the field a (E3) and the interference pattern of the photo- 
current depend on the polarization of the interfering waves. 

APPENDIX. TWO-CRYSTAL METHOD OF MEASUREMENT OF 
THE PHASE DIFFERENCE AQ=Q, -Q, 

In order to accurately measure the phase difference 
A p  = p, - 2p, introduced by the various optical elements, 
we used a two-crystal scheme of second-harmonic genera- 
tion. Optimization of such a scheme to increase the effi- 
ciency of conversion was studied in Refs. 17 and 18. We 
consider the case of weak pumping. The intensity of the sec- 
ond harmonic upon exit from the second crystal I,, is a 
result of the interference of the second-harmonic fields gen- 
erated in the two crystals, and is governed by the phase dif- 
ference 

where z is the distance between the crystals, and k,  and k,, 
are the wave numbers of the radiation in air at the frequen- 
cies w and 201, respectively. Ap,  is the initial phase differ- 
ence due to the differences between the two crystals. If the 
crystals are set in exact synchronism, then at z = 0 there 
should obtain either a maximum signal I,,, (if the crystals 
are oriented identically) or a minimum signal (if one of the 
crystals is rotated 180" about the horizontal axis). 

By way of an example, we will consider the method of 
measurement of the quantity A p  for the case of measure- 
ment of the phase difference Ap,  at the exit from the nonlin- 
ear optical crystal (KTP) and for the passage of a wave with 
frequency w and its second harmonic 2w through the her- 
metically sealed cuvette filled with various gases. Such a cu- 
vette was used in experiments on the interference of waves 
with frequencies w and 2w in the external photoeffect. 

A periodically pulsed laser with active Q-switching, 
based on an industrial laser of type LTI-403, was operated in 
the TEM, mode with pulse repetition frequency of 3 Hz. As 
our nonlinear optical crystals we used KTP-cut crystals in 
such a way that the direction of synchronism (oe-o) was 
perpendicular to the face of the crystal. Initially, the crystals 
were placed so that in the limit z-0 the dependence I,, (0) 
had a maximum, i.e., so that Ap, = 0. The distance between 
the crystals was chosen so that the signal I,,, was minimized. 
As it turned out, the experimental error in the determination 
of the separation z at which the signal I,, was minimum was 
much less than when it was maximum, and was 5 4% of the 
period of the interference pattern z,, = U ,  /(n,, - n,, ). 

When the first crystal is rotated by an angle 0 in the 
plane perpendicular to the z axis, the value of the quantity 
Ap,  = Ap,  (8) varies, which leads to a variation in the max- 
imum signal I,, and to a new position along the z axis of the 
minimum of I,, . The variation of the phase difference at the 
exit of the first crystal was determined from the displace- 
ment of the position of the minimum of I,, . A plot of the 
experimentally obtained dependence of the quantity Ap,  (8) 
on the angle 8 is shown in Fig. 6. This figure shows how I,,, 
depends on the angle of rotation in the absence of the second 
crystal. When the crystals depart from synchronism to one 
side, Ap,  (8) grows as a linear function of 8 and reaches its 
maximum value of + a radians in the region of the first 
intensity minimum. Unfortunately, here the contrast of the 
interference pattern falls to zero, so that the phase can no 
longer be measured, but after passing through this angle the 
phase jumps to zero and again grows to + a radians over the 
extent of the subsequent Maker oscillation. 

Let us consider how the phase of the second harmonic 
generated in the crystal varies as the crystal is rotated by an 
angle 8 away from the direction of synchronism. We will 
assume that exact synchronism corresponds to normal inci- 
dence e, = m, where e, is the direction of the wave vector of 
the beam incident on the crystal, and m is the direction of the 
normal to the crystal (see Fig. 6 ) .  

The direction of synchronism in the KTP crystal is per- 
pendicular to the z axis. From the form of the wave-vector 
surface it follows that when 0 is parallel to the z axisIg the 
additional phase change contains only terms = 0 '. Terms 
linear in 0 appear when 0 lies in thexy plane. We will assume 
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FIG. 6. a )  Schematic diagram of the rotation of the KTP crystal; bi 
angular dependence of the intensity of the second harmonic (0)  and of 
the phase difference Ap,  at the exit (0) of the first KTP crystal; points: 
experiment; solid curves: calculation. 

that 6 is small and take into account only those terms linear 
in 0. 

When the crystal is rotated by an angle of 8, to within a 
linear factor we have 

m'=m+0, eZf=e,+ ( 0 - p ) ,  

where e: is the unit vector of the direction of the wave vector 
in the crystal. Snell's law is written in the form 

n,0 = n , ~  9 

where n, and n, are the refractive index in air and in the 
crystal. The wave vector in the crystal rotated by the angle 0 
is equal to 

0 kl=- 
C 

nC[m1 (I-pq) +PI, 

where is the unit vector of the normal to the surface of the 
wave vectors. The intensity of the second harmonic is a re- 
sult of the interference of the waves generated in the two 
nonlinear crystals, one of which is rotated by the angle 6: 

Akd s in(Akd/2)  ' 
z2.a Ii+ex;[i(l)] I ' 

where d is the thickness of the crystal. 
Taking into account Snell's law and the fact that m' is 

the synchronism direction, we obtain 

Knowing the principal values of the dielectric tensor of the 
crystal, see Ref. 19, we find 

ApcuV - Apz,, , rad 

I- 

FIG. 7. Experimental dependence of the quantity Aq,,, - A p  y,,, on the 
pressure in the cuvette filled with air ( 11, nitrogen (2 ) ,  and helium (3). 

if as the positive 6 direction we take rotation toward the x 
axis. 

Hence we find Akd /2 z - 3.3. 1026 (rad) and the po- 
sition of the first minimum of I,,, which corresponds to 
Akd / 2 ~ r ,  6 ~ 9 . 5 6 .  10W3 rad = 0.55 grad, which agrees 
with the experimental results. 

An analogous method can be used to measure the addi- 
tional phase difference introduced by the different optical 
elements. To do this, the element under investigation (a  
plane-parallel transparent plate, a hermetically sealed cu- 
vette with transparent windows, etc.) is placed between the 
two nonlinear optical crystals. Complete synchronism of the 
crystals is not necessary. On the contrary, maximum con- 
trast of the interference pattern is achieved when one of the 
crystals departs from synchronism. 

Figure 7 presents the experimentally obtained depend- 
ence of the quantity Aq,,,, - Aq, :?, on the pressure of var- 
ious gases in the hermetically sealed cuvette ( Aq, is the 
phase difference introduced by the cuvette at standard pres- 
sure). From this behavior it is possible to estimate the mag- 
nitude of the quantity 

for air, nitrogen, and helium. Variation of the difference 
n,, - n, with variation of the pressure at 1 atm in our case 
stands at 4.01 for air, 3.89.10- for nitrogen, and 
4.07.10 - ' for helium. 

"All of the other optical elements and the phase difference at the exit of 
the nonlinear crystal can be calibrated with the help of the two-crystal 
technique presented in the Appendix. 
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