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Analysis of the Acoustic Transients in the Pulse Response 
of the Linear Electro-Optic Effect 

BY 
H. VEESER, U. BOGNER, and W. EISENMENGER 

The pulse response of the linear electro-optic effect is investigated with high temporal 
and spatial resolution in KDP, KD*P, and biaxial LiCOOH H,O. Experimental results, 
which are explained theoretically, show that the piezo-optic transients induced by the 
piezoelectric effect, are generated by stress release waves. Starting from the surfaces, these 
excite by reflection, diffraction, and superposition, due to the finite crystal dimensions, 
normal vibration modes too. It is shown that the direct electro-optic effect can be measured 
for all crystal classes a t  the beginning of the pulse response. The pulse method also yields 
static electro-optic, piezo-optic, and elastic constants. The values of ri3, r63, p6,  and cs6 
mensured in KDP, agree well with those of other authors. Measurement of the direct electro- 
optic effect of LiCOOH H,O in some directions yields values within 1 to 4 x m/V. 

Die Pulsantwortfunktion des linearen elektrooptischen Effektes wird mit hoher zeitlicher 
und raumlicher Auflosung an KDP, KD*P und dem optisch zweiachsigen LiCOOH - H,O 
untersucht. Die Ergebnisse, die auch theoretisch bestatigt werden konnen, zeigen, daI3 die 
dabei beobachteten, piezoelektrisch erzeugten piezooptischen Phanomene von stufenfbr- 
migen Entlastungswellen herruhren, die von den Grenzfliichen ausgehen, und bei deren 
Reflexion, Beugung und Uberlagerung, infolge der endlichen Ausdehnung der KristaIle, 
zusiitzlich mechanische Eigenschwingungen angeregt werden. Es folgt daraus, da5 der 
direkte elektrooptische Effekt am Anfang der Pulsantwort bai allen Kristallklassen gemes- 
sen werden kann. Daneben liefert die Pulsmethode die ststischen elektrooptischen, piezo- 
optischen und elastischen Konstanten. Die an KDP gemessenen Werte von ri3, r,3, p,, und 
c,, stimmen innerhalb der MeBgenauigkeit mit Werten anderer Autoren uberein. Die Mes- 
sung des direkten elektrooptischen Effektes von LiCOOH . H,O in einigen Richtungen ergibt 
Werte irn Bereich 1 bis 4 x m/V. 

1. Introduction 
Recent theoretical and experimental investigations demonstrated that the 

lattice contribution to the direct (constant-strain, clamped, or highdrequency) 
electro-optic effect is correlated to the same non-linear properties, which also 
cause the Raman scatterering of transverse infrared-active optical phonons and 
phonon-polaritons [l to 31. This lattice contribution can be calculated by sub- 
tracting the pure electronic contribution obtained from optical second-harmonic 
generation or parametric fluorescence experiments [ 11 from the direct electro- 
optic effect. So measuring the coefficients of the direct electro-optic effect 
yields information about optical phonons and phonon-polaritons. The static 
or constant-stress electro-optic coefficients rijk include both the strain-free 
contribution r j k  and a contribution resulting from the piezoelectrically induced 
mechanical strain via the strain-optic effect: 

Here ptJ1,,, are the strain-optic and dklm the piezoelectric coefficients. At frequen- 
cies above mechanical resonances of the sample the crystal can no longer be 

rijk = rijk -k P i j h d k h a  - (1) 

11 physic8 (a) 37/1 
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deformed uniformly and complicated high-frequency or heterodyne techniques 
[4] are applied to determine the strain-free electro-optic effect. In  our work the 
pulse method is analysed, using the fact that the high-frequency electro-optic 
effect reacts on an abruptly applied electric field in less than s due to the 
direct response of the electrons and the optical phonon modes. The strain-optic 
contribut,ion in contrast reacts with delay, because it depends on macroscopic 
deformation. So far, the electro-opt,ic pulse response has only been analysed 
for the special case of thin GaP bars [5]. To study the conditions which allow 
measurement of the linear electro-optic effect of crystals of arbitrary symmetry 
and dimensions by the pulse method, we analysed the electro-opt,ic pulse response 
and the related solid state acoustic problem with high temporal and spatial 
resolution. Using the theory [6] of piezoelectric surface excitation [7], our 
experimental results fit the theoretical model well. 

The results are also of interest for applications of the linear electro-optic 
effect as in frequency tuning of dye lasers by Lyot filters [8] or modulation of 
light intensity in Pockcls cells. Several transient strain-optic phenomena observ- 
ed in connection with the application of pulsed electric fields to Pockels cells 
[9] now find a detailed explanation. 

Our experiments were carried out with uniaxial KDP and KD*P and biaxial 
lithium formate monohydrat (LFMH), which is of interest in non-linear optics 
[lo], as of all nonlinear crystah so far used in second-harmonic experiments it 
d o w s  generation of the shortest-wavelength ultraviolet radiation [ 111. 

2. Experimental Method 

With a 15 mW He-Ne laser, the crystal and a 214 plate were adjusted between 
polarizer and analyzer according to the SBnarmont compensation technique. 
The resulting light intensity is given by [ 121 

I = I,, sin2 (q + g), 
where is the angle between the actual and crossed analyzer positions and r 
is the electric field dependent phase difference between the ordinary and the 
extraordinary rays after traversing the crystal. 

, (3) 

where 1 is the path length in the crystal, An(E) the difference of the refractive 
indices, and il the laser light wavelength. 

Voltage was applied to the crystal with a fast-rise pulse generator. A photo- 
multiplier or a Si-PIN diode (rise time <0.5ns) served as a detector. After 
boxcar integration the signal-time dependence was displayed by an xy recorder. 

LFMH crystals were grown from saturated aqueous solutions a t  42 "C by 
extremely slow cooling with a rate of 3 K/month. Single crystals of dimensions 
2 x 2 x 5 cm3 were thus obtained without any solvent inclusions, high optical 
quality and high damage threshold (>500 MW/cm2) checked by pulses of a 
&-switched ruby laser. Crystal faces were polished to optical finish with diamond 
paste. Electrodes were evaporated semi-transparent gold layers or conductive 
silver paint. To avoid thermal drifting, the crystals were mounted in a thermo- 
stat. 
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The absolute magnitude of the electro-optic effect was measured using the 
SBnarmont compensator method, minimizing the transmitted intensity as 
observed by boxcar technique. 

3. Analysis of the Electro-Optic Pulse Response 

3.1 Theory 

First we analyse the piezoelectrically induced elastic strains from a voltage 
step, starting from the fundamental equations (cf. [13]) 

(4) T.. ?1 - - c . .  ,jl;l S ~1 - ekijEt piezoelectric stress-strain , 

wave equation, 

Sk. = - - +- - strain definition , : (2 :::) 
(5) 

where e is the mass density, xi the particle position vector expressed in the 
crystallographic coordinate system, uj the particle displacement vector, Tij, 
cijkl, Ski, and e;ij the stress, stiffness, strain, and piezoelectric tensors, respectiv- 
ely, and Ek the value of the electric field vector. Summation over repeated 
indices is implied. We consider an XDP-type crystal cut parallel to the crystallo- 
graphic axes (thickness a).  The symmetry is 42m. A [001] electric field inducea 
the stress components T12 and T,  via the piezoelectric effect [13]. T,, acts in 
(100) planes along [OlO] direction and produces a displacement component 
uz(zl). Similarly, T, induces a displacement component y(z,). Since free surfaces 
are always planes of constant phase, u, is constant across the (100) faces and 
u, across the (010) faces. Neglecting first the influence of the lateral faces, i.e. 
the finite dimensions of the crystal, all planes parallel to the surfaces are also 
planes of constant phase and the calculation can be carried out one-dimen- 
sionally. Using the condensed matrix notation (equations (4) to (6)) lead to 

with d36 = e3,& and v2 = csa/e. These are inhomogeneous wave equations 
describing plane transverse waves, where the gradient of the piezoelectric 
stress is the source of displacements [6]. Taking the electric field as independent 
of position within the crystal, the piezoelectric stress is homogeneous. So, the 
free (100) and (010) surfaces are sources of t-ransverse acoustic waves, which we 
will call stress release waves. Equations (7) and (8) are solved by means of the 
Green’s function method. The appropriate Green’s function is [6] 

V 
G ( x ,  x’; t ,  t’) = - - 

2 
for 

= 0 otherwise. 

v(t - t ’ )  2 1% - 5’1 and ( t  - t ‘ )  > 0 

111 
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The [Wlf electric field will be taken as a step function 

E8(xl, x,, x,, t )  = E for 0 5 xt 5 a ; i = 1, 2, 3 and t 2 0 
= 0 in all other cases. 

For an infinitely extended crystal u2(xl, t )  can be calculated solving the following 
integral 

u2(x1, t )  = J G(x1, x;; t ,  t ’ )  7 E,(x;, t ’ )  dXi dt’ . ( 10) 
a 
8x1 

The resulting strain is 

The components of the summation in (11) are marked by subscripts. A compon- 
ent vanishes if the corresponding condition is not fulfilled. 

Component 1: xl 2 0 ; vt 2 9 , 
component 2: xl 5 0 ; -wt 5 x1 , 
component 3: 
component 4: 

Equation (11) describes four step-like elastic waves with amplitude d3,E/4, 
two by two generated a t  the planes x1 = 0 and x1 = a, one of each pair travel- 
ling to  the right and one to the left with velocity v. 

If the planes xl = 0, and xl = a are surfaces of a finite crystal, two of the 
stress release waves are immediately reflected back into the crystal without 
change of phase. Their strain now is added to the waves propagating into the 
crystal, forming waves with double amplitudes [6] which are reflected back and 
forth a t  the opposite surfaces (Fig. 1). 

Similarly, equation (8) yields two plane transverse step-like waves travelling 
along [ O l O ]  direction with the same velocity. 

Consider now a LFMH crystal (point group mm2) cut parallel to its crystallo- 
graphic axes. It has five non-zero piezoelectric constants (da, d,,, d,,, d,, and a&). 
A [OOl]  electric field generates longitudinal stress components along [ 1001, [OlO], 
and [OOl]  directions. Neglecting the influence of the lateral surfaces equations 
(4) to (6) yield three uncoupled wave equations for the displacement compo- 
nents u,, u,, u,: 

xl 5 a ; 
xl 2 a ; 

-vt (= x1 - a ,  
vt 2 xl - a .  

; vi = a and i = 1, 2, 3 .  (12) 

x7 - 
Fig. 1. Distribution of the strain Sl, along zl versus time. T = a/w is the travelling time of 

transverse elastic waves in the crystal 
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The solution shows that all six surfaces of the sample are sources of longitudinal 
plane, step-like elastic waves propagating a t  right angles to the surfaces with 
three different velocities, if the applied [OOl] field is also step-shaped. 

For all other field directions, rectangular crystal cuts, and acentric point 
groups, similar solutions can be derived unless the normals of the surfaces are 
not directions which allow propagation of pure transverse or pure longitudinal 
elastic waves [13]. Strain wave solutions are t,hen more complicated and will 
not be treated here. 

The influence of the lateral surfaces has not been considered so far. Step-shaped 
elastic waves can be viewed as a superposition of sine waves of different wave- 
length (Fourier analysis). Plane wave propagation is a reasonable approxima- 
tion for wavelengths, small compared with the crystal dimensions. However, 
for wavelengths comparable to them, diffraction at  the edges and superposi- 
tion of reflected waves lead to  energy coupling into various modes of vibration 

In summary, the acoustic phenomena resulting from the application of a 
pulsed electric field can be explained as a superposition of propagating, ap- 
proximately step-shaped stress release waves (short-wavelength part) and 
excitation of mechanical modes of vibration (long-wavelength part). 

The optical signal resulting from elastic waves and vibrations depends on 
the strain-optic effect, described by 

[GI. 

where pijl,,, is the tensor of strain-optic coefficients. The phase difference in (3) 
is a linear function of the strain components XI,,,. If the analyzer is turned in 
a position (equation (2)) where the variation of r covers a nearly linear part 
of the transmission function (equation (2)), the temporal variation of the strain 
appears nearly undistorted in the optical signal. So, with a narrow laser light 
beam the temporal variation of strain a t  each point in the cross-section of the 
crystal can be detected. 

3.2 Experiment 
Fig. 2 to 5 show electro-optic pulse response functions of a KDP cube, edge 

length 1 cm, cut parallel to the crystallographic axes in longitudinal configura- 
tion, i.e. electric field and light propagation are along [Ool] direction. Fig. 2 

6W 670 620 630 
f (,us)+- 

Fig, 2. Electro-optic response to B rectan- 
gular 100 V pulseP of 600 ps of a KD crystal 

in longitudinal configuration 

: a 7 2 3 fhsl- 4 

Fig. 3. Beginning of the pulse response with 
extended time scale. The mark indicatea 
the onset of the strain-optic contribution 

resulting from a transverse wave 
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(insert) shows the orientation of the optical elements. If not mentioned other- 
wise, the laser beam passes through the centre of the crystal cross-section. Fig. 2 
shows the typical response to a long rectangular voltage pulse. After a sharp rise 
follows a short horizontal part indicating the pure high-frequency electro-optic 
effect. According to the theory, after a delay of 3 ps which is exactly the time 
required for transverse waves to reach the laser beam in the centre of the crystal, 
starting from the lateral surfaces, the onset of the strain-optic contribution is 
observed indicating the arrival of the step-like elastic waves propagating per- 
pendicularly to the laser beam (see also Fig. 3 in extended time scale). 

After many reflections the acoustjc waves decay and the static condition is 
reached. Switching off the electric field the same structure in the signal appears 
as before, but with opposite sign. 

Fig. 4 shows responses to different rectangular voltage pulses with durations 
of even multiples of the acoustical travelling time T, the time between two 
reflections of transverse elastic waves a t  opposite surfaces. For these pulses the 
elastic waves generated a t  the beginning and a t  the end of the rectangular 
voltage pulse cancel each other. The remaining pure sine function is due to a 
mechanical vibration mode excited by the influence of the finite crystal dimen- 
sions. Analogously we could observe positive interference of the two successively 
initiated step waves a t  pulse durations of odd multiples of T. 

I n  Fig. 6 the laser beam position in the cross-section has been varied. After 
the initial rise of the signal, one, two, three, or four steps can be observed if the 
laser beam is a t  the centre, on a diagonal, half-way between two edges or a t  an 
arbitrary point of the cross-section, respectively, because the waves propagating 
from each lateral surface with the same velocity reach the light beam sooner 
or later depending on its position. The pulse duration is an  even multiple of T, 
so the step-like waves are extinguished after removing the field. At each position 
of the laser beam, only vibrational modes which agree in phase can be observed. 
Spatial vibration nodes could not be detected. As the amplitude decays for 
beam positions close to the lateral crystal faces, this oscillation can be identified 
with the fundamental qz2 face shear [13] mode. 

Fig. 6 shows the pulse response of a KD*P cube (edge length 1.8 cm) in a 
commercial Pockels cell with longitudinal configuration. As the electro-optic 
effect of KD*P is about 40% larger than that of KDP and the dimensions of 

0 10 20 3 40 50 60 70 &rl .W 
t/ps)=- 

Fig. 4. Extinction of the step-like stress 
release 'waves after voltage pulses with a 
duration t of even-number multiples of T 

f (us) - 
Fig. 6. Variation of the laser beam position 
across the crystal cross-section (indicated 

in the squares) 
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0 10 20 So 40 50 60 70 
ths) - 

Fig. 6. Pulse response functions of KD*P in 
longitudinal configuration a t  various laser 

beam positions 

Fig. 8. Pulse response of KDP in transverse 
configuration 

Fig. 7. Pulse response of KDP in transverse 
configuration 

I 

ti%- 

ths) - 
Fig. 10 

Fig. 9. Pulse response of LiCOOH - H,O (crystal I). Enhancement of one wave pair after 
pulse duration T. A, B arrival of the waves generated a t  the side surfaces 

Fig. 10. Pulse response of LiCOOH H,O (crystal 11). Laser beam in central position (upper 
trace) and shifted in the [OlO] direction. A, B arrival of the waves generated a t  the (001). 

(010) surfaces, respectively 
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this crystal are larger, the successively arriving step waves a t  non-central beam 
positions can be observed more clearly. 

Oscillations after field switch-off are not observed, due to reduced sensitivity 
for small optical phase shifts according to the transmission function (2). 

In Fig. 7 with a 45O-z-cut KDP of dimensions 1.0 x 1.2 x 2.85 cm3 along 
[Ool], [ 1101, and [lIO] directions, the pulse response of the transverse configura- 
tion was observed. Similar considerations as above show that here a pulsed [001] 
field generates acoustic waves on the (110) and (110) surfaces. As the laser beam 
is directed along [110] direction, the stress release waves initiated on the (110) 
planes cause, in addition to the strain-free electro-optical signal, immediately 
after application of the field a linear increasing strain-induced contribution 
which, after reflection, shows a linear decay, etc. Thus, no initial horizontal part 
of the signal appears. For times short compared to T, also the high-frequency 
electro-optic effect can be measured as the strain contribution can be neglected, 
as shown in Fig. 8. 

Fig. 9 and 10 show the signal response of two LFMH crystals cut parallel to 
the crystallographic axes, with dimensions of 0.995 x 0.52 x 0.405 om3 (crystal 
I) and 0.77 x 0.455 x 0.36 cm3 (crystal 11) along [loo], [OlO], and [OOl] direc- 
tions. As calculated above, a pulsed [OOl] field generates longitudinal acoustic 
waves propagating along the three axes. 

Fig. 9 shows the response with light propagation in [ 1001 direction in crystal I. 
The onset amplitude of the high-frequency electro-optic effect is clearly resolved. 
The initial fast rise is followed by a short horizontal part. The contribution 
of the wave pair propagating parallel to the laser beam is obviously very small 
within this period. After 0.4 and 1.2 pa the waves (A, B) generated a t  the side 
faces arrive. We observed again that the stress release waves are enhanced 
or extinguished when the pulse duration is an even or odd multiple of T. The 
lower trace in Fig. 9 shows the response to a 0.8 p pulse, which corresponds to 
T of the wave which arrives at  the laser beam first. At odd multiples of T / 2  the 
upper trace rises or falls. The same effects appear, enhanced below. The response 
of the smaller crystal I1 (Fig. 10) has the same structure as that of crystal I. 
To be able to decide which slope belongs to the waves travelling along [OlO] or 
[Ool], respectively, the position of the laser beam in the lower tracing of Fig. 10 
was shifted along [OlO] direction, so that the two waves initiated a t  the (010) 
surfaces and travelling with the same velocity along the [OlO]  direction reach 
the laser beam a t  different times. It is easily seen that the second sharp peak (B) 
in the upper tracing splits into two peaks (Bl, B2), while the first peak (A) is 
unchanged. 

4. Conclusions and Applications , 

Experimental and theoretical result,s show that the step response of the linear 
electro-optic effect allows measurement of the following coefficients : 

1. Measuring the magnitude of the effect shortly after application of the elec- 
tric field within a period which is small compared to the time between two 
reflections of the acoustic waves yields the pure high-frequency electro-optic 
coefficients. 

2. After the acoustic transients have died out the coefficients of the static 
electro-optic effect can be measured. 

3. The difference between both coefficients allows determination of piezo- 
electric constants if the strain-optic constants are known or vice versa via 
equation (1). 
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4. The structure of the pulse response allows measurement of the travelling 
time of elastic waves in the crystal, which yields the velocity of the acoustic 
waves and the corresponding elastic constants. 

Another application of our results would be the following: At  the transverse 
configuration of KDP a rise of the strain-optic contribution to  the optical signal 
appeared, increasing nearly linearly in time over a few ps  (see Fig. 7). An 
electro-opt>ical tunable Lyot filter can be used to tune the frequency of a dye- 
laser emission [8]. The relatively slow rise of the birefringence according to 
acoustic effects .as cited above, can be applied to tune a flash-lamp-pumped 
dye laser in the ps region by a conventional high-voltage step generator, without 
the necessity for the previously used high-voltage sine-wave generator [8]. 

10.0 f 0.6 

10.3 f 0.1 
10.6 f 0.3 

6. Measured Coefficients 
To test the pulse method the linear electro-optic coefficients ra and 7;s of 

KDP were measured. The values are listed in Tab. 1 together with the results 
of other authors; 

Tab le  1 
Electro-optic coefficients 
(in m/V of KDP) 

8.5 f 0.4 this work 
8.8 0.5 [41 

1141 
[151 

9 
% 

in x1x2 plane 
a t  45' to x1 

propagation I polarization 1 field 
I I 

45O to x3 Xa 
46' to x3 x3 

45" to 2, X8 

field-induced An(E) 
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The measured values of the high-frequency electro-optic coefficients (direct 
linear electro-optic effect of LFMH) for 633 nm light are given below: 

.j3 - ?.$ ri3 = (3.8 0.3) x 10-l2- m 
n; V '  

, 4 , m 
~ 3 3  - 7 r13 = (1.0 f 0.2) x 10-12 - 

na V '  

rAs - 2 n3 (r;3 + ri3) = (2.2 0.15) x - m 
2 4  V' 

From the pulse response functions (see Fig. 9) the strain-optic contribution 
at the first two orientations could be estimated. With an amount of 50 to  70% 
of the high-frequency effect i t  is relatively high compared with KDP where i t  
is only 15%. 

Taking the density e = 1.46 g/cm3 [18] we'obtained an elastic modulus of 
LFMH of c, = (3.8 & 0.3) x 10" g/s2cm in agreement with Klapper's value 
c, 5 4.217 x g/s2cm [19]. 
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