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Dynamics of the electric field in a lithium niobate crystal during
pyroelectric generation of electric discharges
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The article presents a technique for experimentally studying the dynamics of the electric field during
pyroelectrically induced generation of electric discharges in a lithium niobate crystal with parallel Z-faces, which
is a Fabry-Perot resonator. Recording the intensity of the laser beam reflected from the crystal during heating
and cooling cycles in an air atmosphere made it possible to detect its abrupt changes occurring over a time not
exceeding 1 us. Analysis of these changes associated with electric discharges showed that they are accompanied by
a decrease in the field strength in the crystal and the surface charge, which reaches values of 4kV/cm and 23 nC,

respectively.

Keywords: pyroelectric effect, lithium niobate, Fabry-Perot interferometer, electrical discharges.

DOIL: 10.61011/PSS.2024.11.60097.257
1. Introduction

The high pyroelectric properties and low conductivity of
LiNbO3 and LiTaOj3 crystals belonging to the symmetry
class 3m are the basis for creating solid-state devices
for generating fluxes of charged particles, X-rays and
neutrons [1-11]. The physical mechanism of generation
is associated with strong electric fields created by charges
occurring on the polar faces of pyroelectric crystals in case
of temperature variations. X-ray and neutron generation
processes take place in the vacuum conditions [1-5,7-11],
while the pyroelectric ion source for mass spectrometry
described in Ref. [6] operated at atmospheric pressure. The
ionization process took place in it during thermal cycling in
the temperature range from 40 to 103°C of Z-cut pyroelec-
tric crystal (LINbO3 or LiTaO3) located in vapors of organic
substances. At the same time, the authors of Ref. [6] believe
that electrical discharges between two Z-facets of the crystal
used are the main cause of ion formation. Discharges can
also occur in X-ray generation devices [3,7-11] in the gap
between one of the Z-faces of the pyroelectric sample and
the target, on which electrons accelerated by an electric field
are decelerated. Such pyroelectric generation of electric
discharges shall be accompanied by a change of the total
surface charge of the crystal A(t) and a corresponding
decrease of the electric field strength in the crystal and in the
accelerating gap by some values AES (t) and AEJ(t). The
rates of change of the surface charge due to crystal heating
and due to electrical discharges, which strongly depend on
external conditions, significantly differ, which leads to the

generation of accelerated electron fluxes in the form of
sporadic pulses.

The amplitude and time characteristics of the current in
the discharge pulses, as well as data on the charge carried
during this process, are understudied, and the information
published about them is contradictory. For example, the
order of the emission current density for lithium niobate
under high vacuum conditions (10~° Torr) induced by the
pyroelectric effect is estimated as 107°—1071° A/cm? in the
review in Ref [1]. The authors of Ref [4] obtained for
congruent LiNbOj3 at the same pressure that pyroelectric
electron emission in the cycle of cooling from 120°C
realized from the face —Z, located at a distance of more
than 2mm from the target, is characterized by a stable
current reaching a constant level of ~ 100nA at temper-
atures close to room temperature. The electronic current in
the gap between the surface of a lithium tantalate crystal
and a copper target, with values of 11, 13 and 15mm,
was measured in Ref [11] with a picoammeter using a
protective circuit consisting of a resistor and two diodes to
prevent overload during breakdown. A relatively smooth
change of current from ~ 0.8 to —1nA was recorded
here for 15mm gap over a time interval of 1500s under
conditions of medium vacuum (2mTorr) and periodic
temperature variation with a frequency of 2 MHz, with its
average value of Ty ~ 20°C.

The authors of Ref. [12] studied sporadic pulsed electrical
discharges generated at atmospheric pressure in the cycles
of heating and cooling of LiNbO3 pyroelectric crystal. The
crystal had a thickness of 1mm and its polar surface
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Figure 1. Experimental setup: / — lithium niobate crystal, 2 — dielectric insert, 3 — copper cylinder, 4 — heater, 5 — translucent
anode, 6 — single-frequency laser, 7 — dividing cube, 8§ — prism, 9 — optical signal processing unit, /0 — an oscilloscope.

+Z was directed to a pointed tungsten electrode located
at a distance of 1 mm, grounded through a picoammeter
or 100 €2 resistor. In the latter case, the discharge current
was measured based on the voltage across this resistor,
recorded by Tektronix DPO 2024B oscilloscope with a
band of 200 MHz. It was found that the amplitude of the
discharge pulses reaches values not exceeding ~ 80nA in
the heating cycle and ~ 7nA in the natural cooling cycle
of the crystal, however, their time parameters were not
considered in detail by the authors of this paper.

Time parameters of discharge pulses for a cylindrical
pyroelectric crystal of lithium niobate at atmospheric pres-
sure are studied in detailed in Ref [13]. The device
for measuring discharge currents between the crystal face
+Z and the cylindrical copper electrode (target) had a
coaxial geometry that allowed matching the load resistance
node (5.1, 2.55, or 1.7€) with the input resistance of
broadband oscilloscopes Keysight DSO-X 3102T (1 GHz)
or Tektronix MSO6B (8 GHz). As a result, discharge
pulses of positive/negative polarity with a rise time from 1
to 1.9ns and a duration of ~ 15ns were recorded in the
cooling/heating cycles; the maximum currents were up
to 600 mA and a transferred charge was up to 5.7nC.

The reflection of a laser beam with a wavelength
of 532nm is used in this paper for the first time to study
the dynamics of an electric field in a cylindrical lithium
niobate crystal with parallel faces Z+ and Z— in case of
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pyroelectric discharge generation. The reflectance from
such a crystal, representing the Fabry-Perot interferometer,
is determined by its refractive index, which, due to the
linear electro-optical effect, depends on the electric field
strength. The recording of the intensity of reflected light by a
photodetector system and a two-channel digital oscilloscope
in a standby mode in the sweep rate range from 10s/div
to 1us/div allowed observing sharp changes of the electric
field strength in the crystal in the heating and cooling cycles
associated with pyroelectrically induced electric discharges.

2. Experimental setup

The experimental setup is shown in Figure 1. A cylin-
drical crystal of lithium niobate (/) with a diameter
of D =17.0mm and a thickness of hy = 12.2mm was
centered by a dielectric insert (2) in a hollow copper
cylinder (3). The latter was placed on a programmer-
controlled resistive heater (4), the temperature of which was
controlled by a thermocouple and could vary in the heating
cycle at a rate of up to 10 K/min in the range of up to 110°C.
The rate of the heater temperature drop in the natural
cooling cycle decreased from 10 K/min at temperatures of
the order of 100°C to 1 K/min at temperatures below 40°C.
A translucent anode (3) in the form of an ITO film sputtered
onto a glass plate of glass with a thickness of 2mm
in contact with a copper cylinder was placed above the
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crystal at a distance of hy = 10mm. The changes of the
crystal accompanying electrical discharges were recorded
using a reflection of a laser beam with a wavelength
of 532 nm from two parallel faces Z+ and Z— of the
sample, representing a Fabry-Perot optical resonator, using a
laser (6), the dividing cube (7) and the prism (8). The time
dependences of variations in the intensity of the reflected
light beam were recorded using BWP34 photodiode, which
was connected via an emitter repeater (9) to the input of
a Keysight DSO-X 3102T broadband digital oscilloscope
(1GHz) (10). A differentiating link and a single-stage
transistor amplifier were used to implement a standby
scanning mode corresponding to the beginning of rapid
changes in the intensity of the laser beam reflected from
the crystal.

It should be noted that stability of the emitter repeater
mode is required to implement a standby scanning in the
experimental setup used, which was ensured by selecting its
operating point corresponding to a certain nonzero voltage
Uy at the input of the oscilloscope and with no signal from
the pin-photodiode.

3. Experimental results

Both slow changes of the intensity of the reflected
beam IR(t), associated with the thermo-optical effect and
pyroelectric induction of the electric field, and its sharp
jumps were observed with variations of the crystal temper-
ature. The results shown below in Figures 2—5 correspond
to several experiments in which the heating cycle from
~ 22 to ~ 110°C had a duration of about 9 min, and the
cooling cycle to ~ 30°C — more than 30 min. The time
dependences of the voltage at the output of the optical
signal processing unit Ug(t), recorded by the oscilloscope
at a sweep rate of 10s/div in intervals of about 90s, are
shown in Figure 2. Figure 2,a corresponds to the crystal
heating cycle for the range measured by the thermocouple
from 24 to 39°C, in which two sections of a smooth change
of the output signal are separated by its sharp jump at
time t =75s. The oscillogram for the cooling cycle at
the same sweep rate, illustrated in Figure 2,5 for a small
temperature range, from 42 to 40°C, contains more than
15 sharp changes of the output voltage.

As noted earlier, Ug(t) contains a constant component
Uy associated with the choice of the emitter repeater
operating point. The variable component of the signal
Uep(t) displays changes of the intensity of an ordinary light
beam |g(t) reflected from a crystal representing a Fabry-
Perot interferometer with a temperature-dependent phase
incursion. Smooth changes Ugp(t) ~ Ig(t) for 0 <t < 74s
occur in the heating cycle from the equilibrium state at
room temperature Tg ~ 24°C to the heater temperature
Th = 32°C, as follows from Figure 2,a. It can be seen
that the shielding charge is not reset from the polar
surfaces up to the time t ~ 75s, leading to a change of
the intracrystalline field and, accordingly, the reflectance of
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Figure 2. Time dependences of voltage recorded with a sweep
rate of 10s/div in heating (a) and cooling cycle (b).

the light beam from the crystal. However, the electrical
discharge occurring at time t ~ 75s leads to its rapid
change.

The dynamics of Ig(t) fluctuations in the natural cooling
cycle of the crystal, which at a temperature of T, ~ 40°C
occurred at a rate of ~ 1K/min (Figure 2,b), is charac-
terized by sharp transitions between states with smooth
behavior, with intervals between them from 5 to 30s. The
relative magnitude of the changes may exceed the value
|AlR|/Ir = 0.25 in this case. It was found from experiments
conducted at low sweep rates that such sharp jumps in the
reflectance from the crystal are random and are observed
both in the cycles of its heating and cooling.

A series of experiments was conducted with crystal hea-
ting and cooling at sweep rates from 500 ms/div to 1 us/div
to determine the time parameters and features of the
observed abrupt changes of the reflectance from the crystal.
Characteristic waveforms for Us(t) (dependencies /) and
for dUs(t)/dt (dependencies 2), recorded by the main
channel and the synchronization channel at a sweep rate
of 500ms/div and 50us/div, are shown in Figures 3,a
and 3,0 respectively. These waveforms relate to two
different experiments and were obtained for the cooling
stage at T, ~ 35°C (Figure 3,a) and heating stage at
Th ~ 108°C (Figure 3, ).

It can be seen from Figure 3, a that in this case a stepwise
change of the reflectance from the crystal is not accom-
panied by the appearance of oscillations Ugp(t) ~ Ir(t),
however, the presence of such vibrations becomes notice-
able in Figure 3, b, especially for a synchronization signal
amplified by a transistor cascade. In some cases, abrupt
changes of Ig(t) lead to concomitant fluctuations with
significant amplitude and a complex spectrum, which is
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illustrated by an oscillogram with a sweep rate of 1 ms/div
in Figure 4, recorded at Ty ~ 35°C for another experimental
implementation of heating the crystal. The oscillation
frequency range can be estimated from the oscillogram
as 200—300kHz. This makes it possible to assume that
they are related to the shock piezoelectric excitation of
longitudinal acoustic waves experiencing re-reflections from
surfaces bounding a cylindrical sample of lithium niobate.
To estimate the characteristic transition time of a crystal
representing a Fabry-Perot optical resonator between two
states with different reflectances, we use relatively smooth
oscillograms for Us(t), not accompanied by significant
fluctuations, at sweep rates of 10, 5 and 1 us/div, represented
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Figure 3. Time dependences of voltage (/) and its derivative (2)
recorded at 500 ms/div (a) and 50 us/div (b).
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Figure 4. Time dependences of the voltage (/) and its

derivative (2) recorded at sweep rate 1 ms/div.
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Figure 5. Time dependences of voltage and its deriva-

tive, recorded at a sweep rate 10us/div (a), 5 us/div (b)
and 1 pus/div (c).

in Figure 5,a,b and c, respectively.  Although they
correspond to different temperature values Th in the cooling
cycles and relate to two separate experiments, their time
dependences are qualitatively similar.

It follows from them that the duration of the edge for
such a transition does not exceed the values 7 = 1us. It
is necessary to use a photodetector system for detecting
laser radiation with higher performance for an accurate
assessment of ;.

4. Discussion of results

The time changes observed in the heating and cooling
cycles for the reflectance of a laser beam from a lithium
niobate crystal with parallel Z-faces forming a Fabry-Perot
interferometer are attributable to variations of its ordinary
refractive index Ny(t) and thickness he (t) with temperature,
T(t) = Tr + AT(t). The disturbances no(t) associated with
the thermo-optical (to) and pyroelectric (py) effects [14,15]
can be divided as follows In the approximation of a
homogeneous temperature distribution T (t) over a crystal

ANT(AT) = An°(AT) + AnPY (AT). (1)

The thermo-optical contribution to changes of the refrac-
tive index over a limited temperature range is approximated
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by the linear function Anl(AT) = (dn,/dT)AT, where the
coefficient dny/dT can be found from the correspond-
ing Selmeyer equations (see, for example, [16]). The
pyroelectric component Ang’(AT) for an open crystal is
determined by an electric field, the intensity vector of which
is directed along the polar axis Z, induced due to a change
of spontaneous polarization with sufficiently rapid variations
AT (t) [14]:

EY (1) — -2 AT (), @)

3

where p is the pyroelectric coefficient and &3 is the static
dielectric constant of the crystal for the field along the
axis Z. The dependence of the pyroelectric component
of perturbations of the ordinary refractive index on time
is represented as follows using the known relations for the
linear electro-optical effect in crystals of symmetry 3m [17]

3
an (1) = P AT (), 3)
3
where the temperature dependence is neglected for the
electro-optical constant of the crystal rj3, as for other
material parameters of lithium niobate.

In addition, relaxation processes of nonequilibrium per-
turbations An’ associated with a pyroelectrically induced
electric field occur in the crystal. The slow relaxation,
which can be described by some function Ant®, opposite in
sign to And’ (t), is attributable to the effect of compensation
of the depolarizing field by the current of free charges in
the crystal and in the surrounding air atmosphere [18] and
does not lead, like thermal expansion, to any qualitative
changes in the nature of the time dependence for the total
phase incursion A@'(t) of the light beam in the Fabry-
Perot interferometer. Neglecting the contributions of these
processes and taking into account the above relations, we
obtain

nrizp
2

dT 283

4mhe [d
A(pT(t): TT cr[ No

}AT (t). 4)

It should be noted that under the conditions of the
experiments, temperature changes of the size of a cylindrical
crystal free from external elastic stresses were ensured both
along the polar axis Z and in the radial direction (see Fi-
gure 1). The absence of elastic stresses associated with
radial elastic displacements is attributable to the coefficient
of linear thermal expansion of the dielectric insert (2) ex-
ceeding the corresponding coefficient ay = 14.1- 1076 1/K
of lithium niobate [19]. Any significant temperature
gradients occurring during heating and cooling cycles in a
crystal, as is known [20], should not lead to any significant
effect of the tertiary effect on the generated pyroelectric
field due to such conditions of free size changes.

Let us describe the experimentally observed smooth
dependence Us(t), shown in Figure 2, a for the time interval
0 <t <ty, where ty = 75s by using the following model,
taking into account (4), the above-described features of
the experimental technique and the known ratios [21]

2400t ! 2
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3 300
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Figure 6. Time dependences for the recorded voltage, calculated
using the formula (5) for the interval 0 <t < 75s (curve /) and at
t > 75s (curve 2).

for the reflectance of light radiation from the Fabry-Perot
interferometer:

Us(t) =Up +Un

4Rosin’ [22fe (e 4 TLERYAT (1) — EAE ()]

X >

(1—Ro)2+4Ro sin? [ 270l (3o | DT BRY AT (1) T8 A ()]

(5)
where Ry = [(no — 1)/(No+ 1)]” is the reflectivity of
Z-crystal faces. The results of calculating the smooth time
dependence Us(t) for the time interval 0 <t < 75s, shown
in Figure 6 of the curve I, obtained using the thermo-optical
constant dno/dT = 1.165 - 10~ 1/K [16] and the pyroelec-
tric coefficient p = —10.39 - 107> C/(m?K) [14] for congru-
ent lithium niobate, as well as its following material parame-
ters in a mechanically free state: €3 = 2.543 - 107! F/m [22]
and r13 =11.3-10"2m/V [23]. It was assumed at this
time interval for the qualitative agreement of the calculation
according to the formula (5) with the corresponding exper-
imental data presented above in Figure 2,a, that Uy = 80,
Um = 720; the initial crystal temperature Tgr = 24.09°C, and
its increment is realized at a constant rate of 0.089 K/s from
the initial value AT = 0.91K.

A comparison of the dependences in Figure 2,a and Fi-
gure 6 shows that the model used allows for a satisfactory
description of the variations observed at the initial stage of
heating of a pyroelectric lithium niobate crystal with the
temperature of its ordinary refractive index. The crystal
temperature increases by 7.6 K during the specified time for
the accepted conditions and the material parameters used,
and the pyroelectrically induced field in the crystal reaches
the value E}” (tq) ~ —31kV/cm. The intensity of the electric
field Eg(tq) created in this case in a gap with a size of hy
between the upper face of the crystal (/) and the anode (5)
(see Figure 1), can be approximated from the ratio [24]

Ea(te) = PAT (tq)

=" 6
hg53/hcr + &0 ( )

where & is an electrical constant. The gap hy = 10 mm
corresponds to the value Eg(tq) ~ —36kV/cm, which may
be overestimated because of the differences of the material
parameters of the studied lithium niobate crystal from those
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used in the estimated calculations. It is characteristic that it
exceeds the air breakdown voltage at atmospheric pressure.
Assuming that the recorded rapid changes of Ug(t) att > tg
are associated either with a breakdown of the gap between
the translucent anode and the upper face of the crystal,
or with another type of breakdown, for example, along its
lateral surface between Z-faces, from (5), the decrease of the
absolute magnitude of the electric field in the crystal can be
estimated as |AE;(tq)| = 4kV/ecm. The surface charge on
the crystal faces accordingly decreases by |A(tg)| = 23 nC
with such a pyroelectrically induced electric discharge,
assuming the uniform distribution of this surface charge
over the area S~ 2.3 - 10~* m?2. It should be noted that this
value is in order of magnitude agreement with estimates
of the transferred charge, which reaches 5.7nC during
pyroelectric generation of a pulsed electron beam with
currents up to 600 mA, recorded at atmospheric pressure
in a coaxial configuration device for a cylindrical crystal of
lithium niobate with similar dimensions [13].

The dynamics of changes of the intensity of the beam
Ir(t) ~ Ugp(t) reflected from the crystal experimentally ob-
served after an electric discharge at t > 75s (Figure 2,a) is
no longer described within the framework of the considered
simple model: the values in the minima remain the same
as before the discharge for dependence Ugs(t) calculated
by the formula (5) and the curve shown in Figure 6 2.
The reason for the increase of minima over time for Us(t),
smooth before the electric discharge, and abrupt after
it, requires study. An additional factor complicating the
behavior of Ig(t) may be the photorefractive effect, which
to the formation of reflective holograms leads in crystals of
Z-orientations with parallel faces that increase or decrease
the transmission of the probing beam, depending on the
orientation of the polar axis [25].

5. Conclusion

Thus, the presented technique for recording the dynamics
of the electric field in a lithium niobate crystal with
parallel Z-faces in case of pyroelectric generation of electric
discharges made it possible to display its time dependences
during the intervals from ~ 90s to ~ 9us. The jumps
of the intensity of the pyroelectrically induced electric
field observed in the cycles of heating and cooling of
the crystal, reaching values of 4kV/cm, demonstrate the
behavior characteristic of electric discharges. The surface
charge on the crystal faces decreases by an amount that
can be units of nC in this case, with the duration of the
discharge process not exceeding 1us. It was found that
in case of some electric discharges, a sharp decrease of the
electric field strength in the crystal causes fluctuations of the
intensity of the laser beam reflected from it with a significant
amplitude and a complex spectrum in the frequency range
from 200 to 300 kHz. It is suggested that these fluctuations
are related to shock piezoelectric excitation of longitudinal
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acoustic waves experiencing re-reflections from surfaces
bordering a cylindrical lithium niobate sample.
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