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ABSTRACT

We have developed a model to explain the phenomena of electron focusing by pyroelectric and photogalvanic crystals. The
pyroelectric crystals used to compare experiments with theory were Fe doped and un-doped LiNbOs;. The crystals were
either heated from the +z end or illuminated with a laser (to test photogalvanic effect). Heating the crystals by passing a
current through a resistor attached to the +z end produced the pyroelectric effect: a change in polarization in response to a
change in temperature. Illuminated with a CW solid-state diode pumped laser (532 nm, 100 mW) produces the
photogalvanic effect: the build up of charge on the polar surfaces of the crystal. In both cases the polar ends of the crystal
becomes electrically charged and produced self-focusing electron beams that were imaged on a ZnS screen. Using different
targets we have produced X-rays, and demonstrated X-ray imaging of metal masks.
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1. INTRODUCTION

The observations of an interesting phenomena, the generation of a self-focused electron beam by pyroelectric crystals was
recently reported by J. D. Brownridge and S, M. Shafroth !. A cylinder shape LiNbO; crystal was used to generate high
energy (160 keV) nearly monoenergetic electrons beams **. The generation of electrons was explained qualitatively by the
appearance of uncompensated * charges on the polar -z faces of the crystal during the cooling part of the thermal cycles to
which the crystal was subjected *. In a vacuum environment uncompensated charge is produced as the spontaneous
polarization increase with decreasing temperature, this occurs during both uniform and non-uniform temperature changes °.
For the results reported here the temperature changes were non-uniform . A uniform change in temperature of 75 °C in a
LiNbO;) will result in a spontaneous polarization change AP, of 0.015 C/m? on the surface of a z-cut crystal 7. For a non-
uniform change in temperature AP will be <0.015 C/m*. The strength of electric field on the surface of the crystal will be
[Eo| = 1.35x10” V/cm ™8 Over time, however, |Eo| will decrease to zero as the polarization change is compensated or
neutralized by charge from the environment. Ionization of the residual gas in the vacuum chamber is the source on the
compensating or neutralizing charge.

Just how these crystals produce the self-focusing electron beams have not been explained. However, they have been
used to produce compact crystal X-ray generators °. In this paper, we present an explanation of the electron beam focusing
phenomena by pyroelectric crystals and demonstrate ability of X-ray generation and X-ray imaging. We also describe other
experiments with photogalvanic crystals'® where we have observed similar electron-beam focusing phenomena
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2. Model of electron beam focusing by charged crystals

We hypothesized that the main mechanism of electron beam focusing is due to the formation of uncompensated charges at
the surface of the crystal. During the heating-cooling cycle, electrical charge in and on the face of the crystal will be non-
uniformly distributed. This occurs in part because of the temperature gradient within the crystal. The crystal was heated
from one end with a resistor and the other end is exposed to the vacuum. A non-uniform distribution of charge creates non-
uniform electric fields near the surface of the crystal, which may in turn, produce the focusing effect. A detailed calculation
of temperature and charge distribution requires solutions to heat and electric field equations. When we consider heat
equations for crystals in the shape of rods, or the shape of a slab, it can be shown that a temperature gradient exists when a
crystal is heated from one end while the other end is exposed to a dilute gas in a vacuum. Thus, this T-gradient may lead to
the non-uniform distribution of charge needed for focusing of electrons. From laser physics it is well known that laser rods
heat up during operation and that a radial gradient of temperature is produced in the rods. This temperature gradient is
responsible for focusing a generated photon (laser) beam ' This is a useful analogy suggest that photons and electrons may
behave in a similar way in geometric-optics approximation.

Recently, the generation of high electrical fields in the ferroelectric crystals, due to the photogalvanic effect was reported
' The illumination of Fe-doped LiNbOj crystals leads to photo generation of a steady-state current that is mainly directed
along the polar axis. This photogalvanic current produces a voltage buildup on the surface of the crystal . Its magnitude is
limited by ionization of ambient gas or by high voltage breakdown at the surface of the crystal. Photogalvanic voltage as
high as 10? kV has been observed in previous experiments '>'* both in the volume of the crystal and on the surfaces. The
photogalvanic effect, and the pyroelectric effect, both produce high electric fields at the surfaces of these crystals. Likewise,
subsequent discharges may generate current pulses 1% In several experiments it has been shown that these electrical pulses
in photogalvanic crystals could be used to power electro-optic modulators .

The generation of Bremsstrahlung radiation was recently observed from photogalvanic crystals at atmospheric pressure.
We expect that when a photogalvanic crystal is placed in a moderate vacuum, it will also generate characteristic X-rays
from metal targets and from the crystal itself. The main difference between these effects is that the pyroelectric effect is
transient and the photogalvanic effect can be observed in the steady-state (DC illumination), or with pulsed illumination.
Another important difference is the physical origin of the charge. The photogalvanic effect primarily generates charge from
ionization of the impurities in the crystal. In contrast, the primary source of charge in the pyroelectric crystal is the
polarization charge produced when the temperature of the crystal is changed. Also, pyroelectric crystals produced
secondary charge when ambient gas is ionized by the uncompensated polarization charge.

Pyroelectric and photogalvanic effects can generate high voltages in and on the surface of crystals. Accordingly, we will
discuss a possible mechanism for electron beam focusing by these crystals. An "electrostatic lenses" is suggested for both
types of crystals. Two different geometries will be considered, a plane cut crystal and cylindrical cut crystal (cylinder axis is
along the polar axis). For both geometries we will assume that charge is distributed only on the crystal edges. This
simplified model will allow us to begin explaining the focusing effect. More detailed calculations that take into account
charge distribution over the entire crystal will be provided in future publications.

2.1. Model for a plane crystal (a-cut).
We will consider geometry introduced in Fig.l. The heat equation for the crystals temperature T and the equation for

pyroelectric current may be written as:

£= DAT +gq

glt’ P dE AT

—+—+ge—+0E=J+a— )
a dt T

Here D is the thermal diffusivity, ¢ = Q/(Cp m), Q is the heat flux, m is the crystal mass, Cp is the specific heat, & is the
dielectric constant for vacuum, ¢ is the material dielectric constant, P is the normal component polarization density, o is
conductivity, J is the total current, a is a pyroelectric coefficient. The electric field E may be found from the Poisson equation.
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Fig. 1. A schematic diagram of the planer crystal used to produce the electron beam (line) shown in the Fig. 6(b). A LiNbO;
crystal was cut to the dimension X =21mm, Y =2mm and Z = 10mm.

¥
Y

Fig. 2. A schematic diagram of the cylindrical crystal used to produce the image shown in Fig. 6(a). A LiNbOj; crystal was
ground into a cylinder 4mm in diameter and 10mm long. The polar axis is along Z as shown in the schematic diagram.

The total current may have components related to plasma formation near the crystal surface and to field emission from the

crystal.
For a wide thin crystal plate (crystal Y-directions are much bigger than thickness in X-direction), heat equation becomes one-

dimensional and in the steady-state has solution
T(x) = To — qx*/(2D) °)

Here, the boundary conditions T(0) = To and dT/dx = 0 at x=0. If we assume that conductivity is negligible and current J is
small, then the polarization change 8P will be proportional to temperature change 3T, in a steady state condition,

8P =adT 3)

This polarization change is equivalent to the appearance of the surface charge density

and equal to &P.

We have observed that the heating-cooling cycles of the crystal lead to the generation of non-uniform temperature and
polarization charge distribution in the crystal. To get an approximate analytical solution for the electrical potential and electric
field created by this non-uniform charge redistribution, we will further simplify the problem.

We will assume that only the crystal edges are charged and the rest of the crystal surface is neutral (z = 0, where z is along the
polar axis). Formally, this indicates that we substituted a quadratic term in equation (2) for x°, where s is a large even number.
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This approach is similar to approximation of a real potential wall by a box-type potential in quantum mechanics. With this
0
approximation, we may then analytically calculate the potential ¢ and the electrical field £ = —a(p . Our goal is to show

that E, will have distribution that will allow us to explain focusing of charged particles. Direct calculation of the potential ¢
distribution created by charges along the crystal edges (with linear density p.) gives:

2
P 4yo
¢ =——In(——) @
2ne,  nr,
2 d 21 . . . . . . .
here 7, =(z" +(x :’:5) )’ & — is the dielectric constant in the vacuum. The potential (4) was received using the
assumption that y-extension of this crystal 2y, is much larger than d
P —> 0 whenyy — o0

Electric field’s components £ = —a—¢, E = _5_¢ follow from (4)
ox - oz
2,2 4
pex(x +z _('2—) ) zp 1 1
Ex = > and Ez = £ (—2—+'—2— (5)
2mey(1ry) 2rg, 1o, 1Y,

We can see from the equation (5) and Figs. 3-5 that electrons will be experiencing the focusing force in the vicinity of the
crystal surface, where electron coordinate X, Z satisfy relation

x2+2° < (g)2 (6)

Outside this area electrons will be accelerated away from the central plane (x=0). In other words, electrons will experience
focusing transversal force (~E, ) near the crystal surface Z=0. Equations of motion for electrons will be

2 2 d 2
d’x  dv_ Eed "t 0)

+ta, —=
dar> T dt m rr
_fd_z_z..}.a @ = Eoedz(i.ki)
at*  dt m ot or @
here E, = Pe
2me,d

a, . are damping constants for the motion along X and Z direction

2.2. Model for the cylinder crystal

Correspondingly, for the cylinder geometry (Fig.2), end heating of the crystal will lead to a quadratic-type radial non-
uniform distribution of temperature and polarization charge. In the case of photogalvanic crystal, illumination of the surface
of the crystal by a laser beam creates charge spots on the surface due to photogalvanic current. These charges (photo-
induced electrons) will diffuse from the laser-spot center, forming negatively charged rings on the crystal surface.
Analytically speaking, we again assume that only the circular edges are charged with the charge density p.. Direct
calculation of the potential distribution ¢ in the general point M(x,0,z) lying in the plane XZ leads to the integral
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Fig. 3 The potential distribution @(x,z), (Volt) near the crystal surface plotted x-axis, (m) as the width of the crystal and z-axis
(m) distance from the surface of the crystal.
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Fig. 4. Distribution of Electrical Field, E, near crystal surface along the width, x-axis and away from crystal surface in z-axis,
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Fig. 5. Distribution of Electric Field, E, field near the crystal surface along the width, x-axis and away from crystal surface in
z-axis (m).
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where A=x>+z*+a*, B=2xd.
General solution for Eq. (8) leads to the elliptic integrals, and is not easily analyzed. The solution will be greatly simplified

by assuming, that %cos@ <<1
ap 3 B
x,0,z) = <
9(x,0,2) = 80\/— 16A2) o
dp,z . 15x°d’
A U
The electric field E, will be:
6¢ ap
Ex = P 2 A5/2 [( +z )__ ] (10)

Comparing the results for the plane and cylmdrlcal crystal (Eqgs. (5) and (10)) we can see similarity. For the cylinder crystal
the focusing area is bounded by relation:
2

d
Xtz < — 11
2S5 (11)

this specifies that the beam will be focused at distances z = @ from the crystal surface.
The equations of the motion for electrons near the cylindrical crystal will be:

2
2 x[(x2 +zz)—d—

d’x ip éx__ e 2

arr m A% (12)
d’z dz mwed® z 3x%d?

—+p.,—=FE 1+

dr? P a7’ A4 [ 24 ]

here By, are the damping constants for the movement along x and z directions.
3. Experiments and results.

3.1 Pyroelectric effect.

From a large z cut lithium niobate (LiNbOs) crystal purchased from Crystal Technology, Inc., several smaller crystals were
fashioned. Some into round cylindrical crystals (Fig. 2) of varying lengths from 2mm to 10mm long and from 4mm to 6mm
in diameter and one into a rectangular shape of 2.5mm thick, 15.9 mm wide and 10 mm long (Fig. 1). The polar axis is
solely the z-axis as shown in Figs. 1 and 2. A 62-ohm wire wound resistor (the heater) was epoxied to the +z end of each
crystals using J B Weld epoxy. A type K thermocouple was attached to the crystal at the resistor/crystal junction to monitor
the temperature. The crystals were electrically floating.

To produce the focused beams shown in Fig. 6 and in reference 14 the +z base of the crystals was heated to ~160 °C
from about ~20 °C in a stable pressure environment of less than about 1 mTorr and let cool to room temperature by
removing power from the heater. When the +z base of a crystal is heated to ~160 °C the beam begin forming as the
temperature fall through about 90 °C and usually become stable as the temperature fall through about 50 °C % There is
nothing-unique about 160 °C or 50 °C, what is important is that there is a change in temperature of the crystal from some

Proc. of SPIE Vol. 6023 60230G-6

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 25 Jan 2024
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



(a) (b)

Fig. 6 (a) Photograph of the electron beam image at the focal length, ~21mm for a 4 mm diameter x 10 mm long LiNbO;
crystal. A ZnS screen was used to image the beam. The residual gas is N, and the pressure is about 1 mTorr. The temperature
of the crystal is about 35 °C and falling. (b) Photograph of the electron beam (line) imaged on a ZnS screen as electrons are
accelerated away from a plane crystal that is 2mm thick, 21mm wide and 10mm long (the z-axis). Notice that fluorescent line
on the ZnS is perpendicular to the long (21mm) plane of the crystal.

(b) Electron beam imaged on a ZnS screen as electrons are focused and accelerated away from a plane crystal.

Fig.7. Photograph of Ce:Fe: LiNbO; attached to the heater and fluorescence ZnC screen. The copper-sticker mask has been
glued to the ZnC screen to produce X-ray imaging
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initial temperature and then return to approximately that initial temperature. The initial temperature may be at any
temperature between about 14K to about 500K *°.

In Fig. 6 (a) we show the results of heating the +z base of a 10mm long 4mm diameter crystal of a LiNbO; to about 160 °C
and returning it to about 20 °C at a pressure of 1.0 mTorr in N, gas. The crystal is at a distance of 21mm from a ZnS screen
used to image the beam. At a distance of 21mm the beam spot is at its smallest, we call this the focal point [1]. In Fig. 6(b)
we show the results of heating the +z base of the 2mm thick, 21 mm wide and 10 mm long crystal of LiNbO; to about 160
°C and returning it to about 20 °C at a pressure of 2.0 mTorr in N, gas. Here the electrons are “focused” into a line that is
rotated 90° with respect to a plane that is parallel to the thinnest dimension of the crystal. A ZnS screen was used to image
the line. The distance between the crystal and the ZnS screen was about 25mm. There is a clear correlation between the
shape of the crystals and the electron beam image produced on the ZnS screen.

For the X-Ray generation we introduced K-Cl and Cu targets between the crystal and X-Ray detector and observed
characteristic spectra (Fig.8,9). To demonstrate ability of X-Ray imaging with pyroelectric crystals (Fig.7) we have used
metal mask (copper sticker-electrodes), 1mm thick, that were attached to the sealed commercial dental film (for intra-oral
use). On the Fig.10 we can see very clear picture of two copper letters, which was done after about 5 exposures to heating-
cooling cycles. In addition, pronounced dark spot appear in the center, that demonstrate strong focusing effect during
transient process of electron beam induced X-Ray generation. Dental film integrate in time X-Ray flux and allow to
observe in one experiment both focusing and imaging ability. From the shadow-type character of X-Ray image, we can
conclude, that X-Ray generation was from the dental film envelope and shielding cover.

3.2 Photogalvanic effect.

We use Fe-doped LiNbO3 crystals to produce the photogalvamc effects in this paper.

A typical crystal is z cut and is about 3mm thick (alone the z axis) and about 10mm in diameter. The crystal was placed in a
vacuum chamber (pressure 1- 30 mTorr) and illuminated with a CW solid—state diode pumped laser (532 nm, 100 mW)
through a glass window. We observed the glow on the ZnS screen caused by electrons striking the screen (Fig.11). The
screen was at a distance of about 15 mm from the crystal. When the pressure in the chamber was gradually increased, a
bright "focused" spot was observed on the ZnS screen. As the pressure continued to raise the spot disappeared a lightning-
type flashes, a high voltage discharge or breakdown. This lightning-type flashes is observed during a rise in pressure when
the pyroelectric effect is employed, see the Video clip in reference 14.

We measured a temperature increase in the crystal during laser illumination from 25 °C to 35 °C after 15 minutes of
illumination. A 10°C change in the temperature of the crystal will not generate electrons with enough energy to fluorescent
the ZnS screen. However, when a Fe-doped crystal of LiNbOs is heated from about 25°C to about 140°C a fluorescent spot
is produced on a ZnS screen. This is a clear indication that laser-induced heating alone cannot explain the high-energy
electrons generated during laser illumination. Instead, these results indicate, that the laser-illuminated Fe-doped crystal of
LiNbO; produce electron beams via the photogalvanic effect. The photogalvanic effects is, however, similar to that
observed when the crystal is heated to a much higher temperature with a resistive heater attached to one end.

4. Discussion and conclusion

We have found that edge-charged crystals have a tendency to focus charged particles; negatively charged crystal focus
electrons. Solving simple problems evolving the propagation of electrons from the surface of the crystal by assuming

average (Ex> and<E2>, the field focusing distance for electron that originated at the edge of the cylindrical crystal will
be defined by relation (initial speed is 0).
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Fig. 9. X-ray generation during the heating cycle (21°C-125°C
Fig .10. Kukhtarev et al, SPIE Proceeding

Fig. 10. X-Ray imaging of the copper mask using commercial dental film
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p.dz

Estimating <Ex> as E, at x ~a/2, z~d/4, and <Ez> as £, ~ 2o >
g,(a’ +z

772 atz ~a/2, x=0 can get for the
focus distance:

Zfoc =5d
These results compare with the experimental data on the pyroelectric crystals. We have demonstrated ability of X-Ray
imaging of the metal mask’ using commercial dental film.
Our preliminary experiments with photogalvanic crystals show that the focused electron beam may be produced by
illumination of Fe-doped LiNbO; crystals with a CW solid—state diode pumped laser (532 nm, 100 mW). The crystals
placed in a moderate vacuum where a high electrical field is generated via photo-induced migration of electrons, liberated
by light from the impurity centers. We expect that laser illuminated photogalvanic crystal will generate X-ray in a manner
similar to doped and un-doped pyroelectric crystals. This will allow the extension of the range of possible modes of
operations and applications for the compact crystal X-ray generator.
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