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Simple heating of pyroelectric crystals has been used as the
basis for compact sources of X rays, electrons, ions and neutrons.
We report on the evaluation of the feasibility of using a portable
pyroelectric electron accelerator to deliver a therapeutic dose to
tissue. Such a device could be mass produced as a handheld,
battery-powered instrument. Experiments were conducted with
several crystal sizes in which the crystal was heated inside a
vacuum chamber and the emitted electrons were allowed to
penetrate a thin beryllium window into the surrounding air. A
Faraday cup was used to count the number of electrons that exited
the window. The energy of these electrons was determined by
measuring the energy spectrum of the X rays that resulted from the
electron interactions with the Faraday cup. Based on these
measurements, the dose that this source could deliver to tissue was
calculated using Monte Carlo calculations. It was found that 10"
electrons with a peak energy of the order of 100 keV were emitted
from the beryllium window and could deliver a dose of 1664 Gy to
a 2-cm-diameter, 110-um-deep region of tissue located 1.5 cm
from the window with air between the window and the tissue.
This dose level is high enough to consider this technology for
medical applications in which shallow energy deposition is
beneficial. © 2009 by Radiation Research Society

INTRODUCTION

Pyroelectric materials exhibit a nonzero spontaneous
polarization under equilibrium conditions, and this
polarization is a function of the material’s temperature
(7). When a pyroelectric crystal experiences a change in
temperature, the resulting electric field from the change
in polarization due to the pyroelectric effect is strong
enough to cause electron emission (2) and accelerate
these electrons to energies of the order of hundreds of
keV. Previous work has shown that this effect is strong
enough to create compact sources of X rays (3-5),
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electrons (6-8), ions (9, 10) and neutrons (via D-D
fusion) (//-14). In this paper, we discuss the feasibility
of using a pyroelectric accelerator to produce an electron
beam for cancer treatment. Low-energy electrons can be
used in skin cancer treatment because of their favorable
energy deposition relative to depth (/5), and there are
reports in the literature discussing their utility for a
variety of medical and biological applications (16—19).
The pyroelectric materials used in the experiments
discussed herein were cylindrical lithium tantalate crystals,
with the cylinder’s axis parallel to the axis of polarization.
At any temperature below the Curie temperature [685°C
for LiTaO; (20)], the spontanecous polarization of the Z~
face is negative, and the spontaneous polarization of the
7+ face is positive; the magnitude of this polarization is a
function of temperature (/). The pyroelectric effect causes
the polarization to decrease during the heating of the
crystal. If one were to heat the crystal while it was exposed
to the atmosphere, free charges would accumulate on the
crystal’s surface so as to mask the change in polarization.
In a vacuum, however, few free charges are available, and
heating the crystal will result in an uncompensated positive
charge on the Z~ surface (and an uncompensated negative
charge on the Z* surface). The reverse effect occurs during
cooling. The magnitude of this charge is given by Eq. (1):

(1)

where Q is the surface charge, 4 is the surface area, vy is the
pyroelectric coefficient [176 uC/m?* K for LiTaO; (1)] and
AT is the change in temperature. The increase in charge
during the cooling phase creates an electric field. As the
electric field strengthens, electron emission occurs at the Z~
surface during cooling (2). Previous work has shown that
the electrons emitted from a pyroelectric crystal are nearly
monoenergetic (7, 8).

Previous work (8, 12, 21) with pyroelectric accelera-
tors found that in some instances spontaneous discharg-
es of the crystal can occur. These discharges typically
take the form of a spark between the crystal surface and
ground; if this were to occur in a medical device, it could

0 = Ay AT,
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result in inconsistent dose rates. However, in the system
reported herein, spontaneous discharges did not occur.
We attribute this to our use of a relatively large
separation distance between the crystal surface and the
chamber walls and the window (which are grounded)
and to the fact that the crystal was heated at a relatively
slow rate (21).

EXPERIMENTAL METHODS

The LiTaO; pyroelectric crystals were epoxied to a resistor for
heating. The crystal’s unexposed (Z*) surface was attached to an
aluminum block, which was in direct contact with the stainless steel
vacuum chamber wall; therefore, the Z* surface was grounded. To
allow temperature data to be gathered, a thermocouple was epoxied
to the base of the heating resistor. The crystal axis was perpendicular
to a 1-cm-diameter X 25-um-thick beryllium window in the chamber
wall. A nickel mesh with 87% electron transmission was used to
protect the window from electrical shock due to spontaneous
discharge and was flush with the interior of the chamber wall. The
electric potential between the exposed face of the crystal and the
target (in this case the nickel mesh) can be estimated by modeling the
crystal and the gap between the crystal and the target as two
capacitors in parallel (/2) as in Eq. (2):

(0] y AT y AT
X e 2)

N O D

where ¢,, is the relative permittivity of the crystal [46 for LiTaO, (22)],
g, is the permittivity of free space, d,, is the thickness of the crystal,
and d,,, is the distance between the exposed crystal surface and the
nickel mesh. Equation (2) typically provides an overestimate of the
accelerating potential (23) since it applies to an idealized model.
Equation (2) also predicts a linear relationship between crystal
thickness and potential, however, experiments have indicated that
using crystal thicknesses greater than 1.0 cm is not advantageous (4).

Also of note is the fact that the electron beams emitted by
pyroelectric crystals have been shown to be focused within the
vacuum chamber (6, 21, 24). When this effect is observed, the beam
diameter relative to the distance from the crystal surface is measured
and a focal point is determined. In the present arrangement, the focal
length was measured to be 0.6 cm (which is inside the vacuum
chamber); therefore, the electron beam will diverge as it moves
towards the beryllium window. The beam is collimated by the
grounded stainless steel flange that supports the beryllium window.
The defocusing helps ensure that a more uniform beam arrives at the
target.

A LabVIEW program collected electron yield data from the Faraday
cup and temperature data from the thermocouple. The Faraday cup was
mostly shielded using copper foil, but part of the shield was constructed
using thin aluminum foil to allow maximum transmission of X rays to
an Amptek CR-100T-CdTe X-ray detector immediately adjacent to the
cup. The end point of the measured Bremsstrahlung X-ray spectrum
from the Faraday cup was used to estimate the maximum electron
energy. The experimental setup is shown in Fig. 1.

Experiments were conducted with three different sizes of crystals.
The geometric configurations and the resulting electron yields are
summarized in Table 1. The pressure inside the vacuum chamber
during these experiments was typically 107> to 10~* mbar. The 1-cm-
thick X 2-cm-diameter crystal emitted 1.01 X 10" electrons, which is
~14 times the current of the 1-cm-thick X 0.5-cm-diameter crystal.
The higher emission from the 2-cm-diameter crystal was expected,
since the emitted charge is directly related to the surface area (16 times
that of the 0.5-cm-diameter crystal). Using Eq. (1), assuming AT =

7N . \\ © © (@

FIG. 1. Drawing of the experimental apparatus used to measure
pyroelectric electron emission current and energy. (a) beryllium
window, (b) Faraday cup, (c) pyroelectric crystal, (d) heating resistor
leads, (e) thermocouple, (f) aluminum base, (g) X-ray detector.

140°C, we calculate the total available charge for the 2-cm-diameter
crystal to be 7.7 uC (4.8 X 10" electrons) as opposed to 0.48 uC (3 X
102 electrons) for the 0.5-cm-diameter crystals. It was expected that
the total emitted charge for the 1-cm-thick X 0.5-cm-diameter crystal
and the 4-cm-thick X 0.5-cm-diameter crystal would be about the
same, since their Z~ surfaces have the same area. However, due to the
low thermal conductivity of LiTaO; [~4 W/m K (25)], the 4-cm-thick
crystal did not achieve as high a temperature as the 1-cm-thick crystal;
consequently, fewer emitted electrons were observed when using the
4-cm-thick crystal.

The observed temperature and electron current for the 1-cm-thick
X (.5-cm-diameter crystal are plotted as a function of time (/0) in
Fig. 2. As shown in this plot, the back face of the crystal experiences a
AT of ~140°C. The apparent delay in electron emission relative to the
end of the heating phase is due to the low thermal conductivity of the
crystal, and the fact that the temperature was measured at the end of
the crystal opposite from the electron-emitting surface. During the
cooling of the crystal, X-ray spectra were gathered at 3-min intervals
and the respective end point energies as a function of time are shown
in Fig. 3. The maximum X-ray energy, which is indicative of the
electron energy, was observed to be 125 keV. As can be seen in Fig. 3,
the electron emission energy remained constant for approximately
8 min, during which time a constant dose rate and penetration depth
are provided. This maximum energy plateau was preceded and
succeeded by a transition from and to lower energies.

DOSE CALCULATIONS

A pyroelectric crystal system can be engineered to
individual tissue penetration requirements by varying

TABLE 1
Electron Emission from Various Experimental
Configurations

Crystal Distance to Measured Calculated
thickness  Diameter nickel mesh electrons electrons
1 cm 2 cm 0.5 cm 1.01 X 10" 4.8 X 10"
4 cm 0.5 cm 1 cm 1.85 X 10" 3.0 x 10"

1 cm 0.5 cm 1.5 cm 6.98 x 10" 3.0 X 10"

Note. Also shown are the calculated eletron yield and potential
determined using Egs. (1) and (2), respectively, for AT = 140°C.
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FIG. 2. Current and temperature as a function of time for a 1-cm
X 0.5-cm lithium tantalate crystal. Temperature was measured at the
grounded surface of the crystal; the temperature at the exposed
surface of the crystal would be lower.

the maximum accelerating energy of the crystal by using
different crystal sizes and temperature profiles; a smaller
AT would result in a lower accelerating potential and
therefore lower electron energies. The diameter of the
electron beam can also be customized by varying the
geometry of the system. To characterize LiTaO; crystals
for medical applications, dose calculations were per-
formed using data from the cooling phase of the 1-cm-
thick X 2-cm-diameter crystal (1.01 X 10" electrons
with an energy of 100 keV). It was assumed that the
crystal emitted a monoenergetic beam of electrons with a
diameter of 1 cm. We define our treatment volume as a
2-cm-diameter, 110-um-thick region of soft tissue.

The behavior of the electrons was evaluated using an
MCNP Monte Carlo simulation (26). In the MCNP
simulation, the electron source was taken to be a 1-cm-
diameter monoenergetic electron source perpendicular
to a 25-um-thick, 1-cm-diameter beryllium window that
was located in a 1-cm-thick steel wall. The electrons then
traveled through 0.5 cm of air before crossing the plane
of the outer surface of the steel wall and then traveled
through an additional 1 cm of air before reaching the
surface of a region of soft tissue. The geometry used in
MCNP is shown in Fig. 4. After passing through 25 um
of beryllium and 1.5 cm of air, the energy of the
electrons will be reduced. The energy spectrum of the
electrons incident upon the surface of the tissue was
calculated using MCNP and is shown in Fig. 5; the peak
energy is 80 keV. Furthermore, it was found that due to
scattering in the 1 cm of air, only 84% of the electrons
measured by the Faraday cup would strike within the
treatment area, with the remainder striking outside this
area. A plot of the radial distribution of electrons is
given in Fig. 6.

The MNCP simulations were used to evaluate the
dose delivered to the treatment volume (27). To
accomplish this, the geometry of the tissue was modeled
as follows in MCNP: A 2-cm-diameter cylinder of tissue
with a depth of 200 um is coaxial with the electron
source and beryllium window and was divided into 10-
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FIG. 3. Electron energy measured from the end point of the X-ray
spectrum resulting from interactions of the electrons with the copper
Faraday cup for the 1-cm X 0.5-cm lithium tantalate crystal. For this
arrangement, Eq. (2) predicts a potential of 596 kV (assuming AT =
140°C).

um-thick slices, the first 11 of which form the treatment
volume. This cylinder of tissue is surrounded by a
doughnut of tissue to account for scattering to and from
the surrounding tissue and to quantify energy deposition
to the surrounding tissue. The energy deposited in each
of these 21 cells and the surrounding tissue is determined
using the *8 tally in MCNP. The total dose delivered to

Void

FIG. 4. MCNP geometry (not to scale). Electrons are emitted
from a monoenergetic (100 keV) disk source with a diameter of 1 cm
located in a void. Electrons travel through a 25-pm-thick beryllium
window before entering a 1.5-cm-thick region of air before impinging
on a region of soft tissue. This region is modeled as a 2-cm-diameter
cylinder of tissue with a depth of 200 um divided into 10-um-thick
slices, the first 11 of which form the treatment volume (for clarity,
only four slices are shown in the figure). This cylinder of tissue is
surrounded by a doughnut of tissue to account for scattering to and
from the surrounding tissue and to quantify energy deposition to the
surrounding tissue.
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FIG. 5. Energy spectrum of the electrons incident upon the surface
of the skin calculated using MCNP. Values are normalized for one
source electron.

the treatment volume is calculated using Eq. (3):

N—1
N. 3 AE

i=0
— (3)

pA i X
i=0

Total Dose =

where N, is the number of electrons incident upon the
treatment area, p is the density of the material (1.0 g/cm?
for tissue), A is the area to be treated (1.0-cm-radius
circle), x is the thickness of each layer, AE; is the energy
deposited in the ith layer, and N is the number of layers,
in this case 11, in the treatment volume. The total dose
to the treatment volume was 1664 Gy; a few electrons
penetrated deeper, and the nine layers below the
treatment volume received a total dose of 1.3 Gy. The
dose to each of the individual 10-um-thick layers in the
treatment volume was calculated by dividing the energy
deposited in each layer by its mass; the results are
plotted in Fig. 7. Some electrons scattered out of the
treatment volume and into the surrounding tissue and
some of the electrons struck the skin outside of the
treatment area; as a result, the surrounding tissue
absorbed 15% of the total energy absorbed by all of
the tissue. A dose calculation for the surrounding tissue
is not meaningful due to its large (and arbitrary) volume.

A simple calculation of the dose was also performed.
Values for the range and stopping power of electrons in
soft tissue were obtained from ESTAR (28). It was
found that 80 keV electrons would penetrate a distance
of 97 um. The treatment volume was defined as a 2-cm-
diameter cylinder with a depth of 107 um (ESTAR
depth + 10%). Assuming that all of the energy from the
(monoenergetic) electrons was absorbed by the treat-
ment volume, the dose was 3251 Gy. This value is higher
than what was calculated by MCNP; however, the
simple calculation does not account for scattering and
the fact that a some of the incident energy is delivered to
the surrounding tissue. Furthermore, the simple calcu-
lation assumed that all of the electrons had an energy of
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FIG. 6. Radial distribution of the electron flux incident upon the
surface of the skin calculated using MCNP. Values are normalized for
one source electron. The dashed line indicated the boundary of the
treatment volume.

80 keV when they reached the surface of the skin; we
know from Fig. 5 that many of the electrons were of
lower energy. The reasonableness of this explanation of
the discrepancy can be assessed by examining the total
energy deposited (rather than dose) in the tissue.
According to the simple calculation, 109 mJ of energy
was absorbed by the treatment volume, whereas the
MCNP calculations indicate that 58 mJ was absorbed
by the treatment volume and 9.8 mJ was absorbed by
the surrounding tissue.

CONCLUSION

The pyroelectric electron emission experiments
showed that an inexpensive source of electrons delivered
to air could be developed using pyroelectric crystals and
that such a source could deliver a large dose over a thin
penetration depth in tissue. This type of electron source
can have potential applications when shallow dose is
required. Multiple applications of small quantities of
doses can result in a dose sufficient for treatment.
Smaller doses can be attained by using crystals with a
smaller surface area or by using a smaller temperature
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FIG. 7. Dose as a function of depth as delivered to 10-um-thick
slices calculated using MCNP with 3.77 X 10'? incident electrons.
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change. We envision that this technology can be used to
build a portable, battery-operated electron irradiation
device.
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