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Saturation current densities, extrapolated electric fields, and electret-charging and -discharging
current-density profiles in an ionization electret chamber are discussed as a function of various
chamber parameters, such as air-gap and polymer thickness, polarizing electrode material, exposure
rate, etc. Both the saturation current density and the extrapolated electric field consist of two com-
ponents; one is linear with the air-gap thickness and is attributed to primary ionization in air, and
the other exhibits exponential saturation and is attributed to air ionization caused by photoelectrons
backscattered into the chamber sensitive volume from the polarizing electrode.

I. INTRODUCTION

Many techniques have been described for charging thin
dielectric foils to form electrets. Originally, electrets were
produced through thermal' (thermoelectrets) or optical’®
(photoelectrets) charge deposition methods; recently, how-
ever, isothermal charge deposition techniques have been
favored because of their ease and speed®~; the most
popular is corona charging,>* which uses an inhomogene-
ous electric field to produce a discharge in air at atmos-
pheric pressure.

We have recently reported a new isothermal technique
for forming electrets with uniform and stable charge den-
sities of up to 10~% C/cm?.'° X rays are used to produce,
in air, free-charge carriers, which drift in an electric field
and get trapped on a polymer foil to form an electret. The
basic relationships governing the charging and discharg-
ing dynamics of this radiation-induced foil electret have
been derived!! using the laws of Gauss and Kirchoff, and
the recently discovered hyperbolic relationship describing
the saturation curves of parallel-plate ionization
chambers.'?

In this paper we discuss the dependence of the electret-
charging and -discharging dynamics on the electret
chamber parameters, such as polymer and air-gap thick-
ness, polarizing electrode material, etc. The influence of
these parameters on the chamber saturation current densi-
ty and on the extrapolated electric field is also discussed.

II. EXPERIMENTAL

The electret forming chamber resembles a standard
parallel-plate ionization chamber as shown schematically
in Fig. 1. Various metals ranging from aluminum to lead
were used as the conductive polarizing electrode. The
measuring electrode was made of aluminum grounded
through an electrometer, and blocked by a polymer foil
with a typical thickness of 100 um. The air gap was vari-
able from 1 mm to a few cm. Both electrodes were circu-
lar with a diameter of 5 cm surrounded by a 1-cm wide
guard ring.

The air at atmospheric pressure in the chamber-
sensitive volume is ionized by electrons produced by the
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direct interactions of photons with air molecules and by
photoelectrons which are produced by x rays in the polar-
izing electrode and backscattered into the chamber-
sensitive volume. The free-charge carriers drift in the
chamber’s effective electric field towards the appropriate
electrode. In contrast to a standard ionization chamber,
where the charges impinge directly onto the electrodes, in
the electret chamber the charges moving in the direction
of the measuring electrode are stopped and trapped on the
polymer surface to form a stable foil electret. The polari-
ty of the electret depends on the direction of the externally
applied electric field. The initial electret-charging current
is proportional to the sensitive air volume and to the x-ray
exposure rate. It also depends strongly on the atomic
number of the polarizing electrode reflecting the photo-
emission contribution to the air ionization in the electret
chamber sensitive volume.

The x rays were generated by a constant potential thera-
py unit (General Electric Company model no. Maximar-
100) with a maximum potential of 100 kV (peak) and an
anode current of 3 mA. The half-value layer of the x-ray
beam was 2.2 mm of aluminum, corresponding to an ef-
fective x-ray beam energy of 28 keV. The polarizing elec-
trode was at a distance of 50 cm from the target irrespec-
tive of air-gap thickness. The exposure rate at that dis-
tance from the target was 50 mRs~!'mA~!,
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FIG. 1. Schématic diagram of the electret chamber.
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III. RESULTS AND DISCUSSION
A. Electret-charging and -discharging characteristics

The current density j(¢) measured during the electret-
charging or -discharging process is expressed as!!:

j(t)=jsa'e(to—t)/'r(1+62(10—z)/‘r)__1/2 ) (1)

where j, is the electret chamber saturation current densi-
ty, and 7, the electret relaxation time, as well as ¢y, the
electret characteristic polarization or depolarization time,
are given as follows

T=€o(a€, +p€;)E* /Pjsar )
and
to=7lnsinh[E,(0)/E*], (3)

with a and p, the air-gap and polymer thickness, respec-
tively, €, and €, the dielectric constants, E * the electret
chamber extrapolated electric field,'* and E,(0) the ap-
plied electric field in the air gap.

In the saturation region, where E,(0)>3E* and t5> T,
J(2) exhibit the following behavior: At ¢t =0 it is equal to
Jsat and remains equal to j,, until the effective field in the
air gap falls below 3E*. Then j(¢) begins to decrease, be-
comes equal to (1/Vv2)j,, at t =t,, and exponentially ap-
proaches zero as t increases further.

The electret relaxation time 7 is a function of both the
electret chamber characteristics (air-gap, polymer thick-
ness and type, polarizing electrode material) and the expo-
sure rate of the x-ray beam. It does not, however, depend
on the magnitude of the externally applied field E,(0).

The electret characteristic polarization time ¢y, which is
defined as the time in which j(z) becomes equal to
(1/V2)jg, is directly proportional to 7 but it also de-
pends in a seemingly complicated manner on E,(0). For
experiments in the saturation region, however, we may ap-
proximate Eq. (3) by
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FIG. 2. Measured and calculated values for t,/7 as a func-
tion of E,(0)/E*.
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FIG. 3. Calculated polarization or depolarization current
density j, normalized to j, for various E,(0)/E* ranging from
0.2 to 7.5 (1=0.59 s).
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which suggests that ¢, /7 is linearly proportional to the ap-
plied field E,(0). In Fig. 2 we plot experimentally deter-
mined values of ¢,/7 as a function of E,(0)/E* for vari-
ous polarizing electrode materials. The solid line
represents a plot of Eq. (3) in excellent agreement with ex-
perimental data. The ¢y /7 curve intercepts the abscissa at
E,(0)/E*=0.88, which corresponds to t,=0. The elec-
tret polarization current density is, from Eq. (1), for 1, =0,
written as

J=Jsae (1 4e=H/m)=12 (5)

and exhibits a typical exponential decay starting at
Jj=(1/V2)jgq for t =0.

The electret characteristic polarization or depolarization
time ¢4 is thus a linear function of the applied field E,(0)
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FIG. 4. Current density j as a function of the applied electric
field E in an ionization chamber with an air gap a of 3.48 cm for
various polarizing electrode materials. Exposure rate is 9
R/min. The dashed curves represent calculated saturation
curves (Ref. 12) with the appropriate E*.
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for E,(0)/E* > 3 where the saturation condition prevails,
and the initial electret polarization or depolarization
current density j(0) is equal to jg . In the region
0.88 <E,(0)/E* <3, the initial j(0) is between jg and
(1/V2)jeu, j exponentially decays to zero, and zq is still
defined by Eq. (3) as that time during the electret polari-
zation or depolarization process in which the current
drops to (1/V2)je,. For 0<E,(0)/E* <0.88, the initial
j(0) is smaller than (1/V2)j, to <0, and j (¢) rapidly de-
cays to zero. In Fig. 3 we show examples of polarization
current-density profiles calculated from Eq. (1) for various
values of E,(0)/E*.

B. Saturation current density in the electret chamber

Equation (1) gives the general shape of the radiation in-
duced electret-charging or -discharging current-density
profile, depending strongly on the saturation current den-
sity j. and the extrapolated electric field E*. In order to
study the behavior of j,, and E*, we converted the elec-
tret chamber into a standard parallel-plate ionization
chamber and measured saturation curves for various po-
larizing electrode materials and air gaps. As shown in
Fig. 4, for a given air-gap and exposure rate, jg,, depends
strongly on the atomic number Z of the polarizing elec-
trode, exhibiting an almost fivefold increase when alumi-
num is replaced by lead. The dashed curves represent
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current densities calculated from the relationship'2

J =Jsat tanh(E /E*) , (6)
with the use of experimentally determined values for E*.
The agreement between measured and calculated satura-
tion curves is excellent.

In Fig. 5 we plot jg,, (solid curves) as a function of a for
various polarizing electrode materials. For a given ma-
terial jg,, increases linearly with a for large a; for small a,
however, the linearity breaks down. The ji,, vs a curve
may be separated into two components as

Jearl@)=j(a) + B (a) (7

where the linear function jZ; is produced by charge car-
riers originating from electrons released in the chamber-
sensitive volume by direct interactions of photons with air
molecules, and the exponential function j%,; is produced by
the photoelectrons backscattered from the polarizing elec-
trode into the chamber-sensitive volume. These pho-
toelectrons have a range @, of ~1 cm for our x-ray pho-
ton energy at atmospheric pressure.'®

The linear function j3; is independent of the electrode
material and linearly dependent upon the air gap @ and the
exposure rate X

- air Y
Jsat=KaX ,

(8)
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FIG. 5. Saturation current density j as a function of air gap a for various electrode materials. Exposure rate is 9 R/min.
Curves (1) represent a plot of Eq. (11), curves (2) represent Eq. (8), and curves (3) represent Eq. (9).
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FIG. 6. Photoemission saturation current density jZ,; () and
photoemission efficiency € (Ref. 13) as a function of polarizing
electrode atomic number. The inset shows direct proportionality
between j£, () and €.

where « is the usual proportionality constant 3.33 % 10710
As/cm®R. Equation (8) is plotted in Fig. 5 as dashed
lines (2) for an exposure rate of 9 R/min. Note that j3 is
identical for all electrode materials.

Empirically, we find that j£, (a), represented as curves

(3) in Fig. 5, may be expressed as follows:

—3a/a,

Fa(a)=j8 (0 )(1—e ), )
where j2,,(« ), the photoemission saturation current densi-
ty for a >>a,, is obtained by extrapolating the measured
linear portion of j(a) to a =0.

The relationship between j2,,() and the efficiency
e€(Z,E,) for production of backscattered electrons, de-
fined"® as the number of backscattered electrons per in-
cident photon of energy E,, is shown in Fig. 6 for various
electrode materials Z. The inset shows direct propor-
tionality between j%,.( 0 ) and the values for €(Z,E,), i.e.,

Pl o) =Ae(Z,E,)=A'Xe(Z,E,) , (10)

where A is an exposure-rate-dependent proportionality
constant, and A’ is a proportionality constant independent
of the exposure rate and empirically found equal to
1.33 X 107% (C/R cm?) (electrons/photon) .

The saturation current density jg,, may thus in general
be expressed as
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—3a/a,(E,)

jsat(arZ»Ev)=5([Ka +ANe(Z,E, )(1—e )1,

(1n

where k and A’ are constants given above, €(Z,E,) is the
efficiency for production of backscattered photoelectrons,
and a,(E,) is the range of photoelectrons in air at normal
temperature and pressure.

In standard ionization chambers, where low atomic
number materials are used as the polarizing electrode,
e(Z,E,) is so small that the photoemission term of jg,, is
negligible in comparison with primary air ionization.
With lead as polarizing electrode material, on the other
hand, the main contribution to j,, comes from the photo-
emission term because of the large value of €(Z,E,) for
lead.

C. Extrapolated electric field

The extrapolated electric field E* is a parameter in the
saturation curve expression, depending on the configura-
tion of the parallel-plate ionization chamber and the x-ray
exposure rate. In Fig. 7 we show E* as a function of air-
gap thickness a for various polarizing electrode materials.
Similarly, to the jg, vs a behavior, E*(a) also has two
components; one, E%.(a), is linear for all a and is again
attributed to primary ionization in air, and the other,
E; (a) exhibits an exponential saturation behavior at ap-
proximately 3a, and is attributed to the photoemission
from the polarizing electrode. The saturation value,
E, (), is obtained by extrapolating the linear portion of
the E* vs a curve to a =0. We have shown recently'? that
E%.(a), represented in Fig. 7 by curves (2), may be ex-
pressed as

EX(a)=k(aj )2 =kVkaX /?, (12)

where k is a universal parallel-plate ionization chamber
constant equal to 12.4X10° V/(A cm)'/?, and « was de-
fined above.

The subtraction of Ej,(a) from E*(a) yields E,(a)
shown as curves (3) in Fig. 7. Empirically we find that
E;(a) may be expressed, similarly to j%,(a), by an ex-
ponential expression

EXa)=E}(o0)(1—e /). (13)

In Fig. 8 we plot E, () for various photoemitter ma-
terials as a function: (a) of photoemitter atomic number
Z, showing a strong Z dependence of E; (), (b) of photo-
emission saturation current density j2,,(), showing
direct proportionality between E, (o) and j£,( o), and (c)
of photoemission efficiency €(Z,E, ), showing a linear re-
lationship between E, () and €(Z,E,).

In general, E, (o) may thus be expressed, incorporating
Eq. (10), as

Ey(w)=mjb(o)=mAXe(Z,E,), (14)

where m is the slope from Fig. 8(b) and A’ was defined in
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FIG. 7. Extrapolated electric field E* as a function of polarizing electrode materials. Exposure rate is 9 R/min. Curves (1)
represent Eq. (15), curves (2) Eq. (12), and curves (3) represent Eq. (13).

the preceding section.
The general relationship for the extrapolated field
E*(a,Z,E,) is now given by

E*(a,Z,E,)=k'aX"*+m'e(Z,E,)X

—a/a,(E,)

X(1—e ), (15)

where m’'=mA’=1.33x10° Vem™" (R/s)~' (electrons/
photon)~!, and k'=kVk=22.6 Vcm~%(R/s)"/2. The
extrapolated field E* thus consists of two terms: one,
determined by the primary ionization in air, is dominant
for chambers with low atomic number electrodes, and the
other, determined by photoemission from the polarizing
electrode, is dominant at high atomic number polarizing
electrodes.

D. Polarization current-density profiles

The time dependence of the electret polarization current
density during the electret-charging process is described

by Eq. (1). In this section we discuss the general proper-
ties of polarization current-density profiles based on the
saturation current density jg,,; and extrapolated field E*.
In Figs. 9 and 10 we show various calculated polarization
current-density profiles obtained in the electret chamber
with a lead polarizing electrode and with various air gaps
a ranging from 0.18 to 3.48 cm for an applied field E,(0)
equal to SE* (Fig. 9) and a constant applied voltage V, of
500 V (Fig. 10). The insets to both figures give relevant
parameters, such as E*, E,(0), and j,, as a function of a.
The extrapolated fields E* were obtained from measured
saturation curves for various air gaps and agree well with
data calculated from Eq. (15). The electret relaxation
times 7 and characteristic polarization times ¢, were cal-
culated from Egs. (2) and (3), respectively.

The condition E,(0)=5E™* in Fig. 9 ensures that the
electret chamber is initially in the saturation region for all
air gaps and the initial polarization current density is
equal to the standard saturation current density jg,. A
plot of measured j,(a) for a lead electrode was shown in
Fig. 5(d) in excellent agreement with data calculated from
Eq. (11). Combining Eqgs. (2) and (4) we get
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the characteristic electret polarization time, which at least
for small air gaps gives a fairly good indication of the
time needed to charge the electret to its maximum charge
density o,,,. At larger gaps, however, the current profile
becomes less and less steep and the time needed to fully
charge the electret is much longer than ty, which is still
defined as the time where j =(1/V2)j.

Figure 10 shows polarization current-density profiles
for a constant external voltage ¥V, of 500 V applied across
air gaps of various thicknesses. The chamber is in the
saturation region for the three small air gaps since for
them E,(0)>3E*. The current profiles start at jg,
remain constant for a while depending on ¢, and then ex-
ponentially drop to zero. The areas under all three pro-
files are identical and equal to the maximum surface
charge density. For the air gaps of 2.38 and 3.48 cm,
however, the chamber is not in the saturation region, the
initial current density is lower than jg, and starts an im-
mediate decay towards zero. The areas under the current
profiles, however, are also equal to op,,,, indicating that
the electret becomes fully charged even in situations where
saturation conditions do not prevail in the electret
chamber. It is evident from Fig. 10 that the time required
to fully charge the electret under these conditions can be-
come quite large.

In Fig. 11 we compare the calculated [Eq. (1)] and mea-
sured polarization current profiles for various polarizing
electrode materials, for an air gap of 0.18 cm and for three
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FIG. 9. Calculated time dependence of the electret-charging or -discharging current j for a lead polarizing electrode with various
air gaps a. The electret chamber was initially under saturation conditions since E,(0)=5E* for all a.
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applied fields E,(0) equal to approximately 5E*, 10E*,
and 20E*. We notice that for E,(0)~5E* the agreement
between calculated and measured profiles is excellent; for
large applied fields, however, the calculated curve is con-
siderably steeper than the measured one. This discrepancy
may be attributed to the electret chamber, where a break-
down in saturation characteristics may occur at very high
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FIG. 10. Calculated time dependence of the electret-charging
or -discharging current j for a lead polarizing electrode with
various air gaps a. The externally applied voltage ¥V, was 500 V
for all air gaps.
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voltages, or to the electret-charging characteristics which
may depend on charge densities already trapped on the
polymer surface.

IV. CONCLUSION

A new isothermal technique for production of stable
foil electrets has been developed recently. X rays are used
to create free charges which are subsequently trapped on a
polymer foil to form the electret. The apparatus closely
resembles a parallel-plate ionization chamber used in radi-
ation dosimetry. The measured electret-charging and
-discharging current-density profiles agree well with pro-
files calculated using the laws of Gauss and Kirchoff in
conjunction with the recently discovered hyperbolic rela-
tionship describing the saturation curves of parallel-plate
ionization chambers. The profiles are given in terms of
the electret chamber saturation current density and of the
extrapolated electric field, both depending on the chamber
physical parameters, such as air-gap and polymer thick-
ness, polarizing electrode material, x-ray exposure rate,
etc. General relationships for the saturation current den-
sity and the extrapolated field were given, showing that

Current Density j(nA/cm?)

o

2Timeat(S) ’

FIG. 11. Theoretical (dashed) vs measured (solid) polarization current densities as a function of time for various polarizing elec-
trode materials and externally applied fields E,(0). The air-gap thickness @ was 0.18 cm, exposure rate 9 R/min.
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the two consist of two components, one linear with the
air-gap thickness and attributed to primary ionization in
air, and the other exhibiting an exponential saturation and
attributed to air ionization caused by photoelectrons back-
scattered into the chamber sensitive volume from the po-
larizing electrode.
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