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ABSTRACT

Kerr electro-optic field mapping measurements are presented
in electron beam irradiated polymethylmethacrylate (PMMA) where
the accumulated trapped charge results in large self-electric
fields of the order of 1 to 2.5 MV/cm. The resulting numerous
light maximum and minimum recorded on photographic film and
videotape allow accurate measurement of the time dependence of
the electric field and space charge distributions.

I NTRODUCTION

Recent Kerr electro-optic field mapping measurements
in polymethylmethacrylate (PMMA) had a maximum applied
electric field of the order of 3.5x105 V/cm [1,2]. The
measurement required the use of a photomultiplier tube
as a light detector because of the small Kerr constant
of PMMA. Our work uses an electron beam to irradiate
PMMA samples where the accumulated trapped charge leads
to higher internal self-electric fields [3,4] so that
for a 10 cm long PMMA sample, numerous light minimum
and maximum arise, making photographic and videotape
measurements possible.

The motivation for this work is in part due to under-
standing electron-caused discharges along insulating
surfaces on spacecraft. It is hoped that Kerr electro-
optic field mapping measurements will allow the develop-
ment and verification of models leading to a better un-
derstanding of radiation effects on solids.

EXPERIMENTAL METHOD

The linear polariscope configuration in Fig. 1 has
incident light in the z-direction polarized at +450 to
the direction of the electric field E with an analyzing
polarizer placed after the sample either crossed or
aligned to the incident polarization. The He-Ne laser
at 633 nm wavelength has its beam expanded to t7.5 cm
to allow measurements of the light intensity distribu-
tion over the entire sample cross section. Beam split-
ters allow simultaneous measurements for aligned and
crossed polarizers using Polaroid® cameras as well as a
videotape recording system. The resulting transmitted
light intensity as a function of (x,y) position over the
sample cross section is then:
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where 6m(x,y) is the initial field independent mechani-
cal birefringence phase shift before irradiation, Im is
the maximum light intensity and
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where B is the Kerr constant of PMMA and L is the sam-
ple length in the direction of light propagation.

Fig. 2 shows representative photomultiplier tube
(PMT) responses with aligned and crossed polarizers
with He-Ne laser light at 633 nm wavelength for a sam-
ple L=1.09 m long and d=0.635 cm thick between parallel-
plane electrodes stressed by a high-voltage pulse v(t).
With no electric field (E=0) separate measurements with
aligned and crossed polarizers allowed determination of
Tm and 6m. Early in the pulse v(t), space charge ef-
fects are negligible and the electric field in the cen-
tral region is uniform at E=-v(t)/d. With crossed and
aligned polarizers we then measured the voltage Vm re-
quired for the first light maximum (crossed polarizers)
or minimum (aligned polarizers) so that the total phase
6 for either aligned or crossed polarizers for the
trigonometric functions in (1) is Tr/2. For this long
sample we found Vm to be z96. 5 to 99 kV so that
Em-'Vm/d'152 to 156 kV/cm. From (2) we then obtained
B-2X10-15 m/V2, in agreement with a previously published
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Fig. 1: Apparatus and representative data for Kerr electro-optic field mapping measurements with simultaneous
aligned and crossed polarizers in electron beam irradiated samples using photographic film and a computer
interfaced videotape recording system as detectors.
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Fig. 2: Photomultiplier tube (PMT) outputs for 633
nm He-Ne light with negative high volZtage pulses
applZied to a PMMA sample 1.09 m Zong and 0.635 cm
thick with aligned and crossed polarizers.

value [1,2]. Note in Fig. 2 that the PMT ground is at
the top of the oscilloscope picture and that increasing
light gives a more negative signal. The high voltage
has negative polarity. In these pictures 5m is small
so that before voltage is applied the PMT response is
zero for crossed polarizers and maximum for aligned
polarizers. Since the peak voltage amplitude exceeds
Vm, with aligned polarizers the PMT response goes
through minimum and starts to increase to the next maxi-
mum before the collapsing voltage again reaches Vm, re-

turning the PMT output to a broad zero before returning
to maximum as the applied voltage goes to zero. With
crossed polarizers, the PMT output is zero before volt-
age is applied rising briefly past the first maximum
towards a minimum as v(t)>Vm and then quickly returning
to a broad maximum as the collapsing voltage passes
through Vm again towards zero. Once we have determined
that B-2x10- Im/V2, we find Em for our shorter electron
beam irradiated samples to be Em0.5 MV/cm for L=10.2 cm

and EmvO.44 MV/cm for L=12.7 cm.

The electron beam is generated by a Van de Graaff
generator and exits from the accelerator tube through
a thin (76 pm) aluminum window and passes through z50
cm air to the PMMA sample which is short-circuited
through current monitors at the top and bottom surfaces.
The energy loss in the window and intervening air is
about 160 keV. Fig. 1 shows representative data for an
accelerator beam energy of 2.6 MeV and a current den-
sity of 20 nA/cm2 after z60 s of beam irradiation for
aligned and crossed polarizers for a d"1.27 cm thick
PMMA sample uniformly irradiated over its width 5.1 cm
and length 10.2 cm. The sample had Eer0.5 MV/cm. The
sample is shown before irradiation to have some mechan-
ical birefringence. Also shown in Fig. 1, is a repre-
sentative frame of light intensity distribution of
maximum and minimum from our computerized image digi-
tizer for a larger current density of 110 nA/cm2 after
11 s of irradiation. This sample had a length of 12.7
cm so that EmzD.44 MV/cm.

MEASUREMENTS RESULTS

Fig. 3 shows the non-uniform optical pattern on film
due to mechanical birefringence with no field and the
Kerr measurement after the short-circuited sample is
irradiated with high-energy electrons. Whereas the
peak electric field in Fig. 2 is ~160 kV/cm, the peak
field due to the trapped electrons in Fig. 3 is -1.5
MV/cm, which led to the spark discharge treeing pattern
shown.

Fig. 3 also shows how we manually read the photographs
to determine the electric field distribution. We plot
the mechanical birefringence Sm(x,y=0) before irradia-
tion which, for simplicity we take to be box-like,
either 0° or 900, neglecting the gray scale smooth
transition between maximum and minimum. We also plot
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Fig. 3: Kerr electro-optic field mapping measurements
in electron-beam irradiated short circuited PPM, 1.27
cm thick, using aligned polarizers with cw He-Ne Zaser
light at 633 nm. Shown are the optical pattern due to
mechanical birefringence before application of the
electron beam, the resuZting Kerr effect pattern after
15 s of irradiation at energy 2.6 MeV and current den-
sity 220 nA/cm2, and the resulting treeing pattern af-
ter electrical breakdown. The data is manually reduc-
ed by the box-like approximation of mechanical bire-
fringence 6m where a dark fringe has 6m(x)=900 and
6m(x)=o otherwise. Box-like approximation of the total
birefringence for the dark lines in the irradiated sam-
ple and the graphical subtraction to get the net eZec-
tricaZ birefringence when E/Em=vrn, with Em-0.5 MV/cm is
shown. The resulting electric field distribution has
zero average field with peak fields at the boundaries.
Note that the zero field position in the central region
has the coalescence of n=+1 lines which obscures the

n=0 bright line for a zero field with aligned polariz-
ers. Within the sensitivity of the optical measurement,
the electric field is discontinuous across these coin-
cident lines, so the charge is effectively a sheet of
surface charge with density |a/EEmI=2.0.

the total birefringence from the Kerr effect photograph
using the center of the dark minimum lines and the cen-
ter of the light region between dark lines. To obtain
the electric birefringence, we graphically subtract.
We then calculate the electric field distribution as
plotted. Note that the short circuit imposes the con-
straint of zero average electric field. The electric
field is thus oppositely directed on either side of
the zero-field point.

In the Kerr effect pattern of Fig. 3, the n=0 and
n=+1 lines have coalesced in the central region. This
obscures the n=O bright line for a zero field with
aligned polarizers. Within the sensitivity of the op-
tical measurement, the electric field is discontinuous
across these coincident lines, so the charge at this
position is effectively a sheet of surface charge with
charge density a/CE,n=2.0.
We are also using tv cameras as light detectors and

recording on videotape the field and charge build-up
when the electron beam is turned on as well as the de-
cay when the beam is turned off. This will allow us to
determine charge trapping/detrapping parameters, charge
mobilities, and other relaxation mechanisms.

Our early measurements had tree breakdowns which
originated from the sides of the samples as in Fig. 3.
To avoid such edge effects we made oversized samples
and placed them below a lead sheet with a rectangular
cut-out smaller than the sample. The electron beam
would only pass through the cut-out and thus not ir-
radiate the sample to the edges. Breakdowns would
then occur at higher field strengths, and would pass
through the top and bottom surfaces and not to the
sides [5]. Such was the case for the computer image in
Fig. 1 where the sample broke down after 17 s of ir-
radiation.

A secondary problem is that the sample would grad-
ually darken with irradiation dose from the side where
the beam enters the sample. This darkening can be seen
on the top side of the image for the computer image in
Fig. 1. This darkening becomes worse with increasing
dose and ultimately limits our optical measurements for
high doses.

Fig. 4 shows the electric field and space charge dis-
tributions as obtained from our computerized image dig-
itization system for the images shown at various times
before electric breakdown occurred after ~6 s of 2.6
MeV electron beam irradiation at an average current
density 120 nA/cm2. Note that at time 5.76 s, the
E/Em=Yln light and dark lines with n=0 and n=+1 have
coalesced resulting in the sheet of surface charge

/tEm1=2.0. Because of the large radiation dose the
sample is greatly darkened after a few seconds of ir-
radiation. The images in Fig. 4 at times 3.99 and 5.76
s have been filtered and processed to reduce noise and
enhance contrast to bring out the Kerr effect fringes
obscured by the darkening due to radiation damage.

As shown in Figs. 3 and 4, the peak electric field is
of order 3Em:1.5 MV/cm at the top and bottom surfaces
while the peak volume charge density is roughly
q=d/dE1dkz3.9 C/m3. The total electric stress on the
sample is roughly

PeZec = 0.5 £[ E2(x=d) + E2(x=0)] z 7.4x105 N/M2 (3)

(E/E )2
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to that in (3). Fig. 5 shows the mechanical birefring-
ence optical pattern with and without weights for
aligned and crossed polarizers. We see that although
the stress distribution is slightly changed, multiple
fringes do not result so that the change in mechanical
birefringence is only a slight correction to the meas-
urements of Figs. 3 and 4 when a large number of Kerr
electro-optic fringes are present.

ight

L_ -_-
x/d

Fig. 5: Mechanical birefringence patterns with and
without applied mass of 110 kg for 1.27 cm thick
samples with dimensions 5.7 cm by 5.7 cm (32. 7 cm2
area). The applied pressure with the weight is
3.3xlOs N/M2.

Fig. 4: Normalized electric field E/Em and charge
density Jqd/(cEm)j for the three images shown at
various times as a fwnction of normaZized position
x/d for 1.27 cm thick PMVA, electron beam irradi-
ated at 2.6 MeV energy and 220 nA/cm2 current den-
sity at various times before electric breakdown
after z6 s of irradiation. The coalescence of the
n=O and n=+1 lines at x/dz.44 results in the
sheet of surface charge with density Ia/sEm1=2.0.
The images shown have been filtered and processed
to reduce noise and enhance contrast to bring out
the Kerr effect fringes, obscured by the darkening
due to the radiation damage.

where ao3.7co for PMMA. To check if this high stress
of electrical origin could cause mechanical birefring-
ence as well as electrical birefringence we placed z110
kg on an uncharged sample with area 32.7 cm2, creating
a mechanical pressure of Pechz3.3xlc5 N/M2 comparable
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