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ABSTRACT

The radiation capabilities of the PELLETRON Electron Beam
Accelerator have been expanded to include a controllable, vari-
able dimension, beam diffusion option. This rastered beam
option has been studied in detail. Beam characteristics have
been determined as a function of incident electron beam energy,
current, and deflection system parameters. The beam diagnostics
required to define any given diffuse beam pattern are accurate
and predictable. Recently, utility of this added PELLETRON
capability was demonstrated by simulating the effects of complex
nuclear reactor accident electron environaents on electrical
insulation materials similar to those used in nuclear power
plants.
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EXECUTIVE SUMMARY

As part of a study on the adequacy of Cobalt-60 sources to
simulate the beta component »f the radiation field accompanying
a nuclear power plant loss-of-crolant accident (IOCA), we have
adapted the Saandia PELLETRON* electron beam accelerator for
radiation effects studies on reactor materials and components.

Over the years, the Sandia PELLETRON has been used for physics
experiments requiring tightly confined electron beams whose beam
energy and current could be tailored on the basis of the indi-
vidual experiment. In contrast, the LOCA radiation effects
studies are best served by diffuse radiation fields. The
PELLETRON's variable electron energy capabilities are compatible
with those we estimated to be characteristic of many nuclear
reactor accident environments. In addition, its beam current
capacity is such that large specimens may be exposed to current
densities consistent with electron dose rates characteristic of

LOCA environments.

Based on the above, we developed a magnetic deflection system
capable of generating uniform electren beam patterns of pre-
dictable dimension and at current densities and electron ener-
gies consistent with those characteristic of nuclear reactor
accident electron environments.

The raster system was characterized in terms of accelerator and
deflection system parameters by electron beam energy and cur-
rent, deflection coil current and frequency, and raster pattern
size. Characterization was based on electrical measurements and
thin film dosimetry which was adapted for this application.
Excellent correspondence was obtained between electrical and
dosimetry measurements. Sufficient data was obtained to com-
pletely define the modified system.

Recently, usefulness of the added PELLETRON capability was
demonstrated by studies on the electron beam bombardment of, and
charge buildup in, insulation material wherein the mitigating
effects of an ambient air environment on charge buildup was

demonstrated.**

w Manufactured by National Electrostatics Corporation,
Middleton, WI.

** W. H. Buckalew, F. J. Wyant, and G. J. Lockwool, "Response
of Rubber Insulation Materials to Monoe¢nergetic Electron
Irradiations," SAND83-2098, NUREG/CR-3532, Sandia National
Laboratories, November 1983.



1.0 INTRODUCTION

The Sandia Laboratories PELLETRON* electron beam accelerator has
been used, over the years, to determine electron number and
energy albedosl, measure electron energy deposition in mate-
rial laminates?, verify electron transport calculations, and
in numerous other research programs. These physics experiments
were designed so that a rightly confined steady state electron
beam was the appropriate geometry.

For some time there has existed the need to determine the ade-
quacy of isotopic photon irradiators to simulate electron ef-
fects, peculiar to nuclear reactor accident electron environ-
ments, on exposed organic materials and components3. These
accident radiation environments are complex? in that bsath the
electron energy spectrum and energy deposition rate are time
dependent. However, these spectra and deposition rates may be
categorized on the basis of several discrete average parti~le
energies and energy deposition rates. In general, radiation
effects experiments involving reactor materials and components
are best served by diffuse radiation fields.

The PFLLETRON electron beam generator possesses the variable
electron energy capabilities that span the average electron
energies estimated to be cnaracteristic of many nuclear reactor
accident (electron) environments3. Further, its beam current
cap.city is such that large specimens could be exposed to cur-
rent densities consistent with electron dose rates that are
characteristic of reactor accident environments.

Based on the reactor accident electron environment and the
capabilities of the PELLETRON, we developed (and modified the
accelerator with) a magnetic deflection system capable of gen-
erating uniform electron patterns of predictabie dimensions and
at current densities and electron energies consistent with those
characteristic of nuclear reactor accident electron environ-
ments. Table I lists the pertinent parameters of the PELLETRON/
Raster system as it now exists.

As a diagnostic aid for characterizing the deflection system,
we adapted available thin film dosimetry material for beam pat-
tern and absorbed dose diagnostics. In addition, with the aid
of electron beam transport calculations, we established corres-
pondence between electron beam dose measured with thin film
dosimetry and those estimated on the basis of obse ved electron
beam currents.

bt Manufactured by National Electroustatics Ccrporation,
Middleton, WI.



As a result of this investication, the PELLETRON has beep
adapted to provide predictable diffuse electron beams suitable
for electron effect studies on material samples of (relatively)
large cross-sectional area. Recently the utility of this
refinement was demonstrated during a successful investigation
of the charge deposition in insulating material undergoing
electron beam bombardment5.

2.0 APPARATUS AND PROCEDURES

The beam deflection system capabilities were characterized for
both vacuum and ambient air environments. Vacuum environments
were obtained in the PELLETRON accelerator's l.2-meter

(diameter) vacuum chamber. The generous dimensions of the
chamber allowed complete definition of the deflection system.
Ambient air measurements by comparison were modest. System

performance in the vacuum environment was characterized first
for several reasons, the most important being the absence of
(1) electron beam energy degradation, and (2) collision-
generated secondary currents.

Figure 1 is a schematic of the components essential to the "in

vacuum" system characterization. The primary elem~nts are a
Faraday Cup, beam deflector, target assembly, and beryllium-
aluminum (Be-Al) stopper plate. Component functions are as
follows.

The Faraday Cup, enabled by closure of the movable end plate,
serves to measure the total accelerator beam current. Faraday
Cup current is an indicator of machine performance and is the
primary aid in adjusting accelerator output for the dose rate
selected. Rigidly attached in line to the Faraday Cup are the
four magnetic deflection (raster) system coils.

The deflection control system, depicted by the schematic
presented in Figure 2, consists of two identical drive units.
Elements comprising each drive unit are a wave function gene-
rator, current =ource, and a pair of deflection coils. The
deflection coils are attached (on opposing surfaces) to an
aluminum Jrift tube, 12-cm long and 2.6-cm in diameter. Orien-
tation of each pair of coils is either in the horizontal or
vertical plane; e.g., the horizontal deflertion coils are
oriented in the "' vertical plane. The coils are connected,
electrically, in series and with coil windings in phase so that
each pair of coils represents a single, pseudo infinite (long)
coil, positioned along the drift tube axial centerline. Current
to each pair of coils is supplied by a bipolar current source
with a four ampere (peak) capacity. Current wave form and fre-
guency output, from the current source, 1is controlled by a



variable function generator. An oscilloscope placed across the
current viewing resistor, which is in series with the coil eur-
rent source and signal generator, monitors the current and cur-
rent frequency input to the deflection coils. 1In order to gen-
erate an almost linear electron sweep, a triangular wave form
is input to the current source. By maintzining a frequency
difference between the two drive units, beam pattern retrace
effects are minimized. Additional details of the deflection
system are given in Appendixz A.

In alignment with, and positioned behind the deflection coils

is the target assembly The assembly consists of a mask, a
target holder, and a t:am stopp> r. The mask is an aluminum
slab, infinitely thick to the most energetic electrons. An

orifice, with dimensions determined by the experiment, is
centrally located in the mask. The mask is electrically insu-
lated and monitored with a high sensitivity current detector
(electrometer). 1In practice, the macsk orifice is always smaller
than the deflected beam pattern so that the effects of coil
inductance on the electron beam intensity near the pattern
periphery are screened from the experiment. The intercepted
component of the beam is accounted for by the mask current
detector. The use of a mask assures that a spatially uniform
beam will be incident on the test specimen.

The target holder is an alvminum clamping device in which the
sample to be irradiated is positioned. The holder is electri-
cally insulated and may be monitored with an electrometer, if
required. The holder is also adjustable so that sample thick-
ness may range from 0.002-ca to >»1.3-cm.

The final element in the experimental array is the beryllium
aluminum (Be-Al) stopper. This element consists of a (current)
monitored laminate of beryllium and aluminum. The element is
also infinitely thick to the most energetic electrons so that
the total current transmitted by the mask is detected. Since
the stopper is placed in close proximity to the mask element,
detection of current incident on the stopper allows for an
independent determination of exposure dose rate in the target
zone between the mask and stopper elements. Presence of the
beryllium lamina on the stopper assures minimized electron
backscatter into the target volume.

Using the configuration depicted in Figure 1, we systematically
characterized the :aster system capabilities on the basis of
electrcn beam energy, raster coil current, and current fre-
quency. Since beam pattern dimensione are position dependent,
target-raster coil separation distances were held constant.
Separation distances used are those shown on the schematic
presented in Figure 3. Depending on the application, the



target/dosimetry plane designation, in Figure 3, may be con-
sidered as either the mask or stopper element, or anywhere
betw>en the two.

The configuration for ambient air diagnostics is shown in
Figure 4. Except for the inclusion of an additional mask and a
thin film window interface, mounted in the vacuum chamber
flange, the configuration is similar to that used for the "in
vacuum" diagnostics. From Figure 4 we note that the vacuum mask
is placed near the flange interface so that alignment of the
electron beam is easily determined. An instrumented mask and
beam stopper are mounted in close proximity to the flange exit.
Ambient air diagnostics were obtained on the mask and in the
region between the mask and stopper elements. Due to the
placement of the deflection coils with respect to the flange
window, beam pattern size is severely limited, and the amount
of ambient air diagnostics to date is quite modest. It is
anticipated that the deflection system will be attached to the
flange and more extensive diagnostics will be obtained in the
future. To date, most ambient measurements are for electron
beam patterns on the order of 2.5-cm (diameter). However,
rather extensive data have been obtained on the effects of
window material and material thickness on electron beam
transnort.

Rastered beam diagnostics were obtained with thin film dosim-
etry and determination of the electron beam current disposition.
Electron beam dimensions and uniformity were obtained with a
radiation sensitive thin film material. Since the film dimen-
sions are 15-cm by 15-cm by 0.005-cm thick, large beam patterns
may be measured with minimum perturbation to the incident elec-
tron beam energy. Prior to use, the dosimetry material was
calibrated in the Sandia gamma irradiation facility (GIF). The
calibration linked foil optical density with absorbed radiation
dose. We observed that film response, monitored with a scanning
microdensitometer, was linear with absorbed radiation dose.
Details of the calibration methods are given in Appendix B. For
vacuum measurements (Figure 1) dosimetry film was placed on the
mask front surface and usually on the mask back surface or in
the target region between the mask and stopper elements.
Regardless of location, the dosimetry material was oriented so
that its horizontal and vertical axes were parallel to the cor-
responding mask axes. Following irradiation, each dosimeter foil
was optically scanned along both its horizontal and vertical
centerline axes. Measurements thus obtained from film placed on
the mask front surface yielded data on electron b:iawm pattern
size and uniformity as a function of the several acce.erator and

deflection coil parameters. Figure 5 presents typical uncon-

verted dosimetry data obtained from film placed on the mask

front surface. Optical density is plotted as a function of
-



relative position along the film's vertical and horizontal
centerlines. Beam energy was 1.0 MeV, coil current was 1.5
amperes, and current frequency was 100 Hz for the horizontal
deflector coils and 33 Hz for the vertical deflector coils. The
increase in optical density near the edge of each traverse may
be attributed to deflector coil inductance. Note also the
increase in beam pattern nonuniformity at the higher coil fre-
quency. In Figures 6 and 7, mask effects on beam uniformity are

illustrated. These figures are based on data obtained from
simultaneous exposure of dosimetry foils placed on the front and
back surface of the mask element. The front surface data,

Figure 6, is similar to that presenteé in Figure 5. The large
spike appearing on each trace was caused by an unrastzred beam
exposure that was used as a check on the alignment of the mask,
foil, and stopper. Other, smaller spikes are the result of
scratches, dust, etc. on the foil surface. 1In Fiqure 7 we note
the mask has eliminated all nonuniformities caused by the
deflector coil inductances.

Concurrent with thin film dosimetry measurements, complete beam
current measurements were obtained, i.e., Faraday Cup, mask, and
stopper currents were monitored. For all "in vacuum" measure-
ments, we were able to account for the total current disposi-
tion. Typical current partition data is presented in Figure 8
and Table II. This data was obtained at an electron beam energy
of 1.0 MeV. The bhorizontal coil current was 1.34 amperes
(peak-to-peak) and the vertical coil current was 1.67 amperes.
Coil current frejuencies were 33 Hz and 100 Hz, respectively.
In the figure, wask and stopper currents are plotted as a func-
tion of the Faraday Cup current. As may be observed, measured
stopper and mask current track linearly with the observed
Faraday Cup current. Current conservation is demonstrated oy
the data tabulation given in Table II where unaccounted for
current losses are never greater than four percent. 1t should
be noted that the mask and stopper data have been adjusted to
account for electron reflection (backscatter) losses. The
ad justments were based on experimentally determined albedos
reported in Reference 1. These electrical measurements can be
directly linked to thin film dosimetry results through the
stopper current determinations. Thin film dosimetry placed
behind the mask, in the region between the mask and stopper,
intercepts the same total curcent detected by the stopper ele-
ment . Pi%?te 9 is a plot of measured dosimeter response, MeV/gm
per e /cm“ incident, as a function of electron energy. Dos-
imetry results were normalized on the basis of observed stopper
current and mask orifice dimensions: i.e., aormalized on the
basis of one electron per square centimeta2r. Plotted also on
the figure is calculated dosimeter response. Calculated values
were obtained with the coupled electron-photon transport code,
TIGERS . Plotted in Figure 10 are some dose ecstimates based



on thin film dosimetry (measured) and stopper currents
(calculated). Data for this plot was obtained at an electron
beam energy of 1.0 MeV. The m:asured dose estimates were
derived from film exposed concurrent with the electrical
measurements appearing in Table 1II. Calculated results were
obtained from the observed stopper currents (listed in Table
II) and the film response coefficients calculated with the TIGER
code. Similar results were obtained for other electron ener-
gies. The fall-off of film response, at the high current, was
attributed to oxygen depletion in the dosimetry material. The
measured-ad justed data point was based on an experimentally
determined correction factor for oxygen depletion. oOn the basis
of the presented (and other) data, stopper current and thin film
data may be used interchangeably. In addition, since corres-
pondence was established between Faraday Cup, mask, and stopper
currents, the Faraday Cup may be used to estimate beam current
required to deliver a given dose rate into the target zone.

Diagnostic techniques for ambient air environments were simiiar
to those used in the "in vacuum” measurements.

3.0 RESULTS
cteristics--Vacuum Environment

3.1.1 Beam Pattern Results

The rastered PELLETRON electron beam was systematically inves-
tigated as a function of beam energy, deflection coil current,
and current frequency. Recall, Figure 3, that the target-
deflector coil sepacration for these measurements was 70 centi-
meters. All of the beam uniformity and pattern size data were
obtained using thin film dosimetry. Dose determinations were
based on either foil or stopper current measurements. The pre-
ponderance of these data were obtained for a one MeV beam energy
and for coil frequencies of 33 and 100 Hz. Sufficient data was
obtained at other beam energies and frequencies so that trends
at those energies and frequencies could be established. It was
observed that beam pattern size was maximized and the effects
of coil inductance was minimized with decreasing coil drive
frequency. However, for frequencies less than 30 Hz we noted a
markad "woven" pattern in the dosimetry foil optical density.
We attributed this to beam retrace.



The deflected beam pattern results are summarized in Figures 11,
12, 13, and 14. 1In Figure 11 beam deflecticn as a function of
coil current is depicted for current drive frequency maintained
constant at 33 Hz (left-hand figure) and 100 Hz (right-hand
figure) respectively. These data sets were acquired simultane-
ously by driving one set of deflection coils at 33 Hz and the
other pair at 100 Hz. Electron beam energies for each frequency
were 0.2, 0.4, 0.6, 0.8, and 1.0 MeV. We note that the beam
deflection is reasonably linear with deflector coil current.
The strong dependence of beam deflection on beam eneray is evi-
dent for both drive frequencies, however beam deflection
dependency on drive frequency is much more subtle. Beam deflec-
tion as a function of current frequency, for coil current fixed
at 1.5 amperes peak, is depicted in Figure 12. For frequencies
in the range of 30 to 250 Hz and 1.0 MeV electron beam enerqgy,
we note a linear relationship between beam deflection and coil
current frequency. Although data for the other beam energies
is confined to 33 and 100 Hz, based on the 1.0 MeV beam
behavior, we infer deflection response to the other coil fre-
queacies should follow the trends observed for the one MeV beam.
Figure 13 is a plot of electron beam deflection response to beam
energy and coil drive frequency. 1In the plot, peak coil current
is fixed at 1.0 ampere and drive frequency is limited to 23 and
100 Hz. Again, the strong dependence of beam deflection on
electron beam energy is ewvident as is the mild response of beam
deflection to current drive frequency. Coil current is plotted
as a function of electron beam energy for fixed deflection and
coil frequencies of 33 and 100 Hz in Figure 14.

The data presented in Figures 11, 12, 13, and 14 completely
define the raster system in terms of all pertinent parameters
(i.e., electron energy, coil current, drive frequency, and beam
deflection). System behavior is sufficiently regular so that
any other set of conditions may be obtained, within the original
experimental 1limits, from the data presented in these four
figures.

3.1.2 Beam Dose Results

Dose measurements, for several electron beam energies, were
obtained as a function of measured stopper current which is
linearly related to both the Faraday Cup and mask currents.
These data were obtained while keering the time of irradiation
constant. The dose values were measured with the thin film
dosimetry placed in the target zone between the mask and stopper
elements. In addition, dose estimates were based on measured
stopper currents and calculated energy absorption coefficients
(from the transport code TIGER). Figure 15 is a plot of these




results. Dose as a function of stopper current is plotted for
electron beam energies in the energy range of 0.2 to 1.0 MeV.
For each curve, the dose data are a composite (simple average)
of the dose estimates obtained by the two methods described
above (i.e., thin film and stopper current techniques).

3.2 cteri cs--Ambient Air Environment

3.2.1 Beam Transport Through Window Materials

Prior to extracting the electron beam into an ambient air
environment, preliminary measurements and calculations were
obtained on the perturbing effects of several window materials
on the transported electron beam. Window materials considered
were those readily available and consisted of thin mylar film
and beryllium foil. Thickness of the mylar film was in the
range of 0.0025 cm. The beryllium foil, fitted into a holder
compatible with the PELLETRON exit flange, was 0.0254 cm thick.
Thes. experiments were performed in a vacuum environment using
the experiment configuration depicted in Figure 1. The 0.002%
cm Mylar film and 0.0254 cm beryllium foil were evaluated. The
window materials were placed on the mask back surface and the
dosimetry material was attached to the stopper elewent posi-
tioned 4.1 cm behind the mask. Using an unrastered beam, we
examined the transport properties of both the beryllium foil and
mylar film as window materials.

In Figure 16 the effect of beryllium on the transport of 1 MeV
electrons is shown. The plot shows the thin film dosimeter
response (absorbed dose) to the transported beam as a function
of position in the target plane normal to the incident beam.
Based on the beryllium-dosimeter separation distance, and a
tightly confined incident beam, the electron beam is scattered
into an angle of ~40°. Calculations of 1 MeV electron trans-
port through 0.0254 cm beryllium slabs predict a scattering
angle of 30° contains ~90 percent of the incident beam and
that average energy of the transmitted beam is approximately
0.9 MeVv.

Using the electron transport data and calculated electron
fluence-to-dose conversion factors, we constructed a histogram
dose profile for a 4.1 cm target -detector separation. These
histogram data have been superimposed on the measured dose pro-
file. As may be observed, the calculated histogram which is
normalized to the measured results on the basis of the observed
stopper current is in good agre2ment with the measured dose
profile.



Similar measurements and calculations were obtained for 1.0 and
0.4 MeV electron transport in mylar films. These data and cal-
culations predict that for tightly confined 1 MeV electrons
incident on 0.00254 cm mylar film, the scattering angle is
approximately 15°. Average energy of the transmitted beam is
about equal to the incident beam energy. For 0.4 MeV electrons,
the transmitted beam was markedly more diffuse. Approximately
0.99 of the incident beam was confined to an angle of ~25°.
Again incident beam energy degradation was of minor signific-
ance. In Figure 17 we have plotted the calculated results--
absorbed dose as a function of position in the dose plane sep-
arated 4.1-cm from the mylar window. The calculated results
have been normalized on the basis of observed stopper currents.
Table III gives the calculated results for the transport of both
0.4 and 1.0 MeV electrons through the mylar and beryllium window
materials. Listed in the tabulation are transmitted electron
fraction as a function of scattering angle. Based on these
measurements and calculations for the two materials, mylar was
the preferred window material from the standpo.nt of beam
transport. In practice, it was observed that continuous elec-
tron bombardment of the mylar window caused material embrittle-
ment and resulted in subsequent window rupture. Because of the
fragile nature of the mylar film, we investigated (analytically)
further the transport properties of thin beryllium foil. For
comparable thicknesses of beryllium and mylar, beryllium
possesses as good or better transmission properties than mylar.
Based on this investigation, we are fabricating prototype
0.00508 cm beryllium windows for use in future simulation
studies. A tabulation of the transport properties of comparable
thicknesses of beryllium and mylar windows is given in Table 1IV.

Window effects on transport of a 1.0 MeV rastered beam through
a 0.00254 cm mylar window are shown in Figure 18. We have
plotted optical density as a function of position alorg the
(film's) vertical and horizontal axes. The rastered beam was
incident on a mask with a 2.54 cm (diameter) orifice, and the
dosimetry film was again placed 4.1 cm behind the mask orifice.
We note some broadening of the transmitted beam consistent with
the unrastered beam results. Figure 19 presents rastered beam
transmiseion data for 0.4 MeV beam energy. We note that beam
spreading for the 0.4 MeV beam is somewhat more pronounced than
for the 1.0 MeV case.

3.2.2 Beam Characteristics--Ambient Air
Rastered beam characteristics, in ambient air, were obtained for

both 1.0 and 0.4 MeV beam energies. The diagnostics consisted
of thin film dosimetry and beam current measurements.




The experimental configuration appearing in Figure 4 was used
to obtain the ambient air data. The rastered electron beam was
transported, in vacuum, to mask-1 where it was collimated to a
2.54 cm diameter circular pattern. Since the collimated beam
dimension was less than tne exit flange window dimension, beam
scatter during transport through the vacuum chamber was mini-
mized. Upon exit into ambient air, the beam was again colli-
mated prior to transport into the target region. Finally, the
beam was terminated in the stopper element.

For air transport, the beam dose distribution was monitored on
exit from mask-2 and again in the target region. Separation
between mask-2 and the mylar window was 4.6 cm and between mask
2 and the film holder, in the target region, the separation was
1.3 cm. Distance between the film holder and the stopper was
1.0 cm.

Diagnostics coneisted of thin film dosimetry and stopper current
measurements. The thin film dosimetry data for 1.0 MeV electron
transport in air is shown in Figure 20. All traces were
obtained from densitometer scans along the vertical centerlines.
The left-band trace was obtained from film located in the target
holder and the other from film locatea ou the mask-2 rear sur-
face. We note very 1little beam divergence as the beam is
transported from the mask to the film holder, and beam attenua-
tion is insignificant. Figure 21 depicte comparable data for
the 0.4 MeV electron beam. Again the 1left-hand trace was
obtained at the sample holder and the right-hand trace at the
mask-2 rear surface. We observe some beam nonuniformities at
the mask-2 exit and a measurable beam attenuation as it pro-
gresses to the target region film retainer. This observation
is consistent with the expectation that stopping power increases
as electron energy decreases.

Correlation between film and stopper current dose determinations
were excellent. For 1.0 Mev irradiations the film predicted a
dose of 1.25 Mrad and the stopper current estimate was 1.24
Mrad. At 0.4 MeV the film measured 2.4 Mrad and the stopper
current predicted 2.45 Mrad. The Faraday Cup current during
these irradiations was 2.0 microamperes for the 1.0 MeV exposure
and 3.75 microamperes for the 0.4 MeV run. Each irradiation
time was 300 seconds, hence we achieved dose rates in the range
of 10 to 25 Mrads/hr, and the capability exists to significantly
increase those exposure rates by increasing beam current.
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4.0 CONCLUSIONS

The PELLETRON is a high stability, well characterized, variable
voltage, variable current electron beam generator originally
designed to deliver tight collimated electron beams into target
areas. The machine's radiation effects capabilities have been
significantly enhanced by the addition of a beam scanning/
deflector (raster) system that permits deflection of the elec-
tron beam into large uniform patterns. The scanning system
behavior was extensively studied in both vacuum and air envi-
ronments. Deflected electron beam dimensions and uniformity
were characterized as a function of all scanning system param-
eters. Correlation between deflection coil current, current
frequency, and electron beam energy as a function of beam
dimensions and uniformity were established. Further, corres-
pondence between measured absorbed dose and electron beam
current was demonstrated.

In the PELLETRON internal vacuum chamber, the deflected electron
beam dimensions may be varied over a wide range. Rectangular
patterns with dimensions between 2.5 and 15 cm are readily
attainable. Depending on pattern dimensions and electron beam
energy, absorbe” dose rate is variable between 0.1 and 30
Mrad/hr. Becav .e of the exit flange size, dimensions of the
beam extracted external to the vacuum chamber and into the
ambient air snvironment 1is currently restricted to 2.5 cm
(diameter). Dose rates in air have been measured and are com-
parable to those attainable in vacuum. For future ambient air
experiments, it is planned to position the deflection coils
adjacent to the exit flange. With this configuration beam
dimensions comparable to those obtained in vacuum will be
achievable.

Utility of the PELLETRON's enhanced capabilities was recently
demonstrated. Electron radiation fields accompanying a postu-
lated nuclear power plant loss of coolant accident were simu-
lated for radiation effects studies on power plant cable insu-
lation materiale®., It was demonstrated that both electron
dose/dose rates and electron enerqgy spectra were adequately
simulated with such large diffuse monoenergetic beams.

-13-
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APPENDIX A
kacter Design Considerations

Many PELLETRON applicatiuns are best served by a tightly con-
fined electron Leaw-. However, simulation of LOCA electron
radiation onvirorments requires large Aiffuce beam geometries.
Tre beaw deflection syctem (raster) was primerily based on space
consigerations within the PELLETRON vacuum chamber. Maximum
tarqget-deflector ceparation in the 1.2 meter diameter chamber
is appreximately 85 cm and an upper practical limit on sample
dimension is on che order of 15 cm. (n Figura2 22-a is presented
a schematic of thre deflecior-target orientation within the
vacuum chember. D is the target-deflector s=paration and h is
one half the targ:t miximum latera! dimension.

Using *'hese maximum tnysical separation dimensions, we calcu-
lated the magnetic rield required to é«flect 1.0 MeV electrons
sufilciently to span the target area. The relationship
describing ‘he tia eéctcry of an electron traversing a uniform
magnet.: field is:

—%1- = Be = auH

is the radius cf curvature of rhe deflected electron,
is the magaetic flux density,

i the mugnetic field intensity,

is the permeability of the medium,

i the ch'rge on the electron.

ig tihe electror. macs, and

i% the eleciron relccity.

where,

<scrpXum

Fiouze 22-b depicts Lie relationship between the electron radius
of curvature (R,, deflector-target separation (D), electron
fligot pacth (%), target diwcnsion (h), and deflector coil
(drifr cuue) dimension (28). Bagea on geometric considerations,
it can re shown that the elec*ron radiue of curvature is related
to the dimensions with . n the vacuum tank as:

% 5 _.L!.-‘_p.).l
h

where, r is R taun (g) :

*G. J. Tockwood, ... ©. Huggles, G. H, Miller, and

J, A. Hatbleib, "Caiorimetric Measuromentg of Electron Energy
Deposition in Extended Media- Theor  vs Experiment,”

SAND79 0414, San’ia Nationai Laborat ries. January 1980.
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Since all deflaction angles are small, R is, to a good approxi-
mation:

R« -2ftD _ _2sD
h h

Having obtained the required radius of curvature, we estimate
the magretic fiela intensity to be:

S il . RY. N A e
H euR euR c kL = { c ) ]

= 3500 ampere-turns/meter

where the electron mass, m, has now been replaced by its rest
mass mg.

This estimate of required magnetic field intensity is based on
the field intensity in the center of an infinite length coil:
i.2., no edge effecte,

Our beam deflection (raster) system consists of a 12-cm long
aluminum drift tube with a 2.2-cm diameter cylindrical void.
Attached to the drift tube, concurrent to its axial centerline,
are four deflection coils spaced radially at 90 degrees about
its axis. Each coil consists of 400 turns of #20 varnished
magnet wire wound on an aluminum coil form 9-cm long by 1.27-cm
wide by S5.1-cm high. The coil density for each deflector unit
is 7840 turns/meter. Figure 23-a shows the drift tube coil form
configuration. The coil and drift tube assembly is mounted on
the Faraday Cup back surface flange so that one pair of coils
lies in the horizontal plane and the other in the vertical
plane. Coils in each plane are ele~trically connected in an in
phase, in-series arrangement. In Figure 23-b is shown the
wiring configuration for a pair of deflection coils.

Each pair of coils is powered by a 4 ampere (peak) variable
frequency, variable current, bipolar, current supply. In normal
operation, we limited coil current to 2 amperes or less. To
assure a uniform diffuse beam pattern, a coil frequency differ-
ence between each set of coils was maintained. In order to
assure linear electron deflection and hence a uniform ‘rradia-
tion, a triangular current waveform was used to drive the
deflection coils. Figure 24 presents calculated coil current
and driver voltage as a function of time. We note an almosc
linear c¢oil current waveform with some distortion (roll-over)
as the driver voltage slope is reversed. Current roll-over
manifests itself as dose enhancement at the region of roll-over
on the target material.

..




The solution to the electron ti2’'ectory equation pred.cts a
magnetic field inteniity ot 3300 ampere-turns/meter would be

required to achieve the maximum e’ect. on deflection under ideal
conditions; i.e., 1u the center of an infinite coil. However,
the infinite coil require¢ment ‘s not attainable and, in fact,
in the vicinity of the driit tuhe, field uniformity is probably
not good. We compensate for tais with a high winding density.
Fo~ maximum deflection, we nave:

H = (7840 turns/meter)(2.0 arperes) = 15680 ampere-turns/meter

Thus we have a deflection unit cver-designed by about a factor
of five (greater than theoretical) to account for nonuniformity
of the field in the viciaity of the drift tube and coil induc-
tive effects on scanning linesarity. ln Figure 2%t is presented
the calculatad and nome measured magnetic field intensities
required for a constant beawm deflection versus electrocn energy.
We note that at 33 hz a~tual versu? calcuiated field intensity
is almost a factor of 5 differeant. however, as drive frequency
is increased, =oil current requirements alasc increase. In order
to minimize ccil curren® requirementi, Arive ifrequencies should
be kept as Ilcw as possible, consistent with minimized scan
retrace effecis.




APPENDIX B

Electron Beam Dose Diagnostics Cargiderations

Diagnostics of the rastered electron beam requires gaining
knowledge of the beam uniformity and intensity in terms of
absorbed dose and dose rate as a function of the parameters beam
energy, beam deflector current, deflec“or current frequency,
etc. Several dosimetry systems are available for beam dose/dose
rate diagnostics. Systems include both active and passive
detectors. Examples of active detectors are photodiodes and
instrumented carbon blocks. Thermoluminescent detector (TLD)
chips, activated glass, and dye-loaded film are representative
of passive detectors. The major drawback of many of these
systems for our application is that they are pseudo-point
detectors. This implies that spatial beam diagnostics, of dif-
fuse beams, will have limited spatial resolution. In addition,
use of large numbers of detectors complicates bookkeeping and
requires a great amount of careful detector positioning f»or each
diagnostic measurement. Other drawbacks may include beam per-
turbation by the detector, one time readout capability, low to
moderate integrated dose range, etc.

In view of the above, we chose to base beam diagnostics on thin
film dosimetry*. Thin film dosimetry offers minimized beam
perturbation, non-destructive readout, high integrated dose
capability, large cross-section area, and (depending on readout
or scanning technique) excellent spatial resolution. The
dosimetry system chosen consisted of nylon and polychloro-
styrene films available in 15 by 15 cm squares, 0.00508 cm
thick.

Thin film dosimeter response to ionizing radiation is determined
by observing the growth of either absorption or transmission
peaks at specific wavelengths in the visible spectrum and
establishing the relationship between absorbed dose and light
absorption/transmission properties ~f the irradiated film. To
be useful, thin film optical response should be reasonably
linear with absorbed dose.

We calibrated film response to ionizing radiation on a
Copalt-60 source range**. Gamma dose rates at several locations
in the irradiation cell were determined with an NBS traceable
Victoreen 550 Radacon III integrating rate meter and type 550 -6
air ionization probe. Calibration samples of nylon and poly-
chlorostyrene film, 3.8 cm square, were exposed in air at the

*Farwest Technology Inc., Goleta, CA.

**Gamma Irradiation Facility (GIF) at Sandia National
Laboratories, Albuquerque, NM.
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calibrated locations to integrated doses in the range of 0.1 to
10 Mrad (air). For each exposure, positions were selec- ted so
that exposure time would not intrcduce a significant
uncertainty. For all exposures, the dosimetry samples were
enclosed in 0.378 g/cm? lucite electron equilibrators, thus
assuring that a state cf electron equilibrium would be estab-

lished.

We assume that irradiated film response is proportional to the
incident photon energy fluence and that the energy deposited per
unit thickness of dosimeter, D, is given by:

DsfuaE

where, f is the fraction of energy deposited that is retalned
Uz is the enerqgy absorption coefficient, and
E is the incident energy flux.

For an equilibrated detector film, f effectively approaches a
value of 1, in that recoils escaping the foil back surface are
exactly balanced by those entering the front surface. The num-
ber of absorption centers (N) created per unit foil thickness

is then:
N = Dan

where, a is the number of absorption center precursors
activated per unit energy absorbed, and
n is the composite absorption center precursor;
i.e., dye concentration, oxygen concentration, etc.

(number/gqg).
Provided no depletion of precursors occurs, growth of absorption
peaks in the irradiated film should be linear with absorbed

dose. Change in 1light intensity (dI), at wavelength A\, per
nait distance (dx) in the irradiated film is:

a1
coar ol

and, solving for I:
I = Iy exp(-Nx)
where, Io. I are the incident and transmitted light

intensity of wavelength A\, and
x is the film thickness.
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Irradiated film is read with a scannirg microdensitometer. Light
transmitted through the irradiated film is passed through
interference filters so that film response to a narrow band of
frequencies is measured. The microdensitometer output consists
of optical density versus position plots. Since optical den-
sity (OD) is defined as:

I
(&)

I

OD = log ( )

we note that the microdensitometer output, optical density ver-
sus position, gives a plot linearly proportional to dose,.
since:

I
OD = log (—fg—) = Nx = anfuaxE

where we recall that fu; E was defined as the absorbed
incident photon energy flux. In Figure 26 is presented cali-
bration data obtained from chlorostyrene films irradiated in the
GIF. We note good linear response in the range of 0.3 to 6.0
Mrads.

As a consequence of film linearity with absorbed energy, beam
dose uniformity is readily estimated on the basis of observed,
unconverted microdensitometer data.

Evidences of precursor depletion were observed at high inte-
grated doses measured in vacuum envircnments. At the time of
measurement, the loss of response was assumed ton be the result
of oxygen depletion. Subsequent dosimetry films exposed to
identical integrated photon doses both in air and vacuum envi-
ronments confirmed the oxygen depletion assumption. Other
measurements of electron radiation fields, in ambient air envi-
ronments, further confirmed the oxygen depleticn arqument in
that no loss of detector response, at large integrated douses,
was observed.
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DOSMETER RESPONSE versus ELECTRON ENERGY
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OPTICAL DENSITY versus ABSORBED DOSE
Chiorostyrene and Nylon Calibration Data
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Table 1I:

TABLE I
PELLETRON and RASTER SYSTEM SPECIFICATIONS

Accelerator Type -

Energy Range i 1

Bean Energy Uncertainty ____________
Bean Current Range

Raster-Target Separation (Vacuum) __
Rastered Beam Dimensions (Vacuum) __
Deflector Coil Current _____________
Vacuum Chamber Operating Pressure __

-46-

Monoenergetic , Steady State

0.025 - 1.2 MeV Continuously Variable
*0.5 x

0.001 - 34 microameceres

0.4 - 0.75 meters

0.5 - 15 centimeters

4 amperes (Maximum)

.~ -3 torr

PELLETROM and Raster System Specifications



TABLE II
BEAM CURRENT DISPOSITION

i.0 MeV Electron Beam Vacuum Environwent
All Currents in Microamperes

FARADAY CUP MASK STOPPER M+S
(FC) ™) (5)
0.275 )4 0.078 0.274
0.502 0.356 0.152 0.508
1.02 0.695 0.283 0.978

i.%2 1.29 0.587

%orrected for electron backscattier

Table II: Beam Current Disposition




TABLE III
ELECTRON TRANSPORT IN WINDOW MATERIALS
Transmitted Electron Angular Distributions
0.0254 cm Beryllium

Scattering Scattered Electron Fraction
Angle Eb = 0.4 MeV Eb = 1.0 MeV
Degrees
0-10 0.076 0.2%0
10 - 20 0.197 0.447
20 - 30 0.230 0.195
30 - 40 0.198 0.051
40 - 50 0.122 0.014
50 - 60 0.074 —————

0.00254 cn Mylar

.

Scattering Scattered Electron Fraction
Angle Eb = 0.4 MeV Eb = 1.0 MeV
D§Q?:’ 0.138 0.470
5-10 0.297 0.440
10 - 18 0.298 0.091
15 - 20 0.170 —
25 - 30 0.022 et

e e —

Table IIl: Electron Transport in Window Materials
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TABLE IV
ELECTRON TRANSPORT IN THIN BERYLLIUM AND MYLAR FOILS
Transmitied Electron Angular Distributions
0.00254 cm Mylar

Scattering Scattered Electron Fraction
Angles Eb = 0.4 MeV Eb = 1.0 MeV¥
Degrees
0 - 10 0.428 0.902
10 - 20 0.467 0.095

20 - 30 0.09%

0.00254 cm Beryllium
Scattering Scattered Electron Fraction
Angle Eb = 0.4 MeV Eo = 1.0 MeV
Degrees
¢ - 10 0.5114 0.950
10 - 20 0.427 0.041

20 - 30 0.059

0.00508 cm Beryllium
Scattering Scattered Electron Fraction
Angle Eb = 0.4 MeV Eb = 1.0 MeV
Degrees
0 - 10 0.39%4 0.779
10 - 20 0.430
20 - 30 0.127

30 - 40 0.035

Table IV: Electron Transport

in Thin Beryllium and Mylar Foils
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