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RÉSUMÉ

Le collectron, dispositif passif très simple, est une sonde coaxiale
constituée d'un émetteur à âme métallique et d'une gaine métallique entre
lesquels se trouve un isolant minéral. Les collectrons servent à
surveiller les champs de rayonnements gamma et de neutrons dans les
réacteurs. À l'aide de simulations par la méthode Monte-Carlo, on a
examiné la réponse de divers collectrons aux faisceaux d'électrons et de
rayonnements gamma dans les accélérateurs industriels. Grâce à un choix
judicieux de filtres, on a examiné le seuil de réponse des sondes de
collectron utilisées pour la surveillance en direct du spectre énergétique
du faisceau produit par l'accélérateur de faisceau d'électrons industriel
IMPELA.
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ABSTRACT

A self-powered detector (SPD) is a simple passive device that consists of a
coaxial probe with a metallic outer sleeve, a mineral oxide insulating layer,
and a metallic inner core. SPD's are used in nuclear reactors for monitoring
neutron and gamma-ray fields. Responses of various SPD's to electron and
gamma-ray beams from industrial accelerators were investigated with Honte
Carlo simulations. By judicious choice of transmission filters, threshold
SPD probes were investigated for on-line monitoring of the beam energy
spectrum of the high-power IMPELA industrial electron accelerator.
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1. INTRODUCTION

A self-powered detector (SPD)1-2 is a simple passive device, consisting of a
coaxial probe with a metallic outer sleeve known as a collector, a mineral
oxide insulating layer, and a metallic inner core called an emitter; an SPD
is shown schematically in Figure 1. SPD's are used extensively2 in nuclear
reactors for neutron and gamma-ray flux mapping3 and for over-power
protection.4 Their passive and rugged construction makes them reliable
probes for operation in hostile environments; some units have been in
continuous use inside reactor cores for over two decades without any
degradation in performance.5 SPD-type probes are attractive for monitoring
the electron beams of high-power electron linacs.6 With a grounded
collector, the signal from the charge build-up in an emitter is sensitive
only to the beam present within the probe volume, because the outer collector
electrode acts as a built-in electrostatic shield7 against the
electromagnetic noise in the accelerator environment.

By judicious choice of transmission filters, an SPD can be operated as a
threshold device for the on-line monitoring of electron beam energy. In
industrial radiation processing, on-line monitoring of electron beam energy
is desirable for quality control and to satisfy regulatory constraints. For
example, the radiation treatment of food products is permitted only with
electrons of energy up to 10 MeV, whereas the need for higher penetration in
a bulky food product, and the economics of the process, may dictate
operations close to the highest permissible energy. Even a downward shift in
the beam energy would be detrimental to the radiation process, since the dose
distributions depend on the beam energy.

A large body of literature exists on the theory, design and applications of
SPD probes in nuclear reactors for neutron and gamma-ray flux measurements.2

However, there is very little literature7-8 on their use in monitoring the
electron7 and bremsstrahlung8 beams of high-power industrial electron
accelerators. This report presents the results of a theoretical
investigation of the usefulness of SPD's as threshold probes for monitoring
the energy of high-power industrial electron accelerators, such as the
Industrial Materials Processing Electron Linear Accelerator (IMPELA).

2. PRINCIPLE OF OPERATION

The outer sleeve (collector) and the inner core (emitter), Figure 1, of the
SPD serve mainly as equi-potential electrodes that provide a prompt signal
from the charge build-up caused by the deposition or depletion of electrons
in the electrode zones. The processes contributing to the transfer of
electrons depend on the type of radiation and the elemental composition of
the electrodes.

In electron and gamma-ray radiation fields, atomic interactions are much more
probable than nuclear interactions. Electrons lose energy by ionizing or
exciting the atoms and molecules, knocking out atomic electrons, and
generating bremsstrahlung photons from radiative-energy-loss collisions. The
gamma-ray interactions predominantly produce electrons by photoelectric
absorption, Compton scattering and pair production processes. The charge
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build-up in a region is determined by the net electron deposition/depletion
rate due to interactions of the primary and secondary radiation in various
zones of the SPD probe volume.

In a neutron field, the (n,/T) and (n,?) nuclear reactions in the detector
volume produce electrons and gamma-rays. The transport of these determines
the charge accumulation in various regions of the detector. Nuclear
reactions may produce radionuclide sources of delayed radiation sources in
the detector. This would result in a delayed time-dependent component of the
charge build-up signal from the detector. In addition, the deposition of the
charge in the insulating layer of the detector may produce a time-dependent
leakage current between the collector and the emitter. A comprehensive
understanding of these phenomena is important for interpreting the response
of the SPD probe to a time-dependent intense radiation field.

The charge build-up in insulators is a complex phenomenon. Along the
trajectories of primary and secondary electrons in a medium, some ionized
particles are bunched into aggregates. In insulators and materials with low
electric conductance, free electrons as well as ionized atoms and molecules
are preserved for a long time. The charge relaxation time T(S) required for
the charge at any point to decay to 1/e of its original value is given by9'10

e 0
r = (1)

where K€ is the dielectric constant, eQ is the permeability of the free space
and a is the conductivity of the material. The values of these parameters
for some insulators are tabulated in the literature.9-11

In very good insulators (e.g., fused quartz with a = 10"12 to 10"15 mhos/m),
the relaxation time could exceed 106 s, but in most other materials it is
much smaller. In metals, the relaxation time is negligible and the charge
quickly emerges on the surface. But in dielectrics, the relaxation time can
be appreciable. In such cases, the negative and positive charges may not be
distributed uniformly in the medium, and internal electric fields may
deteriorate the mechanical strength of the material. In addition, the
electric fields from charge build-up could affect the movement of electrons
in the medium and produce significant perturbations to the charge and dose
distributions in the medium.10

In radiation fields, the conductance of a dielectric may increase due to the
emergence of additional current carriers from radiation interactions. The
relaxation time tends to decrease with the temperature of the medium.

In a pulsed radiation field, the rapidly varying charge distribution inside
the probe volume will produce an additional transient signal that is
determined by the electrostatic properties of the probe assembly and the
time-dependence of the radiation field. In a coaxial SPD assembly with a
grounded outer electrode, the current signal in a low-impedance shunt between
the two electrodes may be expressed as:7
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Is = a I + b dl/dt (2)

The first term represents the conduction component7 from electron
deposition/depletion in the inner core electrode by the interactions of the
radiation field. The second term represents the transient response,7 in
which the magnitude and the sign of the coefficient (b) are determined by the
electrostatic properties of the probe and the sign of the charge accumulated
in the dielectric layer between the two electrodes. In addition, there could
be a third component, representing the leakage current due to the charge
build-up in the dielectric layer between the electrodes.

The SPD probes usually employ MgO insulating layers that have excellent
radiation and heat tolerance. The relatively thin MgO layer prevents
excessive build-up of charges inside the dielectric. The SPD probes are
operated with a small impedance between the collector and the emitter. This
prevents the build-up of a high-voltage differential and leakage current
between the two electrodes. With a grounded outer electrode, the time
response of the SPD will be determined by dispersive- and transient-time
effects in the central electrode. The transient component is important7 only
in the case of radiation field variation times that are faster than the value
of the ratio (b/a). The dispersive time response of the SPD can be estimated
from an equivalent RC circuit. Because of the low impedance of the external
circuit, the time response of a typical SPD probe will be quite fast and the
transient component could be eliminated by integrating of the signal with a
time constant comparable to the pulse duration.

The SPD probes can be used reliably for quantitative monitoring of pulsed
radiation beams even if the charge build-up in the insulator causes an
increase in the background leakage current. In a pulsed beam, the
localization of the SPD signal collection in time can be exploited with a
time-lag technique8 to monitor the beam position, or used for an on-line
feedback signal for an accelerator control system. An SPD probe should not
be placed in a strong radiation field without an external low-impedance shunt
between the two electrodes; otherwise, excessive voltages could develop,
leading to an electrical breakdown.

3. CHARGE DEPOSITION IH MATERIALS BY PASSAGE OF ELECTRONS

The distribution of the charge deposition in a medium from the passage of
energetic electrons reflects the statistical nature of the energy-loss and
multiple-scattering processes. Figure 2 shows charge distributions produced
by a 14.9 MeV electron beam in blocks of various materials.12 The ordinate
is a dimensionless parameter x/L, where x is the depth and L is the range13

of the electrons in the medium. The electron ranges are given in Figure 3.
In general, the charge distribution has a negative region at small depths.
This is caused by an excess of electron emission from knock-on collisions,
over deposition of electrons due to energy loss.

The main feature in the depth charge distribution, shown in Figure 2, is a
broad peak centered at a depth that varies, depending on the medium, from 10



- 4 -

to 90% of the electron range in the medium. The variation of the peak
position with the electron energy E and the material atomic number Z is shown
in Figures 2, 4 and 5. Figures 2 and 4 reveal that the most probable charge
deposition depth decreases with decreasing E and with increasing Z. Figure 5
shows that the charge deposition straggling (width of distribution) increases
with increasing E more slowly for low Z elements such as Be than for medium
and high Z elements.

The charge distribution at large depths reflects the effects of several
contributing phenomena: trajectory detours due to multiple scattering, range
dispersion due to energy-loss straggling and electrons generated via
intermediary bremsstrahlung radiation. The mean-squared deflection of
electrons due to multiple scattering increases with decreasing E and
increasing Z. This increase in deflection causes a shortening of the
penetration depth, and a reduction of the most probable charge-deposition
depth. The primary beam divergence also affects the distribution of the
charge build-up along the depth of the medium.14

Because of the continuous energy loss of the charged electrons in a medium,
one can use filters to suppress transmission of electrons of energy whose
CSDA range is equivalent to the filter thickness. In fact, the outer sleeve
(collector) of the SPD probe acts as a transmission filter. Data presented
in Figures 3 to 5 indicate that sharp cut-offs would be achieved with filters
of low Z material, such as beryllium or aluminum, whereas high Z materials
such as tungsten would be preferable for the central electrode (emitter) of
an SPD probe, to stop electrons of a broad dynamic range above the filter
cut-off energy.

4. COMPUTATION OF SPD RESPONSE

The discussion in Section 2 showed that the transient response is important
only during a rapidly varying radiation field, and that it can be smoothed by
the time integration of the output signal. The residual conduction component
of the charge build-up is determined by the ele:tron deposition/depletion
rates in the electrode media from interactions of the radiation inside the
detector volume. This can be computed with Monte Carlo codes available for
combined gamma-electron transport in complex systems. We have used the
SANDYL15'16 code for this purpose.

SANDYL uses a condensed history method for electron transport. The spatial
steps taken by an electron are precomputed and include the effects of a
number of collisions. The corresponding scattering angle and energy loss in
the step are found from the multiple scattering distributions for these
quantities. Atomic ionization and secondary particles are generated within
the step according to the probabilities of their occurrence. Electron energy
loss is through inelastic electron-electron collisions, bremsstrahlung
generation and polarization of the medium (density effect). The energy-loss
process includes straggling from fluctuations in the number of energy-loss
collisions in a Monte Carlo step. Scattering angular distributions are
determined from elastic nuclear collision cross-sections corrected for
electron-electron interactions. The subsequent secondary electrons include
those produced by knock-on, pair, Auger, Compton and photoelectric absorption
processes.
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Photon trajectories are generated by following photons from scattering to
scattering, using various probability distributions to find distances between
collisions, types of interactions, types of secondaries, and their energies
and scattering angles. The photon interactions included are photo-electric
absorption, coherent scattering, incoherent scattering and pair production.
The secondary photons include bremsstrahlung, fluorescence photons and 511
keV (e+ e") annihilation radiation.

The responses of SPD's to electrons and gamma-rays of various energies were
simulated with the geometry shown in Figure 6. The filter zone was used to
investigate the threshold characteristic of the detectors for various filter
materials and thicknesses. The reflector zone was used to study the
sensitivity of the detector to the radiation backscattered from a product.

5. RESULTS - ELECTRON RESPONSE

Figure 7 shows the charge build-up in various zones of an SPD probe as a
function of the electron energy. Curve 1 shows the charge build-up in the
3.47 g/cm2 thick tungsten inner core electrode (emitter). Curve 2 is for the
0.55 g/cm2 wall thickness Inconel 600 outer sleeve (collector) and Curve 3 is
for the 0.11 g/cm2 wall thickness MgO insulating layer. In the latter case,
the charge deposition decreases with increasing beam energy. The beam charge
deposited in the central core peaks at a beam energy of about 5 MeV and drops
slowly at higher energies.

Figure 8 displays the net charge difference between the emitter and the
collector electrodes. Thus, if an electrometer were connected between the
two electrodes, the direction of the current would depend on the energy of
the electron beam. However, if the collector were grounded and the voltage
at the emitter were measured across a shunt with respect to the ground, there
would be no reversal of the polarity, as shown in Figure 9. In this
detector, the outer sleeve and the intermediate insulating layer filter out
electrons of energy below 2 MeV and this creates a sharp drop in the charge
build-up in the emitter, as displayed in Figure 9. We define an SPD probe
threshold as the electron beam energy at which the charge build-up in the
emitter is \% of its saturation value. This threshoici energy is found to be
linearly dependent on the transmission filter thickness, as shown in Figure
10. Figure 9 clearly shows that the SPD probes can be used as threshold
detectors to monitor on-line the energy of high-power industrial electron
accelerator beams.

6. SPD RESPONSE TO GAHMA-RAYS

In a gamma-ray field, the charge build-up in various zones of an SPD probe is
determined by the net deposition/depletion rate of electrons due to photo-
electric, pair production and Compton scattering processes. Figure 11 shows
the net charge build-up in the emitter region of a probe as a function of the
incident gamma-ray energy. In a gamma-ray field, there is a net depletion of
electrons from the emitter zone due to the ejection of energetic Compton
electrons. The emitter signal size is of opposite polarity and an order of
magnitude smaller than the signal generated by an incident electron of
comparable energy (see Figure 6).
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7. ELECTROS BEAM ENERGY UNFOLDING ALGORITHM

In the radiation processing of industrial materials, quality control is
dependent upon the stability of the beam intensity and energy. Furthermore,
constraints may be put on the energy of the radiation that can be used to
process some products. For example, there is an upper limit of 10 MeV
electrons for radiation processing of food products, to safeguard against
induced radioactivity. On the other hand, requirements of deeper penetration
and economic criteria may dictate operations close to the highest permissible
beam energy. This may require on-line monitoring of the beam energy.
Figure 12 shows a preliminary beam energy spectrum for the IMPELA industrial
electron accelerator. The energy resolution is moderate and can be deduced
from unfolding data collected with a set of threshold detectors. The upper
end of the spectrum could be monitored with two threshold probes.

The unfolding algorithm for the SPD data and the efficacy of the technique to
measure beam energy distribution was investigated by Monte Carlo simulations
with the SANDYL code. Response functions similar to those shown in Figure 8
were generated for an SPD probe with a set of 24 transmission filters with
threshold steps of 0.25 MeV. These functions were fitted to analytic
expressions. It was found that the charge build-up in the emitter zone of
SPD probe can be expressed in terms of the beam and the transmission filter
threshold energy as a polynomial:

R <Ee« Eth> = ^ ai<Eth> * Ee

Where, for electron beam energy range of 6 to 12 MeV, the polynomial
coefficients are:

aQ = 0.0084 * E t h -0.29 (4)

= 0.49 * E'J-28 (5)

a2 = 0.09 * E'2/24 (6)

with the threshold energy Eth (MeV) as:

Eth = 0.2 + 1.92 * t (7)
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In Equation 7, t is the Inconel filter thickness in units of g.cm"2. The
unfolded beam build-up is generated by computing the relative differential
changes in the integrated responses of the neighbouring threshold detectors
with the algorithm:

Q <Eth> - Q <Eth+ AEth>
A Q (E ) = (8)

Q (Eth) + Q (E t h + AE t h)

and

0 (Eth) = J R (Ee, Bth) * I (Ee) * dEfi (9)

The quantity Q(Eth) is the charge build-up signal in the SPD probe operating
with a transmission filter of threshold energy E t h.

To verify the deconvolution procedure, three input spectra I(Ee) were
generated vith Gaussian distributions centered at 9, 9.5 and 10 MeV. Then
the values of AQ(Eth) were computed for Eth = 6 to 12 MeV using the above
algorithm with AEth = 0.25 MeV. The distributions of AQ, shown by the dashed
curves in Figure 13, are the first iteration deconvoluted spectra. These
look, very much like resolution-broadened images of the input spectra shown by
the solid curves in Pigure 13. The energy scales, the peak positions and the
high-energy shoulders of the input and the deconvoluted spectra track very
well. Further improvements in the resolution of the deconvoluted spectra can
be achieved by curve fitting the first iteration of the deconvoluted spectra.

8. OH-LINE BEAM ENERGY MONITORING

The comparison shown in Figure 13 demonstrates that the simple one-iteration
deconvolufion procedure may be satisfactory for on-line monitoring of the
energy spectrum of the beam. In addition, the variation in Q(Eth) for each
probe gives direct information on the intensity of the electron beam I(Ee).
The SPD probes placed at the beam edges would provide data on the energy,
intensity and scan width of the beam for on-line feedback. The simple
algorithm discussed in Section 7 can be implemented with relatively simple
hardware for on-line deconvolution. The resolution of the deconvoluted
spectra will depend on the threshold step and the beam divergence. The
threshold probes are not sensitive to the low-energy background radiation
reflected from the product and can be placed anywhere in the beam. However,
the probes are relatively thick and will perturb the beam significantly. For
the simple indication of beam stability, two probes with suitable thresholds
may be sufficient, as indicated by the data in Figure 14. This figure shows
the measured variation, with beam energy, in the value of the ratio of
signals from two probes with aluminum filters of various thicknesses.
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9. SUMMARY

The responses of self-powered detectors to electron and gamma-ray radiation
were investigated using Monte Carlo simulations. This study shows the
feasibility of using SPD's for on-line monitoring of the energy and intensity
of a high-power industrial electron accelerator's beam. It is important to
experimentally verify the calculated threshold response functions of the SPD
probe, as shown in Figure 8. These tests would require a well-defined
electron beam of energy between 2 and 15 MeV, and an SPD probe with removable
filter sleeves. Following verification of the response functions, one would
verify the unfolding technique with a known broad-energy electron beam that
is also determined independently by magnetic analysis.

10. ACKNOWLEDGEMENTS

I would like to acknowledge stimulating and helpful discussions with G. Lee-
Whiting, D. Smyth, J. Ungrin and B.F. White.

11. REFERENCES

1. J.W. Hilborn. U.S. Patent No. 3375370, 1968 March.

2. R.E. Shields. "Self-Powered Flux Detectors. A Bibliography with
Summaries". AECL Report, AECL-8109 (1983).

3. C.J. Allan. "A New Self-Powered Flux Detector". AECL Report, AECL-6681
(1979).

4. G. Kruger. "Distinctive Safety Aspects of the CANDU-PHW Reactor Design".
AECL Report, AECL-6789 (1980).

5. J.W. Hilborn. Private communication. 1990 March.

6. G.E. Hare. "IMPELA Electron Accelerator for Industrial Radiation
Processing". Radiat. Physics & Chem. 35 (1990) 619.

7. R.B. Fiorito, M. Raleigh and S.M. Seltzer. Rev. Scientific Instruments 57
(1986) 2462.

8. J.S. Hewitt and J.D. Jefford. Nucl. Sci. Trans, of IEEE NS-19 (1972)
379.

9. J.A. Stratton. "Electromagnetic Theory". McGraw-Hill Book Company Inc.,
New York (1941) p. 15.

10. E.A. Abramayan. "Industrial Electron Accelerators and Applications".
Hemisphere Publishing Corporation, Washington, 1988.

11. Handbook of Chemistry and Physics. CRE Press. Iue. Boca Raton, Florida
U.S.A., 1991.

12. T. Tabata, R. Ito, S. Okabe and Y. Fujita. Physical Rev. B 3 (1971) 572.



- 9 -

13. M.J. Berger and S.M. Seltzer. "Stopping Powers and Ranges of Electrons
and Positrons". National Bureau of Standards Report NBSIR 82-2550-A
(1983).

14. Radiation Dosimetry International Commission on Radiation Units and
Measurements ICRO 35 (1984).

15. T.H. Jenkins, V.R. Nelson and A. Rindi, Eds. "Monte Carlo Transport of
Electrons and Photons". Plenum Press, New York (1988).

16. H.M. Colbert. "SANDYL, A Computer Program for Calculating Combined
Photon-Electron Transport in Complex Systems". Sandia Laboratory Report
SLL-74-0012 (1974).



- 10 -

(COLLECTOR;
/ INSULATION

S H E A T H
I N S U L A T I O N

END SEAL

ZZ3ZZZZZ3

///////A////"///"//A
J»ne/>. Co AS

(EMITTER;
CORE WIRE

Figure 1: Schematic drawing of a Self-Powered Djiector (SPD) probe. For
electron or gamma-ray monitoring, the emitter and the collector material are,
respectively, of a heavy element (tungsten), and a medium heavy element
(Inconel).
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Figure 6: Schematic geometry of a Self-Povered Detector probe assembly used in
the Monte Carlo simulations of its response to electrons and gamma-rays.
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Figure 11: Charge build-up in the emitter zone of an SPD probe as a function
of the gamma-ray beam energy.
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Figure 12: Typical energy spectrum of IMPELA at nominal energy of 10 MeV,
upper figure, and 9.7 MeV, lower figure.
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Figure 13: Comparison of the input (solid curve) and the unfolded (dashed
curve) spectra.
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Figure 14: Beam energy dependence of the ratio of the signals from SPD probes
with filters of different thicknesses.
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