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ABSTRACT
Exoelectron phenomena are used currently as a research tool
in solid-state physics, to detect structural damage in metals,
and in radiation dosimetry. Progress in this latter field
during the last three years is reviewed briefly. It includes
some work on optical stimulation, but mostly on thermal stim-
ulation techniques. The search for new material has centered
around metal oxides (BeO, AI2O3, with and without "activators")
and mixtures of oxides including ZnO, SiO2, TiO2 and BaO.
Closed GM-tube TSEE detectors have been developed, but bare
discs of ceramic BeO:Si continue to be the most popular
material. In the instrumentation field, the counter
characteristics are now better understood, and improved
counters have been designed. Ionization chambers have been
employed successfully in high dose level readers. Among the
various applications of TSEE dosimeters, interface dosimetry,
measurement of low-energy (tritium) beta radiation, and fast
neutron dosimetry via recoil proton registrations were most
notable. Some recent data from ORNL on the directional and
energy response of fast neutron TSEE dosimeters are given.
Although unsolved problems still persist in preparing and
reading out on a routine basis large quantities of detectors,
their high radiation sensitivity in a very small sensitive
volume offers unique advantages in several areas of radiation
research. The general outlook for exoelectron dosimetry is
cautiously optimistic.

-NOTICE-
Tfcis report was prepared as an account of work
sponsored by the United States Government. Neither
the United States nor the United States Atomic Energy
Commission, nor any of their employees, nor any of
their contractors, subcontractors, or their employees,
makes any warranty, express or implied, or assumes any
legal liability or responsibility for the accuracy, com-
pleteness or usefulness of any information, apparatus,
product or process disclosed, or represents that its use
would not infringe privately owned rights.
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under contract with the Union Carbide Corporation.
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Introduction

After almost twenty five years, the effect of exoelectron emission (1) is

still poorly understood and not even well defined*). It is relatively little

known outside a narrow circle of specialists. Nevertheless, there are pre-

sently about two hundred scientists in at least twenty countries (Australia,

Czechoslovakia, Brazil, Belgium Britain, Canada, Denmark, France, Germany

East and West, Hungary, Italy, Japan, Mexico, Netherlands, Poland, Romania,

Soviet Union., Sweden, and United States) who are using or are seriously con-

sidering exoelectron emission as a research tool. They can be classified in-

to three groups, namely a) solid-state scientists interested in basic studies

of surface structure and defects in solids, primarily in ionic crystals;

b) materials scientists who desire to use exoelectrons as a sensitive indicator

of structural damage, primarily in metals; and c) radiation dosimetrists in

search of a detector which permits the solution of some difficult problems

such as the detection of small quantities of very short-range radiation (i.e.

secondary electrons, recoil protons, or beta radiation from tritium).

As the three sub-species of exoelectron aficianados rarely communicate

with each other, I will attempt to give, mostly for the benefit of the solid-

state and materials scientists attending this symposium, a brief review of

the progress in exoelectron dosimetry which has been made during the three

years since the last conference of this type in Braunschweig (2). I will also

present some of the recent relevant data from our laboratory, as far as they

are not being covered in detail in two other contributions from our group to

be presented by R.B. Gammage.

The field has certainly grown in recent years and the publication rate

on exoelectrons which has been at a fairly constant level of about 8 papers

per year between 1960 and 1965, increased to about 50 papers per year. One

special conference was devoted to exoelectron dosimetry last year (3), another

to exoelectron phenomena in general this year (4), and virtually none of the

*) The best definition so far appears to be a negative one: Exoelectrons are
electrons emitted from the surface of insulators at a temperature (or
during exposure to optical, mechanical or chemical stimulation) which
transfers an energy to the insulator substantially below that which would
be normally re.quired to induce photoelectric, thermionic, or field electron
emission.



recent larger conferences dedicated to health physics and dosimetry has been

without a special session, or>at least a few papers, on exoelectron dosimetry.

Optical Stimulation

For no obvious reason, almost all of the experimental work in exoelectron

dosimetry used thermal stimulation. There have been several good contributions

to the optical stimulation properties of various materials including BeO (5,6),

BaSOit, CaSO^, and SrSO^ (6), but they are not specifically directed towards

dosimetric problems. The most notable exception is J. Kramer (7), who has

continued the OSEE studies which he reported in 1970. He mostly used paper

which was coated (or impregnated) with a mixture of graphite and SrSOi* (the

most sensitive material), BaSO^, or BeO. Kramer has, in cooperation with

JJ. Gehm, designed an interesting readout device which is not, as previous

readers were based on the measurement of the exoelectron emission during ex-

posure to a constant photon flux, but on the measurement of the light sum

required to release a pre-determined number of exoelectrons. Errors due to

statistical fluctuations, changes in the light source characteristics, etc.,

can thus be minimized.

Unfortunately, synthetic polymers (which would have been of interest in ,

fast neutron dosimetry due to their high hydrogen content) do not exhibit a

substantial optically stimulated emission (8,9), and thermal emission cannot

be used due to the low melting point of'most hydrogenous plastics.

Materials for TSEE

Substantial efforts have been devoted to the search for new or improved

emitters for thermal stimulation. Among biogenic materials, TSEE has been

observed from bone (emission maximum at i» 320°C) (10) dental enamel, and

collagen (11). However these materials cannot, at least for the time being,

be considered for use in practical dosimetry.

Of greater practical interest have been the properties of simple, high-

melting metal oxides and their mixtures. Of the various modifications of

AI2O3 (with or without additional activators such as Cr), only TSEE from the

high-fired material may become of some dosimetric interest (12). The system

(Be), ZnO, 2 SiOz), consisting after heat treatment mostly of a mixture of

beryllium and zinc silicates, was found to exhibit promising properties (13, 14).



Another substance, which is prepared in pellets by sinterirg mixtures of TiC>2

and BaO (or BaC03), activated with Sb, exhibits good sensitivity (15). Some

common TLD phosphors such as LiF:Mg,Ti and CaF2 have also been the subject of

further TSEE studies (16,17).

By far the most extensively studied material during these past three years

has been, however, ceramic BeO, mostly in the form of a commercial material -

Brush Thermalox 995*) - which the ORNL group first suggested for TSEE dosimetry

in 1970. An attempt has been made to answer the question, "What role; if any,

do activators play in the exoelectron emission (EE) characteristics of this

material?" A clear correlation could be established (18) between the SiO2

content in the emitting surface, and the prominence of the main TSEE peak at

* 320°C**) (Fig. 1). By removing or adding SiO2, this peak reversibly
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FIG. 1

Radiation-induced TSEE in a ceramic BeO (Thermalox 995) before and after removal
of SiO2 by etching with hydrofluoric.acid.

disappeared or re-appeared. This and other previously observed effects such as

pronounced thermal sensitization at >v» 1400°C could be related to the phase

diagram of the BeO/SiO2 system. The effect of numerous other "activators"

*)Brush Beryllium Co. Elmoxe, Ohio.

**) Temperature measured at the interface between neuter and the emitting BeO
pellet; the actual temperature of the emitting surface layer, which is
difficult to establish, is about 50°C lower.'



including Mg, Ca, Al, Li, B, and Mn has also been investigated (20) by either

mixing the constituents prior to sintering of the pellets, or by diffusing the

additive into the surface of the commercially available sintered discs. A

highly sensitizing effect of Li was observed if the diffusion of the Li+ was

performed at * 9S0°C. This behavior was independently reported also by another

group (21,22).

It appears to be difficult to produce large batches of activated samples

with stable, reproducible properties, and the practical value of the activation

experiments has consequently been limited. It also became evident that not

everv impurity effect on the EE characteristics is related to the creation or

destruction of electron or hole traps in the sense of conventional activator

effects* for example in TLD. Instead, many of the impurity-induced changes on

the emission probabilities may be caused by indirect effects such as modifi-

cations in the electron affinity in the emitting areas of the surface, or

changes in the electrical conductivity of the surface. Residual charge build-

up is known to interfer with EE and spurious effects such as "self-excitation"

EE from unirradiated samples, cooling-down peaks, and erratic behavior are

rather common in samples with insufficient surface conductivity. Preirradiation,

in particular with high charged particle fluxes (Fig. 2) has also been shown
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FIG. 2

TSEE of ceramic BeO before and after pre-irradiation to * 101<f deuterons/cm2

and annealing of 700°, followed by exposure to 1 R gamma radiation.

to effect sensitivity and trap distribution (23).



Detector Design and Instrumentation

One TSEE dosimeter (24) is based on small, sealed, heatable GM counters,

whose inner walls are coated with the detector material. The detector unit

(Fig. 3) consists of a steel cylinder whose inner surface is coated with a

CoSO4: Mn COATING

FIG.. 3

Diagram of a small sealed GM counter to be used as a TSEE dosimeter; inside
walls are coated with CaSO^iMn (after 24).

specially prepared Mn-activated CaS<V The counter is filled with the counting

gas at reduced pressure, and pulses between 220 and 300°C are counted during

heating. The response is slightly non-linear, and the standard deviation

amounts to 3 to 5 %. Background noise corresponds to 0.1 mR, and less than 6 %

fading has been found after three weeks of storage at 65°C. A strong energy

dependence of the dosimeter require a Pb energy compensation filter. This

makes the dosimeter rather bulky and heavy, and rules out its use for the

measurement of £ 100 keV photons.

A number of laboratories still concentrate their efforts on studying

powdered samples mixed with finely powdered graphite and plated in the cen-

tral recess of a small graphite disk. Such detectors tend to vary substantially

in their response, and the layer easily breaks up in repeated reuse as a result

of mechanical shock. The more common small tablet-shaped disks of ceramic

BeO have a much better thermal, chemical and mechanical stability, a low atomic

number, a convenient TSEE peak location and may be purchased cheaply in large quantities.

Unfortunately, the batch-to-batch reproducibility of samples purchased at

different times varies. The important question of overall reproducibility of .



these detectors, both during multiple ?readout of the sune disc and within

groups of them, has been the subject of some controversy. Of course, the re-

sults which one obtains will depend greatly on the care and experience of the

investigator (avoidance of surface contamination, tribo-effects, careful con-

sideration of the equilibrium between detector and atmospheric constituents,

etc (49) and the quality of his readout instrumentation. For example, stan-

dard deviations as large as ± 20 % (25) and as small as 2-5 % (26) have been

reported for groups of about ten detectors. The better results were obtained

after a sensitizing and stabilizing treatment consisting of extended heating

of the detectors to i> 1450°C, followed by storage in water or humid air (26).

With thus stabilized dosimeters, repeated use of the same detector may result

in a reprociucibility within ± 2 % (26,27), and intragroup variations within

5-10 % (28,29), but larger and sometimes quite erratic fluctuations are, un-

fortunately, net uncommon. The sensitivity of such detectors amounts to about

103 counts x mR~a x cm"2.

The discussion of detector performance is closely related to that of

counter performance. It has been known for some time, for example, that an

accelerating potential applied on a grid over the sample helps to push the exo-

electrons into the counting volume (see, for example, ref. 30). Accelerating

potentials increase the EE and/or counting efficiency. A variation of such an

accelerating voltage is employed in a new ORNL counter (29). A "pushing"

potential which is applied to a metal cap. at the bottom of the (electrically

insulating) ceramic BeO sample (Fig. 4) results not only in an increase in
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FIG. 4

Diagram of a TSEE counter for temperatures up to 750°C with water cooling,
rapid sample changing system, and an applied "pushing" potential at the back
of the sample (after 49).



sensitivity, but also a reduction of the standard deviation for multiple read-

ings of the same detector, smoothening of the TSEE peak, and disappearance of

various disturbing spurious effects (Fig. 5).

TSEE curve of ceramic BeO dosimeters repeatedly exposed to the same dose be-
fore and after application of a "pushing" potential of -67V (after 49).

Various investigators (31,32,41) found only a small difference between

the plateaus of counters for external gamma radiation and internal beta radia-

tion, but a substantial difference- for the counter plateau from exoelectrons in

proportional as well as GM counters (Fig. 6). This may be related to the
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Plateaus for external gamma radiation and exoelectrons in a GM counter.



observation that the counting gas flow-rate also has an effect on the counter

efficiency at least in some counter uesigns. Apparently, a convection column

of hot counting gas rising from the heated sample, increasing the gas gain

and causing a distortion of pulse-height distribution and plateau, is broken

at higher gas flow-rates (33).

For pulse-type counting, dead-time losses which are much less severe in

proportional than in GM counting can be further reduced by using electron

multipliers such as Channeltrons (34). An interesting variation of the

electron multiplier, namely a MicroChannel plate ' consisting of a bundle of

closely packed channeltron multipliers may be used for obtaining information

on the spatial distribution of the TSEE from a detector surface (35). Photo-

graphs of the emitting surface are of interest if radiation fields with steep

gradients; have to be analyzed (microdosimetry), or the TSEE behind differently

filtered areas of the same detector surface, is to be read. For very high EE

rates, readout by ionization chambers and electrometers is simple and conve-

nient. We have, for example, used a simple electrometric device with a gold

collection plate over the heated sample and a vibrating reed electrometer

(Fig. 7) for TSEE current meausrements in the 10~llf to 10"10 A range (36).
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FIG. 7

Diagram of ORNL ionization chamber for the measurement of high TSEE rates.

Similar readers have been used by other investigators (37), and an advanced

reader of this type has been built for routine use (28). A block diagram of

the electronics for this reader is given in Fig. 8 and a sectional view of

*) Benedix Corp., Southfield, Michigan
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Block diagram of Texas Naclear ionization chamber TSEE reader (after 28).

the actual spring-loaded read-out instrument is shown in Fig. 9. The detectors

FIG. 9

Vertical cross-section.of the readout-system (after 28).

have a linear response up to about 1000 rad, with saturation occurring at *» 105

rad. The photon energy dependence of the BeO detectors was found to be flat

within + 7 % between 25 and 110 keV. There was no fading or sensitivity change

within at least one month at ambient temperature and humidity, and the standard

deviation for a group of detectors was found to be within ± 7 %.

As in TLD studies, a TSEE "glow-curve" (in addition to the integral count

between two temperatures) is usually recorded with an X-Y recorder in order to

detect instrument malfunctions, spurious signals (the peak of a tribo-signai



is frequently different from the radiation-induced signal), etc. There may be,

however, certain advantages in the use a multichannel and analyzer and

oscilloscope display of the TSEE curve instead (20,38,39). Digitization of

the curves for computer processing is simplified by an Elograph •*'

Applications

The main application of exoelectron dosimeters so far has been in areas

of research where their extremely thin effective sensitive layer offers new

possibilities for the precise measurement of short-range, low-energy types of

radiation. Experiments have been performed which would have been difficult,

if not impossible to carry out with other, volume-type of solid-state detectors.

For example, steep radiation gradients at interfaces can be measured with a

high spatial resolution (40). As an example for such an application, the re-

duction in the fast neutron induced recoil proton dose is given in Fig. 10 as

900 1000
ABSORBER THICKNESS <

FIG. 10

Response of a TSEE dosimeter to neutron-induced recoil protons from a thick
polyethylene radiator, for two neutron energies (Po/Be, 14 MeV) and varying
absorber (Teflon, Al) thickness between radiator and detector.

a function of the absorber thickness between hydrogenous radiator and detector.

Low-energy electrons such as tritium beta rays are also easily detectable

with a high sensitivity in the atmosphere, in solutions, and diffused into sur-

faces after certain precautions are applied (29). Fig. 11 illustrates that

only a few seconds of exposure oi" an uncovered TSEE detector to the maximum

permissible concentration of tritium in a gas are sufficient to produce a

*)Elographics Inc., Oak Ridge, Tennessee
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TSEE counts in <v 1 on2 of ceramic BeO after exposure for various times to the
maximum permissible concentration of *H in helium (the scattering of the data
points reflects uncertainties in the tritium exposure, not the accuracy of
the dosimeters - after 49).

substantial signal.

It has also been shown that short-range recoil protons from neutron-

exposed hydrogenous radiators can be measured with a high efficiency and a

surprisingly small neutron energy dependence (42). As fast neutron personnel

dosimetry is one of the more important unsolved problems in contemporary

health physics, this method has since been studied by several other groups

-f3,43,44,45).

The simplest way of making TSEE measurements in a mixed neutron and

gamma radiation field consists of covering the front face of one ceramic

BeO detector with a polyethylene layer as a hydrogenous radiator, while

that of a second detector is covered with a non-hydrogenous low-Z material

such as graphite or Teflon. The lower practicable neutron energy limit of

the system is estimated to be less than 10-50 keV. It can, in principle, be

extended to lower energies by covering a small fraction of the TSEE dosimeter

with a material such as LiF (TLD-100) or Lij-B^, whose constituents undergo

(n,oO reactions with the thermalized and backscattered neutrons from the

human body. By proper balancing the respective contributions of recoil and

albedo mechanism to the total measured TSEE signal, a smooth energy response

over a large part of the neutron spectrum can probably be obtained.



We recently studied in some detail the angular response of radiator-covered

flat TSEE detectors (46). As can be seen in Fig. 12, the sensitivity rapidly

FIG. 12

Directional response of a ceramic BeO disk TSEE dosimeter, covered with a thick
recoil proton radiator, for different neutron energies (the response to the
gamma radiation as determined by a Teflon-covered detector has been subtracted
from each reading).

drops when approaching or exceeding an angle of neutron incidence of 90°

(frontal exposure = 0°). This directional dependence becomes more pronounced

with decreasing neutron energy. A simple modification can reduce this unde-

sirable directioral response. The hydrogenous radiator is sandwiched between

two BeO disks. They are both evaluated by reading out the side facing the

radiator, and the differences between each detector reading and that of the

Teflon-covered one are embedded. As can be seen in Fig. 13, the resulting

Directional response of a composite TSEE fast neutron dosimeter consisting of
two detectors sandwiching a thick radiator.



fast neutron response becomes quite independent of the direction of neutron

incidence for higher neutron energies. The response ratio between the two de-

tectors obviously indicates whether the neutron exposure occurred from the

front or the back. A more precise determination of the direction of neutron

incidence is possible by using a cubical device with TSEE disks on all six

faces (47).

A TSEE fast neutron dosimeter can also be easily transformed into a "poor

man's fast neutron spectrometer" based on the strong neutron energy dependence

of the recoil proton range, and consequently of the radiator thickness which

is required to establish recoil proton equilibrium (46). With 14 MeV neutrons,

for example, more than 2 mm of polyethylene are required to establish maximum

recoil proton response, while only ̂  0.3 mm are necessary for the HPRR fission

spectrum (Fig. 14). If a sequence of radiators with different thicknesses is
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FIG. 14

Relative fast neutron response of TSEE dosimeters as a function of the thickness
of the polyethylene layer, for two neutron spectra (fission and 14 MeV).

placed between the detector and a non-hydrogenous medium, the shape of the re-

sulting curve indicates whether the neutrons are monoenergetic or not. A wide

energy distribution such as in the fission spectrum results in a less steep

rise. A modification of this method consists of an arrangement in which recoil

proton absorbers such as aluminum or Teflon foils of varying thicknesses are

placed between a thick recoil proton radiator and the detector.



With a pulse-counter for evaluation of the dosimeters, fast neutron.

doses as low as a few mrad can be measured. For high dose-level accident

dosimetry, an ionization chamber type TSEE counter had to be used. During

the 9th DOSAR Intercomparison Study (47) of neutron dosimeters, TSEE detectors

were used. Comparing TSEE readings with the averages of the readings of

three different dosimeter types as used by various other groups showed ex-

cellent agreement with the TSEE data in all but one neutron measurement behind

heavy shielding.

Ceramic BeO has been used in these experiments because it is a well-

studied, reproducible and sensitive TSEE material despite the fact that its

response to recoil protons amounts to only ^ 20-25 % of the gamma radiation

response, and other materials had been shown to exhibit less sensitivity

decrease for high-LET radiation (48). In particular, MgO has been reported

to e::hibit a neutron to gamma radiation response ratio of almost one if

covered with polyethylene (45). This was explained by direction displacement

and subsequent F-cent.er production in the MgO. Unfortunately, attempts at

ORNL to confirm this observation with a variety of MgO samples from different

sources'' have failed and the sensitivity of all MgO's was found to be very

poor.

Outlook

The general prognosis for exoelectron dosimetry fluctuates between cautious

optimism and mild despair. It is my experience that it is not yet a routinely

simple technique which can easily be transferred from lab to lab within a few

days, but demands expertize and patience from the investigator for good,

reliable results.

Although encouraging progress has been made at ORNL (49) in the use of

TSEE dosimeters in the personnel and environmental dosimetry of X- and gamma

radiation, it is somewhat questionable whether the relatively "young" exo-

electron dosimeters will be able to compete seriously in the foreseeable

future with the rather advanced commercial systems based on thermoluminescence

or radiophotoluminescence. This is partly due to some inherent problems with

TSEE, which is, as a surface effect, more susceptable to spurious "dirt effects"

*)Kanto MgO powder, fused by W. and C. Spicer Co., England; Kanto VII MgO Lat
406-A-5897 (see Rep. ORNL-4547); ORNL-TTA-5 MgO powder (see Rep. ORNL-2935);
and Mallinckrodt MgO Analyt. Reagent.



than the other volume-effect detectors. It is also related to the tremendous

amount of research and development effort which has already been invested in

these other techniques. Exoelectron dosimetry has, however, established it-

self at least as a valuable research tool. It can be expected to grow

further in importance during the years to come as it becomes known to a wider

audience, and its properties are better understood. No other known solid-

state dosimeter offers such a high radiation sensitivity in an essentially

two-dimensional sensitive volume.
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