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* ABSTRACT

" Be0 ceramic disks were evaluated for application as dosimeters
for both penetrating and non-penetrating radiation. Response to
penetrating radiation was measured as thermoluminescence (TL) and
to non-penetrating radiation as thermally stimulated exoelectron ;
emission (TSEE). Field experiments demonstrated that both TSEE and
TL responses from Be0 can monitor diverse radiation fields. Be0
disks in a passive dosimeter were found to be sensitive to a lower ;
exposure level of 100 pCi-day/liter of radon. The depth of the ]
more active exoelectron layer in BeO was found to be 4 um. A ;
second, less active, exoelectron layer extends to a depth of at

least 16 um.
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1. SUMMARY

Beryllium oxide disks were investigated as an environmental source
monitor and found to be suitable. The sensitivity of BeQ disks as passive
radon-222 dosimeter was evaluated as suitzble for detecting specified
levels of radon-222. The exoelectron layer in Bed was found to comsist
of a highly active outer surface layer ana a less active inmer layer. The
first layer extends 3 to 4 um into the surface and the second layer extends
beyond 16 um.

The thermal luminescence (TL) and thermally stimulated exoelectron
erission (TSEE) responses of the Be0 disks were calibrated with standardized
cobalt-60 and cesium-137 sources in the laboratory. Environmental expo-
sures were conducted in a field at varying distances from an envivronmental
pen contaminated with cesium-137 to simulate fallout. Both TL and TSEE
produced the expected response of exposure rates varying with distance,
with the TL response consistently above the TSCE response, and with the
TL-to-TSEE ratio not changing significantly with distance. This may be
explained by the changing energy distribution of the photon field and by
the geometric placement of the badges relative to the direction of the
photon flux.

The sensitivity of the radon-222 dosimeter to an applied chamber volt-
age was measured with a silicon diode detector. The effect of applied
voltage was found to be insignificant. Six berylliim oxide disks were
placed in the dosimeter to monitor the effects of various concentrations
of radon-222 and were found to have a minimum sensitivity of 100 picocurie/
liter for one-day exposure.

The depth of the exoelectron layer in Be0 was measured by bombarding
the 8e0 surface with monoenergetic alpha particles. The incident alpha
particles from an americium-241 source was moderated with helium at various
pressures to provide particles of several energies. The disks were exposed
to a constant total energy of incident alpha particles. The TSEE response
of exoelectrons/MeV of deposited particle energy decreased sharply at an
alpha particla energy of 2 MeV corresponding to a penetration depth of
4 ym and then remained relatively constant below this depth to a distance
of 16 um. The response of an active surface exoelectron layer coupled with
a less active inner layer will account for this observation.

Further experiments are needed to determine the effects of the photon
energv distribution with distance and of the geometrical arrangement of
the fadge relative to the photon flux for environmental monitoring. Design
char.ges capable of increasing the sensitivity of the radon dosimeter by a
factor of 2 to 5 should be investigated. Th2 depth of the inner exoelectron
layer should be measured more precisely. One possible method would be
irradiation from the vack side of a thin disk with high energy alpha
particles.
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2. INTRODUCTION

2.1 Background

Ceramic beryliium oxide disks are valuable for radiation dosimetry.
Irradiated BeQ disks will, upon heating, emit exoelectrons from a thin
surface region, or emit photons from with:: the Be0 bulk volume. The
first property is known as thermally stimulated exoelectron emission

(TSEE), and the second is known as thermoluminescexwe (TL). Non-penetrating

radiation, such as an alpha particle, deposits em:rgy in the surface region
of a solid; the TSEE response can monitor the exposure to this radiation.
Penetrating radiation, such as a gasma ray, ionizes the BeQ disk through
the entire volume and can be ronitored with TL. These properties form a
basis for developing a passive, solid state, integrating dosimeter which
ca: measure and discriminate between penetrating and non-penetrating
radiations.

The Health Physics Division at Oak Ridge Nationai Laboratory has an
ongoing program of research and evaluation of Be0 properties #hich are
suitable for dosimetric applications. Gasmage (5) has performed several
experiments with calibrated Be0 disks near an outdoor cesium-137 field
and found a substantial difference in the TL/TSEE ratio in the field tests
compared to the laboratory calibration (1.89 to 1.0). This high ratio
that was observed in the field required an explanation and was a basis for
current experiments. Gammage, Huskey, and Kerr (4) made an exploratory
study of Be0 disks for monitoring radon-222 and recommended that a passive
dosimeter be designed and tested for practical monitoring. As little is
known about how exoelectrons occur, the layer in_which the exoelectrons
originate has been believed to be less than 100 K deep (7). This depth
can be approximately measured using alpha particles of d1fferent energies.

2.2 Objectives and Method of Attack

The objectives of this study were to determine the depth of the exo-
electron layer and to evaluate Be0 disks for dosimetry in low energy phcton
fields and in a passive radon dosimeter. The method of attack begins with
3 calibration of th» BeQ disks to radiation from standardized cobalt-60
and cesium-137 sources. The Be0 disks are placed st various distances
from a cesium-137 field source and the TL and TSEE responses evaluated.

The passive radon-222 dosimeter employing six £20 disks was placed in 2
radon atmosphere and the sensitivity of the dosimeter determined. The
depth of the exoelectron layer for TSEE was measured with an americium-241
alpha source and with different helium pressures to vary the ' -ident alpha
particle energy.

) The results from the experiments were analyzed to obtain: (1) the
calibrated TL and TSEE responses of Be0 aisks, (2) the apparent TL and
TSEE exposure rates at each field position, (3) the TL/TSEE r~tio in the
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field compared to the calibrated source, (4) the optimum operating condi-
tions and sensitivity of the passive radon dusimeter, and (5) the depth
of the exoelectron layer in BeQ disks based on the TSEE response to dif-
ferent alpha particle energies. The conclusions and recommendations are
based on the resulcs obtained.

3. THEORY

Msimetry {s the measurement of exposure rates and total exposure to
different types of radiation. Radioactive sources ewit non-penetrati
radiation such as s\pha and beta particles and emit penetrating radia:?on
such as gasse rays. he activity of a source in curies is the r of
disintegrations per second in a one-gram mass Jivicded by 3.7 x 1010,
Radiation by charged particles is measured by the .nergy per particle
(MeV) and by the number of particles. Gasma photons are aeasyred by the
energy per photon quanta (MeV). Charged heavy particles travel only short
distances and are east)y stopped. Present instruments use jonization
effects in gases and solids to deterwine the energy of radiation and to
count the number of particles. Two examples are Geiger counters which
measure the fonfzation from particles traveling through 2 or from
photons and a semi-conductor diode which monitors the total amount of ion-
ization produced by charged particles and the nusber of increments as
produced by sach incident particle.

Beryllium oxide (Be0) interacts with radiation and traps electrons
and holes where fonization has occurred. After irradiation, the beryllium
oxide exhibits two effects when heated. Trapped electrons near the surface
leave as exoelectrons. This phenomenon is known as thermally stisulated
exoelectron emission. Trapped electrons in the bulk volume are released
and recombine with positive holes to emit photons. This is known as
thermoluminescence. Penetrating radiation affects the entire mass of 2
Be0 ceramic disk and hence, both the TL and TSEE responses. Non-penetra-
ting radfation deposits its energy near th~ surface of the disk. The TSEE
response can monitor this radiation provided the particles stop in a
surface active layer. As the depth of this layer of exoelertrons is not
weli known, applying the TSEE response to monitoring radiation requires
further investigation. Energy dependence of both TL and TSEE responses
have been reported with app.ecisble divergence noted at energies below
200 MeV (5). Alpha particles deposit most of their energies at a speci-
fied depth, losing energy at a constant rale to this point (8). This
property can be used to determine the exoelectron layer depth and an upper
1imit on the alpha particle energy to be monitored.

Beck (1) has reported that Compton scattaring of gasma radiation at
Targe distances lowers the gamms energy 10-15X and increases the spread
(dispersion) of the individual energies. Gammage (5) has reported that
the TL is enhanced over the TSEE at low energies. Thus, the ratio of TL-
to-TSEE cen be used to Jetermine the changing energy of the gamms radiatinn
at different distances from a source. In an nutdoor environment, natural
ground radiation and sky radiation are composed primerily of multiple
scattered Jow energy photons and may also affect dosimeter response.
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Another possible application of Be0 is the monitoring of activity
levels of radon-222 gas. Radon-222 decays by alpha emission (5.49 MeV).
The radon daughter products decay by both beta and alpha emission, alpha
oarticles being the primary emission (see Appendix 10.1 for the important
decay products). After sampling a radon atmosphere, the activity level
of radon-222 can be monit~red by measv.ing the activity of the radon-222
decay products after a time of five halt-lives of the daughter products.

4. APPARATUS AND ROCEDURE

137 60

4.1 Calibration of BeQ Disks with Cs and " Co

e oA

The 12.5-mm-diam, )1.5-m-thick Bel ceramic disks from Brush Seryllium
Co., Elmore, Ohio, were mounted in a Lucite rack housed in a light proof
ORNL film badge, six disks per Ladge. Twenty-four disks were exposed and
calibrated with cesium-137 and cobalt-60 for use in the subseguent field
experiments. Each badge was exposed to 20 mR of gamma radiation at a dis-
tance of 20 cm from the standard source - 110 sec expoﬂ’e time for a
0.10 mCi 60co source and 8 min:36 sec for a 0.022 mCi !3/Cs source. The
TL and TSEE responses were calibrated.
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The thermoluminescence analysis equipment consisted of a Radiation
Detection Co. 7LD Reader and an x-y recerder. The photomuitiplier voltage
was set at1100 V and the nitrogen gas flow at 2 ft3/hr. The horizontal
axis of the recorder was set at a constant speed of 1 cm/sec. The vercica!
axis monitors the change in voltage of the photomultiplier tube at a 50
W/ om sensitivity. tach disk is placed in a pan underneath the photomul-
tiplier tube and heated at a2 rate of 15 °c/sec. The TL response is plotted
Ly the recorder. As the peak maximum is passed, the heating is stopped
and the disk removed from the unit. This process is necessévy to reduce
fading of the TSEL peak reading which begins immediately after the TL.

The disk is allowed to cool to room temperature on a brass plate betore
placing it back into a badge.

After the analysis for TL, the disks are measured by a TSEE counter.
This apparatus has a thermocouple-controlled heating unit, a gas
flow counter, and an x-y plotter, as shown in Fig. 1.

The voltage upplied to the GM tube HV wire is 1400 V. A helium
(99.05%2) and isobutane (0.95%) mixture is fed to the counting chamber at
3 rate of 2 fti/hr. LEach disk is placed on the heating plate underneath
the counter and heated at a rate of 2°C/sec. Counting is started as the
temperature reaches 250°C and stopped at 450°C. The heating is continued
to 500°C, then stopped, and the apparatus is cooled down. The disk is
removed from the pan after the temperature has dropped below 275°C. The
integral TSEE count ic read from the ratemeter-scaler.

The process of exposing the badges t¢ 60Co and 15/Cs sources and
anaiyzing each exposed disk for TL and TSES was repeated three times to
gain statistical confidence in the results and to check reproducibility,
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4.2 137cs Contaminated Field Tes<

In this experiment, two badges (#1 and #4) were :tusoended horizontally
above the ground in the 0800 area at various distances petween the center
of the #: pen and the fence surrounding the 0800 area as shown in Fig. 2.
The two badges were taped to the inside surface of a plastic bag; five
ounces of silica gel granules were put into each plastic bag to prevent
moisture from reaching the surface of the disks. The bag was then heat
sealed and taped in an aluminum tray sc that the faces of the badges
coincided with rectangular hoies cut into the bottom of the tray as shown
in Fig. 3. A shaped sheet of lead foil was then taped abovs badge #1.

The basket containing the badges was then hooked o a steel cable
stretched between two pulleys mounted on top of two metal poles. One pole
was plarted on the far side of the pen and the other was planted outside
the ferce. The pottom of the basket was 1.5 meters above ground levei.
The basket wis suspended at six positions: over the pen, 2.1, 4.3, 8.5,
12.8, 17.1, and 23 meters from the cent2r of the pen to the edge of the
field. The basket was suspended for one hour over the pen and in the
2.1 and 4.3 meter positions. The basket was left overnight (15 hr) for
the 8.5 and the 12.8 meter positions, and over the weekend (65 hr) for the
17.% and 23 meter positions.

4,3 Passive Radon-222 Dosimeter

Evaluation of the radon dosimeter is a two-step process. The first
is & calibration and evaluation of the design geometry with a silicon
diode detector. The second step ‘nvolves exposing the Be0 disks in the
dosimeter to the radon-222. The passive dosimeter has a 4-in. air filter
with 2 metal plate on top and the collection area uncerneath as shown in
Fig. 4. The diode is covered with a 0.J15-in.-thick aluminized mylar film.
The aluminized side faces the radon chamber and is grounded to a high
voltage power supply. The dosimeter fits inside a giove box containing
23 1b of uranium ore. Radon-222 gas is released from the ore and accumu-
lates to an appreciable level over a period of 3-4 days. A sample con-
centration is monitored with a Lucas-Chamber (0.095 liters) and 2 Low
Level Radiation Counting System Model LLR-2. This instrument measures the
activity of the Radon-222 and the decay products over a period ¢cf time.

A sample is taken at the beginning and end of each set of measurements.

To measure the activity of the daughter products, the diode is biased
betweer 25 and 100 V. The signal produced by incident alpha particlcs
goes through a pre-amplifier and an amplifier into an ND-110 multi-channel
analyzer. This instrument counts the number of alpha particles over a
wide energy range and displays vhe output on an ND-41Q0 monitor or can
print the output on paper tape. The counts are usually timed over a
158-min interval by a stopwatch.

The voltage required for optimum operation results from a set of
measurements taken with the chamber nigh voltage ranging from 0 to 3000 vy.
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After setting each applied voltage, 15 min was all before counting the
diode output to allow the first daughter product, 0, to deposit on the
Mylar film. The recorded activity is a measure of the sensitivity and
efficiency of the design.

After the applied voltage was determined to have nregligible effect
using the silicon diode, the Bel) disks were placed ir. the dosimeter and
covered with aluminized Mylar film. A 300-V battery was connected across
the chasber - negative to the aluminized film and positive to the top
plate. The uranium ore was removed from the glove box. The dosimeter and
battery were placrd in the box containing radon-222 and a sample of the
atmosphere was tiken and counted using the Lucas chamber in the LLR-2.

The dosimeter was left overnight for a timed period, removed, and the TL
and TSEE response measured. The procedure was repeated for multiple mea-
surements. Radon-222 concentrations were measured at the end and beginning
of each timed exposure.

4.4 Measurement of Exoelectron Layer Depth

BeO disks were exposed to smericium-241 alpha particles of varying
energies. The energy of the 5.4 MeY alpha particle was attenuated by
varying the helium pressure between the americium source and tne Be( disks.
The equipernt for this experiment, shown in Fig. 5, consisted of a post
with a platform for the americium source, a moveable shield to control the
exposure time, and a series of collimators to restrict the width of the
alpha particle beam. The BeQ disk is held in a plastic tube which is
attached to the insije center of a metal beaker that covers the whole
apparatus.

To calibrate the equipment, a silicon diode was placed in the top of
the metal chamber. The total energy of 1000 incident alpha particles was
counted using the diode at different pressures cf helium. The time neces-
sary to achieve 3 count of 1000 particles was noted. Subsequent exposures
of Be0 disks were also for this same time and, hence, the sam: numoer of
events, After the disk had been placed inside the metal bﬂker, the beaker
was bolted to the metal plate and over the post with the 2#Am source. The
beaker was evacuated, refilled with the Felium, and re-evacuated. The
beaker was then filled with helium to the pressure appropriate to the par-
ticu;a{ test. The test was carried out by removing the shield from between
the 241am source and the target disk for a pre-calculated time. The beaker
was brought back to atmospheric pressure by venting. The BeQ disk was
analyzed on the TSEE counting 2quipment in the same manner as that described
in Sect. 4.1,

S et e S i, ORISR R AN NI v AR St VLR A S

i
»




—_—____,— Be?Y Disk

Steel Beaker

—_—

Moveab e
Snield

S Collimators

N

/
[

141

VI TIIIIIIIPU

I Americium-241 Source

Neoprene Seag} 2RI TTIT T TP TZ T T2 AT M:tal Plate

Vacuum Pump ‘-——_:i—_:J

MASSACHUSETTS INSTITUTE OF TECHNOLOGY
sCMUOLorcn!mCALgrmnccmucvnAch!

A
OAK RIDGE NATIONAL LABORATORY

To Pressure Gauge e—— He 1ium

APPARATUS FOR MEASURING
EXOELECTROM LAYER DEPTH

Vent

DRAWN BY FILE FIG,
JJP

DATE 'NO.
11-21-75 [EPS-X-220 5

s - — e

PRPUTaIeY



A

S IR EN

PR E A TP IR S

15

5. RESULTS
5.1 Calibration and Field Tests

The purpose of the calibration was to determine the TL and TSEE res-
ponse of each set of Be0O disks at 20 mR from a sta(lig’rdlzed source.
Exposures were then measured in the envi romnental Ci ;leld based on the
TL and TSEE sensitivities/mR in the standard 60Co and !3/Cs photon fluxes.
Two sources of gamma radiation, ®UCo (0.10 mCi) and 137Cs (0.022 nCi),
were used as standards. Each badge was exposed at least three times to
each exposure, and the TL and TSEE responses measured. The mean TL and
TSEE responses and their standard deviations were then g’lculated. These
results are presented in Table 1. The TL response to 13/Cs s enhanced
above the TL response to the same exposure from 60Co. The TSEE responses
from each source are equal within s’permental error. To quantify this
effect, tthTL-to-TSEE ratio for 13/Cs was compared to the TL-to-TSEE
ratio for “YCo with associated error limits and is shown in Fig. 6.

Table 1. Average Response of Badge:. Contauinwg Six BeQ Disks
to 20 mR from Calibrated 60Co and

TL (50co) 1 (V3¢s) TSEE (60co)  Tsee (137¢s)

Badge (mV) (mv) _(electrons)  (electrons)
1 260.9 + 31.0 295.7 + 23.5 12,455 + 1312 12,574 + 2510
2 252.9 + 15,9 298.3 + 15.4 14,318 + 1912 12,353 + 2922
k] 279.6 + 43.9 308.2 + 79.6 15,220 + 1955 15,894 + 2843
4 368.3 + 56.5 423.7 + 81.8 16,350 + 2521 16,094 + 3782

*
tach response is the mean value + one standard deviation.

After calibration the Be0 disks were exposed at various distances from
a cesium-137 field source under natural climatic conditions as described in
Sect. 4.2. This experiment was designed to measure the effect of a natural
radiation field on the TL and TSEE responses of the Be0 disks. One of the
two badges was covered with a lead shield to determine the effect of sky
radiation on the responses. The apparent exposure rate determined at var-
fous distances from the cesium-137 pen is presented in Fig. 7. The ratio
of TL to TSEE in the field was compared to the calibrated laboratory ratio
and is plotted as a function of distance in Fig. 8.
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5.2 Passive Radon-222 Dasimeter

The passive radon-222 dosimeter wnas assembled with a silicon diode
detector (surface area of 1.23 ) to determine an optimum chamber voltage
for the deposition of the radon-222 decay products. The silicon diode was
connected to a multi-channel analyzer which sorts the diode output into
127 charnels covering a range of alpha energies from 0 to 10 MeV. Each
channel coun‘s the number of alpha particles in a particular energy range.
The final channel output after 15 min is printed out on paper tape and the
total counts added. Increasing the bias voltage on the diode increases
the sensitivity to lower energy particles. The measurements with the
diode at different bias voltajes and at different voltages applied to the
chamber are shown in Fig. 9. These diode measurements result in a neg-
ligible effect of the applied chamber voltage to the alpha activity. Based
on this result and past work, a 300-V battery was applied to the dosimeter
for testing the BeQ disks and the results are showr in Fig. 10.

5.3 Exoelectron Layer Experiment

The amounts of energy associated with 1000 incident alpha particles
deposited in a diode movnted in place of the Be0 disk and the times required
for this deposition of alpha particles on the silicon detector are given in
Table 2.

Table 2. Calibration of Alpha Particie Energies to Helium Pressures

Helium Pressure Total Incident Alpha Erergy Time
(mm Hg) (Mev) (sec)

0 5.48 x 103 377.1

150 4.99 x 103 388.2

300 4.52 x 103 394.3

450 4.03 x 103 381.6

600 3.51 x 103 374.3

750 2.90 » 103 386.1

900 2.20 x 103 397.3

1056 1.18 x 103 393.8
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The total amount of energy absorbed by the diode at a particular helium
pressure is given by the total energy deposited in the diode at full vacuum,
multiplied by the ratio of the diode outputs at each helium pressure. The
exposure time of the disks is calculated from the data in Table 2 to expose
each disk to the same amoun’. of absorbed energy (see Appendix 10.2.4 for
sample calculation).

The TSEE responses of the exposed disks are presented in Fig. 11.
Disks 318 and 273 gave consistent results; however, disk 317, having very
erratic behavior, was deemed unrepresentative of BeQ disks and was not
included in the analysis.

A final experiment was made in which a BeQ disk was exposed to the
americium-241 alpha source with the back side of the disk facing the source.
The TSEE response from this experiment gave a negligible reading when mea-
sured from the froat side.

6. DISCUSSION OF RESULTS
6.1 Calibrations and Field Experiments

Calibration with a known source is necessary to evaluate the field
results. Two aspects of the calibration are discussed: the standard
deviation of the measurements and the divergence of the TL/TSEE response.
The standard deviation of the calibration measurements is about 10%. This
result is comparable to literature reports for standard devialions of
3-20% for groups of Be0 ceramic disks (2). Large variations in absolute
sensitivity of the disks need to be controlled to a smaller range for re-
duction in the standard deviations. This can be accomplished through
quality control in manufacturing the disks. The energy dependence of
TL and TSEE responses as shown in Fig. 12 explains the changing TL to TSEE
ratio (3). The TL response increases above the relative TSEE responses
as the photon energy decreases below 1.C MeV. The cesium-137 gamma photon
is 0.66 MeV which is far below the photon energy from cobalt-60 (1.17 and
1.32 MeV); the TL and TSEE responses from Fig. 12 give a TL-to-TSEE ratio
of 1.02. This ratio is also within the error 1imits of the TL-to-TSEE
ratio obtained in the field experiments as shown in Fig. 6. The expected
value (1.02) disagrees with the average of the fiel? satio (1.17) possibly
due to a lowering of the 0.66 MeV photon energy of '>/Cs by multiple scat-
tering in air,

The apparent field exposure S’te is presented as a function of the
distance of the badges from the 13/Cs source in Fig. 7. The apparent
ﬁ,osure rate is calculated from both TL and TSEE field responses ané the
Cs calibration results for both shielded and unshielded badges. One
badge was shielded to determine the effect of radiation from above the
badges on both TL and TSEE responses. Comparison shows no significant
difference between the exposures for the shielded and un-aielded badges.
The values for the above sky radiation are less than one mR/hr with an
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error of +1000%. The low confidence inherent in determining the effects
of sky radiation results from the small differences between relatively
large TL and TSEE values, both having large significant errors. Beck (1)
has calculated that the sky radiation should contripute about 10 to 15%
of the exposure rate at large distances (~30 meters) from a field source.
As only the upper portion of the badge was shielded, the lead shield may
not have been effective in eliminating all the sky radiation. Radiation
scattered and reflected from the ground has not been controlled and may
have consideratble effect. Thus no conclusion can be reached concerning
the effects of sky radiation.

The apparent exposure rate compares well with the qualitativel," ;x-
pected results. The first two positions are over the contaminated 13/Cs
pen, whereas the remainder lie progressively further away. A flat res-
ponse over the contaminated area was expected, followed by a decrease in
exposure proportional to the inverse square of the distance from the source.
The TL and TSEE responses of BeO placed over the pen is constant as shown
in Fig. 7. The linear portion beyond this has a slope of -2.5 that should
compare to an expected slope of -2 for the inverse square relationship. In
explanation, the badges face the ground at all locations as they were drawn
away from the pen. The area is thickly covered with tall weeds that may
moderate the photon flux. The rate measured by the TL response is consis-
tently higher than that measured by TSEE as shown by the TL/TSEE exposure
rates plotted in Fig. 8.

The high value of the ratio would imply a lowering photon energy field.
The errors assocfated with these ratios are too large for any definite con-
clusions to be drawn. The plot of TL to TSEE indicates that the field ratio
is consistently above the laboratory result and that it does not vary sig-
nificantly with distance, showing a fairly uniform photon energy spectrum.

The TL-to-TSEE ratio should show an enhancement due to a2 lower incident
photon energy different from the calibration responses such as shown in
Fig. 12. In a field environment, a high percentage of the photons reaching
distances a few meters from the source have lower energies due to Compton
scattering (1). Thus an increase in the TL response relative to the TSEE
response wouid be expected. In a field of gamma photons from cesium-137,
the photons are expected to have 5-10% lower energies at distances to 30
meters from the source (1). However, the TL-to-TSEE ratio can also be
affected by the geometry of the badge position relative to the source. In
the experiments conducted in the field, the badges are parallel to the
ground. Thus, the photons strike normal to the surface only when directly
over the Cs-137 pen. At larger distances, the photons strike at an angle
between 90° and 4° and change the TL and TSEE responses due to path length
in the surface and a smaller flux area.

Gammage (5) has monitored the same field at 3) meters with BeQ disks
normal to the Tncident radiation rather than parallel to the ground in the
presently described experiments. The TL to TSEE ratio from his results
was 1.89. His result and the ratios obtained from the current experiments
(1.17) indicate a strong directional dependence. Further experiments to
measure the distribution of the photon energy at different distances, as

e PCRL SR SR TR
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well as angular dependence measurements, should be performed to provide
precise analysis of the differences in the TL to TSEE ratios.

Any effect of geometry could be measured by conducting several experi-
ments in which the incident angle, 8, of the photon flux is controlled and
the total exposure kept constant. The TL and TSEE responses would respond
differently to changes in @ if geometry has an effect.

6.2 Passive Radon-222 Dosimeter

The silicon diode measurements with the radon-222 dosimeter were de-
signed to select the optimum chamber voltage for collection of radon decay
products on an aluminized Mylar film. The number of alpha pa-ticles counted
at a given radon concentration varies negligibly with applied chamber volt-
age as shown in Fig. 9. Previous work with different applied chamber volt-
ages on one and five-liter systems showsa greater initial effect below
500 V and negligible change at higher voltages. The initial voltage effect
not being present in the current design may be due to either the small size
of the chamber or the high velocity of the charged particles. The heavy
charged particles have a recoil energy of ?BOUt 100 keV. This energy cor-
responds to an initial energy of 1.6 x 10-'2 joules. As the plate spacing
in the dosimeter is 5 cm, the particle cannot travel much farther than
this distance before striking either the detector or a wall. The change
in particle energy that may result from the electrical field is equal to
the work required to move a doubly charged particle a distance, d, in an
electrical field, V/d, and is given by

-19

AE = W = Ze(%-)d = 26V = 2(1.6 x 10717 coulombs)(300 V)

(1)
17

9.6 x 107"’ joules

Hence, the electrical field will have a negligible effect on the motion of
the charged particle. Thus, the high initial energy of the particle is the
major reason for a negligible effect of voltage.

The concentration or activity of the radon-222 gas in the glove box is
measured with a Lucas chamber. TQ § chamber counts the number of alpha par-
ticles from the radon daughters, Po and 219Po. Five half lives (4.13 hr)
are required to reach 99% of equilibrium with the radon gas in the chamber.
The chamber counting technique is calibrated to give the radon activity
within 5%. The sample from the glove box is removed from the opposite end
of the box from which the passive dosimeter is placed and at the same height
as the dosimeter. The error in measuring the concentration and activity of
the radon gas may vary as much as 10-15% at high concentrations and up to
50% at very low concentrations (~1-100 pCi/liter).
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As the diode measurements show no change in sensitivity to the daughter
products at high chamber voltages, a 300-V battery was applied across the
chamber for testing the Be0 detectors in the dosimeter. The disks were
exposed for a measured time with the activity of the radon gas measured
initially after the dosimeter was placed in the box and immediately before
removing the dosimeter. Thus the radon level can be determined from each
individual measurement and the decay constant. The responses of the BeQ
disks in the dosimeter are shown in Fig. 13 for different radon activity
levels. The average response of the disks shows an increase in sensitivity
with increasing activity of radon; however, the large error associated with
each measurement could also indicate a constant sensitivity. Further
experiments are necessary to establish the sensitivity over wider ranges.
In Fig. 10 the time exposures of BeQ disks to radon-222 3ive exoelectron
counts for the sensitivity of the TSEE reader. For long-term monitoring
at low concentrations (0.1 - 4.0 pCi/liter) in homes (6), it would be
necessary to monitor for 100 to 300 days. This is near the lower sensi-
tivity of the BeQ disk. The sensitivity could possibly be improved by
changing the chamber size and shape, and by investigating an optimum design
for concentration of the daughter products onto the detector area. An
increase in sensitivity by a factor of 2 or 3 would be sufficient for prac-
tical long-term monitoring. The sensitivity of Be0 to radon-220 is suffi-
cient to justify further investigation into design improvements.

6.3 Measurement of Exoelectron Layer Depth

The purpose of this experiment was to determine the depth of the re-
gion near the surface of BeQ which emits exoelectrons after irradiation.
The reasoning behind the experiment is based on the manner in which the
energy of a particle is deposited as it progresses into the solid. The
rate of energy deposition by the particle is constant until the particle
is almost completely stopped at which point the rate increases to a maximum,
then decreases to zero. This maximum energy deposition is known as the
Bragg peak. If the energy of a particle is sufficient to place the Bragg
peak in the region past the TSEE active zone, the TSEE response per inci-
dent alpha particle will be constant with increasing energies. If the
particle energy is low enough such that the Bragg peak occurs within the
active region, the TSEE response increases with increasing energies. By
exposing a disk to alpha radiation of varying energies and constant total
energy, one can determine the alpha particle energy with which the TSEE
response increases dramatically (which will reflect the fact that the Bragg
peak has entered the active region). Once the critical alpha particle
energy is known, the depth of penetration of the alpha particle can be
calculated from data on the stopping powers of beryllium and oxygen as
shown in Fig. 14 (10).

The results of the experiment, as shown in Fig, 11, have two conclu-
sions, First, the sharp break occurring at the 1.8 MeV particle energy
demonstrates that the depth of the highly active TSEE layer in Be0 is
3-4 ym. This is significantly deeper (x 400) than has been predicted
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1100 R) (9). Second, the occurrence of a relatively constant response of
TSEE/MeV to increasing particle energies above 1.8 MeV (up to 5.49 MeV, the
maximum energy obtainable) is produced by a second, less active, TSEE layer
extending from 4 um to at least 16 um into Be0.

The second conclusion stems from an analysis of the rate of energy
deposition as a function of distance into the BeQ (10) (for the first 4 um
of Be0). The fractional amount of energy deposited in the h}ghly active,
first exoelectron layer decreases as the alpha particle energy increases
above 1.8 MeV (10). If only one exoelectron layer existed, the TSEE/MeV
response would continue to decrease after the Bragg peak had passed the
first layer. As the TSEE response does not decrease, the exoelectrons must
originate from a second deeper active layer. Since the amount of energy
deposited in the solid is constant, and tie amount of energy deposited in
the first layer decreases as the alpha particle energy increases, then, by
difference the fractional amount of energy deposited in this second layer
must increase. This would cause the TSEE response of the second layer to
increase as the alpha particle energy increases {assuming that the TSEE
response of the second lay:r does not depend on the depth of the Bragg
peak within the layer). A: shown in Fig. 15, calculations based on stop-
ping power of BeQ show that this is true. Thus the TSEE response per MeV
should be constant as the alpha energy increases.

The second exoelectron layer extends at least 16 um into the soiid.
From the experiment in which the Be0 disk was irradiated from the back side
and gave no response when analyzed from the front side, the second layer
does not extend through the solid, 1500 um. Further experiments wit..
higher energy alpha particles are necessary to find the actual depth of
this second TSEE active layer.

7. CONCLUSIONS

1. The beryllium oxide disks can be employed to monitor environmental
sources of cesium-137 by either TL or TSEE. A knowledge of the photon
energy flux is necessary to evaluate the TL-to-TSEE ratio.

2. Effects of sky radiation are negligible.

3. An applied chamber voltage has negligible effect on sensitivity
of a passive radon dosimeter.

4. Dosimeter is sensitive at a minimum level of 100 (pCi/liter)-day.

5. The primary exoelectron iayer in Be0 was measured experimentally
to be 3 to 4 um deep.

6. A second exoelectron layer was found that extends to a depth of
at least 16 u.
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8. RECOMMENDATIONS

1. Further experiments are required to measure the actual photon
energy tield and its effect on the TL-to-TSEE ratio and to show any effect
of angle of incidence of radiation on response.

2. Further investigation into an optimum design with larger chasber
volume is recommended to increase the sensitivity of the passive vadon-222
dosimeter for practical applications.

3. The secondary exoelectron layer should be measured to establish
total depth and to deterwine how electrons travel such large distances.
Irradiation from the back side using high energy alpha particles and
reading from the front side may accomplish this.

4. A quality control in manufacturing BeQ disks is needed to establish
uniform sensitivity for practical application.
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10.  APPENDIX

10.1 Radiation Sowrces

The decay particle of each of the experimental sources and their res-
pective energies are shown in Table 2.

Teble 3. Radiation Sources

Ene
Source Radiation (M?
Cobalt-60 8 0.314
\ | 1z, 133
Cesium-137 8" 9.514
Y 0.662
Americium-24) a 5.49
Radon-222 a 5.49
Important Decay Products: 2 oPo . 6.00

2M4py 37y 0.69, 0.79/0.29, 0.35
214g; 81y 2, 3.26/0.61, 1.12, .76
214po a 7.69

10.2 Sample Calculations

10.2.1 Calibration of BeC Disks

To calibrate the Be0 disks, they were divided into four groups of six
disks each, one badge consisting of six disaéo Thes 9adges were then
exposed at least three times to 20 mR from and '37Cs” (6 exposures).

The resulting TL and TSEE responses of each disk were measured. The average,
shown in Table 4, and standar2 deviation were computed as follows:
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Table 4. Calibration ot Be0 Disks to 50Co (20 mR)

Disk L (W) TL (wV L {aV
E317 237 263 213
£295 246 235 241
E272 284 23 234
£273 245 258 254
£281 250 244 249
£318 25 276 276

The average is 253.

The standard deviation is found from

(xi < -)2
S = T - 16.0

The TSEE/TL ratios ueressalculated from the average TL and TSEE responses.
For badge 2 exposed to “UCo this ratio was

TSEE | 1432 | . .

This ratio is compared to the ratio for 137Cs.

(TSEE,
7600 | 56.6 . 4 4
( ) m ’
U R

For an error analysis in calibration, consider a function (y) of several
experimental variables:

y = flxg %, ..0) (2)
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The variance in computing y is given by

(ay)? = & A2 2, . (3)

ax]) Ax] + (

where 4x; and 4y are the standard deviations associated with x and y. After
the standard deviation is found from Eq. (3), all subsequent errors in ratios
are found with the expression. If

w = n/y2
then
i = G a s % af = " 4 - T ]
2,1 | 3
= (‘TF' 2
7y Y2

For the TSEE/TL ratio (badge 2, 0co),

| 1432 ayy = 1913
y, = 253 by, = 16.0
w = 56,6
> 2 2 2
(aw)° = U137, (56.6) (16.0) . 575412.8 = 70.0
(253) (253)
aw = 8.4

This general procedure was used to compute the error of all quotients.

10.2.2 Cesium=-137 Field Experiment

The apparent exposure rate in the field was determined as follows:

4
g
3




field response k
\Yab response 120 wR

1me exposed

For example, for badge 1, exposed & hr, the ave m TL response was 54C.6
+5.4m¥, From the laboratory calibration with s the response to 20 mR
was 295.7 + 3.49 V. Then the apparent exposure rate iz

20 mR)
m( 9.1 mi/hr

& hr *

The same method applies to TSEE response.
The error can be calculated as in Eq. (3). The TL/TSEE responmse ratio
is calculated as follows:

apparent TL exposure = ;g'f-‘,(zo) = 36.6 mR
apparent TSEE exposure = |9i9r:H{20) = 30.8 R

19,061.7 and 12,374.9 are average responses from data minus 200 for back-
ground counts.

apparent TL response  _ 36.6 _ , 44
apparert JSEE response 30.8 ’

10.2.3 Lucas_Chamber Counting for Radon-222

A Lucas chamber measures the activity level of radon-222. The chamber
gives an output of alpha counts per minute from a volume of 0.095 liters.
This can be changed to an activity level, A., in pCi/liter by:

_ alpha counts/min 1 _radon disintegrationyr_100 pCi/% 1r1 min
= [ efficiency)({chamber volume I 2 alpha particles ][3. dis/sec][aﬁ sec:l

For a count of 1500 alphas/min and an efficiency of 0.885 counts/alpha, the
activity of the radon gas is:

m]( )(]00)(36) = 4018 pCi/liter

ow ol I
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10.2.4 Exposure Levels to Radon

The exposure level, E,, of radon is the exposure over a3 period of time
to given concentrations of radon. If an initial concentration, C_, is
present, the activity will decrease with time as determined by th deray
constant for radon:

t
E, = } Coetat = ¢, K1-eY (4)
o

The decay constant, X, s 2.094 x 107 sec”!. For an initial radon activity
concentra%ign of 3150 pCi/liter and an exposure time of 19.67 hr, the expo-
sure level is:

1 -(2.094 x 10-6)(70,812)
E, = 3150 1-
t [2.094 x lo"][ ¢ )

= 2.073 x 108(pCi/1iter)-sec = 2399 (pCi/1iter)-day

10.2.5 Exoelectron Layer Depth

Alpha particle energy at various helium pressures was measurcod experi-
mentally and reported in Table 2. A correlation of depth of penetration in
BeO to alpha particle energy was provided by Thorngate (10) and is shown in
Fig. 14. The only calculation necessary to determine the depth of the exo-
e}ectron layer was determination of exposure time for constant deposition
of energy.

The alpha particle energy is determined from the analyzed diode response
in m¥, D. This response as a function of energy is described by the line
D = 36.12 (energy) + 2.304

At the 750 mm heljum pressure, the response of the diode was 107 which gives
an energy of

107 - 2.304 2.898 MeV

The experiment on alpha particle energy also gave the time for 1000
alpha particles to reach the detector. Hence, the time for a constant total
energy deposition is found as
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e ( total ene ited )M rticles )(area of diode)
avg mrgy?a‘iii’a particle lsec“am of diode)’ ‘area of disk -

At 750 sm Hg of helium pressure, the average energy per alpha particle is
2.998 MeV/particle, and the time is 386 sec for 1000 alpha particles te
deposit. The area ratio of diode to disk is 2.11. For 15,000 MeV tc be
deposited, the time required is

2 598 WeV/a Iﬁl P‘l‘{‘C'C

10.3 Location of Original Data

= 4216 sec

The origina) data can be found in ORNL Databook A-7549-G, pp. 1-56 on
file at the RIT School of Chemical Engineering Practice, B1dg. 3001, ORNL.
Al original TL and TSEE recordings are bound and labeled in a notebook in
the possession of R.B. Gasmage.

10.4 Nomenclature

area of plates in raton dosimeter, cm?
activity level of radon-222, pCi/liter

diode output for exoelectron calibration, mV

QO?)

distance between plates, cm

charge on an electron

m o
"~

exposure level to radon-222, pCi/lite--day
initial concentration of radon gas

time, sec

<ﬂ;’

applied chamber voltage, V
decay constant = 2.094 x 10-6 sec-! for radon-222

P4

) angle of incident gasma photons, degrees
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