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ABSTRACT 

BeO ceramic disks were evaluated for application as dosimeters 
for both penetrating and non-penetrating radiat ion. 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 BeO can monitor diverse radiation f ie lds . BeO 
disks in a passive dosimeter were found to be sensitive to a lower 
exposure level of 100 pCi-day/ l i ter of radon. The depth of the 
more active exoelectron layer in BeO was found to be 4 um. A 
second, less act ive, exoelectron layer extends to a depth of at 
least 16 urn. 
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1 . SUMHARY 

Beryllium oxide disks were Investigated as an environmental source 
•onltor and found to be suitable. The sensitivity of BeO disks as passive 
radon-222 dosimeter was evaluated as suitable for detecting specified 
levels of radon-222. The exoelectron layer In BeO was found to consist 
of a highly active outer surface layer ana a less active Inner layer. The 
f i rs t layer extends 3 to 4 urn Into the surface and the second layer extends 
beyond 16 urn. 

The thermal luminescence (TL) and thermally stimulated exoelectron 
emission (TSEE) responses of the BeO disks were calibrated with standardized 
cobalt-60 and cesium-137 sources In the laboratory. Environmental expo­
sures were conducted in a f ield at varying distances from an environmental 
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 f ield 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 beryllium 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/ 
l i t e r for one-day exposure. 

The depth of the exoelectron layer in BeO was measured by bombarding 
the BeO 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 particle energy of 2 MeV corresponding to a penetration depth of 
4 um and then remained relatively constant below this depth to a distance 
of 16 m. The response of an active surface exoelectron layer coupled with 
a less active inner layer wil l account for this observation. 

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

2.1 Background 

Ceramic beryl Hum oxide disks are valuable for radiation dosimetry. 
Irradiated BeO disks wi l l , upon heating, emit exoelectrons fro* a thin 
surface region, or emit photons fro* wltMr. the BeO bulk vol use. The 
first property 1s known as theraally stimulated exoelectron Mission 
(TSEE), and the second 1s known as thermo1u»inesce>ice (TL). Non-penetrating 
radiation, such as an alpha particle, deposits energy In the surface region 
of a solid; the TSEE response can Monitor the exposure to this radiation. 
Penetrating radiation, such as a gamma ray. Ionizes the BeO disk through 
the entire voluse and can be monitored with TL. These properties fore a 
basis for developing a passive, solid state. Integrating dosimeter which 
can Measure and discriminate between penetrating and non-penetrating 
radiations. 

The Health Physics Division at Oak Ridge National Laboratory has an 
ongoing program of research and evaluation of BeO properties «h1ch are 
suitable for dosimetric applications. CM—age (5) has performed several 
experiments with calibrated BeO 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 BeO d*sks for monitoring radon-222 and recommended that a passive 
dosimeter be designed and tested for practical monitoring. As l i t t le Is 
known about how exoelectrons occur, the layer In which the exoelectrons 
originate has been believed to be less than 100 A deep (7). This depth 
can be approximately Measured using alpha particles of different 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 BeO disks for dosimetry In low energy photon 
fields and In a passive radon dosimeter. The method of attack begins with 
a calibration of tto» BeO disks to radiation from standardized cobalt-60 
and cesium-137 sources. The BeO disks are placed at various distances 
from a cesium-137 field source and the TL and TSEE responses evaluated. 
The passive radon-222 dosimeter employing six fjO disks was placed In a 
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 :1dent alpha 
particle energy. 

The results from the experiments were analyzed to obtain: (1) the 
calibrated TL and TSEE responses of BeO disks, (2) the apparent TL and 
TSEE exposure rates at each field position, (3) the TL/TSEE m i o In the 
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field compared to the calibrated source, (4) the optimum operating condi­
tions and sensitivity of the passive radon dosimeter, and (5) the depth 
of the exoelectron layer in BeO disks based on the TSEE response to dif­
ferent alpha particle energies. The conclusions and recommendations are 
based on the results obtained. 

3. THEORY 

Dosimetry Is the aeasureaent of exposure rates and total exposure to 
different types of radiation. Radioactive sources emit non-penetrating 
radiation such as *lpha and beta particles and ealt penetrating radiation 
such as gaaaa rays, fhe activity of a source <n curies Is the number of 
disintegrations per second in a one-gran aass Jivir>d by 3.7 x lO™. 
Radiation by charged particles Is Measured by the energy per particle 
(HeV) and by the nuaber of particles. Gamma photons are Measured by the 
energy per photon quanta (NeV). Charged heavy particles travel only short 
distances and are easily stopped. Present instruments use ionization 
effects in gases and solids to determine the energy of radiation and to 
count the nuaber of particles. Two exaaples are Geiger counters which 
aeasure the ionization froa particles traveling through a gas or froa 
photons and a seal •conductor diode which Monitors the total aaount of ion­
ization produced by charged particles and the nuaber of increaents as 
produced by each Incident particle. 

Beryllium oxide (BeO) interacts with radiation and traps electrons 
and holes where ionization has occurred. After irradiation, the beryllium 
oxide exhibits two effects when heated. Trapped electrons near the surface 
leave as exotlectrons. This phenoaenon is known as theraally stimulated 
exoelectron emission. Trapped electrons 1n the bulk voluae trt released 
and recoablne with positive holes to eait photons. This is known as 
theraolumlnescence. Penetrating radiation affects the entire aass of a 
BeO ceramic disk and hence, both the Tl and TSEE responses. Non-penetra­
ting radiation deposits Its energy near tl:» 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 exoelectrons is not 
well known, applying the TSEE response to Monitoring radiation requires 
further investigation. Energy dependence of both TL and TSEE responses 
have been reported with epp/eclable divergence noted at energies below 
200 HeV (5). Alpha particles deposit nost of their energies at a speci­
fied depth, losing energy at a constant rate to this point (8). This 
property can be used to deteraine the exoelectron layer depth' and an upper 
Halt on the alpha particle energy to be Monitored. 

Beck (1J has reported that Coapton scattering of gaama radiation at 
large distances lowers the gaaaa energy 10-15X and increases the spread 
(dispersion) of the Individual energies. Gaaaage (5) has reported that 
the TL Is enhanced over the TSEE at low energies. Thus, the ratio of TL-
to-TSEE can be used to deteraine the changing energy of the gaaaa radiation 
at different distances from a source. In an outdoor envlronaent, n»tura^ 
ground radiation and sky radiation »rt coaposed primarily of multiple 
s™tt#>ned low energy photons and may also affect dosimeter response. 



Another possible application of 3e0 is the Monitoring of activity 
levels of radon-222 gas. Radon-222 decays by alpha emission (5.49 NeV). 
The radon daughter products decay by both beta and alpha emission, alpha 
©articles 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 monitrred by meast.ing the activity of the radon-222 
decay products after a time of five halt-lives of the daughter products. 

4. APPARATUS AND PROCEDURE 

4.1 Calibration of BeO Disks with 1 3 7 Cs and ^Co | 

'•* 
The 12.5-*m-diam, 1.5-mc-thick BeO ceramic disks from Brush Beryllium I 

Co., Elmore, Ohio, were mounted in a Lucite rack housed in a light proof | 
ORNL film badge, six disks per badge. Twenty-four disks were exposed and ^ 
calibrated with cesium-137 and cobalt-60 for use in the subsequent field I 
experiments. Each badge was exposed to 20 mR of gamma radiation at a dis- 1 
tance of 20 cm from the standard source - 110 sec exposure time for a § 
0.10 mCi 60co source and 8 min:36 sec for a 0.022 mCi 1 3 7 Cs source. The 
TL and TSEE responses were calibrated. 

The thermoluminescence analysis equipment consisted of a Radiation 
Detection Co. "ID Reader and an x-y recorder. The photomuitiplier voltage 
was set at 1100 V and the nitrogen gas flow at 2 f t 3 / h r . The horizontal 
axis of the recorder was set at a constant speed of 1 cm/sec. The vertical 
axis monitors the change in voltage of the photomuitiplier tube at a 50 
mV/cm sensitivity. Each disk is placed in a pan underneath the photomul-
t ipl ier tube and heated at a rate of 15 3C/sec. The TL response is plotted 
by the recorder. As the peak maximum is passed, the heating is stopped 
and the disk removed from the unit. This process is necessity to reduce 
fading of the TSEE peak reading which begins immediately after the TL. 
The disk is allowed to cool to room temperature on a brass plate before f 

placing i t 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, a.id an x-y plotter, as shown in Fig. 1. 

The voltage jpplied to the GH tube HV wire is 1400 V. A he H U P 
(99.05%) and isobutane (0.95%) mixture is fed to the counting chamber at 
a rate of 2 f t* /hr . Each 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 i 
removed from the pan after the temperature has dropped below 275°€. The 
integral TSEE count is read from the ratemeter-scaler. 

The process of exposing the badges tc 6^Co and ^^Cs sources and 
<tnaiyz1ng each exposed disk for TL and TSEC was repeated three times to 
gain statistical confidence in the results anJ te check reproducibility. 

' # ! * * . ••*• . « * • / • ' 6 - i * * • » ' * - * * * - " • * • * . -**•• 
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4.2 1 3 7 C s Contaminated Field Test 

In this experiment, two badges (*1 and #4} were suspended horizontal ly 
above the ground in the 0800 area at various distances Detween the center 
of the #2 pen and the fence surrounding the 0800 area as shown in F ig . 2 . 
The two badges were taped to the inside surface of a plast ic bag; f i v e 
ounces of s i l i c a gel granules were put into each plast ic bag to prevent 
moisture from reaching the surface of the disks. The bag was ther\ heat 
sealed and taped in an aluminum tray so that the faces of the badges ~i 
coincided with rectangular holes cut into the bottom of the tray as shown .-f 
in F ig. 3. A shaped sheet of lead f o i l was then taped above badge # 1 . | 

The basket containing the badges was then hooked or> a steel cable 
stretched between two pulleys mounted on top of two metal poles. One pole * 
was planted on the far side of the pen and the other was planted outside ; 
the fence. The Dot torn of the basket was 1.5 meters above ground l e v e l . | 
The basket wis suspended at six positions: over the pen, 2 . 1 , 4 . 3 , 8 . 5 , ••* 
12.8 , 1 7 . 1 , and 23 meters from the center o f the pen to the edge of the 
f i e l d . The basket was suspended for one hour over the pen and in the ,. 
2.1 and 4.3 meter positions. The basket was l e f t overnight (15 hr) for * 
the 8.5 and the 12.8 meter posit ions, and over the weekend (65 hr) for the 
17.1 and 23 meter positions. 

4.3 Passive Radon-222 Dosimeter 

Evaluation of the radon dosimeter is a two-step process. The f i r s t 
is a cal ibrat ion and evaluation of the design geometry with a s i l icon 
diode detector. The second step 'nvolves exposing the BeO disks in the 
dosimeter to the radon-222. The passive dosimeter has a 4 - i n . a i r f i l t e r 
with a metal plate on top and the col lect ion area underneath as shown in 
Fig. 4. The diode is covered with a 0 .015- in . - th ick aluminized mylar f i l m . 
The aluminized side faces the radon chamber and is grounded to a high 
voltage power supply. The dosimeter f i t s inside a glove box containing 
23 lb 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 l i t e r s ) and a Low 
Level Radiation Counting System Model LLR-2. This instrument measures the 
ac t iv i ty of the Radon-222 and the decay products over a period c f t ime. 
A sample is taken a t the beginning and end of each set of measurements. 
To measure the a c t i v i t y of the daughter products, the diode i s biased 
between 25 and 100 V. The signal produced by incident alpha part ic les 
goes through a pre-amplif ier and an amplifie» into an ND-110 multi-channel 
analyzer. This instrument counts the number of alpha part ic les over a 
wide energy range and displays the output on an ND-410 monitor or can 
pr int the output on paper tape. The counts are usually timed over a ^ 
15-min interval by a stopwatch. .4 

The voltage required for optimum operation results from a set of * 
measurements taken with the chamber high voltage ranging from 0 to 3000 V- ? 

1 
. ^J f i . ( | - jM* ...<= A : * . . " * * .• *..!,: , - - - * t ^ *^ - - * * .„*<-" "fM. '••••' VHte'V =*-•' •&&•** .,."-. w H ' * > * ! ' ' "[ I "»' H H _ WW H ' l l l » t t J i H > I ip W 
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After setting each applied voltage, 15 mln was allowed before counting the 
diode output to allow the f i rst daughter product, 2«8p 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 negligible effect 
using the silicon diode, the BeO disks were placed ir. the dosimeter and 
covered with aluorinized Mylar fi lm. A 300-V battery was connected across 
the chamber - negative to the alumir.lzed film and positive to the top 
plate. The uranium ore was removed from the glove box. The dosimeter and 
battery were placed in the box containing radon-222 and a sample of the 
atmosphere was tjken and counted using the Lucas chamber in the LLR-2. 
The dosimeter was lef t overnight for a timed period, removed, and the TL 
and TSEE response measured. The procedure was repeated for multiple mea­
surements. Aadon-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 americium-24l alpha particles of varying 
energies. The energy of the 5.4 MeV alpha particle was attenuated by 
varying the helium pressure between the americium source and tne BeO disks. 
The equiprr.-nt 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 BeO disk is held in a plastic tube which is 
attached to the inside 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 a count of 1000 particles was noted. Subsequent exposures 
of BeO disks were also for this same time and, hence, the same num>er of 
events. After the disk had been placed inside the metal beaker, the beaker 
was bolted to the metal plate and over the post with the 2 4'Am source. The 
beaker was evacuated, ref i l led with the helium, and re-evacuated. The 
beaker was then f i l led with helium to the pressure appropriate to the par­
ticular 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 BeO disk was 
analyzed on the TSEE counting equipment in the same manner as that described 
in Sect. 4 .1 . 



Steel Beaker 

Neoprene Sea 

Vacuum Pump 

Be? Disk 

Collimators 

Metal Plate 

To Pressure Gauge 

MASSACHUSETTS IMSTITUTI OF TICHNOIOGY 
SCHOOL OF CHEMICAL ENGINEERING PHACTiCE 

AT 
OAK RIDCE NATIONAL LABORATORY 

APPARATUS FOR MEASURING 
EXOELECTROf! LAYER DEPTH 

DATE 
11-21-75 

DRAWN BY FILE NO. JJP :EPS-X-220 FIG. 



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 BeO disks at 20 «R from a standardized source. 
Exposures were then measured in the environmental '3'Cs f ield based on the 
TL and TSEE sensitivities/mR in the standard fi0Co and '3'Cs photon fluxes. 
Two sources of gamma radiation, w C o (0.10 mCi) and 1 3 7 Cs (0.022 mCi), 
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 calculated. These 
results are presented in Table 1. The TL response to ^7c s is enhanced 
above the TL response to the same exposure from 6°Co. The TSEE responses 
from each source are equal within experimental error. To quantify this 
effect, the TL-to-TSEE ratio for 1 3 7 Cs was compared to the TL-to-TSEE 
ratio for 6°Co with associated error limits and is shown in Fig. 6. 

Table 1 . Average Response of Badges* Containing Six BeO Disks 
to 20 mR from Calibrated fi0Co and 1 3 7 Cs 

Badge 
TL (^Co) 

(mV) 
TL ( 1 3 7 Cs) 

(mV) 
TSEE (60Co) 
(electrons) 

12,455 + 1312 

TSEE ( 1 3 7 Cs) 
(electrons) 

1 260.9 +31.0 295.7 + 23.5 

TSEE (60Co) 
(electrons) 

12,455 + 1312 12,574 + 2510 

2 252.9 + 15.9 298.3 + 19.4 14,318 + 1912 12,353 + 2922 

3 279.6 + 43.9 308.2 + ^9.6 15,220 + 1955 15,894 + 2843 

4 368.3 +56.5 423.7 +81.8 16,350 + 2521 16,094 l 3782 

* 
Each response is the mean value +_ one standard deviation. 

After calibration the BeO 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 BeO 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
ious distances from the ceslum-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 fedon-222 Dosimeter 

The passive radon-222 dosimeter *JS assembled with a silicon diode 
detector (surface area of 1.23 cm2) 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 channels covering a range of alpha energies from 0 to 10 HeV. Each 
channel counts the number of alpha particles in a particular energy range. 
The final channel output after 15 *in is printed out on paper tape and the 
total counts added. Increasing the bias voltage on die diode increases 
the sensitivity to lower energy particles. The measurements with the 
diode at different bias voltages 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 BeO disks and the results are shown in Fig. 10. 

5.3 Exoelectron Layer Experiment 

The amounts of energy associated with 1000 incident alpha particles 
deposited in a diode mointed in place of the BeO 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 Partlcie Energies to Keliin Pressures 

urn Pressure 
(mm Hg) 

Total Incident Alpha Energy 
(MeV) 

Time 
(sec) 

0̂ 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 x 103 386.1 

900 2.20 x 103 397.3 

1050 1.18 x 103 393.8 
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The total aaount of energy absorbed by the diode at a particular heliun 
pressure *s given by the total energy deposited in the diode at full vacuun, 
Multiplied by the ratio of the diode outputs at each heliun pressure. The 
exposure tine of the disks is calculated fron the data in Table 2 to expose 
each disk to the sane amoun': of absorbed energy (see Appendix 10.2.4 for 
sanple 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 BeO disks and was not 
included in the analysis. 

A final experiment was made in which a BeO disk was exposed to the 
anericiun-241 alpha source with the back side of the disk facing the source. 
The TSEE response fron this experinent gave a negligible reading when mea­
sured fro* the front 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 102. This 
result is comparable to literature reports for standard deviations of 
3*201 for groups of BeO 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 l.G HeV. The cesium-137 gamma photon 
Is 0.66 HeV which Is far below the photon energy from cobalt-60 (1.17 and 
1.32 HeV); the TL and TSEE responses from Fig. 12 give a TL-to-TSEE ratio 
of 1.02. This ratio Is also within the error limits 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 field ratio (1.17) possibly 
due to a lowering of the 0.66 HeV photon energy of 1 3 7Cs by multiple scat­
tering In air. 

The apparent field exposure rate is presented as a function of the 
distance of the badges from the 1 3 7Cs sourct In Fig. 7. The apparent 
Wosure rate is calculated from both TL and TSEE field responses and the 

Cs calibration results for both shielded and unshielded badges. One 
badge was shielded to determine the effect of radiation fron above the 
badges on both TL and TSEE responses. Comparison shows no significant 
difference between the exposures for the shielded and unfileIded badges. 
The values for the above sky radiation are less than one mR/hr with M 
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error of +1000%. The low confidence Inherent in detenrining the effects 
of sky radelation results from the small differences between relatively 
large TL and TSEE values, both having large significant errors. Beck []) 
has calculated that the sky radiation should contribute about 10 to 152 
of the exposure rate at large distances (-̂ 30 meters) from a f ield source. 
As only the upper portion of the badge was shielded, the lead shield may 
not have been effective in eliminating a l l the sky radiation. Radiation 
scattered and reflected from the ground has not been controlled and nay 
have considerable effect. Thus no conclusion can be reached concerning 
the effects of sky radiation. 

The apparent exposure rate compares well with the qualitatively ex­
pected results. The f i rs t two positions are over the contaminated ' 3 'Cs 
pen, whereas the remainder l i e progressively further away. A f la t 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 a l l locations as they were drawn 
away from the pen. The area is thickly covered with ta l l weeds that may 
moderate the photon flux. The rate measured by the TL response 1s 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 f ie ld. 
The errors associated with these ratios are too large for any definite con­
clusions to be drawn. The plot of TL to TSEE Indicates that the f ie ld ratio 
is consistently above the laboratory result and that i t does not vary sig­
nificantly with distance, showing a fair ly uniform photon energy spectrum. 

The TL-to-TSEE ratio should show an enhancement due to a lower incident 
photon energy different from the calibration responses such as shown In 
Fig. 12. In a f ield 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 would be expected. In a field of gamma photons from cesium-137, 
the photons art expected to have 5-10% lower energies at distances to 30 
meters from the source (X). 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 f ie ld , 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 30 meters with BeO disks 
normal to the Incident 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 
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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, 0, of the photon flux is controlled and 
the total exposure kept constant. The TL and TSEE responses would respond 
differently to changes in 0 i f 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 particles 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 shows a 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 about 100 keV. This energy cor­
responds to an initial energy of 1.6 x 10"' 3 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 

AE = W = 2e(J)d = 2 eV = 2(1.6 x 10" 1 9 coulombs)(300 V) 
(1) 

= 9.6 x 10" 1 7 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. This chamber counts the number of alpha par­
ticles from the radon daughters, z , 8 Po and 214p0. 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 1n 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 M-100 pCi/Hter). 
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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 BeO detectors in the dosimeter. The disks were 
exposed for a measured time with the activity of the radon gss 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 BeO 
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 BeO disks to radon-222 give 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 BeO 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 BeO to radon-22C 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 BeO which emits exoelectronsafter 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 (!£). 

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 BeO is 
3-4 pm. This is significantly deeper (x 400) than has been predicted 
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(-vlOO A) (9) . Second, the occurrence of a relatively constant response of 
TSEE/MeV to increasing particle energies above 1.8 NeV (up to 5.49 MeV, the 
maximum energy obtainable) is produced by a second, less active, TSEE layer 
extending from 4 urn to at least 16 urn into BeO. 

The second conclusion stems from an analysis of the rate of energy 
deposition as a function of distance into the BeO (10) (for the f i rs t 4 ym 
of BeO). The fractional amount of energy depositedTn the highly active, 
f i rs t exoelectron layer decreases as the alpha particle energy increases 
above 1.8 MeV (10). I f only one exoelectron layer existed, the TSEE/MeV 
response would continue to decrease after the Bragg peak had passed the 
f i rs t 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 t ie amount of energy deposited in 
the f i rs t 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 layer does not depend on the depth of the Bragg 
peak within the layer). At. shown in Fig. 15, calculations based on stop­
ping power of BeO 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 urn into the solid. 
From the experiment in which the BeO disk was irradiated from the back side 
and gave no response when analyzed from the front side, the second 'ayer 
does not extend through the solid, 1500 pm. 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/1iter)-day. 

5. The primary exoelectron layer in BeO 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 
I 

1 . Further experiments are required to Measure the actual photon | 
energy f ield and its effect on the TL-to-TSEE ratio and to show any effect j 
of angle of incidence of radiation on response. 

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

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

4. A quality control in Manufacturing BeO disks is needed to establish 
unifora sensitivity for practical application. 
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lo. APPENOU 

10.1 Radiation Sources 

The decay particle of each of the experiaenUl sources and their res­pective energies are shown 1n Table 2. 

Table 3. Radiation Sources 

Source Radiation 

r 

Energy 
(WiVf 

Cobalt-60 

Radiation 

r 0.314 

t 117, 133 

Cesiu»-137 8" 0.514 

0.662 

Aaericiu»-241 a 5.49 

Redon-222 a 5.49 

Important Decay Products: 2 1 8 K O a 6.00 

21«Pb &"/y 0.69, 0.79/0.29, 0.35 

21*81 e"/> 2. 3.26/0.61, 1.12, 1.76 

21«Po a 7.69 

10.2 Sample Calculations 

10.2.1 Calibration of BeO Disks 
To calibrate the BeO disks, they were divided Into four groups of six 

disks each, one badge consisting of six disks. These badges were then 
exposed at least three tines to 20 MR from w C o and 1 3 7 C s (6 exposures). 
The resulting TL and TSEE responses of each disk were measured. The average, 
shown In Table 4, and standard deviation were computed as follows: 
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Table 4. Calibration 01 BeO Disks to ^Co (20 mR) 

Disk TL (mV) TL (mV) TL {•¥) 

E317 237 263 273 

E295 246 235 241 

E272 284 231 234 

E2?3 245 258 254 

E281 250 244 249 

E318 256 276 276 

The average is 253. 

The standard deviation is found from 

The TSEE/TL ratios Mere calculated from the average TL and TSEE responses. 
For badge 2 exposed to ™Co this ratio was 

TSEE . 1432 . 
T5J = 56.6 

This ratio Is compared to the ratio for 

{TSEEj 
Co _ 56.6 _ i 07 rrstET— ' TTJ - '• 3 7 

(TT>137 C s 

For an error analysis 1n calibration, consider a function (y) of several 
experimental variables: 

y • f ( x l t x 2 , — ) (2) 
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The variance In computing y Is given by 

M2 • (t^)2 «* • (|^) 2 *4 • (3) 

where Ax, and Ay are the standard deviations associated with x and y. After 
the standard deviation Is found fro* Eq. (3), all subsequent errors In ratios 
are found with the expression. I f 

then 

y 2 
2 2 

2 A y l A y 2 
y l y 2 

For the TSEE/TL ratio (badge 2, ^ C o ) , 

y 1 « 1432 A y i = 1913 
y 2 - 253 Ay 2 * 16.0 
w « 56.6 

M 2 . m m i , (56.6)2(i6.o)2 . 5 7 . 2 + 1 2 . 8 . 7 0 . 0 

(253)* (253)' 

M = 8.4 

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

10.2.2 Cesium-137 Field Experiment 

The apparent exposure rate in the f ie ld was determined as follows: 
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I f ie ld response > ? f t — 
v lab response for ZO m K , w ^ 

time exposed 

For example, for badge 1 , exposed 4 hr, the average, TL response was 54C.6 
?_ 5.4 mV. From the laboratory calibration with <3'Cs the response to 20 mR 
was 295.7 +_ 3.49 mV. Then the apparent exposure rate is 

5 4 0 ^ ^ 2 0 ^ 

TUT - 9.1 mlt/hr 

The same method applies to TSEE response. 

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

apparent TL exposure * fgTTT 2 0 ^ * 36.6 mR 

apparent TSEE exposure = T I ' I T H * 2 0 ) '' J 0 S "" 

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

apparent TL response . 36.6 . , l g 

apparent TSEE 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 l i ters . 
This can be changed to an activity level, A c , in pCI/l iter by: 

. r alpha counts/min i r l radon disintegration-ir 100 pCi/t -irl min -i 
a c " L(effic1ency)(chamber volume)JL Z alpha particles J L 3 . 7 dis/sec J L60 secJ 

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

[(fl.W5Hft.885)J'?"r7'<Sg' ' *018 pCi/Hter 
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10.2.4 Exposure Levels to Radon 

The exposure level, E 4 , of radon is the exposure over a period of tii to given concentrations of radon. If an initial concentration, C , is 
present, the activity will decrease with tine as determined by the deray 
constant for radon: 

E t * f C 0 e'xt dt « C 0 ]<1 - e- x t) (4) 

The decay constant, x, is 2.094 x 10 sec . For an initial radon activity 
concentration of 3150 pCi/liter and an exposure time of 19.67 hr, the expo­
sure level is: 

r , 3150[ 1—TfHl - e * < 2 0 9 4 * ^-6)(70.812) ] 
1 2.094 x 10*° 

= 2.073 x 108(pCi/liter)-sec * 2399 (pCi/11ter)-day 

10.2.5 Exoelectron Layer Depth 

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

The alpha particle energy Is determined from the analyzed diode response 
in mV, 0. This response as a function of energy is described by the l ine 

D = 36.12 (energy) + 2.304 

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

E = 1 0 7

3 g ^ g 3 0 4 = 2.898 MeV 

The experiment on alpha particle energy also gave the time for 1000 
alpha particles to r*ach the detector. Hence, the time for a constant total 
energy deposition is found as 
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«. „ i to ta l energy deposited w particles warea of dlodei 
1 l avg energy/alpha par t1c le ) ( ( secHarea of d tode ) , ( area of disk ) 

At 750 M I Hg of helium pressure, the average energy per alpha particle is 
2.898 HeV/partlcle, and the time Is 386 sec for 1000 alpha particles tc 
deposit. The area ratio of diode to disk Is 2.11. For 15,000 HeV tc be 
deposited, the tlae required Is 

(Z.flM HeV/alSa"S!rUcle)(a1pna p a r i t e l e ) ( 2 J 1 ) = « 1 6 sec 

10.3 Location of Original Data 

The original data can be found i n OWL Oatabook A-7549-G, pp. 1-56 on 
f i l e at the NIT School of Chemical Engineering Pract ice, Bidg. 3001, ORNL. 
Al l original TL and TSEE recordings are bound and labeled in a notebook in 
the possession of R.B. Gammage. 

10.4 Nomenclature 

A area of plates In raJon dosimeter, cm2 

Ac act iv i ty level of radon-222, pC i / l i t e r 

D diode output for exoelectron cal ibrat ion, mV 

d distance between plates, cm 

e charge on an electron 

E £ exposure level to radon-222, pCI / l i ter-day 

C 0 i n i t i a l concentration of radon gas 

t t ime, sec 

V applied chamber voltage, V 

A decay constant « 2.094 x 1 0 ' 6 sec" 1 for radon-222 

0 angle of incident gaima photons, degrees 
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