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ABSTRACT

The 801E Multiple Sample Irradiator, manufactured by Daybreak Nuclear Systems, is capable of
exposing up to 30 samples to beta radiation by placing each sample one by one directly beneath a heavily
shielded ceramic Sr-90/Y-90 source and opening a specially designed shutter. Daybreak Nuclear Systems
does not provide the *°Sr/**Y dose rate to the sample because of variations of up to 20% in the nominal
activity of the beta sources (separately manufactured by AEA Technology). Thus it is left to the end user
to determine. Here aluminum oxide doped with carbon (Al,05:C), in the form of Landauer’s Luxel™, was
irradiated to different known doses using a calibrated *’Sr/”’Y beta particle irradiator, and the OSL signal
monitored after each irradiation to generate a calibration curve. Comparison of the OSL Signal from the
unknown 801E Irradiator dose with the calibration curve enabled the dose and therefore dose rate to be
determined. The timing accuracy of the 801E Irradiator was also evaluated and found to be +/- 0.5
seconds. The dose rate of the beta source was found to be 0.147 +/- 0.007 Gy/s.

1. CALIBRATION EQUIPMENT DESCRIPTION

Calibration of the Daybreak 801E Irradiator *’St/*°Y beta source was accomplished by generating a dose
response curve for an Al,O;:C transfer standard (TS) using a calibrated beta particle irradiator.
Subsequently the Transfer Standard was exposed to a three second exposure in the 801E Beta Irradiator.
The unknown dose delivered by the Irradiator was determined by comparison of the transfer standard’s
response with its dose response curve. Dose rate was subsequently determined by dividing the absorbed
dose by the time of irradiation. The transfer standard dosimeter response was measured using Optically
Stimulated Luminescence (OSL) technology with the Daybreak 2200 High Capacity OSL Reader.

All the equipment used in the calibration of the commercial 801E beta irradiator, including the irradiator
itself, is located at the Oak Ridge National Laboratory (ORNL) Dosimetry Applications Research
(DOSAR) facility in Oak Ridge, Tennessee.

1.1 Daybreak 801E Irradiator

The 801E Multiple Sample Irradiator, manufactured by Daybreak Nuclear Systems, is an enclosed, table-
top system housing two sources: a plated **' Am alpha source and a Sr-90/Y-90 ceramic beta source
(ORNL Radiation Source Inventory number SR-90-525). The beta source has a nominal activity of 100
mCi (3.7x10° Bq), as reported by AEA Technology on 13 December 2002. The dose rate to a sample
from the beta source is unknown at the time of delivery.

1.2 DOSAR Calibration Laboratory Beta Particle Irradiator

The DOSAR Calibration Laboratory beta source is an Isotope Products Lab *°Sr/”°Y beta particle
irradiator (ORNL Radiation Source Inventory identification number SR-90-3284) which is supported by
an aluminum stand. The top of the stand is shaped like the capital letter “D”. The source is positioned in
the center of the straight side of the “D”. For this work, the phantom positioned directly across from the
source on the curved side of the “D” was used for all irradiations, where the source to phantom distance
was 0.35 cm. The beta particle energies at this point had been previously calibrated using an
extrapolation chamber in units of H,(0.07) dose rates, such that the dose rate of the encapsulated 208r/Y
beta source at a tissue depth of 7mg/cm” was measured to be 158 mrad/min when calibrated at 0.35 m by
the National Bureau of Standards (NBS) on August 20, 1983. The computer which controls the
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irradiation timing of the DOSAR Calibration Laboratory source bases exposures lengths on this dose rate.
For further information on the calibration of the source please see the Calibration Report in the
Appendix.

1.3 Daybreak Model 2200 High-Capacity OSL Reader System

The 2200 OSL Reader has a 40-cm, 60-sample platter enclosed within an aluminum casing 50x50 cm” by
10 cm (plus the photomultiplier barrel height). An OSL light-emitting diode (LED) excitation array, low
dark count photomultiplier tube (PMT) and beta irradiator are all mounted on the top cover, which tilts up
manually for access to the sample platter. The beta irradiator is aluminum and lead shielded for minimum
unintentional exposure to samples within the Reader, as well as minimum dark counts on the associated
photomultiplier tube (PMT) (~20 dark counts per second).

This particular OSL Reader uses 480-nm blue LED light to continuously stimulate a sample in which
electrons have been promoted to metastable states by exposure to radiation. During stimulation these
electrons de-excite from their metastable state and in the process release energy in the form of visible
light, which is recorded by the reader’s PMT. The PMT directly counts the single pulses generated from
the photons interacting with the photocathode. The total output measured by the PMT is directly
proportional to radiation dose received.

1.4 Transfer Standard

The detector used as a transfer standard between the calibrated beta source and the 801E Irradiator beta
source was composed of Luxel "', a material developed by Landauer* for their personal dosimetry
system. Luxel™ is made of a thin layer of Al,0;:C powder deposited onto a clear polyester film base.
The grain size of the AL,O3:C powder is in the range 20-90 um. The powder layer is protected by a thin
polyester tape. Figure 1 shows a sample Luxel™ ribbon.

Fig. 1. Photo of Luxel™ Al,O3:C sensor ribbon.

The OSL beta dose response for this material has been shown to be linear up to about 10 Gy (McKeever
et al., 1996) and no measurable fading of the OSL signal from Al,O5:C at room temperature has been
detected over 100 days (Better-Jensen et al., 1997) In addition, the regenerated OSL signal varies <1.7%

* Landauer, Inc., Stillwater, Oklahoma



during multiple irradiations and readouts (Better-Jensen et al., 2003), which is well within the
uncertainties of the beta source calibration, and eliminates the need for sensitivity corrections. Al,O5:C
also possesses a photon energy response nearly identical to that of quartz and feldspar (Akselrod et al.,
1990, 1993).

2. 801E IRRADIATOR DOSE RATE

The Transfer Standard (TS) was made by cutting one (1) small 0.3x0.6 cm piece from a ribbon of
Luxel™ material obtained from Landauer Inc. Figure 2.1 shows a sample Luxel™ ribbon. This size was
chosen in order to ensure that this relatively sensitive detector would not emit enough light to damage the
PMT on the OSL Reader, no matter how high the dose it received. This piece was then fixed to a 10-mm-
diameter aluminum disk (aliquot) using double-sided tape. This step was necessary in order to simulate
the normal operating conditions of the 801E Irradiator, in which grains are adhered to aluminum disks
before being loaded into the irradiator for exposure to the beta source. Figure 2.2 shows the background
OSL signal of the double-sided tape and compares it to that of background for the TS. The extremely low
OSL signal of the tape indicates that it could be used without fear of generating interfering signal.
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Fig. 2. Comparison of double-sided tape OSL signal to the Transfer
Standard background signal.

Before performing irradiations with the calibrated *’Sr/*’Y beta particle irradiator a 1 cm thick steel block
approximately 64 cm® was taped to the center of the phantom. The addition of the block meant that the
source to TS distance would be 0.34 meters. This steel block was included to simulate the 801E Irradiator
environment in which a steel platter, approximately 1 cm in thickness, cradles the aliquots during all beta
exposures.

In order to determine the unknown dose being delivered to a sample, or aliquot, by the 801E beta source a
calibration curve was first generated for the Al,O;:C Transfer Standard. Irradiations were done using the
DOSAR Calibration Laboratory’s beta particle irradiator to deliver H,(0.07) equivalent doses of 300
mRad, 400 mRad, 600 mRad, 800 mRad and 1000 mRad to the TS. Before each irradiation, all stored
OSL signal was cleared by bleaching with 100% of blue LED power (60 mW/cm?) until background
signal levels were reached. For all exposures the TS was placed in a small plastic baggie which was then
taped to the steel block in front of the phantom. Because Al,O;:C is light sensitive (i.e. will lose stored
signal if exposed to UV) all irradiations were done in the dark and the TS placed in a light-tight black
film container for transfers between the OSL reader and the irradiator. Mounting the TS on the phantom
was done as quickly as possible in dim light conditions. To measure background accumulated on the
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sample during travel and set-up, an irradiation was run without turning the source “on” and the TS
response measured.
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Fig. 3. Response of the TS to a 500 mRad dose and to background dose
accumulated during transit and irradiation set-up. Both the 500-mrad and
the transit dose were read at 100% blue LED power (60 mW/cm?®) for 41 seconds
immediately after exposure.

After each irradiation, the TS was immediately placed in the 2200 OSL Reader under red-light conditions
for readout. Readout was performed by shining the blue LED on the TS for 51 seconds at 80% of full
power resulting in 48 mW/cm® power delivered. After the 51 second stimulation, 100% blue LED power
was used to return the OSL signal of the TS back to background levels. The light emitted from the
irradiated sample was then recorded by the PMT generating an “OSL curve” plot, or counts per second as
a function of excitation time, which was stored on the control computer for the system. See Figure 2.4
below for an example curve.
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Fig. 4. Typical OSL curve (or response) for the Transfer Standard

For each irradiation, the response of the detector was defined as the sum of the light output from the TS
for the first 5.355 seconds of room temperature readout (i.e., stimulation) at 80% blue LED power. Using
only the initial OSL signal from the readout ensured that the signal to background ratio was high, and that
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therefore background (and especially variations in background) could be considered negligible (< 1%)
relative to the dose signal. Table 1 shows the detector response at each dose delivered, while Figure 2.5
is a plot of the calibration curve along with the best fit line. The best fit equation for the calibration curve
was determined to be:

TS Response = 48.22 x Dose —31.94 Equation 1

where dose is in units of mRad. The linear regression was performed by EXCEL®. The R? value of this
fit was 0.9995.

Table 1. The transfer standard’s (TS)
dose response to known beta
irradiations (+5%)?

H,(0.07)

(mrad) TS Response
300 14258
400 19630
600 29003
700 38478
800 33304
1000 48385

*TS response is defined as the light recorded by
the OSL reader during the first 5.355 seconds of
blue LED stimulation at 80% power.
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Fig. 5. *Sr/®®Y Dose response curve for the Transfer Standard. The line shown is
a linear best-fit with the equation TS response = 48.22 x Dose — 31.94 calculated by
EXCEL software. The R” value for this fit was 0.9995. TS Response or the dose
response of the transfer standard is defined as the sum of the signal (or counts) recorded
at room temperature during the first 5.355 seconds of blue LED stimulation at 80% blue
LED power).



After generating the calibration curve, the detector was placed in the 801E Irradiator for a 3 second beta
irradiation. The resulting TL response was plugged into Equation 1 to calculate total dose, and then
divided by the irradiation time to determine dose rate.

The dose rate of the 801E Irradiator beta source was determined to be 0.147 +/- 0.007 Gy/s.

3. 801E IRRADIATOR TIMING ACCURACY

In order to determine the timing accuracy of the shutter mechanism in the 801E Irradiator, the TS was
placed inside the irradiator after undergoing bleaching with blue light to remove residual OSL signal.
Beta irradiations of 0.2, 0.4, 0.5, 0.6, 1, 2, and 3 seconds in length were programmed into the irradiator
and carried out, with the detector response measured after each irradiation. Detector response was
defined as previously stated in this report. Before each irradiation the OSL signal on the detector was
bleached to remove residual signal. For each irradiation detector response was then converted to dose
rate using Equation 1. Results are given in Table 2. Figure 3.6 shows the apparent dose rate as a function
of irradiation time and indicates that irradiations of less than 0.5 seconds result in a substantial error in
dose rate of up to 60%. Therefore, irradiations of less than 0.5 seconds duration should not be performed
with the model 801E irradiator.

Table 2. Transfer standard’s response to 801E beta

irradiations
Irradiation Apparent Equivalent
Time Dose Rate, Hy(0.07)
(s) TS Response® (rad/s)
0.2 356670 36.98
0.4 368359 19.10
0.5 370549 15.37
0.6 377179 13.04
1.0 648803 13.45
2.0 1411940 14.64
3.0 2136926 14.77

*TS response is defined as the light recorded by the OSL reader
during the first 5.355 seconds of blue LED stimulation at 80%
power.
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Fig. 6. Apparent dose rate of the 801E Irradiator as a function of
irradiation duration.

4. SOURCES OF UNCERTAINTY

There are some sources of uncertainty associated with the dose rate determination of the 801E beta
Irradiator. The dose value given by the controlling computer of the calibrated DOSAR Calibration
Laboratory beta source has an associated uncertainty of less than 5% (at the 95% confidence level). This
uncertainty is associated with factors such as variation in placement of the transfer standard on the
phantom, source-to-target distance, and measurement uncertainties in the initial source calibration. The
variance from irradiation to irradiation (with the TS placed on the same spot on the phantom each time)
was measured by performing 3 identical 300-mRad DOSAR Calibration Laboratory exposures of the
transfer standard. The resulting variance was found to be 3%. Error propagation calculations resulted in
an error in 801E Irradiator dose rate of 0.007 Gy/s. This error estimate does not include the following
biases:

(1) There is a bias present in this work due to the fact that the DOSAR Calibration Laboratory beta
source was calibrated in units of Hy(0.07). Dose values quoted in this work are therefore shallow
dose to tissue, and not dose to Al,O;:C or quartz.

(2) An additional bias is due to the fact that a steel plate was placed behind the TS during irradiations
using the DOSAR Calibration Laboratory source. Because initial calibration of the DOSAR
Calibration Laboratory source was done without the presence of steel, and because of the high
energy of the *’Sr/*’Y betas, there was most likely an increase in dose to the TS due to backscatter
of beta particles from the steel plate, which would not have occurred had the steel not been there.

This presumed increase in dose was not reflected in the dose value given by the controlling
computer, which gave an underestimate of the actual dose received assuming no steel plate to be
present. Irradiations with and without the steel plate would have to be done to determine the
extent of the bias.
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This calibration was performed as a part of the Measurement=-Assurance Program

carried out for the University of Michigan School of Public Health,

DG 8151/83 Page 1 of 2
DB 850/91 '
1983 Sep 27

U.S. DEPARTMENT OF COMMERCE
NATIONAL BUREAU OF STANDARDS
WASHINGTON, DC 20234

REPORT OF CALIBRATION

90Sr Beta-particle Source Isotope Products SK-308

Submitted by University of Michigan Srd0-3284 (DDS’QQ:B ig)
Ann Arbor, MI 48109

Received at NBS on 1983 Aug 12
Calibration date 1983 Aug 20

Beta-particle sources are calibrated in terms of the absorbed-dose rate to
water. Absorbed-dose rate is determined from current measurements with an
extrapolation ionization chamber that has a tissue-equivalent-plastic collect-

ing electrode. The water absorbed-dose rate is given by u
5 o337 x T.I¥L x S x 1) AL
o= 1.197 x A (&g)o /s

where (AI/ad), is the rate of change of current (normalized to a reference
temperature and pressure) with extrapolation chamber air-gap thickness as the
thickness approaches zero, 33.7 is the mean energy expended per unit charge in
air, 1.111 is the ratio of the mean stopping power of water to that of air,
1.197 is the density of air at the reference temperature and pressure (22°C and
1 standard atmosphere), S is a correction for scatter from the chamber supports
and the shield, U is a correction for attenuation by the high-voltage elec-
trode, and A is an area. S is a function of the distance between source and
chamber, and both S and U are functions of the beta-particle energies. For
calibrations at a distance from the source surface, or when the source has a
larger area than that of the collecting electrode, A is the area of the col-
lecting electrode. For calibrations at the surface of the source where the
area is smaller than that of the collecting electrode, A is the active area of
the source, defined as the area within the 50% isodose line at the source sur-
face., The listed diameter is 2/A/W.
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The source submitted was mounted at the center of the l-meter diameter aluminum
plate (or "D") provided, and the extrapolation chamber was positioned at each
of the six specified film badge locations around a semicircle with a 35-cm
radius. The rate of change of current with air-gap thickness was measured at
each position with a 30-mm diameter acrylic collecting electrode. No albedo
correction was used when converting to absorbed dose in water.

The water absorbed-dose rate at a depth of 7 mg/cm? is given in the table at
each of the film badge locations in SI units (milligrays per second) and in
special units (millirads per second). Location 6 is the farthest clockwise
around the "D", as seen from above. z

Information on the technical aspects of this report can be obtained from
J. S. Pruitt, Radiation Physics C210, National Bureau of Standards, Washington,
DC 20234, 301 921-2361.

Calibration performed by J. S. Pruitt<§i)f;?>
Report approved by R. Loevinger F%A_ﬂ

For the Director

Nl oo S A, OW

William R. Ott

Chief, Radiation Physics Division
Center for Radiation Research
National Measurement Laboratory

Active
Area Correction factors Water
Location Distance A Diameter S U Absorbed-dose rate
(mm) (mm?2) (mm) mGy/s mrad/s
1 350 708 30 1.00 0.984  0.0217 2l
2 0.0260 2.60
3 0.0264  2.64 Outlier
4 0.0265 2.65
5 0.0258 2.58
6 0.0215 25 <

12



ORNL/TM-2004/193

INTERNAL DISTRIBUTION

J. S. Bogard 6. Central Research Library
J. M. Doktycz 7. ORNL Laboratory Records-RC

1-4.
5.
8-9. ORNL Laboratory Records-OSTI

EXTERNAL DISTRIBUTION

10-12. S. M. Bernal, 3090 Deer Creek Court, Ann Arbor MI 48105
13. A. Kramer, Department of Anthropology, University of Tennessee, Knoxville TN 37996-0720
14. D. C. Weinand, Department of Anthropology, University of Tennessee, Knoxville TN 37996-

0720



