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BACKGROUND 

StemRad LTD is a private company based in Tel Aviv, Israel, with offices in Palo Alto, CA.   

StemRad LTD developed a product called the StemRad® 360 GammaTM, which is a “personal 

protection device” that is worn like a belt, and that wraps around the hips in order to shield 

the bones that contain a significant percentage of the body’s bone marrow.  The objective is 

to conserve enough viable bone marrow from an otherwise deadly radiation dose to allow 

regeneration of bone marrow and survival of the individual.   
 

StemRad LTD staff Dr. Oren M. Milstein (CSO) and Daniel Levitt (CEO), and their U.S. 
consultant Dr. Kenneth Kase, visited staff from the Radiation Measurements & Irradiations 
Group at Pacific Northwest National Laboratory (PNNL) on May 9, 2014, to see the 
irradiation and dosimetry processing labs and to discuss details of the desired TLD 
measurements within phantom wearing the StemRad® 360 GammaTM device.  Discussions 
during that visit, and numerous email communications afterwards, resulted in the final 
protocols used. 
 

CUSTOMER REQUIREMENTS AND EXPECTATIONS 

StemRad’s desire was for PNNL to perform irradiations of the RANDO® male phantom 

that would result in an approximate simulation of a radiation exposure of an individual to 

a “cloud” of Cesium-137 (Cs-137) radioactivity, while still being consistent with the 

irradiation geometry of previous phantom irradiations conducted by StemRad in Israel. 

This source-phantom irradiation geometry could also simulate the radiation dose to an 

individual walking and turning numerous times in an enclosed environment that contains 

multiple sources at various heights relative to the individual.  After discussions between 

StemRad and PNNL staff, StemRad selected the source-phantom geometry options listed 

in Table 1.   

 

mailto:oren@stemrad.com
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Table 1.   RANDO® and Cs-137 Source Irradiation Geometry Selected By StemRad 

                    for Subject Testing 

 

RANDO

Height * 

Off 

Floor  

 

Source 

Movement# 

Number of 

Source 

Positions 

 and Angles 

Dwell 

Times 

at Each 

Angle 

Dose to RANDO 

Reference 

Point* at Each 

Source Position 

RANDO-

Source 

Distance         

at 0˚ † 

170 cm 
Vertical in 

straight line 

 

-45˚, -22.5˚, 0˚,  

+22.5˚, +45 ˚   

Equal 
Varying (due to 

varying source 

distance) 
130 cm 

*  Measured relative to the reference point, located on the top surface of slice 29. 
#  The maximum source height possible with existing equipment is 304 cm. 

  †  This distance, combined with RANDO® height and straight line source movement, results  

       in lowest position of source being ~40 cm off floor (and thus ~4.5% floor scatter at that  

    position) and highest position being 300 cm off floor.  

 

 
StemRad also desired that the irradiations be done with TLDs located in tissue and bone 
within the hip and abdominal areas, including within bone marrow in the hip bones and 
vertebrae and within the GI tract.   Of course, irradiations would be performed for the two 
cases of StemRad® 360 GammaTM device ON and OFF. 
 

PROJECT OBJECTIVES 

The project objective is to provide data that shows the effectiveness (decrease in dose to 

hip and abdominal area) of the StemRad® 360 GammaTM device for the approximate 

simulation of a “cloud” of Cs-137 radioactivity. 

 

TEST EQUIPMENT 

The equipment utilized during this project are listed in Table 2. PNNL’s male RANDO® 
phantom, manufactured by Alderson Corp., was used for the irradiations.  The RANDO® man 
represents a 175 cm (5’9”) tall and 73.5 kg (162 lb.) male figure. It does not have arms or 
legs. The phantom is constructed with a real human skeleton which is cast inside soft tissue-
simulating material. Lungs are molded to fit the contours of the natural rib cage. The air 
space of the head, neck and stem bronchi are duplicated. The phantom is sliced at 2.54-cm 
intervals to allow access to various parts and, in particular, to the cavities for radiation 
detectors.  Each slice contains approximately 40 of these cavities, each 4.8 mm diameter in a 
3.5 cm grid pattern. 
 
The Cs-137 source used has a current activity of 4.85 Ci, and is contained within three layers 

of encapsulation consisting of a total of 0.078” stainless steel and 0.125” aluminum.   This 
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Table 2.  Equipment Utilized for StemRad® 360 GammaTM Belt Irradiations on Phantom 

 

Equipment Model 
Serial 

Number 

 

Use 

Calib 

Expiration 

Date 

StemRad® 360 GammaTM belt, 

Small-Tall size 
SR360019 

Allow measurement of 

effectiveness of belt in Cs-137 field 
N/A 

Alderson RANDO® 

anthropomorphic phantom, with 

real skeleton 

 

N/A 

Allow measurement of 

effectiveness of belt in reducing 

radiation dose rate to specific 

regions of a human 

N/A 

4.85 Ci Cs-137 Source, triple 

encapsulation 
318-030 

Irradiations of RANDO®  phantom 

with and without belt 
02/2016 

Capintec Model PR-18 ionization 

chamber 
5889 

Both calibration and real-time 

monitoring of radiation field  
04/2016 

Keithley Model 617 electrometer 
383823 

Collect signal from ionization 

chamber 
06/2015 

Temperature probe 
TNFL1-

0001 

Temperature and pressure values 

allow corrections to ionization 

signal due to air density 

02/2016 

Barometric pressure 
PEEW1-

0001 
02/2016 

Timer 
SWCC1-

0001 

Provide accurate durations of 

radiation exposure for each 

position and total duration. 

02/2016 

Harshaw TLD-700 Lithium-

fluoride Thermoluminescent 

Dosimeters (TLD) chips(0.32mm 

x 0.32 mm x 0.9 mm) 

StemRad 

set 

Placed within RANDO®  cavities, 

allows measurement of total 

integrated radiation dose 

Calib 

4/2015 

Harshaw Model 5500 TLD 

Reader 
WD33697       

Allows automated readout and 

analysis of TLDs 
N/A 

Automated turntable at 1 rpm, 

attached to the top of aluminum 

frame on a hydraulic cart 

N/A 

Allows continuous rotation of 

RANDO phantom N/A 

 

results in the elimination of the beta particle part of the spectrum associated with the 

unencapsulated nuclide, and only the gamma spectrum is seen (peaks at 662 keV). 

 

PREPARATION FOR TESTING 

Even though the RANDO® phantom already contained approximately 40 cavities in each 
slice, StemRad desired dose information at additional locations, especially in bone.  In order 
to determine the exact locations for these additional cavities, StemRad used ImageJ software 
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to construct 3D models of the red bone marrow within the RANDO®  phantom.  The 2D 
images of each slice face (provided by PNNL) were loaded into the segmentation editor of 
ImageJ as image stacks and the red bone marrow regions were highlighted as regions of 
interest and interpolated to form 3D volumes of the red bone marrow within the RANDO®  
slices.  Because of the relative spatial uniformity of the spinal column, the vertebral volumes 
were assigned one TLD cavity only for each slice (totaling 7 cavities).  The remaining 33 
cavity locations were then identified by calculating the center of masses of 33 equal volumes 
of the pelvic red bone marrow within these slices.  This StemRad-developed method allows 
StemRad to match absorbed doses in these cavities to specific masses of red bone marrow 
within the lower spine and pelvis.  At StemRad’s direction, PNNL drilled 40 additional 
cavities at the identified locations, in 11 of the slices that involved the hip and abdominal 
area (slices 22-32).  Two images of each of these 11 slices are provided in Appendix A:  one 
image with StemRad’s labeled locations for desired TLD locations, and another image 
showing PNNL’s labeled cavities into which TLDs were inserted for the RANDO®  
irradiations – for a total of 22 images.  StemRad determined that the 40 TLD cavity locations 
which required drilling into bone are representative of red bone marrow tissue and the 
other 52 TLD cavity locations are representative of other tissues in the abdominal region.  
Refer to Appendix C to discern the tissue associated with each measurement location. 
 

Another modification to the RANDO® phantom was to mill down “high spots” at the 

interfaces of about six of the phantom slices.  This was needed in order to make the 

assembled phantom much more stable, and ensure that the slices in the spinning phantom 

would not shift during the 8-10 hour irradiation. 

 

In order to provide secure attachment of RANDO®  to the turntable, and still maintain 

natural thigh shape, mass, and radiation scatter; thigh extensions were fabricated from 

tissue-equivalent polymer and were attached to the turntable, and allowed attachment to 

RANDO®  thighs using polymer dowels.  The turntable was secured to the very edge of a 

hydraulic cart that could raise RANDO® from approximately 60 cm to 200 cm in height. 

 

Because source-to-RANDO and floor-to-RANDO distances were important, as were the 

irradiation angles, it was required to have a RANDO reference point.  StemRad selected a 

point near the middle of the RANDO®  torso, located on the top surface of slice #29 and at 

the geometric center of that slice, which is at the point of an existing TLD cavity (see slice 

#29 image in Appendix A).  To ensure that the z-axis of RANDO® rotated exactly relative to 

this selected reference point on slice #29, first the polymer thigh extensions were placed on 

a level surface, then RANDO® slices were stacked on top of the polymer thigh extensions 

until slice #29 was complete (and using carpenter’s level, ensuring slice surfaces stayed 

level).  A carpenter’s plumb-bob – suspended from above – was lowered to slice #29 and 

centered on the reference point.  Then the top slice was removed, the plumb-bob lowered 

and rotation axis location on this next slice labeled, and this repeated until axis of rotation 

on slices 29-34 and the polymer thigh extension were all labeled.  This marked axis of 
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rotation on the polymer thigh extension allowed it to be aligned on turntable exactly as 

desired to allow RANDO® to rotate relative to the slice #29 reference point.  When RANDO 

was stacked all the way to his neck, the plumb-bob was again used to mark the point of 

rotation on the top of each slice (slices 10-30), and it was observed that this axis of rotation 

consistently stayed aligned with the same central cavity/plug on each slice. 

 

In order to provide a secure anchor at the top of the spinning RANDO®, a ¾-inch piece of 

plywood with a 7/8-inch hole in the center was screwed to the top of RANDO® (the slice 

representing the base of the neck), and a 7/8-inch wood dowel (secured by an overhead 

arm) was inserted into the hole.  The overhead arm is constructed of hollow, thin-walled 

aluminum frame, which resulted in less than 0.4% scatter of radiation field in direction of 

RANDO® (this was measured by placing the aluminum frame next to a Model RO-20 

radiation survey meter in the Well Room Cs-137 field). 

 

In order to allow movement of the Cs-137 source vertically during RANDO® irradiations, a 

thin-walled PVC pipe (cut in half to form a half-pipe) was used to hold the source, and this 

source holder was raised to a maximum height of 300 cm by being attached to a Genie Lift.  

The Genie Lift is a strong, low mass fork lift that was manually operated from 300 cm using 

a long rod (allowing operator to stay outside high radiation fields).  

 

The “fit” or exact positioning of the 360 GammaTM  belt on the RANDO®  phantom to 

StemRad’s desired specifications was accomplished by PNNL staff placing the belt on 

RANDO®, taking digital photos from numerous angles, emailing the photos to StemRad staff, 

and adjusting the belt based on feedback from StemRad.  This process took over a week’s 

time because the medium-sized belt was found to be slightly too large for RANDO®, and so 

StemRad shipped their small-sized belt.  Based on the photos provided to StemRad (see 

Figure 1), the small-sized belt provided an acceptable fit according to StemRad.  This 

acceptable fit was defined as the back of the belt spanning between slice 24.5 and slice 33.5, 

and the front of the belt spanning between slice 25.3 and slice 32.3, which resulted in the 

midpoint of belt span on both front and back being well within 0.5 cm of the desired 

reference point of slice 29.0 (top of slice 29). 

 

The RANDO®  cavities the TLDs would occupy were cleaned with alcohol to ensure no 

luminescent debris would get on TLD chips, then these cavities were labeled with marked 

masking tape to ensure accurate TLD placement and documentation. 
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Figure 1.   Photos of small-sized belt on RANDO® phantom.  These photos allowed 

StemRad staff to verify that the fit met with their specifications. 

 

TEST PROTOCOL USED 

The TLD and phantom preparation, source-phantom geometry, and irradiation protocol was 

as follows: 
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 TLD-700 LiF TLDs were used, and analyzed with a Harshaw Model 5500 reader.  

Before each use/irradiation, the TLDs were reader annealed using a linear time-

temperature profile (TTP) with a heating rate of 10°C/s, starting at 50°C and 

reaching a maximum temperature of 300°C, for a total heating time of 43 seconds.  

The reader anneal was followed by a low temperature oven anneal at 80°C for 24 

hours to reduce the abundance of short half-life traps in the TLD crystal and thus 

reduce fading of signal.    

 Within two days prior to RANDO®  irradiations, at one slice at a time the TLDs were 

loaded into desired RANDO®  cavities (3 TLDs per cavity) at the center height within 

the phantom slice, and the resulting voids at the top and bottom of the cavities were 

filled with unit density plugs.  The total number of test cavities involved was 92, 

resulting in 276 TLD test chips, which did not count the TLD chips used for controls 

and calibration set.  TLD location is documented as to slice#, cavity#, wheel#, and 

wheel position# (there were 7 separate wheels or circular cartridges used for 

automated readout of TLDs, with 50 slots in each wheel to accommodate 50 TLD 

chips). 

 An additional cavity at shoulder level of RANDO® (slice 13) was loaded with TLDs for 

both irradiations.  This was in order to allow comparison of total integrated dose for 

belt ON and belt OFF scenarios and make any corrections if necessary.  The cavity 

used was only approximately 1 cm depth in tissue, and mid-way between shoulders, 

and would not be impacted by presence or absence of StemRad belt. 

 In addition, 50 reader calibration chips, 12 QC chips, 12 blank chips and 40 spares 
were used to support the measurement process.      

 The phantom slices were then stacked on top of turntable to complete the phantom 

assembly, and well secured with long strips of industrial adhesive tape.  Then top 

anchor was put in place. 

 The RANDO®/Turntable/Cart assembly was then rolled into the Low Scatter Facility 

and placed at desired location near center of the room.  The room is approximately 8 

x 9 x 10 meters in size. 

 The Monitoring Chamber was then centered at RANDO®  reference height (top of 

slice 29) and at 14.5 cm from RANDO® surface (right side of RANDO®) and secured.  

This chamber would provide gamma field intensity monitoring in real-time, and 

allow immediate verification at each of the 5 source positions that source radiation 

field was at correct intensity relative to RANDO®.  This would provide backup data 

for the passive monitoring (TLDs in cavity in slice 13). It should be noted here that 

the measured tissue dose from chips in slice 13 is not expected to match the tissue 

dose inferred from the air kerma measured by the monitoring chamber due to the 

shielding provided by the phantom during rotation. 

 RANDO/cart was then raised until top of slice 29 was at predetermined irradiation 

height of 170 cm. 
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 Source holder (without source) was raised to each of the 5 positions, and both source 

height and RANDO-Source distances were measured and verified (See Table 3 for 

resulting angles and distances). 

 Video monitoring was then turned on, as well as turntable at 1 rpm. 

 The source holder was set at the first irradiation position (-45 degrees = 40 cm 

height) and, using a 180 cm handling tool, the source was quickly transferred from 

its storage container to the source holder. The stopwatch was started when source 

was within the PVC holder, and the PVC lid flipped into position.  Photos in Figures 

2a and 2b provide view of actual setup just prior to irradiation #2.  

 After the preselected irradiation duration had elapsed (1 hour 36 minutes), using a 

3.5 meter rod outside the high radiation area, the Cs-137 source is quickly cranked 

vertically to the next highest position. This movement is accomplished within about 

15-20 seconds.  

 After each predetermined irradiation duration (1 hour 36 minutes) the source is 

moved to next irradiation position for a total of 5 positions listed in Table 3. 

 As the irradiation is completed at the last source position (highest position, + 45 

degrees and 300 cm height), the source is quickly lowered to the lowest position 

(~25 seconds) and then transferred back to its shielded storage container away from 

RANDO®  (~ 10 seconds).   

 The phantom/cart is then lowered and rolled back to the dosimetry lab. 

 At some time prior to TLD analysis, RANDO® is dismantled one slice at a time and 

TLDs removed from its cavities.  The TLDs are placed into “wheels” (Trays used in 

automated reader), and TLD location is documented as to slice#, cavity#, wheel #, 

and wheel position#. 

 At the predetermined TLD post irradiation fade time (~ 2-4 days), the loaded TLD 

reader wheels were placed in the TLD Reader for readout and analysis. 

 Reader Calibration was accomplished by reading chips exposed under CPE 

conditions behind 6.9 mm of PMMA plastic in a chip irradiation jig mounted on a 30 

cm x 30 cm x 15 cm PMMA phantom.  The chips were exposed with their front face 

located at a distance of 3 meters from the source, using a J.L Shepherd Cs-137 beam 

irradiator to achieve a delivered air kerma corresponding to D(10) = 10 mGy, based 

on CK = 1.21 (ANSI/HPS N13.11-2009).  The calibration chips were annealed, 

exposed and read at the same time as the test chips exposed in phantom.  

 The entire process was repeated for the second RANDO® irradiation. 

 The TLD results were then populated into a spreadsheet and resulting dose levels 

calculated.  The data results included providing the ratio of the mean dose from each 

RANDO® cavity for both belt ON/OFF scenarios in order to provide a measure of belt 

effectiveness to Cs-137 field. 
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Table 3.  Angles, distances and exposure rates associated with RANDO and Cs-137 

source. 

Source 
Position 

Source Height 
Off Floor (cm) 

Source-Slice 29 
Reference 

Distance (cm) 

Source-RANDO 
Z-axis Distance 

(cm) 

mR/h in AIR 
(slice 29) 

mR in 1.6 hrs 
in AIR (slice 29) 

+45˚ 300 184 130 379 606 

+22.5˚ 224 141 130 645 1032 

0˚ 170 130 130 759 1214 

-22.5˚ 116 141 130 645 1032 

-45˚ 40 
(~4.5% scatter) 

184 130 396 634 

 * Air-Kerma, Gy, is obtained by multiplying Exposure, R, by 8.78E-3                Total Exposure: 4.518 R 
                                                                                                                           *Total Air-Kerma: 3.967 cGy  

 

 

                           
 
 

Figure 2a.  Photo of wide 
view of actual setup just 
prior to irradiation Run #2, 
with RANDO (belt ON) on 
left, and white PVC source 
holder on bottom right. 
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Figure 2b.  Photos of actual setup 
just prior to irradiation Run #2, 
showing sample Cs-137 source 
(polished aluminum) in its white 
PVC holder, RANDO rotating with 
belt ON, and monitoring 
chamber. 
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DATA RESULTS 
 
A copy of the irradiation datasheet, showing the verified angles, distances, irradiation 
durations, and monitoring chamber signal is provided in Appendix B.   For any given run, 
the real-time monitoring chamber data indicated that the signals for the paired angles 
(±22.5 ˚ and ±45 ˚) were within 1.5% of each other when the known ~4.5 % scatter at -45 ˚ 
position is accounted for.  Comparing the monitoring chamber signals for run#1 and run#2 
shows the dose rates for the two runs were within 1.5% of each other.  This is consistent 
with the TLD results from slice 13, which indicate the total doses for run#1 and run#2 were 
within about 1%. This agreement, along with verifying the distances before each run, 
provides assurance that for run#1 and run#2 RANDO® experienced the same irradiation 
angles, distances, dose rates, and total delivered dose. 
 
Appendix C contains the spreadsheet that includes the average measured absorbed dose in 
tissue for each TLD cavity, for both Belt Off and Belt On conditions. Also included are the 
ratios of absorbed dose for Belt On and Belt Off conditions for these tissue types, as well as 
the associated standard deviations of the data.  Table 4 summarizes these measured 
absorbed dose values for the various tissue types.  Table 5 summarizes the Belt On/Belt Off 
dose ratio for each of the regions or tissue types. 
 
The symmetry in the X-Y plane for doses measured within RANDO® without the shielding 
belt, as indicated by the values in the spreadsheet in Appendix C, is due to a combination of 
 
 
Table 4.   Summary of measured absorbed dose in tissue by body region or tissue 
type, for both Belt OFF and Belt ON conditions. 
 

     Body Region/Tissue Type Absorbed Dose – Belt OFF 
        Mean *                  %SDEV  †    

Absorbed Dose – Belt ON 
       Mean  *                 %SDEV # 

Bone Marrow - Hip 2797 mrad 3.0 1637 mrad 15.4 
Bone Marrow - Vert 2770 mrad 3.8 1922 mrad 17.7 
Bone Marrow – Hip & Vert 2792 mrad 3.2 1687 mrad 17.0 
GI Tract 2818 mrad 3.2 2081 mrad 10.4 
Ovaries** 2693 mrad 0.5 1765 mrad 0.1 
Combined 2.80 rad 

(2.80 cGy) 
3.2 1.90 rad 

(1.90 cGy) 
16.5 

*  Dose values are the integrated absorbed dose relative to tissue. 
†  In addition to the high accuracy and precision of the TLDs, these tight standard deviations are 
due to a combination of symmetric source-RANDO geometry, the fact RANDO was irradiated 
from all sides, the relatively large distance of the source approximated a point-source geometry 
and minimal variation in “in-air” dose rate across RANDO volume, and the penetrating ability of 
Cs-137 gamma spectrum in tissue. 
#  The reason these standard deviations are as good as they are, is due to the same combination 
of reasons above; but deviation is greater because the fact that not all the TLD locations were 
shielded fully by the shielding belt for the entire exposure. 
** These would be the approximate ovary locations if this RANDO was female based on 
anatomical markers. 
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Table 5.  Summary of the Belt ON/Belt OFF dose ratio 
                                              for each of the regions or tissue types. 
 

Body Region/ 
Tissue Type 

 
Min 

Ratio 

 
Max 

Ratio 

 Belt ON/Belt OFF  
       Dose Ratio 
     Mean             %SDEV  

Bone Marrow - Hip 0.42 0.76 0.59 17.0 
Bone Marrow - Vert 0.49 0.87 0.70 19.4 
Bone Marrow – Hip & Vert 0.42 0.87 0.61 18.6 
GI Tract 0.62 0.87 0.74 9.8 
Ovaries 0.652 0.659 0.656 0.7 
Combined 0.42 0.87 0.68 16.5 

 
 
the following: 
 

 The symmetry of the physical RANDO® (tissue and bone) in the X-Y dimension. 
 The symmetry of the effective density of RANDO in the X-Y dimension. 
 The symmetry in the X-Y dimension of the cavities containing TLDs. 
 The source distance, and thus dose rate, being equal for each pair of same-symmetry 

TLD cavities.  
 RANDO® completing numerous rotations at a constant speed during exposure. 
 The fact that the axis of rotation for RANDO® was very near the geometric center of 

each slice, especially the slices containing TLDs. 
 
Measurements of the Cs-137 radiation field at 170 cm height and distances of 120 cm and 
130 cm were also performed without RANDO® in place in order to provide the exposure rate 
and air-kerma rate “free-in-air”.   The measured exposure rates of 759 mR/h (0.666 cGy/h 
Air-kerma rate) at the 130 cm reference distance, and the 889 mR/h (0.781 cGy/h Air-
kerma rate) at 120 cm indicates, as expected, that the field follows 1/d2.  This will allow in-
air dose rates to be calculated for any location in free space, so any location where RANDO® 
volume could reside.  This would be useful to compare in-air dose rate versus tissue or bone 
dose rate (and therefore total integrated dose) at any point for a stationary RANDO® 
phantom.    
 
MEASUREMENT UNCERTAINTIES 
 
The radiation measurement uncertainties that PNNL’s Radiation Measurements & 
Irradiations group calculate for their operations, using GUM Workbench software,  are 
consistent with NIST Technical Note 1297 (1994), as well as a document produced by 
Working Group 1 of the Joint Committee for Guides in Metrology in 2008 titled “Evaluation 
of Measurement Data - Guide to the Expression of Uncertainty in Measurement”.   The 
measurement uncertainty values that were expected to be of most interest to StemRad were 
those that involved the MEASURED AIR-KERMA RATE (and integrated AIR-KERMA) at the 
location where RANDO would be placed, the resulting MEASURED ABSORBED DOSE to 
RANDO TISSUES, and the BELT ON/BELT OFF MEASURED DOSE RATIOS for these same 
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tissue regions. 
 
Uncertainty in the Measured Air-Kerma: Because StemRad may desire to use the testing 
results to create factors that convert from a known Exposure rate (R/time) or Air-Kerma 
rate (Gy/time) of a field, to the dose within RANDO (wearing the StemRad belt) placed in 
such a field (for example, Absorbed Dose in specified organs or Effective Dose Equivalent), the 
measurement uncertainties associated with these Exposure and Air-Kerma parameters (See 
Table 3) would be helpful.  The expanded uncertainty associated with these Exposure and 
Air-Kerma values were calculated to be ± 1.15% at the 67% confidence level (k = 1), and      
± 2.3% at the 95% confidence level (k=2). 
  
Uncertainty in TLD Measured Dose: As can be expected, the main uncertainty components 
involve the precision of the readout values of the TLD chips.  Given that the TLD system was 
calibrated prior to RANDO®  irradiation using one of PNNL’s calibrated Cs-137 fields, the 
uncertainties in the resulting Gy and Gy/hr values measured within RANDO®  are not 
influenced by the source-RANDO geometry (distances and angles).  As can be seen on the 
spreadsheet in Appendix C, which details the TLD measurement results for the various 
regions or tissue types, for the Belt Off irradiation the standard deviation of the measured 
absorbed dose varied between 0.5% and 3.8%, with the standard deviation for all tissues 
combined being 3.2% (See Table 4).   Propagating all uncertainties, the total expanded 
uncertainty for the quoted ABSORBED DOSES within the RANDO®  cavities at the specified 
locations with Belt Off was calculated to be ± 2.4% at the 67% confidence level (k = 1), and  
± 4.8% at the 95% confidence level (k = 2).  
 
For the Belt On irradiation, the standard deviation in the measured absorbed dose varied 
between 0.1% and 17.7%, with the standard deviation for all tissues combined being 16.5% 
(See Table 4).  Propagating all uncertainties , the total expanded uncertainty for the quoted 
ABSORBED DOSES within the RANDO®  cavities at the specified locations with Belt On was 
calculated to be ± 3.1% at the 67% confidence level (k = 1), and  ± 6.2% at the 95% 
confidence level (k = 2). 
 
For the Belt On/Belt Off dose ratios, the standard deviation varied between 0.7% and 
19.4%, with the standard deviation for all tissues combined being 16.5% (See Table 5). 
Propagating all uncertainties, the total expanded uncertainty for the Belt On/Belt Off dose 
ratios for cavities at the specified locations was calculated to be ± 4.0% at the 67% 
confidence level (k = 1), and  ± 7.9% at the 95% confidence level (k = 2). 
 
The details in the various components of uncertainty and how they were propagated to 
arrive at the expanded uncertainty values above are provided in Appendix D.  In addition to 
using the TLD chip readout accuracy and precision values described above (the main 
contribution to error), the overall expanded uncertainty takes into account other variables 
such as the physical measurement of the source-RANDO distances at the various angles, 
estimated Cs-137 source anisotropy, and the results of the quality control dosimetry in 
phantom slice 13.   
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APPENDIX A  - StemRad’s provided photos (left) showing their desired X-Y coordinates for TLD cavities, and 

PNNL’s provided photos (right) showing resulting TLD cavities.  RANDO® phantom slices 22-32. 
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Appendix B – StemRad Irradiation Data Sheet Copy 
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Appendix D – Measurement Uncertainty Calculations 
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