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This report summarizes the results of a "benchmark" analysis of the Monte Carlo 
Adjoint Shielding Code system (MASH) against a series of experiments performed at the 
Army Pulse Radiation Facility (APRF) in Aberdeen Proving Ground, Maryland. This series 
of experiments was performed during the period from April 26, 1991 through May 9, 1991 
and involved experimentalists from APRF, the Armed Forces Radiobiological Research 
Institute (AFRRI), Harry Diamond Laboratories (HDL), and the Establissement Technique 
Central de I'Armement, France (ETCA). The "benchmark" analysis of MASH is being 
performed at Oak Ridge National Laboratory (ORNL) and Science Applications International 
Corporation (SAIC) and is designed to determine the capability of MASH in reproducing the 
measured neutron and gamma-ray integral and spectral data. This effort is one of the primary 
objectives of the MASH Verification and Validation Subtask of the Defense Nuclear Agency 
(DNA) Radiation Environments Program (REP). Results of the "benchmark" analyses were 
used in the recommendations to the North Atlantic Treaty Organization (NATO) Panel VI1 
Ad Hoc Group of Shielding Experts for replacing the Vehicle Code System (VCS) with 
MASH as the reference code for future armored vehicle nuclear vulnerability calculations. 

The reactor was operated in the steady state mode for all of the measurements. 
Environmental effects due to terrain, meteorological data, and ground moisture were assessed 
for inclusion in the MASH analysis. Two different detectors were used by the 
experimentalists to measure the radiation environments in the free-field and inside the 
two-meter box test bed, including the BD-100R Bubble Dosimeters for neutron measurements 
and Thermoluminescent Dosimeters (TLDs) for gamma-ray measurements. Integral 
measurements were made at a distance of 400 meters from the APRF reactor. In particular, 
free-field environments were measured along with measurements made using the "NATO 
standard test bed" with an interior 5.OScm-thick 5% borated polyethylene liner and the 
RT-200 humanoid phantom standing in the free-field and inside the lined test bed at the 
"NATO standard reference point" at 400 meters. The "NATO standard test bed" is a large 
cubical steel walled box having interior dimensions of 200 cm x 200 cm x 200 cm and wall 
thickness (top and sides) of 5.08 cm. The bottom plate is 10.16 cm thick. The top and side 
wall thicknesses can be increased to 10.16 cm by the addition of 5.08-cm-thick steel plates. 
The two-meter box test bed was chosen because the geometry provides a simplistic assembly 
for experimental and theoretical (MASH) comparisons of radiation transmission through 
material types and thicknesses indicative of modern armored vehicles. The RT-200 
anthropomorphic phantom approximates the size, height, and weight of the typical U. S. 
armored vehicle crewman. The RT-200 stands 175.0 cm tall, and weighs 74.0 kg. The chest 
depth and width are 21.4 cm and 33.8 cm respectively, and the head depth and width are 20.8 
cm and 14.8 cm. The RT-200 has non-articulating arms and legs as separate solid members 
and a physical appearance that closely resembles the male human form. 

The MASH calculational technique employs a forward discrete ordinates calculation 
to determine the neutron and gamma-ray flux on a coupling surface surrounding the armored 
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vehicle or shielded structure and an adjoint Monte Carlo calculation to determine the dose 
importance of the surface flux. MASH then folds the flux together with the dose importance 
to yield the desired detector response(s). MASH was specifically designed to calculate the 
neutron and gamma-ray radiation environments and shielding protection factors of vehicles, 
structures, trenches, and other shield configurations. All calculations utilized a P, Legendre 
expansion of the cross sections, the reference DNA DABL69 69 group ( 4 6 d 2 3 y )  
cross-section library, and the Kerr fluence-to-dose free-in-air tissue dose conversion factors 
(from the DABL69 library). 

In general, the calculational results show mixed agreement with the measured data 
reported by the different teams of experimentalists. The neutron dose results indicate good 
agreement (typically *20%) for the phantom standing in the free-field and excellent 
agreement (typically *lo%) for the phantom standing inside the two-meter box. The neutron 
reduction factors however, agreed for the phantom standing in the free-field but exhibited 
significant differences for the phantom standing inside the box. With respect to the 
gamma-ray data, there were individual discrepancies between calculations and measurements 
however, typical agreement was within *20%. The C/E comparisons for the gamma-ray 
free-field environment at 400 meters showed improved agreement between calculation and 
experiment relative to the same comparisons in the Fall 1989 and Spring 1990 studies. To 
determine the overall quality of the comparisons between MASH and the measurements, the 
data (both calculational and experimental) was averaged over detector position (internal and 
external), response function (tissue and CaF,:Mn), radiation type (neutron and gamma-ray), 
and phantom orientation (front facing and left side toward reactor). This averaging 
procedure produced one set of data for the phantom standing in the free-field, and one set 
of data for the phantom standing inside the lined two-meter box. Overall, the calculations 
agreed quite well with most of the measured data supplied by the teams of experimentalists. 
Generally, the agreement was within the *20% limit deemed as acceptable by the DNA. 

This was the third concerted effort aimed at benchmarking the MASH code against 
experimental measurements, and again there were some glitches in the effort. The most 
significant problem occurred in the reporting of the gamma-ray dose data. The calculational 
and experimental results must report the same data for a meaningful comparison to be made. 
For TLD data, all corrections to the data for spectral effects (calibration field versus radiation 
field), response functions [dose(tissue) or dose(TLD)], and contributions due to thermal 
neutrons must be accounted for or removed from both sets of data. This will allow a true 
"benchmark" comparison of the MASH code system and reduce the possible sources of 
discrepancies. The comparisons again indicate multiple teams of experimentalists performing 
the same set of measurements yield a better indication of the quality of the comparison. By 
averaging the different sets of experimental data together, the anomalies and inconsistencies 
associated with any one measurement will not manifest itself in the overall comparison, yet 
the trends and results consistent in all of the sets of experimental data will remain. The 
consistent discrepancy associated with the calculated and measured free-field gamma-ray data 
(from the Fall 1989 and Spring 1990 studies) was less significant in this effort, but still must 
be addressed before the overall quality of the gamma-ray data comparisons can be improved. 
To resolve discrepancies with the comparisons on or inside the phantom, future experiments 
should consider including the use of a simplified phantom model of known dimensions, simple 
gcometric shapes, and known materials, e.g. a cylindrical water-filled lucite phantom. 



ABSTRACT 

The capability to accurately assess and predict the effectiveness of radiation shielding 
materials in vehicles, structures, trenches, and other configurations is of considerable interest 
to the DoD and the DNA A research effort involving several institutions has worked 
towards providing this capability for several years, resulting in the Monte Carlo Adjoint 
- Shielding Code system - MASH. The purpose of this report is to present the results of a 
"benchmark" analysis of MASH against a third set of measurements performed in the Spring 
of 1991 at the APRF and determine the capability of MASH in reproducing the measured 
neutron and gamma-ray integral data. In particular, the free-field environment was calculated 
along with measurements made using the "NATO standard test bed" (i.e. a two-meter box) 
and the RT-200 anthropomorphic phantom standing in the free-field and inside the 
two-meter box lined with 5% borated polyethylene at the "NATO standard reference point" 
at 400 meters. 

The calculational results show mixed agreement with the measured data reported by 
the different teams of experimentalists. The neutron dose results indicate good agreement 
(typically *20%) for the phantom standing in the free-field and excellent agreement (typically 
*lo%) for the phantom standing inside the two-meter box. The neutron reduction factors 
however, agreed for the phantom standing in the free-field but exhibited significant 
differences for the phantom standing inside the box. With respect to the gamma-ray data, 
there were individual discrepancies between calculations and measurements; however, typical 
agreement was within do%. The C E  comparisons for the gamma-ray free-field environment 
at 400 meters showed improved agreement between calculation and experiment relative to 
the same comparisons in the Fall 1989 and Spring 1990 studies. 

To determine the overall quality of the comparisons between MASH and the 
measurements, the data (both calculational and experimental) was averaged over detector 
position (internal and external), response function (tissue and CaF,:Mn), radiation type 
(neutron and gamma-ray), and phantom orientation (front facing and left side toward 
reactor). This averaging procedure produced one set of data for the phantom standing in the 
free-field, and one set of data for the phantom standing inside the lined two-meter box. In 
general, the calculations agreed quite well with most of the measured data supplied by the 
teams of experimentalists. The agreement was within the i20% limit deemed as acceptable 
by the DNA. 





1.0 INTRODUCTION 

1.1 Objective 

The Monte Carlo Adjoint Shielding Code System - MASH 1.0' was used to analyze two 
series of nuclear radiation shielding experiments performed in the Fall of 1989 and Spring of 
1990 at the Army Pulse Radiation Facility (APRF) in Aberdeen Proving Grounds, Maryland. 
The objective of these efforts was to "benchmark" MASH 1.0 against the experiments 
performed at the APRF and determine the capability of MASH in reproducing the measured 
neutron and gamma-ray integral and spectral data. The results of these analysesz3 were used 
in the recommendations to the North Atlantic Treaty Organization (NATO) Panel VI1 Ad 
Hoc Group of Shielding Experts for replacing the Vehicle Code System (VCS)',' with MASH 
1.0 as the reference code of choice for future armored vehicle nuclear vulnerability 
calculations. 

This report summarizes the results of MASH 1.0 calculations designed to model the 
next set of measurements in this series of nuclear radiation shielding experiments. These 
experiments were performed in the Spring of 1991 at the APRF and involved measurements 
obtained by experimentalists from APRF, the Armed Forces Radiobiological Research 
Institute (AFRRI), Harry Diamond Laboratories (HDL), and the Ektablissement Technique 
Central de I'Armement, France (ETCA). As in the case of the Spring 1990 experiments, the 
experimentalists utilized two passive integral detectors including the BD-100R Bubble 
Dosimeters for ncu tron measurements and Thermoluminescent Dosimeters (TLDs) for 
gamma-ray measurements. 

The analysis of the Fall 1989 measurements involved calculating free-field environments 
at distances of 170 and 400 meters from the APRF reactor along with measurements made 
using the "NATO standard test bed" (Le. a two-meter box) at the "NATO standard reference 
point" at 400 meters. The analysis of the Spring 1990 measurements involved calculating 
free-field environments at a distance of 400 meters from the APRF reactor along with 
measurements made using the RT-200 humanoid phantom standing in the free-field and 
inside the two-meter box test bed at 400 meters. The specific objective of the effort 
described in this report was to further "benchmark" MASH 1.0 against experiments involving 
a humanoid phantom and the two-meter box lined with two inches of 5% borated 
polyethylene, and determine the capability of MASH of reproducing the measured neutron 
and gamma-ray integral data. In particular, free-field environments at 400 meters were to be 
calculated along with measurements made using the two-meter box with the 5% borated 
polyethylene liner and the RT-200 humanoid phantom standing in the free-field and inside 
the lined two-meter box. 

MASH is currently being appraised as the "code-of-choice" to replace VCS. However, 
before it can be fully adopted for use in armored vehicle nuclear vulnerability calculations, 
the code system must firs1 be verified and validated through comparisons with experimental 
data. This effort is one of the primary objectives of the Oak Ridge National Laboratory 
(ORNL) MASH Verification and Validation Subtask of the Defense Nuclear Agency (DNA} 
Radiation Environments Program (REP). 



2.0 THE TWO-MEER BOX TEST BED EXPERIMENTS 

One of the purposes of the two-meter box test bed experiments was to provide spectral 
and integral data for use in the verification and validation of MASH. The experimental 
measurements were conducted at the Army Pulse Radiation Facility (APRF) bare fast reactor 
at Aberdeen Proving Grounds, Maryland. The verification and validation of MASH is being 
performed by ORNL and Science Applications International Corporation (SAIC). 

21 The APRF Reactor Source 

The APRF reactor is a bare critical assembly in the form of a right circular cylinder 
22.6 cm in diameter and 19.8 cm in height. The reactor is mounted on a transporter and 
positioned outdoors at a height of 12.7 meters abovc a borated concrete experiment pad and 
approximately 14 meters (on the average) above the surrounding terrain to simulate the (low 
intensity) neutron and gamma-ray radiation environment typical of a tactical nuclear weapon. 
The neutron emission from the reactor is anisotropic, with the angular distribution peaked 
in the horizontal (forward) direction. 

2 2  The Two-Meter Box Test Bcd 

The "Nato Standard Test Bed" is a large cubical steel walled box having interior dimensions 
of 200 cm x 200 cm x 200 cm and wall thicknesses (top and sides) of 5.08 cm. The bottom 
plate is 10.16 cm thick. The top and side wall thicknesses can be increased to 10.16 cm by 
the addition of 5.08 cm thick steel plates. The box contains lift tabs (for movement by 
crane), drainage holes at the base, a cable access hole at the base on the back side of the box, 
and two hatches. The hatches are located in the center of the top and back faces of the box 
and the hatch diameters in the interior box and outside plates are staggered to mitigate 
radiation streaming paths into the box. The hatches are included for loading and unloading 
experimental equipment (e.g. detectors, phantoms, etc.) and for simulating open-hatch vehicle 
expcrirnents. The interior air space with dimensions of 200 cm x 200 cm x 200 cm gives the 
test bed the common name - "the two-meter box." 

In this set of experiments, a 5.08-cm-thick 5% borated polyethylene liner was placed 
on the interior walls and ceiling of the box. The liner was fabricated in blocks and held in 
place using an aluminum frame. No liner material was placed on the floor of the box or 
immediately adjacent to the hook attached to the top hatch. Furthermore, to allow access 
into the box, no liner material was placed on the interior of the hatch on the back face of the 
box. The additional thickness of liner material yielded an interior air space with dimensions 
of approximately 190 cm x 190 cm x 195 cm. 

2 



23 The RT-200 Anthropomorphic Phantom 

The RT-200 anthropomorphic phantom supplied by the Defence Research 
Establishment Ottawa, Canada (DREO), approximates a typical U. S. armored vehicle 
crewman. The RT-200 stands 175.0 cm tall, and weighs 74.0 kg. The chest depth and width 
are 21.4 cm and 33.8 cm respectively, and the head depth and width are 20.8 cm and 14.8 cm. 
The RT-200 is comprised of a head, neck, and torso (which contains a set of lungs). The 
phantom has non-articulating arms and legs as separate solid members and a physical 
appearance that resembles the male human form. The phantom is constructed from a 
numbered series of one-inch thick slices held together with plastic rods. Four of the slices, 
two in the mid-head and two in the mid-gut regions, have removable cut-outs to allow for 
"in-phantom" dosimetry measurements. External dosimetry measurements are made by taping 
the dosimeters directly to the phantom in the desired location(s), e.g., wrist, chest, belt, etc. 

2 4  Details of the Measurements 

The reactor was operated in the steady state mode for all of the experiments reported 
in this document. Power levels and run durations were determined for each experiment by 
the requirements of the detector system being used to assure sufficient statistical accuracy in 
the measured results. Meteorological data (air temperature, barometric pressure, and relative 
humidity) were recorded during the course of the experiments by the Aberdeen Proving 
Grounds Meteorological Observation Station at Poverty Island and provided to the APRF 
staff. In addition, the APRF staff made several ground moisture measurements throughout 
the course of the experiments to record the water content of the soil. 

AlI measurements using the two-meter box test bed and RT-200 phantom were made 
at a distance of 400 meters from the APRF reactor. The 400 meter test site is referred to 
as the "NATO standard reference point" and is a sufficient distance for the neutron and 
gamma-ray spectra to reach equilibrium shapes due to modifications of the reactor source 
spectrum from interactions in the air and ground. The box was oriented with one face normal 
to the axis from the reactor to the test site and with the side hatch away from the APRF 
reactor. In ali of the measurements both hatches were closed. The box was ahvays present 
at the 400 meter test site. The measurements involving the RT-200 phantom were made with 
the phantom standing in the free-field or inside the two-meter box, either facing the APRF 
reactor or with the left side towards the reactor. Free-field measurements were obtained by 
placing the detectors or RT-200 phantom at a distance of 400 meters from the reactor and 
at a distance from the two-meter box of approximately 10 meters. The in-box measurements 
were obtained by placing the detectors or RT-200 phantom inside the box with the signal and 
high voltage cables (if required) passing through the cable port to data acquisition equipment 
inside the APRF building or to mobile counting laboratories located near the 400 meter site. 
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2 5  Experimental Equipment 

Two different detectors were used by the experimentalists to measure the radiation 
environments in the free-field and inside the two-meter box test bed, including the BD-100R 
Bubble Dosimeters for neutron measurements and Thermoluminescent Dosimeters (TLDs) 
for gamma-ray measurements. Both of these detector systems measure integral quantities, 
and consequently, no spectral measurements were performed. 

The BD-100R Bubble Dosimeter is ideally suited for these measurements because it 
is capable of measuring very low neutron dose (less than one mrem) and is tissue equivalent 
for neutron energies between 100 keV and 20 MeV. Furthermore, the BD-100R maintains 
an isotropic response over its active range, and is capable of immediate on-site data analysis. 
The experimentalists from APRF and ETCA were the only two teams performing neutron 
dose measurements for this series of experiments. 

The Thermoluminescent Dosimeter (TLD) measures gamma-ray dose between 10 keV 
and 20 MeV. The TLD is sensitive to gamma rays but also moderately sensitive to thermal 
neutrons. Several varieties of TLDs with different shapes, sizes, and shields were used by the 
experimentalists. All experimentalists participated in the gamma-ray dose measurements and 
reported results in units of dose (tissue) except HDL which reported results in units of dose 
(CaF,:Mn). Consequently, HDL provided ORNL analysts with the CaF,:Mn gamma-ray 
energy sensitive response function (relative to air) for the MASH analysis of the HDL 
measurements. 

The sequence of free-field and in-box neutron and gamma-ray measurements was 
carefully planned and coordinated by the APRF staff to ensure minimum interference 
between the different experimentalists and to achieve optimum reactor-detector-box 
dispositions. The integral power required for the BD-100R neutron dosimeter measurements 
is significantly less than that required for the TLD measurements. Consequently, the neutron 
measurements were performed separately from the gamma-ray measurements. The TLD 
measurements required full day runs (approximately 50 k W h  of integrated power) due to the 
low sensitivity of the TLDs. Therefore, all experimentalists performed the TLD 
measurements simultaneously to allow for completion of the full experimental schedule. 

Kerma values were reported for free-field measurements, free-in-air measurements 
inside the lined two-meter box, and measurements external and internal to the RT-200 
humanoid phantom standing in the free-field and inside the lined two-meter box. The 
experimental data summarized in this report were taken from presentation charts and other 
documents provided by the different experimentalists. 
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3.0 MASH CALCULATIONAL TECHNIQUES 

The MASH calculational technique employs a GRTUNCL-DORP forward discrete 
ordinates calculation to  determine the neutron and gamma-ray fluence o n  a coupling surface 
surrounding the armored vehicle or shielded structure and a MORSE7 adjoint Monte Carlo 
calculation to  determine the dose importance of the surface fluence. MASH then utilizes the 
Detector Response Code (DRC)' to fold the fluence together with the dose importance to 
yield the desired detector response(s). MASH was specifically designed to calculate the 
neutron and gamma-ray radiation environments and shielding protection factors of vehicles, 
structures, trenches, and other shield configurations. Consequently, the two-meter box 
experiments represent a realistic test problem for verifying the MASH code system. 

3.1 Definition of Protection and Reduction Factors 

Two quantities that are indicative of the ability of a ground combat vehicle to protect 
its crew members from penetrating nuclear radiation are protection factors (PFs) and 
reduction factors (RFs). The protection factors are more useful in the characterization of the 
vehicle shielding, whereas the reduction factors are more useful for comparisons with 
experimental data. 

The neutron protection factor considers only the incident radiation field due to 
scattered and unscattered neutrons and secondary gamma radiation arising from (n,y) 
reactions with the vehicle. Similarly, the gamma protection factor treats only that incident 
radiation resulting from gamma rays produced by prompt fission and extra-vehicle (n,y) 
reactions (air and ground). Because detector systems are unable to discern the origin of the 
gamma rays (i.e. source, air secondary gamma ray, vehicle secondary gamma ray, etc.) 
contributing to the in-vehicle dose, the calculated reduction factors are more easily compared 
with experimental measurements than the protection factors. The definitions of the 
parameters and protection factors used in DRC to characterize the effectiveness of the 
vehicle shields are given in Table 1. It should be noted that the definitions of the protection 
factors and reduction factors are independent of the response function (i.e. tissue dose, silicon 
dose, etc.) used in the analysis. 

3 2  Air-Over-Ground Environment 

The APRF radiation environment was modeled in the GRTUNCL and DORT codes 
to determine the air-over-ground environment from which the fluence on the coupling surface 
could be obtained. GRTUNCL calculates the uncollided component of the fluence and 
DORT calculates the scalar and directional fluences of the collided component. All three 
components of the fluence are processed through VISTA' to obtain the fluence on the 
coupling surface to be folded in DRC. 
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Table 1. Definitions of Radiation Protection Factors and Reduction Factors. 

TPF = TOTAL, PROTECTION FACTOR 

11 NPF = NEUTRON PROTECTION FACTOR 

Free -Field Neutron Dose - - 0." NPF = 
Target Dose Summing Direct Neutrons + Vehicle (n,y) iv iv 

Dn +Dn,.wh 

PF = GAMMA PROTECTION FACTOR 

Free-Field Gamma Dose, (Direct y + Air and Grnd(n,y)) - D E & + D z + + D y  GPF = 
iv Iv 

D,,* +D,.n?nd +D," Target Dose Caused By All Gamma Sources 

)I NRF = NEUTRON REDUCTION FACTOR 

- 0." - -  Free -Field Neutron Dose 
Target Dose Caused By Direct Neutrons 

NRF = 

0," 

GRF = GAMMA REDUCTION FACTOR 

FF 
D::.+ + D n y , d  +D: 

Dny.wh + Dny,idr + Dq.grnd+  

Free-Field Gamma Dose, (Direct y + Air and Ground(n,y)) = GRF = 
tv iv k Target Dose Caused By All Gamma Sources 
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where 

D F  - Direct neutron Free-Field Dose 

Df:m - Ground (n.y) Free-Field Dose 

D r  - Direct neutron Imide-Vehicle Do* 

h D,, , ,  - Air (n,y) Inside-Vehicle Dose 

D,” - Direct Gamma Inside-Vehicle Dose 

FF DW,& - Air (n,y) Free-Field Dose 

D Y  - Direct Gamma Free-Field Dose 

h Dw,d - Vehicle (4y) Imide-Vehicle Dose 

- Ground (n,y) Inside-Vehicle Dose iv 
D w . d  

In early 1989, SAIC performed a detailed analysis of the APRF reactor and produced 
the energy- and angle-differential leakage spectrum to be used as the source for all transport 
calculations.’ SAIC calculated the neutron leakage from the APRF reactor, integrated over 
all angles, to  yield 1.293 x lOI7 neutrons per kWh. Table 2 lists the APRF reactor neutron 
leakage spectrum (normalized to unity). The APRF gamma-ray leakage spectrum is divided 
into two components, prompt plus secondary gamma-ray leakage, and delayed gamma-ray 
leakage. The prompt and secondary gamma-ray leakage spectrum is a function of the reactor 
model used in the source analysis and is constant in both number of gamma rays per source 
neutron and spectral shape. The delayed gamma-ray leakage spectrum changes as a function 
of time after a fission event and therefore varies in both number and spectral shape. SAIC 
calculated delayed gamma-ray spectra for three different durations of operation; fifteen 
minutes, one hour, and four hours. For the purposes of the two-meter box test bed 
experiments, the one hour delayed gamma spectrum was utilized in the MASH analysis. The 
number of gamma rays per source neutron for the prompt plus secondary, one hour delayed, 
and total gamma-ray leakage spectra are 0.276,0.112, and 0.388 respectively. The combined 
prompt plus secondary and one-hour delayed gamma-ray leakage spectrum (normalized to 
unity) €or the APRF reactor is given in Table 3. 
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Table 2. APRF Reactor Neutron Leakage Spectrum (number of neutrons per 
energy bin) and DABL69 Free-In-Air Tissue Kerma Response 

Function (Gy-cm*/n) Used in the MASH Analysis. 

Group 

6 

Upper APRF 
Energy Reactor 
(eV) Leakage 

1.9640+07a 2.78-06 

1.6905+07 1.09-05 

1.4918+07 1.26-05 

1.4191+07 9.28-06 

1.3840+07 7.1545 

I 1.2523+07 I 2.88-05 

DN3Lh9 
Free-In-Air 

Tissue 

7.365-11 

7.046-1 1 

6.859-1 1 

6.745-11 

6.616-1 1 

6.381-1 1 

Group 
No. 

24 

25 

26 

27 

28 

29 

8.2085+05 1 3.50-02 1 2.059-11 

2.4724+05 I 4.78-02 I 1.026-11 

I aKead as 1.9640 x lo7 
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Table 3. APRF Reactor Gamma-Ray Leakage Spectrum (number of gamma-rays per 
energy bin) and DABL69 Free-In-Air Tissue Kerma Response 

Function (Gy-cm'/y) Used in the MASH Analysis. 

1 1 
Upper 
Energy 
(e"> 

1.500+06 

APRF DABL69 
Reactor Free-In-Air 
Leakage Tissue 

2.05-01 5.853-12 

l.OOO+M 1.90-01 

7.000+06 1.73-01 

4.550+05 7.90-02 

3.000+05 6.40-02 

1.500+05 1.17-02 

1.000+05 I 1.42-03 I 3.482-13-11 

4.272-12 

2.964-12 

1.930-12 

1.054-12 

5.2%-13 

7.000+04 I 5.93-05 I 3.132-13 11 
7 

8 

6.000+06 4-55-03 1.644-11 19 

S.o00+06 1.17-02 1.433-11 20 

9 

11 11 I 2.500+06 I 6.76-02 1 9.027-12 I 23 I Z.O00+04 I 6.30-07 I 3.396-12 11 

4.000+06 3.76-02 1.213-1 1 21 

3.OOO+O6 3.9842 1.036- 1 1 22 

11 12 I 2.000+06 I 1.1341 I 7.556-12 1 24 I l.O00+04 I I I1 

4.500+04 

3.000+04 

11 "Read as 2.OOO x lo' II 

1.57-06 4.846-13 

1.75-07 1.050-12 

The air-over-ground model utilized 123 radial intervals and 146 axial intervals in a flat 
topographical r-z model. This mesh modeled a 2000 meter by 2000 meter air environment. 
Approximately one meter of ground was included in the air-over-ground calculations to model 
ground scattering. The source height was set at 16.143 meters above the airlground interface 
and at the center of the radial mesh (r=O.O). The air-over-ground model utilized a 240 
direction forward biased quadrature, a P, Legendre expansion of the cross sections, the 
reference DNA Defense Applications Broad-group Library (DAE3L69) 69 group (46fl3.y) 
cross-section library,' and three different materials - air, ground, and borated concrete (the 
reactor pad). Two ground moisture and six air moisture contents were utilized to encompass 
the full spectrum of ground moisture and meteorological data recorded by APRF. To model 
the ground moisture conditions, 24%, and 37% water (by weight) was utilized in the APRF 
soil compositions. The meteorological data and number densities for the various air 
compositions used in this analysis are given in Table 4. Six air-over-ground fluence files at 
the coupling surface were calculated using the GRTUNCL-DORT-VISTA code sequence. 
Utilizing these six fluence files enabled the ORNL analysts to choose an air-over-ground 
environment which closely approximated the environmental conditions for a given 
experimental measurement. 
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Table 4. Meteorological Data and Air Number Densities Used in the MASH Anatysis 
of the APRF Spring 1991 Two-Meter Box Test Bed Fxperiments. 

Meteorological Data 

5/9/91 ~ 9 1 - 1 3 6  7.759-07 3.91 1-05 1.088-05 2.339-07 

aRead as 1.183 x 
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3 3  Tbe Twddeter Box and Phantom Geometry Models 

An isometric view of the two-meter box test bed with the 5% borated polyethylene liner 
described in Section 2.0 is shown in Figure 1. The two-meter box test bed was chosen for the 
"NATO standard test bed" because the geometry provides a simplistic vehicle for experimental and 
analytical (MASH) comparisons of radiation transmission through material types and thicknesses 
indicative of modern armored vehicles. 

The RT-200 anthropomorphic phantom (also described in Section 2.0) is a complex form which 
does not lend itself easily to modeling using standard combinatorial geometry input currently available 
in the MASH code system. Consequently, a modified combinatorial geometry phantom model, 
developed from the original Snyder phantom model," was used in the MASH analysis. An isometric 
view of the combinatorial geometry phantom model is shown in Figure 2. The combinatorial 
geometry model represents a simplified form of the RT-200 phantom and does not have all the 
detailed contours which characterize the anthropomorphic RT-200 phantom actually used in the 
measurements. The simplified phantom model is 174.4 cm tall and weighs approximately 70.0 kg. 
The chest contains a set of lungs and has a depth and width of 20.0 cm and 34.4 cm, respectively. 

Likewise, the head depth and width are 20.0 cm and 15.1 cm. Since the gross features, i.e., 
size, height, weight, physical dimensions, etc., of the combinatorial geometry phantom are similar to 
those of the RT-200 phantom, it is believed that the differences in the calculational model and the 
humanoid phantom used in the measurements will not cause significant errors in the MASH analysis 
of the experiments. 

The two-meter box and 5% borated polyethylene liner (Figure 1) and combinatorial geometry 
phantom (Figure 2) were modeled in the MORSE component of the MASH code system using the 
GIFT11,'2 geometry package. Figure 3 depicts an isometric view of the GIFT geometry model of the 
phantom standing in the lined two-meter box (facing the reactor). The material compositions for the 
air, ground, steel, 5% borated polyethylene liner, BD-100R neutron dosimeters, and phantom (soft 
tissue, bone, and lung) are given in Table 5. 

There were multiple detector positions utilized in the Spring 1991 experiments. Table 6 lists 
the positions of the BD-100R bubble dosimeters. The same general locations were used for the TLD 
measurements. There were multiple dosimeters used at each position in the measurements on and 
inside the phantom as evidenced in Table 6. A set of preliminary scoping calculations determined 
significant differences in the calculated neutron doses as a result of including (or excluding) the 
3D-100R dosimeters in the geometry model. Differences within statistical deviations were generally 
seen in the calculated gamma-ray doses. However, the BD-100R buddle dosimeter is a volumetric 
detector and MASH utilizes a point detector for computing the dose. Consequently, the BD-100R 
detectors were not modeled in the MASH clculations even thought they are included in the geometry 
models. At each detector location (left wrist, front belt, etc.) the MASH analyses utilized a point 
central to the location of the multiple BD-100R detectors. There are two positions not associated 
with the phantom relating to measurements made inside the box. The "Center of Box" location 
corresponds to the location used in the Fall 1989 measurements and was used when the phantom was 
outside the box. The "Detector on Shelf" location is situated off to one side on a small aluminum 
table and was used when the phantom was standing inside the box The Kerr neutron and gamma-ray 
Free-In-Air (F'IA) tissue kerma response functions in the DABI-69 cross-section library were utilized 
in DRC to obtain the dose responses in the free-field and in the two-meter box. Listings of the 
neutron and gamma-ray FIA tissue kerma response functions are given in Tables 2 and 3 respectively. 
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Figure 1. Isometric View of the Two-Meter Box Test Bed with a 
5% Borated Polyethylene Liner. 
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Figure 2. Isometric View of the Combinatorial Geometry Phantom 
Model Used in the MASH Analysis. 
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Figure 3. Isometric View of the MASH Geometry Model of the 
Combinatorial Geometry Phantom Standing Inside the Lined 

(5% Borated Polyethylene) Two-Meter Box Test Bed. 
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Atomic 

Material Committon fatoms/fbarnrm~) 

EIement APRF k r  1020 Plastic Soft Bone Water Lexan 5% Borated 

Table 5. Compositions of 

Number 

1 Uydrogen 

5 Boron-10 

5 Boron- 11 

6 Carbon 

7 Nitrogen 

8 Oxmen 

11 Sodium 

12 Magnesium 1 
13 Aluminum 

14 Silicon 
(" 

1s Phosphorus 

16 Sulfur 

17 Chlorine 

18 Argon 

19 Potassium 

VI 

the Materials Used in the MASH Analysis of the APRF Spring 1991 Two-Meter Box Test Bed Experiments. 

Tissue Polyethylene Ground Steel Lung 

4.80-02' 7.01-07 1.65-02 5.88-02 6.14-02 6.69-02 3.98-02 7.13-02 

8.8649 4.87-04 

3.24-08 1.97-03 

3 49-04 8.08-04 1.18-02 3.36-02 1.79-02 g 4.54-02 3.4 1-02 

4.30-02 1.06-0s 3.82-03 7.72-03 2.52-02 3.34-02 8.52-03 3.64-03 

1.32-04 2.32-07 1.20-04 

8.43-05 3.88-05 

4.39-05 3.83-05 1.02-03 1.99-03 1.84-03 1 

127-03 1.31-09 2.29-09 

8.79-03 4.21-04 6.00-07 

6.11-05 1.39-03 

3.34-06 7.38-05 4.55-05 

3.27-06 7.13-08 2.35-08 3.40-05 

2.29-07 

1.89-04 - - ~ _ _  3.30-05 

20 Calcium 2.40-05 

2s Manganese 6.65-06 3.88-04 

26 Iron 2.97-04 8.39-02 

27 Cobolt 2.57-07 

28 Nickel 2.58-07 I 

29 Copper 4.49-07 

50 Tin 6.76-08 

2.14-03 

1.21-06 

p[gm/cm3) 1.75+00 1.19-03 7.86+00 
I 

3.90-01 1.03+00 1.40+00 1.00+00 1.20+00 9.40-01 

aRead as 4.80 x lo'* 
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Table 6. MASH Coordinate Positions for the Analysis of the APRF Spring 1991 Two-Meter 
Box Test Bed Experiments BD-100R Bubble Dosimeter Locations on the RT-200 

Humanoid Phantom and Inside the Two-Meter Box. 

(b=back, c=center, f=front, i-inner, l=left, m=middle, r=right, and o=outer) 
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3.4 The Two-Meter Box Calculations 

The MASH calculations also utilized the reference DNA DABM9 69 group (46nn3y) 
cross-section library. The Monte Carlo (MORSE) calculations for the phantom standing in 
the free-field generated and tracked 200,000 primary source particles for the external detector 
locations (belt, wrist, chest, etc.), and 400,OOO primary source particles for the internal 
detector locations (mid-head, and mid-gut), sampled over the 69 energy groups. The Monte 
Carlo (MORSE) calculations for the phantom standing in the two-meter box with the 5% 
borated liner, generated and tracked 500,000 primary source particles for the left chest (LC) 
and front belt (FB) positions, 750,000 primary source particles €or the left wrist (LW), right 
wrist (RW), back belt (BB), and detector on shelE (DS) positions, and l,OOO,OOO primary 
source particles for the mid-gut (MG), mid-head (MH), and center of box (COB) positions. 
At all positions, the primary source particles were sampled over the 69 energy groups. An 
energy dependent relative importance factor was utilized over the 69 groups to increase the 
frequency of sampling the adjoint source particles from energy groups which have a significant 
effect on the dose response function. The secondary particle production probability was set 
to 1.0 for all regions and energy groups in the Monte Carlo calculations, and the in-group 
energy biasing option in MORSE was switched on. Region dependent and energy 
independent splitting and Russian Roulette parameters were utilized in the two-meter box 
steel and 5% borated polyethylene liner regions to improve the efficiency of the Monte Carlo 
calculations. This was accomplished by subdividing the 10.16-cm-thickness of steel into two 
equally thick concentric regions and assigning each of the steel regions and the liner region 
different splitting and Russian Roulette parameters which would allow a sufficient number 
of source particles (and secondary particles) to escape to obtain acceptable statistics. Only 
onc biasing region was used in the phantom model due to the complexity of segmenting the 
geometry in a cost efficient manner. The average air and ground moisture conditions for this 
series of experiments (APRF air for run ss91-121 given in Table 4, and 37 wt% H,O given 
in Table 5) were chosen for the adjoint MORSE calculations. The elemental compositions 
given in Table 5 were mixed to give the MORSE materials listed in Table 7. It should be 
noted that in this analysis, the MORSE materials and GIFT geometry model materials are 
equivalent. 

As presently configured, DRC assumes the DORT fluence on the "coupling surface" 
is dependent on energy and elevation only, and not on azimuth. Consequently, DRC only 
uses the fluence at the 400 meter radius in the DORT mesh and does not use the radii 
encompassing the box. This assumption is valid for small objects at a great distance from the 
source. Since the size of the box and/or phantom is small relative to the distance from the 
source, it was felt this assumption was valid for this analysis and would produce an uncertainty 
within the statistical deviations of the calculated results. 

For documentation purposes, sample input data streams (decks) for the two-meter box 
and phantom analyses (MORSE), along with the GIFT geometry models for the two-meter 
box with the 5% borated polyethylene liner, the phantom, and the phantom in the lined 
two-meter box, are included in the appendices. This will enable future versions of MASH to 
be "benchmarked" to the analysis reported in this document. Sample input data streams 
(decks) €or the air-over-ground analysis (GIP, GRTUNCL, DORT, and VISTA), and DRC 
are given in the Spring 1990 report3 and are not repeated here. 
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Table 7. MASH Geometry Regions and Cross-Section Materials Used in the Analysis 
of the APRF Spring 1991 Two-Meter Box Test Bed Experiments. 

Material Description 

APRF Ground 

Air 

S A E  1020 Steel 

Plastic Lung 

Soft Tissue 

MORSE 
Material 
Number 

MORSE 
Material 
Number 

6 

7 

8 

9 

1 

2 

3 

4 

5 

Material Description 

Bone, Skeleton 

Water 

Lexan 

5% Borated Polyethylene 
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4.0 DISCUSSION OF RESULTS 

4.1 Neutron Dctse and Reduction Factors 

There is a considerable amount of data generated in the MASH analysis of a series of 
experiments when multiple detector locations, teams of experimentalists, and geometry 
configurations and orientations are considered. For documentation purposes and 
completeness, the bulk of this data is included in the appendices along with the majority of 
the data comparisons to the experimental data. Data averaged over the different 
experimental parameters (detector location, ground range, and vehicle orientation) will be 
presented in the main text. 

Comparisons of the calculated (MASH) and measured (APRF and ETCA) neutron 
Free-in-Air (HA) tissue dose and reduction factors are given in Appendix A. Tables A-1 and 
A-4 present the data for the phantom standing in the free-field (facing the reactor) at 400 
meters from the APRF reactor. Tables A-2 and A-5 present the measured and calculated 
dose data for the phantom standing in the lined two-meter box (facing and left side towards 
reactor) at 400 meters. The comparisons of measured and calculated neutron reduction 
factors (NRFs) for the dose data presented in Tables A-2 and A-5 are presented in Tables 
A-3 and A-6, respectively. Comparisons of the measured and calculated neutron doses and 
reduction factors, averaged over internal, external, and all detector locations on or inside the 
phantom, are presented in Tables 8 and 9 for the APRF data, and Tables 10 and 11 for the 
ETCA data. Finally, in Tables 12 and 13, the measured data, again averaged over internal, 
external, and all detector locations on or inside the phantom, and for both teams of 
experimentalists (APRF and ETCA)), are averaged together and compared to the MASH 
calculations. Calculation to experiment (C/E) ratios are included in each table to help 
quantify the comparisons. 

The C/E ratios €or the FIA dose to the phantom standing in the free-field indicate 
marginal agreement with the APRF data (Table A-1), and excellent agreement with the 
ETCA data (Table A-4). A similar comparison of the two sets of measured dose data in 
Tdbks A-1 and A-4 indicate differences up to 4 0 %  at a given detector location. 
Consequently, the calculation to experiment (CE) ratios, even though some are greater than 
the i Z O %  DNA mandate, are typically within the experiment to experiment (EE) ratios. The 
worst comparison with APRF data, for a detector on the phantom, occurred at the back belt 
location with a C/E ratio of 1.36 (Table A-1). Reasons as to why the comparisons to the 
APRF results at the external detectors are poorer than the comparisons to the results'at the 
internal detectors are unknown at this time. The spread of the experimental data indicate 
the C/E ratios are within the uncertainties associated with the measurements. One interesting 
point worth noting in the dose data comparisons €or the phantom standing in the free-field 
is the agreement at the two internal detector locations (mid-head and mid-gut). In the Spring 
1990 comparisons: the internal detector locations (especially the mid-gut) yielded the worst 
C/E ratios. In this analysis, the C/E ratios for both sets of experimental data are within 
f 10%. 
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The C/E ratios for the FIA dose to the phantom standing in the lined two-meter box 
(Tables A-2 and A-5) indicate excellent agreement with the measured dose external and 
internal to  the phantom for almost all of the detector locations and both phantom 
orientations. The agreement bctween the MASH calculations and measured dose is typically 
*lo% for the various detector locations external and internal to the phantom. Unlike the 
experimental results for the phantom standing in the free-field, the APRF and ETCA 
measured results for the phantom standing in the lined two-meter box show excellent 
agreement, typically within 4 % .  It should be noted that some of the differences associated 
with the internal detector locations may be statistical due to  the very low doses measured and 
calculated at these two positions. 

One  final result worth mentioning in Tables A-1, A-2, A-4, and A-5 are the C/E's for 
the free-field (FF) dose comparisons. As in case with the Fall 1989 comparisons* and Spring 
1990 comparisons3, MASH calculates approximately 20% more dose than is measured. The 
spread on the measured free-field dose data results is significant, ranging from 3.51 mrad/kWh 
(ETCA, Table A-5) to  4.78 mradkWh (ETCA, Table A-4). This range in measured free-field 
results is 20%-25% larger than the maximum range calculated using MASH for the most 
extreme changes in meteorological conditions and ground moisture at the APRF test site at 
400 meters. Despite this range in experimental data, the overall indication from the free-field 
dose results indicates a consistency in both the measured and calculated free-field dose 
between the three sets of experiments (Fall 1989, Spring 1990, and Spring 1991). 

There is no apparent reason for the discrepancies in the results shown in the dose data 
tables given in Appendix k Possible causes include modeling differences (MASH 
combinatorial geometry phantom vs. the RT-200 humanoid phantom), detector placement 
on/in the MASH model versus actual position on the RT-200 phantom, temperature 
corrections for the BD-100R dosimeters, insufficient/inaccurate bubble counts, cross sections, 
Legendre expansion of the cross sections, quadrature, etc. Some of the differences exhibited 
in the result of this study are contrary to the results shown in the Spring 1990 stud?. Other 
comparison results between the two analyses are consistent. Typically, the MASH results are 
consistent with respect to dose magnitude and phantom orientation. The experimental results 
exhibit significant differences; considerably larger than what changes in environmental 
conditions would dictate. 

The neutron reduction factor (NRF) comparisons presented in Tables A-3 and A-6 
amplify the free-field dose discrepancies noted in Tables A-2 and A-5. In particular, at the 
dctector locations where MASH underestimates the measured dose (i-e., C/E < LO)? the C/E 
ratios for the corresponding neutron reduction factors will be large. This is due to the 
consistent over-estimation of the free-field dose in MASH. Those detector locations where 
the dose C/E ratios (Tables A-2 and A-5) are less than one have large N R F  C/E ratios 
exhibited in Tables A-3 and A-6, ranging from a factor of approximately 1.30 to  1.80. 
Obviously, these results indicate poor agreement between MASH and the measurements and 
are significantly greater than the *20% DNA mandate for acceptable comparisons. 

Understanding the differences associated with each individual comparison for each 
team of experimentalists is important in understanding the physics and/or mechanics of the 
processes involved. Often, however, the quantity and diversity of the C/E ratios tend to 
"muddy the picture" as to the overall quality of the comparison. Consequently, averaging the 
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experimental and analytical results over external, internal, and all detector locations on or 
inside the phantom yields a summary indication of the agreement between MASH and the 
measurements for the dose comparisons (Tables 8, 10, and 12), and the reduction factor 
comparisons (Tables 9, 11, and 13). The results presented in these tables smooth out the 
anomalies and inconsistencies associated with each individual comparison and give a clearer 
indication of the overall quality of the comparisons. As one would expect, the results and 
trends discussed above are still prevalent in the summary results presented in Tables 8 
through 13 and do not yield all CE ratios within i20%. In particular, the C/E ratios for the 
phantom standing in the free-field indicate marginal agreement between calculation and 
experiment, and for the phantom standing in the two-meter box, the C/E ratios indicate 
MASH estimates the measured dose to within approximately 10%. The over-estimation of 
the free-field dose by MASH, coupled with an underestimation of the measured odin  
phantom dose, yields corresponding discrepancies in calculated and measured NRFs of 30% 
to 80%. 

4 2  Gamma-Ray Dose and Reduction Factors 

Comparisons of the calculated (MASH) and measured gamma-ray dose and reduction 
factors are given in Appendix B for the different organizations participating in the Spring 
1991 experiments at APRF. The tables of dose and reduction factor data have been grouped 
by organization (not all organizations participated in the full series of measurements). Tables 
B-1 through B-3 present the comparisons to the HDL data, Tables B-4 through B-8 present 
the comparisons to the APRF data, Tables €3-9 through B-11 present the comparisons to the 
ETCA data, and Tables B-12 and B-13 present the comparisons to the AFRRI data. In each 
set of data, the gamma-ray dose and reduction factor comparisons are presented for the 
phantom standing in the free-field, followed by the gamma-ray dose comparisons then 
reduction factor (GRF) comparisons for the phantom standing in the two-meter box. The 
comparisons to the APRF data (Tables B-4 through B-8) are given for two different sizes of 
TLDs. The APRF team performed measurements on the phantom standing in the free-field 
and inside the two-meter box using large (250" x -250" x .070") CaF,:Mn TLDs [Tables B-4, 
B-7, and B-81, and small (.125" x -125" x -035") CaF2:Mn TLDs Fables B-5 and B-61. The 
small TLDs were only used for the phantom standing inside the two-meter box. The MASH 
calculations were compared to both sets of TL,D measurements for completeness. 

Due to the considerable amount of data presented in the tables of Appendix B, the 
comparisons of the measured and calculated gamma-ray doses and reduction factors, averaged 
over internal, external, and all detector locations on or inside the phantom, are presented in 
Tables 14 through 23 for all the different teams of experimentalists. Furthermore, in Tables 
24 and 25, the measured data, again averaged over internal, external, and all detector 
locations on or inside the phantom, and for all the teams of experimentalists reporting dose 
in unit of mrad(Tissue), are averaged together and compared to the MASH calculations. 
Calculation to experiment (CE)  ratios are included in each table of gamma-ray data 
(Appendix B and Tables 14 through 25) to help quantify the comparisons. 

The experimentalists measured the gamma-ray data using two types of 
Thermoluminescent Dosimeters (TLDs); calcium fluoride (CaF2:Mn>, and aluminum oxide 
(AI,O,:C). The TLDs were of different sizes and shapes and with different types of shields 
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(i.e., Sn, Al, CH,, etc.). All experimentalists (except HDL) reported gamma-ray results in 
units of dose(Tissue), i.e. mrad(Tissue). To obtain results in units of dose(Tissue), the 
experimentalists had to apply conversion factor(s) to the response function to convert the 
response from dose(CaF,:Mn) or dose(Al,O,:C) (referred to as dose(TLD)) to  dose(Tissue). 
The  HDL data is reported in units of dose(CaF,:Mn). HDL supplied ORNL analysts with 
the CaF,:Mn response function for direct comparisons to the HDL experimental data. None 
of the experimentalists corrected the data to account for the differences in the gamma-ray 
spectrum of the APRF radiation field and the radiation field of the calibration facility. 
Furthermore, it should be noted that CaF2:Mn is moderately sensitive to  thermal neutrons. 
Again, none of the experimental data were corrected for the contribution due to the thermal 
neutron fluence. This should not be a big factor for measurements inside the two-meter box 
without the phantom present. However, for the free-field measurements outside the 
two-meter box and all phantom measurements, the thermal neutrons may contribute 510% 
of the total thermoluminescence signal. Thc MASH results in Appendix B and Tables 14 
through 25 are reported in units of dose(Tissue) using the DABL6g9 Free-In-Air tissue kerma 
response function or dose(CaF,:Mn) using the response function provided by HDL. The 
MASH results do not contain any contribution from thermal neutrons and are not corrected 
back to the gamma-ray spectrum of the calibration field used for the different TLDs. The 
composite effect of the differences in the way the measured and calculated data are reported 
is difficult to  ascertain. It is conceivable that the uncertainties associated with these 
differences are greater than the *20% mandate of DNA for acceptable comparisons without 
regard to the actual comparisons of the calculations and measurements themselves. 

Analyzing the comparisons of the calculational and experimental gamma-ray dose and 
reduction factor results presented in Appendix B show the C E  ratios are typically between 
0.80 and 1.20. Within the comparisons to any individual organization, there are detector 
locations and geometry configurations (i.e. phantom free-field, phantom in the two-meter box, 
etc.) which have marginal agreement and a corresponding C/E ratio outside the i20% 
acceptable range. However, this same detector location may exhibit excellent agreement 
when the phantom orientation is changed relative to the reactor. Furthermore, that same 
detector location, when compared to the results for a different organization, may exhibit 
excellent agreement between MASH and experiment. This situation lends credence to  the 
comparisons of the "averaged" data presented in Tables 14 through 25. Once again, the 
comparisons of the average values yield a clear picture of the quality of the overall 
comparison of MASH to the measurements. It should be noted that as in the case of the Fall 
1989 comparison2, the calculation to experiment C/E) ratios are within the range of ratios 
obtained when two different sets of experimental data ( E E  ratios) are compared. Without 
going into explicit detail on the comparisons between MASH and each set of experimental 
data, the more significant trends associated with the comparisons presented in Appendix B 
will be discussed. 

The comparisons of the free-field (FF) dose showed differences of approximately 15% 
to 20% for dose(Tissue) between the different teams of experimentalists. The APRF and 
ETCA teams measured gamma-ray doses of approximately 1.45 mrad(Tissue)/kWh and the 
AFRRI team measured gamma-ray doses of approximately 1.23 mrad(Tissue)/kWh. Although 
TLDs were not used in the Fall 1989 comparison, these results are approximately 10% lower 
for the APRF and ETCA teams and approximately 30% lower for the AFRRI team when 
compared to  the published results of the Fall 1989 study. The MASH calculations exhibited 

22 



an increase of approximately 10% in the reported free-field dose (compared to the Fall 1989 
study). Similar comparisons with the Spring 1990 data2 show the APRF and ETCA Spring 
1991 data are approximately 20% lower in integral free-field dose(tissue), whereas the MASH 
calculations remained virtually the same (approximately 1.35 mrad(Tissue)/kWh). With 
respect to the MASH calculations, the differences between Fall 1989, Spring 1990, and Spring 
1991 free-field results can be attributed to meteorological conditions, detector energy range, 
and an updated APRF leakage source. The extended range of measured free-field doses 
yielded a corresponding range in C/E values from 0.91 to 1.11, which is within the DNA 
mandated i20% acceptance limit. 

An interesting result shown in Tables B-5 through B-8 indicate the large TLDs [(.BO" 
x 250" x .070") CaF,:Mn TLDs] used by the APRF team give better agreement than the small 
TLDs [(.125" x .125" x .035") CaF2:Mn TLDs]. In particular, the typical integral dose C E  
results with the large TLDs ranged from approximately 0.95 to 1.09 (Table B-7), whereas the 
integral dose C/E results with the small TLDs ranged from approximately 1.00 to 1.16 (Table 
B-5). This appears to indicate the larger TL,D (with more thermoluminescent material) yields 
better agreement with the calculation. It would be reasonable to expect the larger TLD to 
yield more consistent results than the smaller TLD for the same integrated reactor power 
since there would be more signal to read. The corresponding CIE ratios for the gamma-ray 
reduction factor comparisons (Tables B-6 and B-8) indicate the same trend as the dose data. 

The spread of the dose C/E ratios within a given set of comparisons to a particular 
experimentalists data typicaIly included values both greater than and less than unity for any 
given phantom orientation/geometry configuration. The APRF comparisons, however, 
exhibited a trend of all dose C/E ratios less than unity (except one TLD location) for the 
phantom standing in the free-field and all dose C E  ratios greater than unity (except one TLD 
location) for the phantom standing in the two-meter box when compared to the small TLDs. 
As a general trend, the MASH calculations calculated 5% to 15% more dose than was 
measured. 

In the Spring 1990 studf, there were consistent discrepancies between calculation and 
measurement at the mid-gut location for the phantom standing in the two-meter box and at 
the detector location on the shelf in the two-meter box (DS) when the phantom was standing 
in the free-field. These detector locations usually exhibited the largest dose C/E ratios with 
MASH calculating more dose than was measured. These results suggests a possible difference 
between calculated and measured angular distributions of the gamma-ray fluence spectrum 
inside the "unlined" two-meter box. In this study, there is no consistent pattern exhibited by 
the C/E ratios at any given detector location. The 5% borated polyethylene liner softens the 
spectrum and possibly reduces the dose contribution from the portion of the energy spectrum 
the measurements and MASH calculations disagree. A full spectral analysis would be 
required to assess this hypothesis. 

The comparisons of the calculated and measured reduction factors showed almost all 
of the C/E ratios to be within i20%. As in the case with the dose data comparisons, there 
are a few detector locations that exhibited inconsistent GRF C/E comparisons with respect 
to a given set of measured data, Le. AF'RF, ETCA, etc.). However, the comparisons at the 
same detector location would exhibit excellent agreement when compared to a different set 
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of measured data. One difference between the Spring 1991 study and Spring 1990 stud? is 
that the more consistent agreement in the free-field dose (Spring 1991) did not cause large 
discrepancies in the gamma-ray reduction factor comparisons. Consequently most of the GRF 
C/E ratios are within the *20% mandate of DNA 

Averaging the calculational and experimental data over external, internal, and overall 
detector location on or inside the phantom yielded a clear indication of how well the MASH 
calculations compare to the measurements. These results (Tables 14 through 23) indicate 
good agreement between MASH and the measurements as a function of detector position 
(external vs. internal), geometry configuration, and phantom orientation. The comparison to 
the HDL data (Table 14) shows good agreement in the dose results for the phantom standing 
in the free-field and standing inside the lined two-meter box The reduction factor 
comparisons (Table 15) also shows good agreement for both geometry configurations 
(phantom standing in the free-field and inside the two-meter box). The comparisons to the 
APRF data (Tables 16 through 19) show excellent agreement in the dose results (Tables 16 
and 18) and good agreement in the reduction factor results (Tables 17 and 19) for the 
phantom standing in the two-meter box. The better agreement again appears to be with the 
large (.250" x 250" x -070") CaF,:Mn TLDs. The comparisons to the ETCA results (Tables 
20 and 21), and AFRRI results (Tables 22 and 23) all show excellent agreement between 
MASH and experiment for both dose and reduction factor data. With respect to all of the 
comparisons in Tables 14 through 2 3 ,  the internal detector locations (predominantly the 
mid-head position) yielded the largest discrepancy between calculation and experiment. 
Differences in calculational model and measured phantom, absolute detector location in 
relation to the model or  phantom, quality of measurement, and convergence of the calculation 
are the most probable causes for the larger discrepancies associated with the internal detector 
locations. This averaged discrepancy, however, was still within the DNA *20% mandate in 
every case except one (HDL G R F  comparison, Table 15). 

To further summarize the quantity of measured gamma-ray data reported in units of 
dose(Tissue), the measured results from APRF, ETCA, and AFRRI were again averaged over 
external, internal, and overall detector location on or inside the phantom and compared to 
the MASH results in Tables 24 and 25. The HDL data was not included in this table due to 
the differences in reported dose units. In viewing the comparisons in Tables 24 and 25, all 
of the C/E ratios indicate excellent agreement and are well within *20%. This suggests 
consistent agreement between MASH and measurement for the gamma-ray data taken in this 
experiment. 
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Table 8 

Neutron Dose (mrad(Tissue)/kWh) 

Comparisons of Calculated and APRF Measured Neutron Dose Averaged Over 
External, Internal, and All Detector Locations On or Inside the 

RT-200 Humanoid Phantom at the 400 Meter Test Site at the APRF. 

MASH I APRF I C/E 
I I 1 -  

External Detector Average 

Internal Detector Average 

Overall Detector Average 

3.88 3.11 1.25 

0.98 0.91 1.08 

3.05 2.37 1.29 

External Detector Average 

Internal Detector Average 

0.32 0.34 0.93 

0.08 0.10 0.80 

Overall Detector Average 0.25 

25 

0.26 O.% 

External Detector Average 

Internal Detector Average 

Overall Detector Average 

0.32 0.33 0.97 

0.07 0.08 0.88 

0.25 0.24 1.04 



Table 9 

Comparisons of Calculated and APRF Measured Neutron Reduction Factors Averaged 
Over External, Internal, and All Detector Locations On or Inside the RT-200 

Humanoid Phantom at the 400 Meter Test Site at the APRF. 

I I C/E Neutron Reduction Factor (Tissue) MASH APRF 

Phantom Free-Field - Front Toward Reactor 

External Detector Average 1.28 1.37 0.93 

Internal Detector Average 5.10 4.70 1.09 

Overall Detector Average 1.63 1.80 0.90 

Phantom Inside Two-Meter Box - Front Toward Reactor 

External Detector Average 14.8 11.5 1.29 

Internal Detector Average 58.6 40.9 1.43 

Overall Detector Average 18.9 15.1 1.25 

Phantom Inside Two-Meter Box - Left-Side Toward Reactor - 
External Detector Average 15.5 11.9 1.30 

Internal Detector Average 75.7 51.7 1.46 

Overall Detector Average 20.0 16.1 1.24 
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Table 10 

Neutron Dose (mrad(Tissue)/kWh) 

Comparisons of Calculated and ETCA Measured Neutron Dose Averaged Over 
External, Internal, and All Detector Locations On or Inside the 

RT-200 Humanoid Phantom at the 400 Meter Test Site at the APRF. 

MASH I ETCA I C/E 

External Detector Average 

Internal Detector Average 

Overall Detector Average 

3.88 3.5 1 1.11 

0.98 1.01 0.97 

3.05 2.68 1.14 

External Detector Average 

Internal Detector Average 

0.32 0.32 1.00 

0.08 0.09 0.89 

II Phantom Inside Two-Meter Box - Left-Side 

Overall Detector Average I 1 1 .oo 0.25 0.25 

External Detector Average 

Internal Detector Average 

Toward Reactor 

0.3 1 I 1.03 0.32 

0.07 0.10 

0.24 
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0.70 

1.04 Overall Dctector Average 0.25 



Table 11 

Comparisons of Calculated and ETCA Measured Neutron Reduction Factors Averaged 
Over External, Internal, and All Detector Locations On or Inside the RT-200 

Humanoid Phantom at the 400 Meter Test Site at the APRF. 

Neutron Reduction Factor (Tissue) MASH ETCA C E  

Phantom Free-Field - Front Toward Reactor 

External Detector Average 1.28 1.36 0.94 

Internal Detector Average 5.10 4.74 1.08 

Overall Detector Average 1.63 1.79 0.91 

Phantom Inside Two-Meter Box - Front Toward Reactor 

External Detector Average 14.8 10.9 1.36 

Internal Detector Average 58.6 39.0 1.50 

Overall Detector Average 18.9 14.3 1.32 

Phantom Inside Two-Meter Box - Left-Side Toward Reactor 

External Detector Average 15.5 13.4 1.16 

Internal Detector Average 75.7 43.7 1.73 

Overall Detector Average 20.0 17.4 1.15 
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Table 12 

Neutron Dose (mrad(Tissue)kWh) 

Comparisons of Calculated and Average Experimentally Measured Neutron Dose 
Averaged Over External, Internal, and All Detector Locations On or Inside 
the RT-200 Humanoid Phantom at the 400 Meter Test Site at the APRF. 

~ ~~ 

MASH Avg. Expt. C/E 

External Detector Average 

Internal Detector Average 

Overall Detector Average 

3.88 3.31 1.17 

0.98 0.96 1.02 

3.05 2.53 1.21 

External Detector Average 

Internal Detector Average 

Overall Detector Average 

I1 Phantom Inside Two-Meter Box - Left-Side Toward Reactor 

I 0.97 

1 O.% 

0.32 0.33 

0.08 0.10 0.80 

0.25 0.26 

I External Detector Average 0.32 

Internal Detector Average 0.07 

Overall Detector Average 0.25 
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1.00 0.32 

0.09 0.78 

0.24 1.04 I 



Table 13 

Comparisons of Calculated and Average Experimentally Measured Neutron Reduction 
Factors Averaged Over External, Internal, and All Detector Locations On or Inside 

the RT-200 Humanoid Phantom at the 400 Meter Test Site at the APRF. 

Neutron Reduction Factor (Tissue) MASH Avg. Expt. C E  

Phantom Free-Field - Front Toward Reactor 

External Detector Average 1.28 1.36 0.94 

Internal Detector Average 5.10 4.71 1.08 

Overall Detector Average 1.63 1.79 0.91 

It 
Phantom Inside Two-Meter Box - Front Toward Reactor 

External Detector Average 14.8 11.2 1.32 

Internal Detector Average 58.6 39.9 1.47 

Overall Detector Average 18.9 14.7 1.29 

Phantom Inside Two-Meter Box - Left-Side Toward Reactor 

External Detector Average 15.5 12.6 1.23 

Internal Detector Average 75.7 47.4 1.60 

Overall Detector Average 20.0 16.7 1.20 

30 



Table 14 

Gamma Dose (mrad(CaF,:Mn)kWh) 

~~ 

Comparisons of Calculated and I-IDL Measured Gamma-Ray Dose Averaged 
Over External, Internal, and All Detector Locations On or Inside the 
RT-200 Humanoid Phantom at the 400 Meter Test Site at the APRF. 

I HDL CiE MASH 

External Detector Average 

Internal Detector Average 

Overall Detector Average 

1 .a 1.5 1 1.1 1 

2-08 1.74 1.20 

1.79 1.58 1.13 

It Phantom Inside Two-Meter Box - Front Toward Reactor 

External Detector Average 

Internal Detector Average 

0.39 0.37 1.05 

0.4 1 0.46 0.89 

Overall Detector Average 

II Phantom Inside Two-Meter Box - Left-Side Toward Reactor 

0.40 0.40 1 .oo 1 

External Detector Average 
~~ 

033 0.35 1.09 
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Internal Detector Average 0.40 0.3s 1.14 

I Overall Detector Average 0.39 
~ 

1.11 0.35 



Table 15 

Comparisons of Calculated and HDL Measured Gamma-Ray Reduction Factors 
Averaged Over External, Internal, and All Detector Locations On or Inside 
the RT-200 Humanoid Phantom at the 400 Meter Test Site at the APRF. 

Gamma Reduction Factor (CaF,:Mn) UASH HDL C/E 

Phantom Free-Field - Front Toward Reactor 

External Detector Average 0.82 0.81 1.01 

Internal Detector Average 0.66 0.71 0.93 

Overall Detector Average 0.77 0.78 0.99 

Phantom Inside Two-Meter Box - Front Toward Reactor 

External Detector Average 3.5 1 

Internal Detector Average 3.34 

Overall Detector Average 3.46 

3.33 1.05 

2.67 1.25 

3.11 I 1.11 

Phantom Inside Two-Meter Box - Left-Side Toward Reactor 

External Detector Average 3.61 

Internal Detector Average 3.43 

3.53 1.02 

3.56 O.% 

I 3.55 I 3.54 I 1.00 Overall Detector Average 
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Table 16 

Comparisons of Calculated and APRF Measured Gamma-Ray Dose Averaged 
Over External, Internal and All Detector Locations On or Inside the 
RT-200 Humanoid Phantom at the 400 Meter Test Site at the APRF. 

(Small n D )  

Gamma Dose (mradffissue)/kWh) I MASH APRF I C/E 

Phantom Free-Field - Front Toward Reactor 

External Detector Average I 1.61 I N M  I 

Overall Detector Average 1.71 NM 

It Phantom Inside Two-Meter Box - Front Toward Reactor 

Internal Detector Average l.% NM 

Phantom Inside Two-Meter Box - Left-Side Toward Reactor 
H 

External Detector Average 0.37 0.3 1 1.19 

Internal Detector Average 0.36 0.32 1.13 

Overall Detector Average 0.37 0.31 1.19 
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External Detector Average 

Internal Detector Average 

Overall Detector Average 

0.38 0.31 1.23 

0.37 0.33 1.12 

0.37 0.32 1.16 



Table 17 

Comparisons of Calculated and APRF Measured Gamma-Ray Reduction Factors 
Averaged Over External, Internal, and All Detector Locations On or Inside 
the RT-200 Humanoid Phantom at the 400 Meter Test Site at the APRF. 

(Small TLD) 

Gamma Reduction Factor (Tissue) MASH APRF C E  

Phantom Free-Field - Front Toward Reactor 

External Detector Average 0.84 NM' 

Internal Detector Average 0.69 NM 

Overall Detector Average 0.79 NM 

Phantom Inside Two-Meter Box - Front Toward Reactor 

External Detector Average 3.59 4.49 0.80 

Phantom Inside Two-Meter Box - Front Toward Reactor 

External Detector Average 3.59 4.49 0.80 

Internal Detector Average 3.65 4.45 0.82 

Overall Detector Average 3.61 4.48 0.8 1 

Internal Detector Average 3.65 4.45 0.82 

Overall Detector Average 3.61 4.48 0.8 1 

Phantom Inside Two-Meter Box - Left-Side Toward Reactor 

External Detector Average 3.67 4.23 0.87 

Internal Detector Average 3.75 3.68 1.02 

Overall Detector Average 3.69 4.06 0.91 

'Not Measured 
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I MASH Gamma Dose (mrad(Tissue)/kWh) APRF I C/E 

EMernal Detector Average 

Internal Detector Average 

Overall Detector Average 

Phantom Inside Two-Meter Box - Left-Side 

External Detector Average 

Internal Detector Average 

Overall Detector Average 

1.61 1.83 0.88 

I.% 2.04 O.% 

1.71 1.89 0.90 

Toward Reactor 

0.36 

External Detector Average 

Internal Detector Average 

Overall Detector Average 
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0.38 0.36 1.06 

0.37 0.39 0.95 

0.37 0.37 1.00 



Table 19 

Comparisons of Calculated and APRF Measured Gamma-Ray Reduction Factors 
Averaged Over External, Internal, and All Detector Locations On or Inside 

the RT-200 Humanoid Phantom at the 400 Meter Test Site at APRF. 
(Large 'IXD) 

Gamma Reduction Factor (Tissue) MASH APRF C E  

Phantom Free-Field - Front Toward Reactor 

External Detector Average 0.84 0.82 1.02 

Phantom Free-Field - Front Toward Reactor 

External Detector Average 0.84 0.82 1.02 

Internal Detector Average 0.69 0.73 0.95 

Overall Detector Average 0.79 0.79 1 .oo 
Internal Detector Average 0.69 0.73 0.95 

Overall Detector Average 0.79 0.79 1 .oo 

II Phantom Inside Two-Meter Box - Front Toward Reactor 

External Detector Average 3.59 4.16 0.86 

Internal Detector Average 3.65 3.80 O.% 

Overall Detector Average 3.61 4.05 0.89 

Phantom Inside Two-Meter Box - Left-Side Toward Reactor 

External Detector Average 3.67 4.25 0.86 

Internal Detector Average 3.75 3.82 0.98 

Overall Detector Average 3.69 4.12 0.90 
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- 
Comparisons of Calculated and ETCA Measured Gamma-Ray Dose Averaged 

Over External, Internal, and All Detector Locations On or Inside the 
RT-200 Humanoid Phantom at the 400 Meter Test Site at the APRF. 

1 C/E Gamma Dose (mrad(Tissue)/kWh) MASH ETCA 

Phantom Free-Field - Front Toward Reactor 

External Detector Average 

Internal Detector Average 

Overall Detector Average 

1.61 1.61 1.00 

1 .% 1.84 1.07 

1.71 1.67 1.02 

11 Phantom Inside Two-Meter Box - Left-Side Toward Reactor 

1 External Detector Average 0.38 0.37 1.03 

Internal Detector Average 0.37 0.39 0.95 

Overall Detector Average 0.37 0.38 0.W 

External Detector Average 

I 1 1 

0.37 0.35 1.06 

Overall Detector Average 0.37 0.36 1.03 I I 1 
Internal Detector Average 
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0.36 0.39 0.92 



Table 21 

Comparisons of Calculated and ETCA Measured Gamma-Ray Reduction Factors 
Averaged Over External, Internal, and All Detector Locations On or Inside 
the RT-200 Humanoid Phantom at the 400 Meter Test Site at the APRF. 

Gamma Reduction Factor (Tissue) MASH ETCA C/E 

II Phantom Free-Field - Front Toward Reactor 

External Detector Average 0.84 0.86 0.98 

Internal Detector Average 0.69 0.76 0.91 

Overall Detector Average 0.79 0.83 0.95 

II Phantom Inside Two-Meter Box - Front Toward Reactor 

External Detector Average 3.59 3.75 O.% 

Internal Detector Average 3.65 3.54 1.03 

Overall Detector Average 3.61 3.68 0.98 

Phantom Inside Two-Meter Box - Left-Side Toward Reactor 

External Detector Average 3.67 3.71 0.99 

Internal Detector Average 3.75 3.38 1.11 

Overall Detector Average 3.69 3.59 1.03 
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Table 22 
I, 

Comparisons of Calculated and AFRRT Measured Gamma-Ray Dose Averaged 
Over External, Internal, and All Detector Locations On or Inside the 
RT-200 Humanoid Phantom at the 400 Meter Test Site at the APRF. 

1 1 AFRRI I C/E Gamma Dose (mrad(Tissue)/kWh) MASH 

External Detector Average 

Internal Detector Average 

Overall Detector Average 

It Phantom Free-Field - Front Toward Reactor 

1.61 NM' 

l.% NM 

1.71 NM 

External Detector Average 

Internal Detector Average 

Overall Detector Average 

Phantom Inside Two-Meter Box - Front Toward Reactor 

0.38 0.3 1 1.23 

0.37 0.33 1.12 

0.37 0.32 1.16 

Phantom Inside Two-Meter Box - Left-Side Toward Reactor 

External Detector Average 0.37 0.31 1.19 

Internal Detector Average 0.36 0.32 1.13 

Overall Detector Average 0.37 0.3 1 1.19 

'Not Measured 
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Table 23 

Comparisons of Calculated and AFRRI Measured Gamma-Ray Reduction Factors 
Averaged Over External, Internal, and All Detector Locations On or Inside 
the RT-200 Humanoid Phantom at the 400 Meter Test Site at  the APRF. 

Gamma Reduction Factor (Tissue) MASH I AFRRI 

Phantom Free-Field - Front Toward Reactor 

External Detector Average 0.84 NM' 

Internal Detector Average 0.69 NM 

I 0.79 I NM Overall Detector Average I 

Phantom Inside Two-Meter Box - Front Toward Reactor 

External Detector Average 3.59 3.97 0.90 

Internal Detector Average 3.65 3.73 0.98 

Overall Detector Average 3.61 3.90 0.93 

Phantom Inside Two-Meter Box - Left-Side Toward Reactor 

External Detector Average 3.67 3.98 0.92 

Internal Detector Average 3.75 3.94 0.95 

Overall Detector Average 3.69 3.97 0.93 

'Not Measured 
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Gamma Dose (mad(Tissue)/kWh) MASH Avg. Expt. C/E 

External Detector Average 1.61 1.72 0.94 

41 

Internal Detector Average 1.96 

I Overall Detector Average 1.71 

1.94 1.01 

1.78 O.% 

External Detector Average 

Internal Detector Average 

Overall Detector Average 

0.38 0.34 1.12 

0.37 0.36 1.03 

0.37 0.35 1.06 

External Detector Average 

Internal Detector Average 

Overall Detector Average 

0.37 0.34 1.09 

0.36 0.37 0.97 

0.37 0.34 1.09 



Gamma Reduction Factor (Tissue) 

Phantom Free-Field - Front Toward Reactor 

MASH Avg. Ekpt. C/E 

External Detector Average 

Internal Detector Average 

Overall Detector Average 

0.84 0.84 1.00 

0.69 0.74 0.93 

0.79 0.81 0.98 

42 

External Detector Average 

Internal Detector Average 

Overall Detector Average 

3.59 4.07 0.88 

3.65 3.85 0.95 

3.61 4.0 1 0.90 

External Detector Average 

Internal Detector Average 

Overall Detector Average 

3.67 4.03 0.91 

3.75 3.69 1.02 

3.69 3.92 0.94 



5.0 MONTE CARLO STATISTICAL UNCERTAINTY 

Analysis of the MORSE escape history tapes in DRC €or all of the detector positions 
on or inside the phantom (except the mid-gut position) and inside the two-meter box test bed 
yielded statistical uncertainties on the order of *4% for integral neutron fluence(dose) and 
i2% for total gamma-ray fluence(dose). The mid-gut position yielded statistical uncertainties 
on the order of 4% to *7% for integral neutron fluence(dose) and iZ% for total 
gamma-ray fluence(dose). The statistical uncertainties for the vehicle secondary particle 
production, i.e. vehicle (n, y), the direct gamma-ray plus air secondary gamma production, i s .  
source y’s + air (n,y), and all contributions from the ground secondary particle production, 
i.e. ground (n,y), are typically i2%, *4%, and i25 to i35% respectively. It should be noted 
that the large statistical uncertainties associated with the ground secondary particle production 
are not critical to the quality of the calculated results since this contribution to the total dose 
is insignificant. Spectral fluence(dose) results exhibited statistical uncertainties typically 
between *5% and *15% for neutron energies between 10 MeV and thermal, and between 
i3% and i l O %  for gamma energies between 10 MeV and 1 0 0  keV for all detector locations 
except the mid-gut location and the mid-head location for the phantom standing in the 
two-meter box. These two locations (mid-head inside box and mid-gut) exhibited spectral 
fluence(dose) results with statistical uncertainties typically between i 10% and i30% for 
neutron energies between 10 MeV and thermal, and between &5% and *12% for gamma-ray 
energies between 10 MeV and 100 keV. These energy ranges contain the energy groups in 
the DAF3L69 group structure which make a significant contribution to the response. 

Unfortunately, there was limited detailed information on uncertainties reported with 
the experimental data utilized in this report. Based on uncertainties reported in numerous 
previous documents, the accuracy of the detector systems used in this set of experiments 
ranges from approximately i5% to *lo%, and the reproducibility of the detector system 
results on a day-to-day basis is approximately iS% to *lo%. 

As stated earlier, the composite effect of the differences in the way the measured and 
calculated gamma-ray data are reported is difficult to ascertain and is not considered in this 
report. 
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6.0 CONCLUSIONS 

The mu1 tiple air-over-ground environments yielded an accurate representation of the 
ground moisture and meteorological data supplied by APRF. Plotting the dose response as 
a function of hydrogen content in the air, ground moisture, and detector energy range, and 
correlating the different measurements with the ground moisture and meteorological data, 
allowed the ORNL analysts to extrapolate between the different air-over-ground 
environments to obtain results consistent with the environmental data present at the time of 
a given measurement. This appears to be the most viable option €or representing changing 
environmental data over a series of measurements. Calculating the fluence on  the coupling 
surface for each air-over-ground environment during of a series of measurements would be 
prohibitive. 

Analyzing 500,000 to l,OOO,OOO adjoint source particles was sufficient to obtain integral 
data statistics within *5% for almost all of the detector locations. The mid-gut locations €or 
the phantom standing inside the two-meter box could have utilized more adjoint source 
particles to obtain a statistical Convergence within *5%. Convergence on the spectral data 
would be marginal for the number of adjoint source particles used in this analysis since most 
of the neutron group data was only converged to approximately 10% to 15%. 

Should comparisons of spectral data for this type of experiment become a requirement 
in the future, the MASH analysis will have to be rerun to  obtain acceptable statistical 
convergence on the spectral data. For spectral data comparisons inside the 5% borated 
polyethylene lined two-meter box, as many as 1,000,OOO to 2,000,000 adjoint source particles 
might be required to  obtain tight (within *5% to 43%) statistical convergence on  the energy 
groups (neutron and gamma-ray) contributing to  the response of interest. 

Analyzing the calculated dose responses over the energy range of the measured results 
yielded consistent comparisons between the calculated and measured responses in almost all 
cases. This point almost goes without saying but is important in this work since one of the 
purposes is to validate the MASH code system. 

The differences in the computational combinatorial geometry phantom model used in 
the MASH analysis and the RT-200 Humanoid Phantom used in thc measurements was not 
deemed a significant contributor to the discrepancies seen in the comparisons of the results. 
Absolute detector locations (especially mid-head and mid-gut) relative to the phantom 
geometry could contribute to some of the differences seen in the results at these locations. 

In general, the calculational results show mixed agreement with the measured data. 
The neutron dose results indicate good agreement (typically i20%) for the phantom standing 
in the free-field and excellent agreement (typically *lo%) for the phantom standing inside 
the two-meter box The neutron reduction factors however, agreed for the phantom standing 
in the free-field but exhibited significant differences for the phantom standing inside the box. 
With respect to the gamma-ray data, there were individual discrepancies between calculations 
and measurements however, typical agreement was within ~20%. The C/E comparisons for 
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the gamma-ray free-field environment at 400 meters showed improved agreement between 
calculation and experiment relative to the same comparisons in the Fall 1989 and Spring 1990 
studies. 

To determine the overall quality of the comparisons between MASH and the 
measurements, both calculational and experimental data were averaged over detector position 
(internal and external), response function (tissue and CaF,:Mn), radiation type (neutron and 
gamma-ray), and phantom orientation (front facing and left side toward reactor). This 
averaging procedure produced one set of data for the phantom standing in the free-field, and 
one set of data €or the phantom standing inside the lined two-meter box. The results 
presented in Table 26, show overall, that the calculations agreed quite well with most of the 
measured data supplied by the experimental teams. The principal "trouble spot" is the 
neutron data comparisons (reduction factor) for the phantom standing inside the lined 
two-meter box Generally, the overall agreement was within the ~ 2 0 %  limit deemed as 
acceptable by the DNA 
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Table 26. Overall Comparisons of Calculated and Average Experimentally Measured 
Neutron and Gamma-Ray Dose and Reduction Factors Averaged Over External, 

Internal, and All Detector Locations On or Inside the RT-200 Humanoid 
Phantom, and Phantom Orientation Free-Field or Inside the Two-Meter 

Box, at the 400 Meter Test Site at the AF'RF. 

Phantom Free-Field Phantom Inside Two Meter Box 

Gamma Reduction Factor (Tissue) 

External Detector Average 0.84 0.84 1.00 3.63 4.05 0.90 

Internal Detector Average 0.69 0.74 0.93 3.70 3.77 0.98 

Ovrall Detector Average 0.79 0.81 0.98 3.65 3.96 0.92 

Gamma Reduction Factor (CaF,:Mn) 

External Detector Average 0.82 0.81 1.01 3.56 3.43 1.04 

Internal Detector Average 0.66 0.71 0.93 3.38 3.05 1.11 

Overall Detector Average 0.77 0.78 0.99 3.50 3.3 1 1.06 

--,- -I___ 
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7.0 RECOMMEmATIONS 

This was the third concerted effort aimed at benchmarking the MASH code against 
measurements, and again there were some glitches in the effort. The most significant 
problem occurred in the reporting of the gamma-ray dose data. This series of experiments 
was performed before the analysis of the Spring 1990 experiments was completed. 
Consequently, the problems associated with data reporting which surfaced in the Spring 1990 
comparisons were repeated in this comparison. The calculational and experimental results 
must report the same data for a meaningful comparison to be made. For TLD data, all 
corrections to the data for spectral effects (calibration field versus radiation field), response 
functions [dose(tissue) or dose(TLD)], and contributions due to thermal neutrons must be 
accounted for or removed from both sets of data. This will allow a true "benchmark" 
comparison of the MASH code system and reduce the possible sources of discrepancy to be 
considered. 

The comparisons again indicate multiple teams of experimentalists performing the same 
set of measurements yield a better indication of the quality of the comparison. By averaging 
the different sets of experimental data together, the anomalies and inconsistencies associated 
with any one measurement will not manifest themselves in the overall comparison, yet the 
trends and results consistent in all of the sets of experimental data will remain. Consequently, 
future efforts in this series of experiments, should continue to have as a minimum two 
different teams of experimentalists performing the same measurement using the same type 
detector system. Also, cross checking experimental results with different detector systems is 
still considered favorable for determining consistency in the experimental results. 

The consistent discrepancy associated with the calculated and measured free-field 
gamma-ray data (from the Fall 1989 and Spring 1990 studies) was less significant in this effort, 
but still must be addressed before the overall quality of the gamma-ray data comparisons can 
be improved. To resolve the discrepancy, the differences in the spectral data (Fall 1989 
comparison) must be successfully addressed and reconciled. To resolve discrepancies with the 
comparisons on or inside the phantom, future experiments should consider including the use 
of a simplified phantom model of known dimensions, simple geometric shapes, and known 
materials, e.g. a cylindrical water-filled lucite phantom. 

With adequate resolution of the concerns alluded to in this report, the Spring 1990 
report, and the Fall 1939 report, and with better communication and understanding between 
the anaIysts and experimentalists as to the needs of the other, agreement is achievable for all 
comparisons within the DNA mandated acceptance limit of 1~20%. 
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APPENDIX A 

Comparisons of the Calculated (MASH) and Measured Neutron Dose 
Reduction Factors for the Spring 1991 Two-Meter Box Test Bed 

Experiments Performed at the APRF. 
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Table A-1 

MASH VS. APRF 

Phantom Free-field Neutron Dose and Reductio 

Detector Neutron Dose 
Position Phantom Facing Reactor 

I MASH I AF'RF I C/E 

FF' I 4.97 I 4.26 I 1.17 

DS2 0.38 NM' 
(.033)' 

(.OB) 
m3 4.49 NM 

BB4 1.63 1.20 
(.012) 

LC5 1 4.54 1 3.72 
(.017) 

1.36 

1.22 

1.20 

RW7 1 4.42 I 3.91 I 1.13 I (.018) I 
1.23 

*Fractional Standard Deviation 
'Not Measured ' Free-Field 
*Detector on Shelf in 2m Box 
3Front Bclt 
4Back Belt 

i Factors(mradfI'imueVkWh) 

Neutron Reduction Factors 
Phantom Facing Reactor 

13-08 I NM I - 
1.11 1 NM I - 

3.05 1 3.55 I 0.86 

1.15 1.18 0.97 

1.12 1.09 1.03 

4.04 3.67 1.10 

6.90 6.55 1 .os 

'Left Chest 
'Left Wrist 
7Right Wrist 
*Mid-Head 
'Mid-Gut 
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Table A-2 

t l  - -  II MASH vs. APRF 

Phantom Facing Reactor Phantom Left Side Toward 
Reactor 

'Fractional Standard Deviation 
'Not Measured 
'Free-Field 
2Detector on Shelf in 2m Box 
3Front Belt 
4Back Belt 

'Left Chest 
Wrist 

'Right Wrist 
'Mid-Head 
'Mid-Gut 
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Table A-3 

~~ 

Phantom Facing Reactor 

MASH 

12.68 

13.03 

27.59 

12.68 

14.66 

13.03 

46.90 

78.17 

'Not Measured 

'Free-Field 
2Detector on Shelf in 2m Box 
3Front Belt 
4Back Belt 

APRF I C/E 

10.49 I 1.21 

I 1-78 
15.52 

MASH VS. APW 

Phantom In 2m Box Neutron Reduction Factors(mradlTksue)/kWh) 

Detector 
Position 

- 
FF' 

DS2 

FB3 

BB4 

LCS 

LW 

RW7 

MH* 

MG9 

10.49 1 1.21 

10.21 1.28 

29.85 1.57 

64.67 1.21 

Phantom Left Side Toward 
Reactor 

MASH I APRF I C/E 

13.30 10.78 

16.97 

I 11*09 I 15.87 

14.91 I 12.13 I 1.23 

12.30 I 10.78 1 1.14 

18.92 I 14.37 1-1.32 

49.20 32.33 

I;;;;;;-r---T,1 129.33 

I I 

'Left Chest 
'jLeft Wrist 
7Right Wrist 
'Mid-Head 
%id-Gut 

52 



Table A4 

MASH VS. EICA II 
Phantom 1 

Detector 
Position 

FJ? 

DS2 

m3 

BB4 

LC5 

L W  

RW7 

MH' 

MG9 

=-Field Neutron Dose and Reduction Factors;(mrad(Tiiue)/kWb] 
1 

Neutron Dose Neutron Reduction Factors 

(-012) 

4.54 4.24 1.07 1.09 1.13 0.96 
(.017) 

4.33 4.74 0.91 1.15 1-01 1.14 
(.OB) 

4.42 3.52 1.26 1.12 1.36 0.82 
(.018) 

1.23 1.22 1.01 4.04 3.92 1.03 
(.021) 

0.72 0.80 0.90 6.90 5.98 1.15 
(.034) 

*Fractional Standard Deviation 
'Average Value 
*Free-Field 
2Detector on Shelf in 2m Box 
3Front Belt 
4Back Belt 

b f t  Chest 
Teft wrist 
7Right Wrist 
'Mid-Head 
%id-Gut 
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Table A-5 

MH' 

MASH VS. EICA 

(-040) 

0.10 
(-052) 

Phantom In 2m Box Neutron Dose (mradCIiiueVkWh) 
I I 

0.37 

0.12 

0.06 

Detector 
Position 

1 MASH 

0.97 0.26 0.25 1.04 
(.034) 

0.83 0.10 0.15 0.67 
(.045) 

(.ow 
1.00 0.03 0.04 0.75 

FF' I 4.69 

0.37 
DS2 I (-035)' 

m3 

(-043) 

5 (.072) 

*Fractional Standard Deviation 
'Average Value 
?Not Measured ' Free-Field 
2Detector on Shelf in 2m Box 
3Front Belt 
4Back Belt 

tom Facing Reactor Phantom Left Side Toward 
Reactor 

ETCA C/E MASH ETCA C/E 

3.51 1.34 4.92 4.15' 1.19 

0.41 1 0.7 1 0.37 1 r.3 1 1.f2 
(.035) 

NW 0.29 
(-057) 

0.37 I 0.86 1 (0.4:) I 0.38 I 1.05 
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Table A4 

r I 

MASH VS. €3CA 

Phantom In 2m Box Neutron Reduction Fadors~dr_Irlssue,/kwh) 
I 1 

C/E 

1-48 

11 Detector I Phantom Facing Reactor I Phantom Left Side Toward 
Reactor 

MASH ETCA 

13.30 12.58 

I\ Position I 

1.54 

1.37 

1.60 

'Not Measured 

12.30 10.92 

18.92 16.60 

49.20 27.67 

' Free-Field 
2Detector on Shelf in 2m Box 
3Front Belt 
4Back Belt 

ETCA 

8.56 

NM' 

2 1.94 

9.00 

9.49 

9-49 

29.25 

58.50 

I 16.97 1 NM 

15.87 14.3 1 

14.91 12.97 

1.34 1 164.00 I 103.75 

'Left Chest 
%ft Wrist 
7Right Wrist 
'Mid-Head 
%id-Gut 

C E  

1.06 

1.11 

1.15 

1.13 

1.14 

1.78 

1.58 
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APPENDIX B 

Comparisons of the Calculated (MASH) and Measured Gamma-Ray Dose and 
Reduction Factors for the Spring 1991 Two-Meter Box Test Bed 

Experiments Performed at the APRF. 
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Table B-1 

0.93 3.61 3.00 1.20 

~ 1.16 0.72 0.75 O.% 

1.14 0.93 0.95 0.98 

1.14 0.74 0.76 0.97 

MASH VS. HDL 

Phantom FreeFeld Gamma-Rav Dose and Reduction FactnrsfmradfW,&kWWhJ 
I i 

1.91 
(-016) 

1.48 
(.016) 

Detector 
Position 

1.65 

1.30 

FF1 

~ 

1.84 
(.016) 

1.52 
(.013) 

1.63 
(-013) 

2.04 
(.013) 

2.11 
(.012) 

DS2 

1.61 

1.58 

1.43 

1.72 

1.75 

FB3 

0.96 

1.14 

1.19 

1.21 

BB4 

0.90 0.78 1.15 

0.84 0.86 0.98 

0.67 0.72 0.93 

0.65 0.70 0.93 

Lc5 

LW 

RW7 

MH' 

MG9 

Gamma-Ray Dose Gamma-Ray Reduction Factors 
Phantom Facing Reactor Phantom Facing Reactor 

MASH I HDL 

1.37 I 1.23 

0.38 I 0.41 
(.013)* I 

'Fractional Standard Deviation 

'Free-Field 
2Dete.ctor on Shelf in 2m Box 
3Fron t Belt 
4Back Belt 

1.11 I i i 

'Left Chest 
'Left Wrist 
7Right Wrist 
'Mid-Head 
'Mid-Gut 
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Table B-2 

11 Detector 
Position 

FF' 

DS2 

FB3 

MASH VS. HDL 

Phantom In 2m Box Gamma-Ray Dose(rnrad(CaF,:Mn)/kWh) 

Phantom Facing Reactor 

MASH HDL C/E 

1.37 1.23 1.11 

0.36 0.32 1.13 
(.013)* 

0.41 0.40 1.03 

LW 

RW7 

M H ~  

MG9 

Phantom Left Side Toward 
Reactor 

0.38 0.36 1.06 
(.013) 

(.013) 
0.38 0.32 1.19 

0.42 0.5 1 0.82 
( . O H )  

0.40 0.41 0.98 
(.013) 

MASH C/E HDL 

1.23 1.37 1.11 

0.36 
(.013) 

0.3 1 1.16 

0.38 
(.016) 

0.30 1.27 I (.017) I 
0.37 1.03 BB4 I 0.36 I 0.34 I 1.06 0.38 

(.012) 

0.41 
(.014) 

(.013) 
I 

0.34 1.21 

0.40 
(-014) 

0.38 1 .05 

0.33 
(.014) 

0.35 0.94 

0.42 
(-01 1) 

0.35 1.20 

0.38 
(.012) 

0.34 1.12 

*Fractional Standard Deviation 'Left Chest 
%eft Wrist 
7Right Wrist 
'Mid-Head 
'Mid-Gut 

Free-Field 
*Detector on Shelf in 2m Box 
3Front Belt 
4Back Belt 
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Table B-3 

MASH VS. HDL 

Phantom In 2m Box Gamma-Ray Redudion Fwtorsfmd(CaF&in)/kWh) 

Detector Phantom Facing Reactor I Phantom Left Side Toward 
Reactor 

HDL 

Position 
I 

MASH HDL C E  MASH 

I 

FF' 

DS2 0.96 3.81 I 3.84 I 0.99 I 3.81 3.97 

r I I 

4.10 
~ 

0.88 3.34 I 3.08 I 1.08 1 3.61 FB3 

BB4 3.32 1.09 3.62 1 LB: 1 3.61 3.81 1 
3.26 2.86 3.34 LCS 3.62 0.92 

3.24 3.42 I 1.06 I 3.43 
3*61 I 1-06 LW 

RW7 3.51 1.18 

3.51 M H ~  0.93 

MG9 
I I I 

3.62 1 .oo 3.43 I 3.00 I 1.14 1 3.61 

'Left Chest 
'Left Wrist 
7Right Wrist 
8Mid-Head 
'Mid-Gut 

Fr =-Field 
'Detector on Shelf in 2m Box 
3Front Belt 
'Back Belt 
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Table €34 

MASH VS. APRF mrtze TLD] 

Detector 
Position 

FF' 

DS2 

m3 

BB4 

LCS 

LW 

RW7 

MH8 

MG' 

-Field Gamma-Ray Dose and Redud 

Gamma-Ray Dose 
Phantom Facing Rcactor 

MASH 1 GRF I C/E 

1.35 1.49 1 :::: 
0.40 0.35 

(.013)* 

1.81 I ' 2.02 I 0.90 
(.017) 

(-018) 1.43 I 1-45 I o-99 

1.78 1 2.05 I 0.87 
(.018) 

1:; 1 12 1 0.97 

0.96 

(.015) 

(-013) 

*Fractional Standard Deviation 

'Free-Field 
*Detector on Shelf in 2m Box 
3Front Belt 
4Back Belt 

Gamma-Ray Reduction Factors 
Phantom Facing Reactor 

MASH 

3.38 

0.75 

0.94 

0.76 

0.92 

0.86 

0.69 

0.69 

'Left Chest 
'Left Wrist 
7Right Wrist 
8Mid-Head 
'Mid-Gut 
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Table B-5 

MASH VS. APRF (Small "ID) 

Phantom In 2m Box Gamma-Rav Dose 

Detector 
Position 

FF' 

DS2 

m3 

BB4 

LCS 

L W  

RW7 

M H ~  

MG9 

Phantom Facing Reactor - """ 

MASH I APRF 

1.35 I 1.49 I 0.91 

0.38 0.33 1.15 
(-013)' 

(.OB) 

0.34 0.3 1 1.10 
(.013) 

0.40 0.35 1.14 
(.015) 

0.37 0.32 1.16 
(.013) 

0.40 0.35 1.14 

0.37 I 0.33 1 1.12 
(.013) I 

I 

(-012) 
0*39 I 
0.35 I 
(.015) 

*Fractional Standard Deviation 

' Free-Field 
%etector on Shelf in 2m Box 
3Front Belt 
'Back Belt 

Phantom Left Side Toward 
Reactor 

0.39 
(-014) 

0.32 
(-014) 

0.33 
(-013) 

Chest 
Wrist 

7Right Wrist 
'Mid-Head 
'Mid-Gut 
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Table B-6 

II MASH VS. APRF (Small m] 
Phantom In 2m Box Gamma-Ray Reduction Factors(mrad(Tiiue)/kWh) ll 

11 Detector I Phantom Facing Reactor 

'Free-Field 
2Detector on Shelf in 2m Box 
3Front Bclt 
4Back Belt 

APRF 1 C/E 

4.52 0.79 

4.26 0.79 

4.26 0.79 

4.66 0.78 

4.14 I 0.93 

Phantom Left Side Toward 
Reactor 

MASH I APRF I C E  

3.65 1 4.45 1 0.82 

3.46 1 3.94 I, 
3.46 4.06 

4.22 I 4.76 I 0.89 

3.46 3.29 1 .os 

4.09 4.18 0.98 

'Left Chest 
T e f t  Wrist 
7Right Wrist 
'Mid-Head 
'Mid-Gut 
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Tabk B-7 

MASH VS. APRF CLarp e TLIlJ H 

FB3 0.40 0.38 1.05 0.37 0.35 1.06 

BB4 0.34 0.30 1.13 0.37 0.34 1.09 

(.ON) (.016) 

( .on) (-013) 

(-015) (.015) 

(.013) (.014) 

(-013) (.014) 

LCS 0.40 0.41 0.98 0.39 0.38 1.03 

LW 0.37 0.34 1.09 0.39 0.36 1-08 

RW7 0.37 0.35 1.06 0.32 0.30 1.07 

MHg 0.39 0.41 0.9s 0.39 0.41 0.95 
(.012) (.012) 

MG9 0.35 0.37 0.95 0.33 0.36 0.92 
(.015) (.013) - 

*Fractional Standard Deviation 

' Free-Field 
2Detector on Shelf in 2m Box 
3Front Belt 
4Back Belt 

'Left Chest 
Wrist 

7Right Wrist 
'Mid-Head 
Wid-Gut 
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Table €3-8 

MASH VS. APRF (Lame TLD) 

Phantom In 2m Box Gamma-Ray Reduction Factors(mrad(Tissue)/kWh) 

Detector Phantom Facing Reactor Phantom Left Side Toward 
Reactor 

'Free-Field 
2Detector on Shelf in 2m Box 
'Front Belt 
4Back Belt 

APRF C/E MASH APRF 

4.35 0.82 3.55 4.32 

3.89 0.87 3.65 4.20 

4.93 0.81 3.65 4.32 

3.61 I 0.94 I 3.46 I 3.87 

4.08 4-35 I O . 8 4  I 3-46 I 
4.23 I 0.86 I 4.22 I 4.90 

'Left Chest 
Teft  Wrist 
7Right Wrist 
'Mid-Head 
%id-Gut 

C/E 

0.82 

0.87 

0.84 

0.89 

0.85 

0.86 

O.% 

1.00 
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Table B-9 

*Fractional Standard Deviation 

' Free-Field 
2Detector on Shelf in 2m Box 
3Front Belt 
4Back Belt 

%ft chest 
'Left Wrist 
'Right Wrist 
*Mid-Head 
%id-Gut 
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Table B-10 

II MASH VS. ETCA 

II Phantom In 2m Box Gamma-Rav Dose(mradfI'iiue)/lcWh] 

11 Detector I Phantom Facing Reactor I Phantom Left Side Toward 
II Position I 
II I MASH 

1.35 

0.40 
(.OB) 

BB4 0.34 
(.013) 

LC5 0.40 
(.015) 

LW 0.37 
(.013) 

MG' I 0.35 
(-015) 

*Fractional Standard Deviation 
'Not Measured 
'Free-Field 
*Detector on Shelf in 2m Box 
3Front Belt 
4Back Belt 

ETCA C/E 

1.38 0.98 

0.38 1 .oo 

NM' 

0.35 0.97 

0.40 1 .oo 

0.38 0.97 

0.34 1 1.03 

Reactor 

1.30 

0.38 0.36 
(.013) 

0.37 - 
(.016) 

0.37 0.32 
(.013) 

0.39 0.35 
(-015) 

0.39 0.36 
(.014) 

0.32 0.37 
(-014) 

0.39 0.41 
(.012) 

0.33 0.36 
(.013) 

'Left Chest 
T e f t  Wrist 
7Right Wrist 
'Mid-Head 
'Mid-Gut 

C/E 

1.04 

1.06 

1.16 

1.11 

1.08 

0.86 

0.95 

0.92 
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Table Ell 

MASH VS. E3XA 

Phantom In 2m Box Gamma-Ray Reduction FactorsfmdfTiiuef/kWbl 

Detector Phantom Facing Reactor Phantom Left Side Toward 

*Not Measured 

Free-Field 
*Detector on Shelf in 2m Box 
3Front Belt 
'Back Belt 

Reactor - 
C E  

0.98 3.55 3.61 0.98 

- 3.65 NM - 

1-01 3.65 4.06 0.90 

0.98 3.46 3.71 0.93 

1.01 2.46 3.61 0.96 

I I I 

0.95 I 4.09 I 3.61 I 1.13 

'Left Chest 
'Left Wrist 
7Right Wrist 
'Mid-Head 
Mid-Gut 
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MH’ 

MG9 

*Fractional Standard Deviation 

’ Free-Field 
*Detector on Shelf in 2m Box 
3Front Belt 
‘Back Belt 

0.39 0.35 1.11 0.39 0.34 1.15 
(.012) (-012) 

(.015) (.013) 
0.35 0.3 1 1.13 0.33 0.29 1.14 

’Left Chest 
‘Left Wrist 
’Right Wrist 
‘Mid-Head 
%id-Gut 
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Table R13 

~ 

MASH VS. AFRRI 

Phantom In 2m Box Gamma-Ray Reduction FactorsfmdWksueYkWh) 
I 

Detector 
Position 

FF' 

DS2 

m3 

BB4 

LCS 

LW 

RW7 

M H ~  

MG9 

Phantom Left Side Toward I Phantom Facing Reactor 

MASH AFRRI C/E MASH 

3.55 4.10 0.87 3.55 

__ 

3.38 I 3.73 1 0.91 1 3.65 

3.97 4.39 0.90 3.65 

3.38 3.73 0.91 3.46 

3.65 I 4.10 I 0.89 I 3.46 

3.65 3.97 0.92 4.22 

3.46 3.51 0.99 3.46 

3.86 3.97 0.97 4.09 

' Free-Field 
2Detector on Shelf in 2m Box 
3Front Belt 
4Back Belt 

'Left Chest 
%eft Wrist 
7Right Wrist 
'Mid-Head 
%id-Gut 

Reactor = l z q = r  

3.76 I 0.97 

3.88 0.94 

3.65 0.95 

4.00 0.87 

4.77 0.88 

3.65 0.95 

4.28 0.96 

69 



APPENDJX C 

Sample Input Decks for MORSE Used in the MASH Analysis of the 
Spring 1991 Two-Meter Box Test Bed Experiments Performed 

at the APRF. 
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aprf aog/400m/16.14m ss91-121-37 s90e5 5/91 exp. 2m box + liner COB 
$$ 1000 1500 1000 1 46 23 46 69 0 1 650 9 0 
$$ 0 69 1 0  
** 1.0 1.0-05 1.0+04 0.0 2.2+05 
** 0.0 0.0 110.16 0.0 0.0 0.0 0.0 
** 69r1.0 
** 8r1.0 13r2.0 10r3.0 5r2.0 10r1.0 4r3.0 15r5.0 4r3.0 
** 1.9640+7 1.6905+7 1.4918+7 1.4191+7 1.3840+7 1.2523+7 1.2214+7 

1.1052+7 1.0000+7 9.0484+6 8.1873+6 7.4082+6 6.3763+6 4.9658+6 
4.7237+6 4.0657+6 3.0119+6 2.3852+6 2.3069+6 1.8268+6 1.4227+6 
1.1080+6 9.6164+5 8.2085+5 7.4274+5 6.3927+5 5.5023+5 3.6883+5 
2.4724+5 1.5764+5 1.1109+5 5.2475+4 3.4307+4 2.4788+4 2.1875+4 
1.0595+4 3.3546+3 1.2341+3 5.8295+2 2.7536+2 1.0130+2 2.9023+1 

1.0000+7 8.0000+6 7.0000+6 6.0000+6 5.0000+6 4.0000+6 3.0000+6 
2.5000+6 2.0000+6 1.5000+6 1.0.00+6 7.0000+5 4.5500+5 3.0000+5 
1.5000+5 1.0000+5 7.0000+4 4.5000+4 3.0000+4 2.0000+4 
0000444245555555 

1.0677+1 3.0590+0 1.12535+0 4.1399-1 2.0000+7 1.4000+7 1.2000+7 

$$ 1 1 0  0 0 8 6 9  1 

$$ 1 1 46 2 1 2 ** 5.0+00 5.0-02 5.0-01 0.0 

$$ 1 1 46 5 1 5 ** 3.0+00 3.0-02 3 .0 -01  0.0 

$$ 1 1 46 7 1 7 ** 3.0+00 3.0-02 3.0-01 0.0 
$$  1 1 46 8 1 8 ** 3.0+00 3.0-02 3.0-01 0.0 
$$ 47 1 69 1 1 1 ** 5.0+00 5.0-02 5.0-01 0.0 
$$ 47 1 69 2 1 2 ** 5.0+00 5.0-02 5.0-01 0.0 

$$ 47 1 69 5 1 5 ** 3.0+00 3.0-02 3.0-01  0.0 

$$ 1 1 46 1 1 1 ** 5.0+00 5.0-02 5.0-01 0.0 

$$ 1 1 46 3 1  3 ** 5.0+00 5.0-02 5.0-01 0.0 
$$ 1 1 46 4 1 4 ** 4.0+00 4.0-02 4.0-01 0.0 

$$ 1 1 46 6 1 6 ** 2.0+00 2.0-02 2.0-01 0.0 

$$ 47 1 69 3 1 3 ** 5.0+00 5.0-02 5.0-01 0.0 
$$ 47 1 69 4 1 4 ** 4.0+00 4.0-02 4.0-01 0.0 

$$ 47 1 69 6 1 6 ** 2.0+00 2.0-02 2.0-01 0.0 
$$ 47 1 69 7 1 7 ** 3.0+00 3.0-02 3.0-01 0.0 
$$ 47 1 69 8 1 8 ** 3.0+00 3.0-02 3.0-01 0.0 
$$ -1 9r0 

** 23r1.0 
** 23r1.0 
** 23r1.0 
** 23r1.0 
** 23r1.0 
** 23r1.0 
** 23r1.0 
** 23~1.0 

$$ 0 0 . o  0 

Figure C-1. Sample MORSE Input for the MASH Analysis of the Empty 
Lined (5% Borated Polyethylene) Two-Meter Box Used in the APRF 

Spring 1991 Two-Meter Box Test Bed Experiments. 
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0000000000 0.001 
1 1 

2 6 
1 6 9 12 
3 16 
2 3 4 5  

2 1  2 2  
9 1 

25 
0 1 

24 
8 6 4 4  
6 6  6 6 

23 

0.0001 

19 20 

7 8 

4 1 
8 8 

0 0  

10 11 

6 6  
6 6 

0 

1 3  14 1 5  

8 4 4  
7 8 1 

16 

8 

17 18 

6 6 

2m box exp/aprf 5/91 exp .  ss91-121-37 s90e5, 1020 s t e e l  + phantom n . d .  
$$ 46 46 23 23 69 72 4 9 24 67 6 3 0 3  
$$ 72 - 2  32 

$$  1 2 

2m box + l i n e r  COB 
** 8 r 1 . 0  

Figure C-1. (cont.) 
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cm 2.0 meter cubic box geometry (4 inches of  steel) and 2 inch liner 
50 25 
1rPP 
2rpP 
3rPP 
4rPP 
5rPP 
6rPP 
7rPP 
8 rPP 
9rPP 
1OrPP 
11rPP 
12rPP 
13rPP 
14rPP 
15rPP 
16 rPP 
17rPP 
18rPP 
19rPP 
20rPP 
2lrPP 
22rcc 

23rcc 

24rcc 

25rcc 

26rcc 

27rcc 

28rcc 

29rPP 
30rPP 
3lrPP 
32rPP 
33rPP 
34rcc 

35rcc 

- 120.0000 
- 115.2398 
-110.1598 
-99.9998 
89.8398 
89.8398 
-99.9998 

- 105.0798 
-94.9198 
-79.6798 
69.5198 
110.1598 
110.1598 
69.5198 
-79.6798 
-112.0598 
- 112.0598 
-99.9998 
89.8398 
89.8398 
-99.9998 
- 94.9198 
2.5400 
94.9198 
2.5400 
94.9198 
2.5400 

-94.9198 
2.5400 
0.0000 
25.4000 
99.9998 
25.4000 
99.9998 
5.0800 

105.0798 
-110.1598 

-110.1598 
- 110.1598 
- 110.1598 

0.0000 
37.4650 
105.0798 
37 -4650 

120.0000 
115.2398 
110.1598 

99.9998 
99.9998 

105.0798 
94.9198 

79.6798 
112.0598 
112.0598 
79.6798 

-89.8398 

-89.8398 

-69.5198 

-69.5198 
- 110.1598 
- 110.1598 
-89.8398 
99.9998 
99.9998 
-89.8398 
-117.1398 

- 117.1398 
115.2398 

115.2398 

0.0000 

0.0000 

-49.1998 

110.1598 
110.1598 
110.1598 
-105.0798 
110.1598 
0.0000 

0.0000 

- 120.0000 
-115.2398 
-110.1598 
-99.9998 
-99.9998 
89.8398 
89.8398 

- 105.0798 
-94.9198 

- 112.0598 
- 112.0598 
-79.6798 
69.5298 
110.1598 
110.1598 
69.5198 

- 79.6798 
- 117.1398 
-117.1398 
115.2398 
115.2398 
10.1600 

10.1600 

10.1600 

10.1600 

210.1596 

110.1598 

10.1600 

- 110.1598 
- 105.0798 
105.0798 
-105.0798 
- 110.1598 
215.2396 

110.1598 

120.0000 
115.2398 
110.1598 
-89.8398 
-89.8398 
99.9998 
99.9998 
105.0798 
94.9198 

- 110.1598 
- 110.1598 
-69.5298 
79.6798 
112.0598 
112.0598 
79.6798 
-69.5198 

- 115.2398 
-115.2398 
117.1398 
117.1398 
0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

5.0800 

10.1600 

-105.0798 
105.0798 
110.1598 
105.0798 
110.1598 
0.0000 

5.0800 

-15.0000 
0.0000 
5.0800 
10.1600 
10.1600 
10.1600 
10.1600 
10.1600 
10.1600 
5.0800 
5.0800 
5.0800 
5.0800 
5.0800 
5.0800 
5.0800 
5.0800 
0.0000 
0.0000 
0.0000 
0.0000 
1.9000 

1.9000 

1.9000 

1.9000 

0.0000 

0.0000 

0.0000 

10.1600 
10.1600 
10.1600 
10.1600 
215.2396 
0.0000 

0.0000 

230.0000 
5.0800 
10.1600 
15.2400 
15.2400 
15.2400 
15.2400 
215.2396 
205,0796 
15.2400 
15.2400 
15.2400 
15.2400 
15.2400 
15.2400 
15.2400 
15.2400 
15.2400 
15.2400 
15.2400 
15.2400 
0.0000 

0.0000 

0.0000 

0.0000 

5.0800 

0.0000 

0.0000 

215.2396 
215.2396 
215.2396 
215.2396 
220.3196 
5.0800 

0.0000 

Figure C-2. Sample Geometry Input for the MASH Analysis of the Empty 
Lined (5% Borated Polyethylene) Two-Meter Box Used in the APRF 

Spring 1991 Two-Meter Box Test Bed Experiments. 
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36rPP 
3 7rPP 
38rPP 
39rPP 
4 0 r c c  

4 l r c c  

42rcc  

43rcc  

44rcc  

4 5 r c c  

4 6 r c c  

4 7 r c c  

48rPP 
49rPP 
50rPP 
1 

2 

3 

4 o r  
5 
6 
7 o r  
8 o r  
9 o r  

10 
11 
1 2  
1 3  
1 4  
1 5  
1 6  

- 5.0800 
110.1598 

- 5.0800 
- 112.0598 

0.0000 
2.5400 

110.1598 
2.5400 
0.0000 
2.5400 

-112.0598 
2.5400 

1.2700 
85.0000 

1 .2700 
85.0000 

1.2700 
-85.0000 

1.2700 
- 120.0000 

-125.0 

- 85.0000 

5.0800 
112.0598 

5.0800 
-110.1598 
-112.0598 

0.0000 

110.1598 

0.0000 

- 110.1598 

- 110.1598 

99.9998 

99.9998 

120.0000 
125.0000 

-99.9998 
1 -2  

- 1 5  - 1 6  
- 24 - 25 
- 35 - 36 
- 44 - 45 

2 - 3  
- 17 - 1 8  

3 - 4  
- 12 -13 
- 32 

4 o r  50r  
8 - 50 
9 - 4  

lOor llor 
1 8  - 220r 
220r 23or 
26 
27 
28 - 3  
29 - 8  
30 - 8  
31 - 8  
32 -8  

-112.0598 - 
- 5.0800 

110.1598 

222.9396 

222.9396 

222.9396 

222.9396 

11.4300 

11.4300 

11.4300 

11.4300 

- 120.0000 
-125.0 

- 5.0800 

99.9998 -99.  
- 3  - 8  

- 17 - 1 8  
- 28 - 29 
- 37 - 38 
- 46 - 47 
- 10 - 11 
- 19 -20 

- 5  - 6  
- 1 4  -15 

9998 
- 10 
- 1 9  
- 30 
- 39 
- 48 
- 12 
- 2 1  

-7  
- 16 

110.1598 
5.0800 

112.0598 
5.0800 
0.0000 

1.9000 

0.0000 

1.9000 

0.0000 

0.0000 

0.0000 

0.0000 

120.0000 
125.0000 

99.9998 
- 11 
- 20 
- 31 
- 40 

- 1 3  

- 8  
- 17 

60r  7 
- 26 - 27 - 28 - 44 

- 5  -6  -7 
120r  13or  14or  1 5 o r  
19 -23or  20 - 24or 
24or 25 

- 30 - 32 - 33 - 36 
-33 - 35 - 37 - 28 
- 30 -32 - 33 - 38 
- 33 -39 

205.1596 
205.1596 
205.1596 
205.1596 

1 .9000 

0.0000 

1.9000 

0.0000 

10.1600 

10.1600 

10.1600 

10.1600 

- 15.0000 
-16 .00  
10.1600 

- 12 - 1 3  
- 2 1  - 22 
- 32 - 33 
- 4 1  - 42 

- 1 4  - 1 5  

-9 - 10 
- 29 - 30 

- 45 -46 

l 6 0 r  17  
2 1  -25 

- 44 -45 

- 46 -47 

228.0196 
228.0196 
228.0196 
228.0196 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 
235.0000 
210.1596 

- 1 4  
-23 
- 34 
-43 

- 16 

- 11 
- 3 1  

- 47 

Z l O O l  
a i r  

21002 
base 
21003 
base 

21004 
21005 
21006 
21007 
z1008 
21009 
ZlOlO 
21011 
21012 
21013 
21014 
21015 
21016 

Figure C-2. (cont.) 

74 



17 
18 or 
19 or 
20 or 
21 
22 
23 
24 
25 

-1 
1 1001 
2 1002 
3 1003 
4 1004 
5 100s 
6 1006 
7 1007 
8 1008 
9 1009 
10 1010 
11 1011 
12 1012 
13 1013 
14 1014 
15 1015 
16 1016 
17 1017 
18 1018 
19 1019 
20 1020 
21 1021 
22 1022 
23 1023 
24 1024 
25 1025 

33 
36 
40or 
44or 
34 
35 
48 
49 
50 
-45 

-8 
- 40or 
41or 
45or 

- 26 
- 27 
-2 
-1 
-4 

- 46 

.34 - 36 - 37 - 38 - 39 21017 
37 -41or 38 -42or 39 -43 21018 
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Figure C-2. (cont.) 

7s 



aprf aog/400m/16.14m ss91-121-37 s90e5 5/91 e x p .  ph+det LAV(i) 
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$$ 1 1 46 5 1 5 ** 3.0+00 3.0-02 3.0-01 0.0 
$$ 1 1 46 6 1 6 ** 2.0+00 2.0-02 2.0-01 0.0 
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Figure C-3. Sample MORSE Input for the MASH Analysis of the Combinatorial 
Geometry Phantom (with BD-100R Detectors) Used in the APRF 

Spring 1991 Two-Meter Box Test Bed Experiments. 
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Figure C-3. (cont.) 

77 



c m  70kg-91-phantom w i t h  a r m s  and d e t e c t o r s  
97 39 
le11 . 0000 .OOOO 177.1500 
3. 7.5650 
2rec  .oooo .OOOO 164.3000 
2 10.0000 . 0000 .oooo 
3rec  .oooo .0000 90.3000 
3 .OOOO 19.2000 .oooo 
4 t e c  . 0000 4.6000 10.3000 
4 .oooo 4.0000 .oooo 
4 2.0000 
5 t e c  .OOOO -4.6000 10.3000 
5 .OOOO 4.0000 .oooo 
5 2.0000 
6 rcc  . 0000 .OOOO 160.3000 
6 7.0000 
7arb -10.0000 -10.0000 90.3000 
7 -9.5200 9.5200 85.5000 
7 .OOOO 9.5200 85.5000 

7 1234 4356 6587 7821 7146 2358 
7 .OOOO -10.0000 90.3000 

8rPP 
9 rPP 

11rPP 

l o e l l  
10 

12rec  
1 2  
1 3 e l l  
13  

1 5 e l l  
15 
1 6 e l l  
16 
17rec 
1 7  
1 8 t e c  
18 
18 
19 tec  
1 9  
1 9  
20tec 
20 
20 

14rPP 

- 50.0000 
-50.0000 

.oooo 
6.1070 

-6.1237 
. 0000 
.oooo 
.oooo 

6.1070 
- 6.1237 

.oooo 
7.0660 
0.0000 
6.1610 
5.5000 

- 2.5000 
.oooo 
.oooo 

1.3500 
.oooo 
.oooo 

1.3500 
.oooo 
.oooo 

1.1000 

50.0000 -50.0000 
50.0000 -50.0000 

8.5000 133.8000 

1.5000 .oooo 
.OOOO 91.3000 

16.4900 . 0000 
-8.5000 133.8000 

1.0000 -8.0000 
.OOOO 177.1500 

.OOOO 177.1500 

.OOOO 112.3000 

.oooo . 0000 
21.5338 90.3000 

2.0000 .oooo 

-21.5338 90.3000 
2.0000 .oooo 

4.6000 10.5000 
2.2727 .oooo 

10.000 

.oooo 

.oooo 

.oooo 
- 10.0000 

.oooo 
-4.0000 

.oooo 
-4.0000 

.oooo 

- 9.5200 
- 10.0000 

.oooo 

.oooo 

50.0000 
50.0000 

.oooo 

5.4000 
.oooo 

- 9.2900 
.oooo 

.oooo 
9.5000 

6.0000 

.oooo 

.oooo 

.oooo 
-1.0370 

.oooo 
-1.0370 

.oooo 
-2.2727 

. 0000 

.oooo 
- 8.0000 

.oooo 

.oooo 
5.0000 

.oooo 

- 5.0000 
.oooo 

.oooo 

- 9.5200 
10.0000 
10.0000 
-9.5200 

-15.0000 
- 15.0000 

.oooo 

136.3000 
. 0000 
.oooo 
.oooo 

133.8000 
.oooo 

.oooo 

. 0000 
2.0000 
- .7000 

.oooo 

.7000 

.oooo 

5.0000 
.oooo 

.oooo 

12.8500 
.oooo 

70.0000 
. 0000 

80.0000 
.oooo 

80.0000 
.oooo 

4.0000 

85.5000 
90.3000 
90.3000 
85.5000 

230.0000 
0.0000 

24.0000 

144.3000 
42.5000 

.oooo 
24.0000 

145.3000 
.oooo 

.oooo 

48.0000 
.oooo 

69.0000 
.oooo 

69.0000 
.oooo 

79.8000 
.oooo 

Figure C-4. Sample Geometry Input for the MASH Analysis of the Combinatorial 
Geometry Phantom (with BD-100R Detectors) Used in the APRF 

Spring 1B1 Two-Meter Box Test Bed Experiments. 
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Figure C-4. (cont.) 
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Figure C-4. (cont.) 
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Figure C-4. (cont.) 

81 



95rcc 
95 
96rcc 
96 
97rcc 
97 
1 or 
or 
or 
or 
or 
or 

2 or 

or 

or 
or 
or 
or 
o r  
or 
or 
or 
or 
or 
or 
or 
or 
or 
or 
or 
or 
or 
or 

3 or 
4 
5 
6 
7 or 
8 or 
9 or 
10 
11 

12 or 
or 

-2.9719 -20.7238 
0.7873 

0 . 8  

0.7873 

-2.9719 -22.3438 

-2.9719 -22.3438 

1 
2 
16 
2 
2 
6 
3 

- 44 
55 

- 44 
11 
14 
12 
23 
24 
25 
23 
27 
29 
31 
33 
35 
37 
41 
41 
40 
40 
44 
44 
4 
7 
10 
13 
15 
1801- 
200r 
22 
26 

- 35 
40 
40 

- 15 
-15 
- 59 
- 15 
-15 
-39 
- 10 
- 80 
- 10 
-79 
- 17 
- 17 
- 22 
3 
55 
3 
55 

- 10 
- 10 
- 10 
- 10 
- 10 
- 10 
- 10 
- 10 
- 42 
- 42 
-47 
-47 
-2001 
-4 

- 11 
- 14 
-16 
19 
21 
-23 
-27 
- 36 
-41 
- 41 

- 39 
- 39 
- 60 
- 39 
-39 

- 13 
56 

- 1 3  
- 80 
- 13 
- 10 
- 17 
56 

- 79 
56 

- 13 
- 13 
- 13 
- 13 
- 13 
- 13 
- 13 
- 13 
-43 
-43 
- 49 
- 49 
5 
-5 

- 12 
- 12 
- 59or 

- 24 
- 28 
- 37 
42 
43 

91.3127 

91.3 

91.3127 

- 50 
- 50 

- 52 
51 

- 17 
- 79 
- 17 

- 79 
- 79 
- 80 
- 79 

- 17or 
- 17or 
- 17or 
- 17or 
- 17or 
-17or 
- 17 
- 17 
-41 
- 41 
-26 
- 26 
- 21 
- 20 

17 

- 25 
- 29 
- 38 
- 20 
- 20 

- 59 
- 59 

- 59 
- 59 
- 18 
- 80 
- 18 

- 80 
- 80 
- 80 

28 
30 
32 
34 
36 
38 

- 18 
- 18 
- 18 
- 18 
55 
56 

- 21 

- 79or 

- 17 
- 30 

- 21 
- 21 

0.0 

0.0 

0.0 

- 60 
- 60 

- 60 
- 60 

- 19 
- 53 
- 19 

- 10 
- 10 
- 10 
- 10 
- 10 
- 10 
- 19 
- 19 
- 19 
- 19 

39 

- 31 

- 22 
- 54 
-22 

- 13 
- 13 
- 13 
- 13 
- 1 3  
- 13 
3 
55 
3 
55 

- 79 

- 32 

0.0 7.9746 

0.0 8.0 

0.0 7.9746 

- 26 - 40 

- 26 - 40 

- 17 
- 17 
- 17 
- 17 
- 17 
- 17 
56 

56 

- 33 - 34 

Figure C-4. (cont.) 

82 



13 or 44 
14 or a 

-6 
-73 
- 90 

or 8 
-6 

- 69 
- 81 

15 9 
16 50 
17 or 54 
18 or 57 

19 or 59 
or 67 
or 75 
or 83 
or 92 

20 60 
21 62 
22 64 
23 66 
24 68 
25 70 
26 72 
27 74 
28 76 
29 78 
30 80 

32 84 
33 85 
34 87 
35 89 
36 91 
37 93 
38 95 
39 97 
-1 

- 88 

31 a2 

1 1 0  
2 1 0  
3 2 0  
4 2 0  
5 2 0  
6 2 0 
7 2 0 

- 26 
-1 
-57 
-75 
-92 
-1 
-57 
- 71 
- 90 

52 
- 55or 
- 18 
- 94 
- 6O0r 
- 680r 
'60r 

- 840r 
- 9 3or 

47or 
-2 

- 58 
- 77 
- 94 

- 2  
- 58 
- 73 
- 92 

- 51 
53 

- 96 
-ai 

61 
69 
77 
86 
94 

44 
- 3  
-61 
- 79 
- 96 
-55 
- 56 
- 75 
- 94 

- 15 
- 55 
- 83 

- 620r 
- 70or 
- 780r 
- 870r 
-950r 

- 26 
-4 
-63 
- 8 3  

-4 
-9 

- 77 
- 96 

- 90 

63 
71 
79 
88 
96 

49 
-5 

- 65 
- 86 

- 5  
-61 
- 79 

- 92or 

- 640r 
- 72or 
- 8O0r 
- 890r 
- 97 

-7 - 53 - 54 
- 67 - 69 - 71 
- 88 -9 - 81 

-7 - 53 - 54 
- 63 -65 -67 
- 83 - 86 - 88 

58 - 19 -86 

65 - 66 
73 - 74  
81 - 82 
90 -91 

-8 

5 100 /phantom/z1001/flesh/head-neck 
5 100 /phantom/1002/flesh/torso 
5 90 /phantom/1003/flesh/legs 
5 90 /phantom/z1004/sex/organ 
4 90 /phantom/z1005/internal/feft/lung 
4 90 /phantom/z1006/internal/right/lung 
6 90 /phantom/z1007/skeletal/skull/neck/spinal 

Figure C-4. (cont.) 

83 



8 2 
9 2 
10 2 
11 2 
12 3 
13 13 
14 3 
15 3 
16 13 
17 3 
18 3 
19 1106 
20 1107 
21 1109 
22 1111 
23 1113 
24 1115 
25 1117 
26 1119 
27 1121 
28 1123 
29 1125 
30 1127 
31 1129 
32 1131 
33 0 
34 1133 
35 1135 
36 1160 
37 1160 
38 1160 
39 1160 

0 6 90 
0 6 90 
0 6 90 
0 6 90 
0 6 80 
0 6 80 
0 2 100 
0 1 100 
0 5 80 
0 5 80 
0 5 80 
0 8 100 
0 7 100 
0 7 100 
0 7 100 
0 7 100 
0 7 100 
0 7 100 
0 7 100 
0 7 100 
0 7 100 
0 7 100 
0 7 100 
0 7 100 
0 7 100 
0 0 0  
0 7 100 
0 7 100 
0 7 100 
0 7 100 
0 7 100 
0 7 100 

/phantom/z1008/skeletal/arms 
/phantom/z1009/skeletal/legs 
/phantom/zlOlO/skeletal/hip 
/phantom/zlOll/skeletal/ribs 
/phantom/zlOl2/skeletal/pelvis 
/phantom/zl0l3/skele~al/shoulder/blades 
/phantom/z1014/surrounding/air 
/phantom/z1015/15-cm/ground 
/phantom/zl0l6/flesh/throat 
/phantom/zl0l7/flesh/breasts 
/phantom/zl0l8/flesh/arms 
/detectors/zlOl9/containers 
/detector/z1020/mid-head 
/detector/zl02l/left-~hest 1 
/detector/zl022/left-~hest 2 
/detector/zl023/left-~hest 3 
/detector/zl024/front/mid-gut 1 
/detector/zl025/fornt/mid-gut 2 
/detector/zl026/front/mid-gut 3 
/detector/zl027/rear/mid-gut 1 
/detector/zl028/rear/mid-gut 2 
/detector/zl029/rear/mid-gut 3 
/detector/z1030/inner/mid-gut 
/detector/zl03l/rt. arm/outer 
/detector/zl032/rt. arm/inner 
/external void 
/detector/zl034/left/arm/rear 
/detector/zl035/left/arm/front 
/detector/zlO36/right/arm/rear 
/detector/zl037/right/arm/front 
/detector/zl038/left/arm/inner 
/detector/zl039/left/arm/outer 

Figure C-4. (cont.) 

84 



aprf aog/400m/16.14rn ss91-121-37 s90e5 5/91 exp.  box+ph+det+lin DOS(m) 
$$ 1000 1500 750 1 46 23 46 69 0 1 650 9 0 
$$ 0 69 1 0  
** 1.0 1.0-05 1.0+04 0.0 2.2+05 
** -23.00 -59.9998 87.46 0.0 0.0 0.0 0.0 
** 69r1.0 
** 8r1.0 13r2.0 10r3.0 5r2.0 10r1.0 4r3.0 15r5.0 4r3.0 
** 1.9640+7 1.6905+7 1.4918+7 1.4191+7 1.3840+7 1.2523+7 1.2214+7 

1.1052+7 1.0000+7 9.0484+6 8.1873+6 7.4082+6 6.3763+6 4.9658+6 
4.7237+6 4.0657+6 3.0119+6 2.3852+6 2.3069t-6 1.8268+6 1.4227+6 
1.1080+6 9.6164+5 8.2085+5 7.4274+5 6.3927+5 5.5023+5 3.6883+5 
2.4724+5 1.5764+5 1.1109+5 5.2475+4 3.4307+4 2.4788+4 2.1875+4 
1.0595+4 3.3546+3 1.2341+3 5.8295+2 2.7536+2 1.0130+2 2.9023+1 

1.0000+7 8.0000+6 7.0000+6 6.0000+6 5.0000+6 4.0000+6 3.0000+6 
2.5000+6 2.0000+6 1.5000+6 1.0.00+6 7.0000+5 4.5500+5 3.0000+5 
1.5000+5 1.0000+5 7.0000+4 4.5000+4 3.0000+4 2.0000+4 
0000444255555656 

1.0677+1 3.0590+0 1.12535+0 4.1399-1 2.0000+7 1.4000+7 1.2000+7 

$ $ 1  1 0  0 0 8 6 9  1 
$$ 1 1 46 1 1 1 ** 5.0+00 5.0-02 5.0-01 0.0 
$$ 1 1 46 2 1 2 ** 5.0+00 5.0-02 5.0-01 0.0 
$$ 1 1 46 3 1 3 ** 5.0+00 5.0-02 5.0-01 0.0 
$$ 1 1 46 4 1 4 ** 4.04-00 4.0-02 4.0-01 0.0 
$$ 1 1 46 5 1 5 ** 3.0+00 3.0-02 3.0-01 0.0 
$$ 1 1 46 6 1 6 ** 2.0+00 2.0-02 2.0-01 0.0 
$$ 1 1 46 7 1 7 ** 3.0+00 3.0-02 3.0-01 0.0 
$$ 1 1 46 8 1 8 ** 3.0+00 3.0-02 3.0-01 0.0 
$$ 47 1 69 1 1 1 ** s.o+oo 5.0-02 5.0-01 0.0 
$$ 47 1 69 2 1 2 ** 5.0+00 5.0-02 5.0-01  0.0 
$$ 47 1 69 3 1 3 ** 5.0+00 5.0-02 5.0-01 0.0 
$$ 47 1 69 4 1 4 ** 4.0+00 4.0-02 4.0-01 0.0 
$$ 47 1 69 5 1 5 ** 3.0+00 3.0-02 3.0-01 0.0 
$$ 47 1 69 6 1 6 ** 2.0+00 2.0-02 2.0-01 0.0 
$$ 47 1 69 7 1 7 ** 3.0+00 3.0-02 3.0-01  0.0 
$$ 47 1 69 8 1 8 ** 3.0+00 3.0-02 3.0-01 0.0 
$$ -1 9r0 
$ $ O  0 0 0 
** 23r1.0 
** 23r1.0 
** 23r1.0 
** 23r1.0 
** 23r1.0 
** 23r1.0 
** 23r1.0 
** 23r1.0 

Figure C-5. Sample MORSE Input for the MASH Analysis of the Combinatorial Geometry 
Phantom (with BD-100R Detectors) Standing in the Lined(S% Borated Polyethylene) 

Two-Meter Box Used in the APRF Spring 1991 Two-Meter Box Test Bed Experiments. 
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Figure C-6. Sample Geometry Input for the MASH Analysis of the Combinatorial Geometry 
Phantom (with BD-100R Detectors) Standing in the Lined (5% Borated Polyethylene) Two- 

Meter Box Used in the APRF Spring 1991 Two-Meter Box Test Bed Experiments. 
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