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ABSTRACT

In commercial nuclear power plants, personnel routinely enter containment
for maintenance and inspections while the reactor is operating and can be
exposed to intense neutron fields. The low-energy neutron fields found in
reactor containment cause problems in proper interpretation of TLD-albedo
dosimeters and survey instrument readings. This report describes a technique
that can aid plant health physicists to improve the accuracy of personnel
neutron dosimetry programs.

A sHe neutron spectrometer can be used to measure neutron energy spectra
and determine dose equivalent rates at work locations inside containment.
Energy corrE~ction factors for TLD-albedo dosimeters can be determined from the
measured spectra if the dosimeter energy response is known, or from direct
measurements with dosimeters placed on phantoms at locations where the dose
equivalent rate has been measured. This report describes how to assemble a
spectrometer system using only commercially available components, how to use
it for reactor energy spectrum measurements, and how to analyze the data and
interpret the results. Both 3He and multisphere spectrometers were used to
measure neutron energy spectra and dose equivalent at three PWRs and one BWR.
In general, the 3He spectrometer measures higher dose equivalent rates than
the multisphere spectrometer. In the energy range from 10 keV to 1 MeV, the
dose equivalents measured by the 3He spectrometer and multi sphere spectrometer
agree within about 35% for the spectra measured.
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SUMfvlARY

The thermoluminescent-albedo dosimeter (referred to as TLD-albedo dosim
eter) has been demonstrated to be the best dosimeter type currently available
for use in commercial nuclear power plants (NUREGjCR-2956). Unfortunately,
the TLD-albedo dosimeter is highly energy-dependent, and a correction must be
made for this energy dependence for dosimeters used inside containment of
nucl ear pOWE'r plants. The Paci fi c Northwest Laboratory has devi sed one method
of obtaining energy correction factors using a 3He neutron energy spectrometer
to measure the neutron flux density and dose equivalent. Personnel neutron
dosimeters can be directly calibrated by exposing them on phantoms where the
dose equivalent has been measured by the 3He spectrometer or other
spectrometers.

This report describes a relatively simple method for plant health
physicists to improve the accuracy of their TLD-albedc dosimeters. The report
describes all the equipment used, how to assemble and calibrate it, and how to
analyze the data. Examples of 3He spectrometer use to measure approximate
neutron eney'gy spectra in commercial nuclear power plants are presented. Addi
tional information is included on limitations of the 3He spectrometer system.

Because the response of the TLD-albedo dosimeter is almost constant over
limited energy regions, it is not necessary to determine the exact differ
ential neuty'on energy flux density over all energy ranges. Instead, the
differential neutron energy spectrum as a function of energy needs to be mea
sured only for energies above about 10 keV, where the dosimeter response per
unit of dose equivalent decreases rapidly with increasing neutron energy. At
lower energies it is necessary only to determine the total flux density inte
grated over two energy ranges.

Previous measurements in NUREGjCR-1769 have shown that very few neutrons
with energies above 1 MeV are found inside reactor containment. Although no
lIideal ll spectrometer exists, four types appear to be useful for reactor
spectra measurements:

• multisphere or Bonner sphere
• activation foils
• proton recoil proportional counters
• 3He proportional counters.

All suff,er from some deficiencies and do not cover the entire energy range of
thermal to 1 MeV with great accuracy. Some are complex, difficult to use and
often require complex unfolding codes. The 3He spectrometer is a compromise
between accuracy and ease of use. The 3He spectrometer has three primary
advantages:

• reasonable accuracy in the energy range of 50 keV to 1 MeV

• an operating energy range extendable to thermal energies using
neutron absorbing filters to determine approximate neutron spectra
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• demonstrated effectiveness in environmental chambers and the harsh
environments of operating nuclear power plants.

The 3He neutron energy spectrometer has three primary disadvantages:

• It is not an "off-the-shelf" instrument--care must be taken in
setting up a spectrometer system from commercially available
components.

• The 3He detector is very sensitive to low-energy neutrons--neutron
absorbing filters and other techniques must be used to prevent pulse
pile-up from giving erroneous data in the 20-keV to lOO-keV range of
energies.

• Only a crude estimate of the total flux density can be obtained in
the energy range of 1 eV to 10 keY using a single cadmium filter.

The 3He spectrometer demonstrated good performance in the laboratory to
measure monoenergetic neutrons from a Van de Graaff generator and the filtered
beam facility at the National Bureau of Standards. The low-energy spectra
found inside containment of nuclear power plants are much more difficult to
measure because of the pile-up problems caused by the sensitivity of the 3He
detector to low-energy neutrons. However, pile-up can be reduced by using
cadmium, samarium, and/or boron carbide filters to remove low-energy neutrons.
A technique using a precision pulser to estimate pulse pile-up is described.

Measurements were made at three pressurized water reactors and the dry
well of one boiling water reactor during startup. Data from the 3He neutron
energy spectrometer indicate that more low-energy neutrons are present than
are indicated by the multisphere spectrometer used at the same locations on
the operating decks of the nuclear power plants. This difference has not been
resolved, and it is recommended that perhaps additional measurements be made
with activation foils or additional absorption filters over the 3He detector
to increase the accuracy of spectrum measurements in the 1-eV to 10-keV energy
range. The dose equivalent rates measured with the 3He spectrometer, a multi
sphere spectrometer, survey instruments such as the Snoopy cylindrical rem
meter, and the tissue equivalent proportional counter for the reactor sites
measured differed by a factor of two.

vi



CONTENTS

ABSTRACT

SUMMARY

ACKNOWLEDGMENTS

1.0 INTRODUCTION

2.0 SPECTROMETER EVALUATION

2.1 MULTISPHERE SPECTROMETERS

2.2 ACTIVATION FOILS

2.3 PROTON-RECOIL PROPORTIONAL COUNTERS

2.4 3He SPECTROMETER

3.0 THEORY OF 3He SPECTROMETER OPERATION

3.1 NUCLEAR THEORY.
3.1.1 Pulse Pile-Up

3.2 DATA ANALYSIS TECHNIQUES. . .
3.2.1 Energy Region 1 - TherrJal to 1 eV
3.2.2 Energy Region 2 - 1 eV to 10 keY
3.2.3 Energy Region 3 - Energies Above 10 keY

4.0 EQUIPMENT REQUIRED FOR THE 3He SPECTROMETER .

4.1 3He SPECTROMETER COMPONENTS .
4.1.1 Proportional Counter Tube
4.1.2 Electronic Equipment

4.2 TEST EQUIPMENT

4.3 NEUTRON SOURCE

5.0 ASSEMBLING THE 3He SPECTROMETER

5.1 PROPORTIONAL COUNTER TUBE EVALUATION
5.1.1 Test Apparatus
5.1.2 Test Procedures

5.2 ~rECTROMETER ELECTRONICS ASSEMBLY. . .
5.2.1 3He Spectrometer Using a Pulser Technique

to Estimate Pulse Pile-Up . . .
5.2.2 3He Spectrometer Using Pulse Shape Analysis

vii

iii

'/

• xi 11

1

2

2

4

4

5

6

6
9

16
16
18
23

25

25
25
25

26

26

28

28
28
30

32

32
37



5.3 MULTICHANNEL ANALYSER LINEARITY CHECK

5.4 TROUBLESHOOTING

6.0 TESTING OF THE 3He SPECTROMETER SYSTEM

6.1 ENVIRONMENTAL CHAMBER TESTING

6.2 EXPERIMENTAL VERIFICATION OF THE UNFOLDING COCE

44

45

4i

47

48

7.0 REACTOR SPECTRUM MEASUREMENTS. 52

7.1 EQUIPMENT AND METHODOLOGY 52

7.t t1EASUREMENT RESUL1S . 53
7.2.1 REactor Site 5 ~4

7.2.2 Reactor Site 6 60
7.2.3 Reactor Site 4 63

7.3 REACTOR MEASUREMENT SUMMARY 69

7.4 DISCUSSION 72

8.0 RECOMMENDATIONS 73

REFERENCES 76

APPENDIX A - ENERGY SENSITIVITY OF THE TLD-ALBEDO NEUTRON DOSlrlETER 79

APPENDIX B - MULTISPHERE SPECTROMETER 82

APPENDIX C - RESPONSE FUNCTIONS USED IN HESTRIP 85

APPENDIX D - HESTRIP, A COMPUTER CODE FOR UNFOLDING SPECTRA
FROM 3He PROPORTIONAL COUNTER DATA 93

viii



FIGURES

3.1 Pulse Height Distribution for a 3He Proportional Counter
Exposed to Thermal Neutrons 7

3.2 Response of an Unshielded 3He Proportional Counter Exposed
to Monoenergetic Neutrons 8

3.3 Cross Sections for Neutron Interactions in 3He
Proportional Counters 10

3.4 Pulse Pile-Up Resulting When Two Pulses Occur Within
the Resolving Time of the Spectrometer System 11

3.5 Absorption Cross Sections for Three Shielding Materials 13

3.6 "Rise Time" Spectra From Ortec 458 Pulse Shape Analyzer
Obtained with a Bare 3He Proportional Counter Exposed
to Thermal Neutrons 15

3.7 Pulse Shape Analyzer Used to Reduce Pulse Pile-Up
at High Count Rates 15

3.8 Apparatus Used to Estimate Pulse Pile-Up Using A Pulse
Generator 16

3.9 Method of Estimating Pulse Pile-Up Using a Reference
Pulser Operated at the Same Pulse Rate as the Neutron Counts 17

3.10 Differential Neutron Flux Density Multiplied by the Neutron
Energy (or Flux per Unit Lethargy) for Neutrons from a
Fission Source Penetrating a Concrete Shield 21

5.1 Example of a 3He Proportional Counter with Nonuniform Gain
Along the Anode 29

5.2 Apparatus Used to Determine the Best Operating Parameters for
a 3He Proportional Counter 29

5.3 Determination of Best Operation Parameters for a
I-Inch Diameter 3He Proportional Counter 30

5.4 Pulse Height Distribution Obtained From a 3He Proportional
Counter with Uniform Gain 31

5.5 3He Spectrometer Electronics Using a Pulser Technique
to Estimate Pulse Pile-Up 33

5.6 Pulse Pile-Up Distribution Obtained by Operating Pulser at
Di fferent Count Rates 35

5.7 Results of Using Pulser Technique for Estimating Gamma
Pulse Pile-Up. 37

5.8 Cable Connections and Sample Settings for 3He Spectrometer
System Electronics Using Pulse Shape Analysis 38

5.9 Unipolar Output Pulses of Ortec 572 Amplifier for
Pole Zero Adjustment 40

ix



5.10 "Rise Time" Spectra From Linear Output of Ortec 458 Pulse Shape
t~na lyzer With and Without Coi nci dence Gate Si gna 1 From "Wi ndow"
of Pulse Shape Analyzer. 43

5.11 Plot of Channel Number of Pulser Peak Versus Pulser Setting
to Determine if the ADC is Linear Through Zero 45

6.1 Relative Humidity and Temperature for 3He Spectrometer Test
in PNL Environmental Chamber. 48

6.2 Compa ri sorl of Neutron Energy Spectra ~1easured by a Photon
Recoil Spectrometer and the 3He Spectrometer at the 144 keV
Neutron Beam at the U.S. National Bureau of Standards 49

7.1 Differential Neutron Energy Spectrum Calculated Fro~

Multisphere Spectrometer Measurements at Reactor Site 5 55

7.2 Fractional Dose Equivalent Distribution Calculated From
Multisphere Spectrometer Measurements at Reactor Site 5 56

7.3 Pulse Height Distribution from 3He Spectrometer
Measurement at Reactor Site 5 57

7.4 Pulse Pile-Up Distribtuion for the 3He Spectrometer
Exposed to a Thermal Neutron Source for Reactor 5 57

7.5 Fluence Per Unit Lethargy ~1easured by the 3He Spectrometer
and Multisphere Spectrometer at Reactor Site 5 60

7.6 Differential Neutron Flux Density Calculated fro~ the
Multisphere Spectrometer Measured at Reactor Site 6 62

7.7 Fractional Dose Equivalent Rate Calculated from the
Multisphere Spectrometer Measured at Reactor Site 6 63

7.8 Flux Per Unit Lethargy as a Function of Neutron Energy
for the 3He Spectrometer Measurements at Reactor Site 6 65

7.9 Differential Neutron Flux Density Calculated from the
MUltisphere Spectrometer Measurement at Reactor Site 4 68

7.10 Fractional Dose Equivalent Calculated from the
Multisphere Spectrometer Measurement at Reactor Site 4 fi9

7.11 Flux per Unit Lethargy as a Function of Neutron ErE:I'gy
for the 3He Spectrometer Measurement at Reactor Site 4 71

A.1 Flux Density Per Unit Lethargy for Bare 252Cf Source, and
for a Typical Nuclear Power Plant and Albedo Dosimeter
Response Function as a Function of Neutron Energy 79

A.2 Flux Density Per Unit Lethargy for 252Cf Source Moderated
by 15-cm Radius °20 80

A.3 Response of TLD-Albedo Neutron Dosimeter Per Unit of Dose
Equivalent 81

C.1 A Simplified Flow Chart for the Monte Carlo Computer Code
WALL Used to Calculate a Response Function Matrix for
Cylindrica1 3He Proportional Counters 86

x



2.1

3.1

4.1

5.1

5.2

6.1

7.1

7.2

7.3

7.4

7.5

7.6

7.7

C.1

C.2

C.3

C.4
C.5

C.6

O '.1

0.2

0.3

0.4

TABLES

Candidate Neutron Energy Spectrometers

Chance Coincidence Rate, Which Produces Pulse Pile-Up,
Calculated for a 2 Microsecond Resolving l"ime

3He Spectrometer Components and Costs

Settings for 3He Spectrometrr Electronics Using a Pulser
Technique to Estimate Pulse Pile-Up

Settings for 3He Spectrometer Electronics Using Pulse Shape
Analysis.

Neutron Dose Equivalents Determined from 3He Spectrometer
Measurements of Nearly Monoenergetic Neutrons Produced by
a Vcr, de Graaff Accelerator

Results of Multisphere Spectrometer Measurements at
Reactor' Site 5

Results of 3He Spectrometer Measurements at Reactor Site 5
Analyzed by the Computer Code HESTRIP

Results of Multisphere Spectrometer Measurements at
Reactor Site 6 Analyzed by the Computer Code SPUNIT

Results of the 3He Spectrometer Measurements at Reactor Site 6

Results of Multisphere Spectrometer Measurements at
Reactor Site 4 Analyzed by the Computer Code SPUNIT

Results of Multisphere Spectrometer Measurements at
Reactor Site 4 Analyzed by the Computer Code YOGI

Summary of Dose Equivalent Rate Measurements Inside
Containment of Commercial Nuclear Power Plants

Gas Fillings for I-Inch Diameter 3He Proportional
Counters Used at PNL

Wall Effect Response Function for Tube #1

Wall Effect Response Function for Tube #2

Wall Effect Response Function for Tube #3

Wall Effect Response Function for Tube #4

Wa11 Effect Response Function for Tube #5

Sample Input for Computer Code HESTRIP .

Listing of Counts Per Channel From the Multicrcnr.ei
Analyzer for a 3He Proportional Counter Exposed to the
144 keV Neutron Beam at the National Bureau of Standards

Sample Output From the Computer Code HESTRIP Used to
Analyze Data From a 3He Proportional Counter Exposed to the
144 keV Neutron Beam at the National Bureau of Standards

Listing of HESTRIP Code

xi

3

12

27

34

39

50

54

59

61

64

67

70

87
88

89

90

91

92

94

95

97

101





AC KNO\~L EDGMENTS

The authors are indebted to R. B. Schwartz of the National Bureau of
Standards, who provided the proton recoil spectrometer and 3He spectrometer
measurements at the filtered beam facility at the National Bureau of Standards
reactor. We would also like to thank Andrea Currie, who edited the document,
and Marianna Cross, who typed numerous revisions.

Preceding page blank
xiii





NEUTRON DOSIMETRY AT COMMERCIAL NUCLEAR PLANTS
FINAL REPORT OF SUBTASK C: 3He NEUTRON SPECTROMETER

1.0 INTRODUCTION

The thermoluminescent-albedc dosimeter (TLD-albedc dosimeter) has been
shown to be adequate for personnel dosimetry at commercial nuclear power
plants (NUREG/CR-2956). However, the TLD-albedo dosimeter, like many other
commercially available neutron dosimeters evaluated, also exhibits an energy
dependence problem: the dosimeter response per unit of dose equivalent is not
constant, but varies with energy. Unless precautions are taken, the neutron
dose equivalent may be overestimated by as much as a factor of 20 because of
the diffel"'ences between the uni que, 1m'l-energy spectra typi ca lly found ins i de
reactor containment and the higher-energy spectra of the sources used to
calibrate the neutron dosimeter (NUREG/CR-2956).

At the request of the U.S. Nuclear Regulatory Commission (NRC), Pacific
Northwest Laboratory (PNL) has evaluated a technique which may be used to more
accurately interpret the response of TLD-albedo dosimeters used in commercial
nuclear power plants. The approach taken involved developing and validating a
method for accurately measuring neutron energy spectra and neutron dose equiva
lent rates. When implemented, the method would not only verify actual neutron
spectra inside reactor containment, but also provide energy correction factors
to enable more accurate interpretation of TLD-albedo dosimeter measurements.

This report describes how a 3He spectrometer can be used to improve the
accuracy of pE~rsonnel neutron dosimetry at commercial nuclear power plants.
The detailed information report is intended to enable a person unfamiliar with
neutron spectrometry techniques to assemble and operate a 3He spectrometer
using only commercially available equipment. Some knowledge of nuclear count
ing equipment is assumed. A complete set of instructions for using the 3He
spectrometer to measure spectra inside reactor containment is included.

Section 2.0 documents the considerations evaluated in selecting the par
ticular spectrometer on which to base the method. Section 3.0 discusses the
theory unclerl,)ring 3He spectrometer operation. Section 4.0 gives a complete
description of the equipment required for the apparatus. Detailed instruc
tions for assembling the spectrometer, including troubleshooting hints, are
contained in Section 5.0. Section 6.0 documents how the assembled spectrom
eter was tested in the environmental chamber, as well as how the unfolding
codes were verified. Section 7.0 describes the methodology used and results
obtained when 3He spectrometer measurements were made at three PWRs and one
BWR. These results are then compared with multisphere spectrometer measure
ments made at the. same locations. Section 8.0 presents PNL's recommendations
based on the overall effort. The appendixes include a listing of the computer
code HESTRIP used to analyze the 3He spectrometer data and sample input/output.
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2.0 SPECTROMETER EVALUATION

In personnel dosimetry, the measurement of ultimate interest is the dose
equivalent. Alsmiller and Barish (1974) have used Monte Carlo computer codes
to calculate the response of typical TLD-albedo dosimeters per unit dose
equivalent as a function of neutron energy. Their work, summarized in
Appendix A, suggests that the neutron energy spectrum measurerlents necessary
to the calculation can be simplified by considering the neutron flux density
(neutrons/cm2 -sec) or the dose equivalent rate (mrem/hr) in three energy
regions:

• Region 1 - <1 eV
• Region 2 - 1 eV to 10 keV
• Region 3 - >10 keV.

Previous neutron energy spectrum measurements in reactor containment indi
cated the presence of very few neutrons with energies above 1 MeV (NUREG/CR
1769). Threshold detectors such as polycarbonate plastic track etch detectors
and NTA film showed little or no response to reactor spectra. Measurements
made with NE-213 liquid scintillator and multisphere spectrometers show vir
tually no neutrons with energies above 1 MeV. Thus, only spectrometers that
operate at energies below about 1 MeV were considered as candidates for the
PNL method.

Four spectrometer types were evaluated in this study:

• nJultisphere spectrometers
• activation foils
• proton-recoil gas proportional counters
• 3He proportional counters.

All four types appeared suitable for measuring neutron energy spectra within
the nuclear power plant containment. However, as indicated by the comments in
Table 2.1, none offers the ideal combination of high accuracy, ease of use,
and simplicity of data analysis. Further, no single type can accurately span
the entire range of energies found inside containment. Thus, the spectrometer
chosen as the basis for the PNL method would necess2rily represent a compro
mise. Each type has some operational difficulties which may prevent its use
in some reactor containment measurements.

2.1 MULTISPHERE SPECTROMETERS

Multisphere or Bonner sphere spectrometers (Bramblett, Ewing and Bonner
1960) have a very useful wide energy range, extending from thermal to 20 MeV;
they also determine both approximate neutron flux density and dose equivalent.
This is the spectrometer most often used by health physicists. The authors
used a multisphere spectrometer concurrently with a 3He spectrometer to check
the latterls measurement accuracy.
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TABLE 2.1. Candidate Neutron Energy Spectrometers

__--=.SJ:.pe::..;c::..;trometer Type COl1111ents

Multisphere or Bonner Sphere Advantages: - Useful over wide energy range
(thermal to 20 MeV)

- Relatively simple equipment required,
but heavy spheres

Disadvantages:- Poor resolution, especially for fast
neutrons greater than 1 MeV

- Most unfolding codes quite complex
- Time consuming measurements with

different sphere sizes
- gain shifts with temperature

Advantages:Activation Foils

Proton-Recoil Gas Proportional
Counters

3He Proportional Counters

- Accurate for thermal and intermediate
neutron energies

- Less accurate for high energy fast
neutrons

Disadvantages:- Need elaborate gamma ray counting
equipment
Some foils must be counted soon after
irradiation
Usually requires higher flux levels or
more complex counting equipment for
lower activities

Advantages: - Responds to wide range of neutron
energies (keV to 1 MeV)

Disadvantages:- Complex equipment for pulse risetime
cnalysis

- Difficult to discriminate between gamma
rays and neutrons below about 10 keV

- sensitive to temperature and vibration

Advantages: - Responds to thermal neutrons and to
neutrons with energies between
30 keV to 5 MeV

Disadvantages:- Difficult to measure intermediate energy
neutrons (1 eV to 10 keV)

- Large thermal fluxes interfere with
fast neutron analysis

The specific multisphere spectrometer used by the authors consisted of a
set of five polyethylene spheres, a 6LiI scintillation detector and associated
electronics (high voltage power supply, pre~~~lifier, shaping amplifier, and
multichannel analyzer for data collection). The 6LiI detector fits into a
hole drilled to the center of each sphere and measures the slow neutron flux
at the center of the sphere. Spectral measurements are made by placing the
different spheres over the 6LiI neutron detector and recording the count rate;
each sphere-detector combination has a different response to neutrons of dif
ferent energies. The count rate from each sphere-detector combination is
input to a computer code, which "unfolds" the approximate neutron energy spec
trum. In the past the computer codes were quite complex, requiring a large
computer for execution. Recently, however, simpler algorithms and computer
codes (Johnson and Gorbics 1981; Brackenbush and Scherpelz 1983) have been
developed that can be run on microprocessors and personal computers available
at many commercial nuclear power plants.

(a) A complete description of the multisphere spectrometer system can be
found in Appendix B.
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The primary advantages of the multisphere spectrometer are the wide range
of energies covered and the relatively simple equipment required. With the
recently developed computer codes, data analysis has been simplified. An even
more simple analysis method for determining dose equivalent from only four
multisphere measurements has been developed (NUREG/CR-3400, p. 9).

The main disadvantages of the multisphere spectrometer are the time
required (typically more than 20 minutes) to make five to seven different
measurements in high dose rate areas and the physical effort required to carry
the set of spheres; a complete set of spheres, the associated equipment, and
carrying case weighs about 100 pounds. The multisphere spectrometer also has
poor resolution, especially at higher neutron energies. The differential
spectra may not be very accurate, but the integral flux and dose equivalents
are usually reasonably accurate. Measurements made under ideal conditions in
a low-scatter room at PNL indicate that, for a 252Cf source moderated by 15 em
of 020' the multisphere spectrometer measured the dose equivalent rate within
18% of the value calculated from the source intensity and flux to dose
equivalent conversion factors supplied by the National Bureau of Standards.
The reader should be cautioned that the spheres used by PNL were custom-made;
the commercially available multispheres are of slightly different sizes, so
the response functions used may not match. Also, there is no unique solution
to the multisphere unfolding problem; different codes give different fluxes.
Only approximate differential spectra can be obtained, as explained in
Appendix B.

2.2 ACTIVATION FOILS

The activation foil technique consists of exposing a set of foils of var
ious elements to neutrons for a known time period. The induced radioactivity
is then measured by gamma ray spectrometers. Knowing the activation cross
section as a function of energy makes it possible to calculate the neutron
flux using rather complex computer codes. The solution technique involves
numerically solving a coupled set of Fredholm integral equations.

The chief advantage of the activation foil technique is that it is accu
rate at low neutron energies, where there are a number of absorption reson
ances found in various elements. This technique is less accurate at higher
neutron energies above about 10 keY, where there are few resonances and the
activation cross sections are generally much lower.

Several problems are inherent in the activation foil technique. Counting
the activity induced in the foils by relatively low neutron fluxes is tedious
and time-consuming. The computer codes used to unfold the data are complex
and require a large computer. However, the germanium diode gamma ray spectrom
eters used at many nuclear power plants for counting environmental and low
level radioactive samples are suitable for foil counting, and this technique
may be useful for spectrum determinations.

2.3 PROTON-RECOIL PROPORTIONAL COUNTERS

The proton-recoil proportional counter spectrometer consists of a set of
two or more proportional counters filled with hydrogen or methane, a complex

4



set of electronics with pulse shape analysis capability to separate neutron
and photon-induced pulses, and a multichannel analyzer or microcomputer to
record the data. The proton-recoil data are analyzed by a complex computer
code to determine the differential neutron flux density as a function of
energy. A va.ri ety of detectors with different gas fi 11 i ngs and pressures is
required to cover the energy range from a few keV to 1 MeV.

The greatest advantage of the proton recoil spectrometer is its high
accuracy when set up properly. It has even been used to verify neutron trans
port computer codes.

The disadvantage of the proton-recoil spectrometer is its complexity. It
requires complex, fast electronics to separate neutron- and photon-induced
events, especially for neutron energies less than about 10 keV. The delicate
electronics may not be suitable for the harsh environments found inside some
reactor containments. A complex unfolding computer code is needed to calcu
late and match the spectra measured by the different detectors over differert
energy ranges. High temperatures and vibration in some reactors may preclude
using the proton recoil spectrometer, which is more suited to laboratory
environments.

The proton-recoil spectrometer may be the most difficult to operate, but
it gives the most accurate spectra over a wide range of energies. An excel
lent description of the proton-recoil proportional counter spectrometer,
including a description of the custom electronics and the computer code used
to analyze the data, is provided by Bennett and Yule (1971).

2.4 3He SPECTROMETER

The 3He spectrometer consists of a 3He proportional counter, a set of
neutron absorbers such as cadmium, samarium, and boron, and associated
electronics. This spectrometer has less complex electronics and does not use
the compl icated unfolding codes required by the proton-recoil spectrometers.
It has better energy resolution than the multi sphere spectrometer at higher
neutron energies, especially between 50 keV and 1 MeV.

The 3He spectrometer does have several problems, however. It is highly
sensitive to slow neutrons; neutron absorbers such as cadmium and samarium are
required to filter out slow (thermal and intermediate energy) neutrons to pre
vent pulsE~ pne-up, which can interfere with the analysis of higher-energy
neutrons. The 3He spectrometer cannot resolve neutrons with energies below
about 20 keV because of the 2 to 3% resolution of commercial proportional
counters. Approximate spectra below about 10 to 20 keV can be determined by
using various neutron absorbers, as described later in this report. Above
1 MeV the 3He recoils can interfere with the data analysis, unless special
precautions are taken.

Despite these disadvantages, the 3He spectrometer was found to be the
best compromise between the level of operational difficulty and the accuracy
of the measured spectra. For this reasons, it was selected as the basis of
the PNL system.
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3.0 THEORY OF 3He SPECTROMETER OPERATION

A description based on nuclear theory of how the 3He spectrometer works
is presented in this section, followed by a discussion of techniques used to
analyze data obtained with the device.

A number of terms are introduced which may need explanation. For this
report, the term "fast neutrons" is used to designate neutrons with energies
roughly above 10 keV, and the term 'Isl ow neutrons'l is used to designate
neutrons with energies well below 10 keV. Thus, slow neutrons include thermal
and intermediate energy neutrons. Since 3He has an absorption cross section
which is inversely proportional to the velocity of the neutron, a 3He propor
tional counter will easily detect both thermal and intermediate (or slow)
energy neutrons.

3.1 NUCLEAR THEORY

The isotope 3He is useful for neutron spectrometry because it undergoes
the following nuclear reaction:

3He + n ~ lH + 3H + 764 keV (3. 1)

Neutrons interact v/ith 3He to form two charged particles, a proton and a
triton, and 764 keV of energy is also released. By convention this is repre
sented as a 3He(n,p)T reaction. If the 3He gas is used as the fill gas in a
proportional counter, the charged particles are easily detected. If the
triton and proton deposit all their energy within the proportional counter
gas, the pulse produced by the proportional counter tube will be equal to the
initial energy of the neutron plus the 764 keV (the Q-value of the nuclear
react ion) . Note that some of the gamma rays wi 11 interact in the wall s of the
counter to produce electrons, which will also produce pulses. However,
because of the large Q-value of the nuclear reaction (764 keV), the gamma
pulses will be much smaller and easily discriminated from the neutron-induced
pulses.

In an ideal detector monoenergetic neutrons would produce a single peak
with an energy equal to the incident neutron energy plus 764 keV. Unfortu
nately, proportional counters are not ideal detectors. Counters having the
best resolutions are usually small, so that some of the protons and tritons
are not stopped in the counter gas, but strike the walls or the insensitive
regions at the ends of the counter. These "wa ll effects" produce a continuum
of smaller pulses. Figure 3.1 shows the results obtained by exposing a 3He
proportional counter to thermal neutrons. If both the triton and proton are
stopped in the counter gas, a full energy peak of 764 keV is produced. If the
proton strikes the wall, all of the triton energy (191 keV) plus a fraction of
the proton energy is deposited in the gas, depending on how far away from the
wall the interaction occurred. This produces the sharp edge at 191 keV and
the continuum of events at higher energies. A similar edge (at 573 keV) and
continuum of pulses at higher energies occurs if the triton strikes the wall.
The full energy peak at 764 keV has a width of 2.4% or 18 keV at half the
maximum height due to the finite resolution of the proportional counter. This
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is referred to as a resolution of 18 keY full width half maximum (18 keY FWHM
resolution). Neutrons with energies below the full width half maximum produce
a "shoulder" on the peak and cannot be fully resolved. Thus, only neutrons
with energies greater than the full width half maximum can be analyzed with
the 3He proportional counter.

If the 3He proportional counter is completely surrounded by a 40-mil
(O.lO-cm) layer of cadmium, no thermal neutrons can reach the counter, and the
gamma ray events, shown as the dashed line in Figure 3.1, are measured. These
gamma ray events deposit much less energy in the proportional counter and can
be easily distinguished from neutron events on the basis of pulse size.

Figure 3.2 shows the response of an unshielded 3He proportional counter
exposed to nearly monoenergetic neutrons with an average energy of 660 keV
produced by a Van de Graaff accelerator at PNL. Because of neutrons scattered
and slowed down by the concrete floor and walls, there is a thermal neutron
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peak produced at 764 keY, which can be used for energy calibration. Fig
ure 3.2 shows some features that were not evident in Figure 3.1. An edge at
about 450 keY is produced by the elastic scatter of neutrons from the 3He
nucleus. From the Laws of Conservation of Energy and Momentum, it can be
shown that the energy of the recoil nucleus is related to the energy of the
incident neutron by the relationship

where

4A
ER = (1 + A)2 (cos 2 0) En (3.2)

ER is the energy of the recoil 3He nucleus

En is the energy of the incident neutron
A is the atomic weight of the target 3He nucleus
8 is the scattering angle in the laboratory coordinate system.

For 3He nuclei, A = 3, and Equation (3.2) reduces to ER = 3/4 En Cos 20. Thus,

3He recoils can produce pulses that vary in energy from zero energy (for a
glancing collision where the recoil is emitted at 90° to the incoming neutron)
to three-fourths of the energy of the incident neutron (for a head-on colli
sion at G = 0°). Because the desired 3He(n,p)T reaction has a Q-value of
764 keY, only neutrons with energies greater than 1 MeV can produce recoils
with enough energy to be confused with the 3He(n,p)T reaction. Fortunately,
as noted in Section 2.0, few neutrons in containment have energies above
1 MeV, so it is not necessary to account for 3He(n,n' )3He reactions producing
recoil events above the slow neutron peak.

The 3He(n,p)T cross section is shown in Figure 3.3. Helium-3 has a cross
section proportional to the inverse of the velocity of the neutron (or the
inverse of the square root of the neutron energy) over a wide range of ener
gies. The 3He(n,p)T cross section is 5,327 barns at 0.0253 keY or 2200 m/sec
and can be represented by

847.3
(J

IE
(3.3)

from thermal energies to 1.7 keY. The cross section, (J, has units of barns
and the energy, E, has units of electron volts (Stewart 1974, p. 151). The
3He detectors are very sensitive to low-energy neutrons. Using the cross
section at 50 keY as a reference, the 3He detector is 1600 times more sensi
tive to thermal neutrons, 287 times more sensitive to neutrons with energies
of 1 eV, and 2.5 times more sensitive to neutrons with energies of 10 keY.

3.1.1 Pulse Pile-Up

If two events occur nearly simultaneously in the proportional counter,
the pulses can be summed together to produce a larger pulse, which can be
mistaken for an event produced by a higher energy neutron. Figure 3.4 shows
how two neutl~on interactions, labeled A and B, can produce a pulse larger than
a single event, labeled C. In Figure 3.4 the resolving time, t, is defined as
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the mlnlmum time interval in which two separate events can be defined without
overlap. The resolving time is usually determined by the time constants of
the shaping amplifier, which is often dictated by the minimum pulse width that
can be accepted by the multichannel analyzer used to record data. Typically,
the shaping amplifier time constants are 1 to 2 microseconds.

The chance coincidence and pile-up rate can be estimated mathematically.
Let r be the random count rate of interactions in a 3He proportional counter,
and assume that the count rate is low so that the product of the count rate
multiplied by the resolving time (rt) is much less than unity (rt «1). The
rate of chance coincidence, rcoinc' is the fraction of the time within the
resolving time of the preceeding pulse (rt) multiplied by the rate of pulse
arrival (rs ):

r . = (rt) r sCOlnc (3.4)

The second pulse could be produced by a pulser, as will be explained later;
however, if the second pulse is another random pulse produced within the
proportional counter, rand r s are identical, so the chance coincidence rate,
r . , becomesCOlnc

r . = r 2 tCOlnc (3.5)
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TABLE 3.1. Chance Coincidence Rate, Which Produces Pulse Pile-Up,
Calculated for a 2-Microsecond Resolving Time

Count Rate from
Proportional Counter

60
600

1,500
3,000
3,600
6,000

10,000
60,000

1
10
25
50
60

100
167

1,000

Chance Coincidence
Rate, r .
Countsy~~eC

-62.0 x 10_42.0 x 10
0.0013
0.005
0.0072
0.020
0.056
2.0

Fraction of
Pile-Up Events

2.0 x 10-~
2.0 x 10-

55.2 x 10-41.0 x 10-41.2 x 10-42.0 x 10-
43.4 x 10-32.0 x 10-

3.1.1.1 Pulse Pile-Up Mitigation Techniques

For the typical counting system the resolving time is about 2 microsec
onds. Using Equation (3.5), the chance coincidence rate at various count
rates was calculated. The results, given in Table 3.1, suggest that the count
rate must be kept low enough that the pile-up of neutron events is a small
fraction of the higher-energy neutron events recorded by the multichannel
analyzer. This can be accomplished by a combination of methods:

• make measurements in low dose equivalent rate fields
• use proportional counters with a small amount of 3He
• cover the 3He proportional counter with a neutron absorber
• use electronic pulse shape analysis to reduce pile-up.

Each of these methods is discussed in the following paragraphs.

Spectrum measurements are made typically at locations inside containment
where the dose equivalent rate is 10 to 100 mrem/hr. A 2.54-cm (I-in.) diam
eter 3He proportional counter, 30.5 cm (12 in.) long, gave satisfactory results
if filled with 3He at partial pressures of 2 psia to 4 psia mixed with argon.
In a 50-mrem/hr neutron field the count rate was 25 counts/sec inside a boron
covering; this is sufficiently low that pulse pile-up was not significant. It
may be necessary to purchase several tubes with partial pressures ranging from
1 psia to 15 psia to cover the range of neutron dose equivalent rates (from
1 mrem/hr to 500 mrem/hr) found in nuclear power plants.

Another method for reducing the pulse pile-up problem is to surround the
3He proportional counter with materials that will absorb the low-energy
neutrons. The ideal absorber would be transparent to neutrons with energies
above about 20 keY (the limit of resolution of the proportional counter) and
would completely absorb lower-energy neutrons. The absorption cross sections
for three candidate materials (cadmium, boron, and samarium) are shown in
Figure 3.5.
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Samarium has a great number of large resonances between thermal energies
and 100 eV and has the largest average or effective cross section for energies
below 100 eV. Unfortunately samarium match foil is very expensive; enough
material to cover a single proportional counter could cost $5000. Impure
samarium oxide is much less expensive; 1 kg costs about $100. Oxygen has an
absorption resonance at 450 keV, but this should not interfere with spectral
measurements. The authors have constructed a shield containing 3 kg of
samarium oxide powder between two concentric aluminum tubes 7.6 cm (3 in.) and
2.5 cm (1 in.) in diameter about 51-cm (20-in.) long.

Boron has a high absorption cross section that is inversely proportional
to the velocity of the neutron and is a good neutron shield at low energies.
Boron metal is eXRensive, but boron carbide and nitride are common industrial
abrasives and are inexpensive and easy to obtain. Because boron has a low
atomic number, high-energy neutrons can scatter to lower energies, and the
fast neutron spectrum is distorted. Using relatively thin boron carbide
shields (1 cm or less), a fast neutron will undergo a single scatter. The
ratio of the minimum possible neutron energy to the original neutron energy is
given by (Glasstone and Sesonske 1963, p. 131):
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Emi n _ (A-1)2----ro- - A+1 (3.6)

where A is the atomic weight of the target nucleus. For boron, A = 10.8 and
Emin/Eo = 0.69. For a single collision the energy can be lowered by only 31%
at most. The fast neutron spectrum will be distorted, but it will be possible
to detect the presence of fast neutrons and determine their relative number.

Cadmium is an excellent absorber for thermal neutrons and effectively
stops all neutrons with energies below 1 eVe It also has resonances around
100 keV, but these are much smaller. Cadmium metal foil is inexpensive,
readily obtained, and easy to bend and cut.

Obviously, the best material to shield the 3He proportional counter from
low-energy neutrons below 10 keV is samarium. An alternative material would
be boron, but this is not as satisfactory because fast neutrons can elastic
ally scatter and transfer energy to boron. Cadmium is most effective in
stopping neutrons with energies below 1 eVe

The fourth technique, pulse shape analysis, can be used to reduce pulse
pile-up. Figure 3.4 showed two events that occur almost simultaneously,
producing a single, larger pulse. This pulse has a much longer rise time, so
that it is easy to discriminate against it. Electronics to perform the pulse
shape analysis are available commercially from several sources. Figure 3.6
shows the rise time spectra obtained using this pulse shape analyzer with a
bare 3He proportional counter exposed to thermal neutrons. Curve A shows the
rise time spectrum obtained at very low count rates with virtually no pulse
pile-up; Curve B shows the rise time spectrum obtained at a high count rate
with significant pulse pile-up. Curve C shows the rise time window from the
Ortec 458 pulse shape analyzer. This window can be set to exclude the longer
rise time events and reduce pulse pile-up. The effect of using pulse shape
analysis to reduce pile-up is obvious from Figure 3.7, which shows the pulse
height distribution with and without the pulse shape analyzer.

The disadvantage of the pulse shape analysis technique is that the equip
ment is expensive and difficult to set up. The pulser technique described in
the next section eliminates most of the complex electronics and allows one to
subtract pile-up events from the 3He spectrometer data.

3.1.1.2 Pulse-Pile-Up Estimation Technique

A precision pulse generator technique can be used to estimate the amount
of pulse pile-up present in the data from a 3He proportional counter. This
technique requires only very simple electronics as shown in Figure 3.8. The
technique also enables an estimation of the amount of gamma pile-up, which
may distort the spectra in the 20-keV to 60-keV energy range. It is abso
lutely essential that the pulser remain stable during the measurement; this
may be a problem in the high-temperature environment found in nuclear reactor
containment.
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Previously the chance coincidence rate for pulse pile-up, rcoinc' was

shown to be rcoinc = (rt)rs ' where t is the resolving time, r is the count
rate from random events occurring in the proportional counter, and rs is the

count rate from a second pulse occurring within the resolving time. The
second pulse could be from another interaction in the proportional counter (in
which case r s = r) or from a pulse injected into the electronic system by a
precision pulse generator. If the pulse generator is adjusted so that its
pulse rate is the same as the pulse rate from the proportional counter, then
the random coincidence rates producing pulse pile-up will be identical, as
shown in Figure 3.9. This is easy to accomplish by setting a region of inter
est (ROI) covering all the neutron data in the multichannel analyzer and deter
mining the integral counts.

3.2 DATA ANALYSIS TECHNIQUES

The techniques described in this section may be used to analyze the data
from a 3He spectrometer to obtain approximate neutron energy spectra from
which to calculate dose equivalent. The methods are simple and ignore any
effects other than absorption of neutron in absorbers placed around the 3He
proportional counter. The techniques are presented in terms of the three
energy regions noted in Section 2.0 and detailed in Appendix A.

The differential neutron flux density need not be measured over the
entire range of energies from thermal to 1 MeV; the TLD-albedo dosimeter
response per unit of dose equivalent is almost constant below about 10 keV.
Instead, only the fraction of dose equivalent or the total flux density
integrated over energy regions 1 and 2 must be measured.

3.2.1 Energy Region 1 - Thermal to 1 eV

As shown in Figure 3.5, cadmium is a very efficient absorber of thermal
neutrons. At 0.17 eV the cross section is 7800 barns but rapidly drops to
2.2 barns at 1 eV. Thermoluminescent-albedo dosimeters vary with respect to
the extent of cadmium covering the TL material (Hankins 1972). Hence, it is
necessary to measure the thermal neutron component of dose equivalent or flux
density in Region 1.
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It is possible to stop virtually all thermal neutrons from reaching the
3He in the counter by covering the entire counter with a 40-mil (0.10-cm)
layer of cadmium metal. The reaction rate in the proportional counter from
thermal neutrons can be measured by the difference in the areas of the slow
neutron peaks at 764 keY with and without a cadmium cover:

(3.8)

where Abare is the integral counts in the slow neutron peak plus wall events
from a bare 3He proportional counter and ACd is the integral counts in the

slow neutron peak plus wall events with a cadmium cover. These integral
counts can easily be measured by setting a region of interest (ROI) on the
multichannel analyzer extending from the minimum separating gamma and neutron
events to all higher energies (see Figure 3.1).

Ignoring any self shielding~ the reaction rate is the product of the
average macroscopic cross section multiplied by the integrated flux density
over the energy region. For a l/v absorber such as 3He~ the average cross
section for a Maxwellian neutron energy distribution is the 2200 m/sec or
O.0253-eV cross section of 5327 barns divided by 1.128 (Glasstone and Sesonske
1963~ p. 76). The total neutron flux density for the thermal neutron region
is then given by:

<Pth
Rth 1.128 Rth=-=-------

5.327 x 10- 21 N
(neutrons/cm 2 -sec) (3.9)

where <Pth is the thermal neutron flux density, N is the number of 3He atoms

in the sensitive volume of the proportional counter~ and L is the average
macroscopic cross section. This equation is valid only if self shielding is
negligible. For the 3He fillings in the proportional counters used in this
study, the mean free path is tens of centimeters, so the equation is valid.

The dose equivalent contribution from thermal neutrons can be determined
by multiplying the thermal flux~ <Pth~ by the flux to dose equivalent factor of
3.67 x 10-3 mrem/hour per neutron/cm 2 -sec (ANSI/ANS-6.1.1-1977):

(millirem/hour) (3.10)

where the thermal dose equivalent rate, Hth , has units of millirem/hour and

the thermal neutron flux, <Pth' has units of neutrons/cm2 -sec.

3.2.2 Energy Region 2 - 1 eV to 10 keY

As shown in Figure 3.5, for energies below 1 eV the absorption cross
section for cadmium increases over 3 orders of magnitude, so a cadmium foil
covering the 3He proportional counter will absorb all thermal neutrons. A
small number of thermal neutrons will "l ea k" through the back of the counter
if uncovered, so it is necessary to build an "elbow" to prevent their reaching
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the proportional counter. With the cadmium cover a large number of events
still occur in the 764-keV peak. These are primarily due to neutrons with
energies above 1 eV but below 10 keY, which cannot be resolved because of the
2 to 3% (15 to 33 keY) FWHM resolution of the proportional counters. With
only a cadmium sleeve it is not possible to determine the exact total neutron
flux density in this region, but it is possible to define the possible limits.
The upper' limit of neutron flux density between 1 eV and 10 keY, considering
all neutrons to be at 10 keY, is:

$hi = 0 (10
R

keV) N = 1.2 X 1023 ~ (neutrons/cm2 -sec) (3.11)

where R is the reaction rate, which is the integral counts in the slow neutron
peak plus wall events with a cadmium cover divided by the time in seconds, N
is the number of 3He atoms in the sensitive volume of the tube, and 0 (10 keY)
is the 3He(n~p)T cross section at 10 keY, which has a value of 8.47 barns or
8.47 x 10-24 cm 2 (Stewart 1974, p. 151).

The lower limit of neutron flux density, considering all of the neutrons
to have an energy of 1 eV, is given by:

$10 = 0 (1 k:V) N = 1.2 X 1021 ~ (neutrons/cm 2-sec)

where the cross section at 1 eV has a value of 847 barns (Stewart 1974,
p. 151).

(3.12)

It is often assumed that, in a moderating medium, the intermediate energy
neutron flux density has an energy dependence inversely proportional to the
neutron ener9Y, especi ally for neutron energi es close to therma 1 energi es. It
can be demonstrated that this is equivalent to a constant value for the flux
per unit lethargy. The number of neutrons in a differential region is the
same if r'epresented in terms of 1ethargy or energy:

~(u) du = - ~(E) dE

~(u) = -~(E)
du/dE

(3.13)

(3.14)

The lethargy, u, is defined as the natural logarithm of the ratio of the
neutron ener9Y at some reference value, Eo, which is a constant, to the
energy, E, at another location:

Differentiation gives

du/dE = - l/E
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Substituting the value of du/dE into Equation (3.13) gives

¢(u) = E ¢(E) (3.17)

Assuming the intermediate neutron flux has a liE dependence [¢(E) = k/E] gives

¢ ( u) = E ¢ ( E) = k. ( 3. 18 )

Thus, for a liE dependence, the flux per unit lethargy is constant.

Neutron spectra from multisphere spectrometer measurements (NUREG/CR
1769) suggest that the differential neutron flux density follows a liE de
pendence (which is equivalent to the differential flux per unit lethargy being
almost constant on a plot of the flux per unit lethargy versus the log of
energy). Figure 3.10 shows a plot of E ¢(E) (which is equivalent to the flux
per unit lethargy) as a function of neutron energy for neutrons from a fission
source penetrating concrete shields (Ing and Makra 1978). The differential
flux is reasonably constant for thick concrete shields. Inside containment
most of the neutrons are probably not from direct penetration through concrete
shields, but may originate from streaming through pipes and penetrations and
are albedo neutrons scattered off concrete. This would explain the lack of
fission energy neutrons, which were not observed in previous measurements
(NUREG/CR-1769).

These data suggest that the assumption that the differential neutron flux
density has a liE dependence for intermediate neutron energies may indeed be
valid. The reaction rate for intermediate energies above cadmium cut-off
(l eV) is

(3.19)

where all of the quantities have been defined previously. Assuming that the
differential neutron flux has a liE dependence [~(E) = k/E] and 3He is a 11v
neutron absorber [a(E) = bilE] gives

f E2
R = N k b E E-3/2 dE,

1

which can be integrated to give

R= 2 Nk b (_1 1_).
IEl IE2

The total number flux density integrated from E1 to E2 is

(3.20)

(3.21)

E2 k
= ~.t E dE = (3.22)
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Solving for k in the previous equation gives

lnE 2 - lnE 1

1 1(---)
IE; IEl

(3.23)

.!.
From Section 3.1 the value of b is 847.3 barn eV 2

, so that the total neutron
flux censity for intermediate-energy (1 eV to 10 keV) neutrons, ¢i' becomes

¢i = 5.5 x 10 21 ~ (neutrons/cm2 -sec) (3.24)

where R is the reaction rate (reactions/sec), and N is the number of 3He atoms
in the sensitive volume of the 3He proportional counter. This equation
assumes that the differential neutron flux has l/E dependence from E1 = 1 eV
to E2 = 10 keV. The differential flux could deviate from l/E dependence a
great deal at higher energies without changing the reaction rate R, because
the cross section of 3He is much smaller at higher energies (1 to 10 keV).

The contribution to dose equivalent for intermediate or epi-cadmium neutron
energies, assuming the flux varies as l/E, is given by

H. '" (4 x 10-3) ¢. (mrem/hr)., , (3.25)

These equations impose limits on the number of neutrons in the energy
range above cadmium cut-off and below energies where the neutrons can be re
solved from the slow neutron peak. However, with only a cadmium filter, little
can be inferred about how the differential neutron flux density varies with
energy.

Another possibility is to cover the 3He counter with resonance absorption
materials to unfold the spectrum using the same mathematical techniques used
for analyzing activation foils or multi spheres. Using this technique, a set
of Fredholm integral equations is solved:

(3.26)

where R. is the response (i.e., the reaction rate calculated from the slow
neutron'peak) for the ith neutron absorber covering the proportional counter
and o.(E) is the response function for the ith 3He proportional counter/
neutron absorber combination. A simple iterative algorithm to solve this
problem has already been proposed (Doroshenko et al. 1977). This technique
has been applied to unfolding crude neutron energy spectra from a combination
neutron dosimeter/spectrometer currently being developed (Brackenbush 1983).
Determination of the response functions was outside the scope of this report,
but is simple in principle.
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3.2.3 En~' Region 3 - Energies Above 10 keV

All neutrons with energies below about 10 keV cannot be resolved from the
II sl ow ll (thermal plus intermediate energy) neutron peak at 764 keV because of
the finite resolution of the proportional counter. Also, the 3He detector is
1600 times more sensitive to thermal neutrons than to 50-keV neutrons because
of the l/v cross section. To accurately determine fast neutron spectra it is
necessary to suppress the number of slow neutrons reaching the proportional
counter; otherwise pulse pile-up can occur, which can obscure the actual fast
neutron induced events. As discussed in Section 3.1.1.1, this can be accom
plished by covering the proportional counter with absorbers such as samarium,
which has. a very high absorption cross sections for slow neutron energies but
is "trans.parent" for fast neutron energies. It is also important to 1imit
pile-up by covering the counter with 1/8-in. lead to reduce gamma pile-up and
make meas.urements in relatively low dose equivalent rates (tens of millireml
hour or 10- 4 sievertsl hour).

The authors have somewhat arbitrarily established the criterion that the
3He proportional counter can resolve only fast neutrons with energies greater
than the full width half maximum of the slow neutron peak, which is about
20 keV. The energy of a fast neutron can be found by subtracting 764 keV [the
Q value of the 3He(n,p)T reaction] from the total energy deposited in the 3He
proportional counter. As pointed out in Section 3.1, some neutron interac
tions occur near the walls of the counter and the full energy of the neutron
is not measured. Some method must be devised to account for these "wall
effects. II It is possible to experimentally determine the wall event distri
bution by measurements with monoenergetic neutrons; however, this strategy is
difficult, time-consuming, and expensive. Some work has been done on deriving
complex analytical functions to estimate wall effects, but there is a simpler
method. The authors have written a Monte Carlo computer code called WALL
which calculates the number of wall effects and the distribution of energy
deposition in the sensitive volume of a proportional counter as a function of
incident neutron energy. As explained in Appendix C, the WALL code determines
a "response function" matrix--the fraction of neutron events as a function of
energy deposited in the proportional counter for different neutron energies.

Various unfolding techniques, such as matrix inversion or convolution
theorems for Fourier transforms, can be used to determine the neutron flux
density from the 3He spectrometer data. However, a very simple II stripping"
technique can be programmed into microcomputers to correct for wall effects.
The only disadvantage of this technique is that statistical uncertainty errors
are propagated to the lower energy portion of the neutron energy spectrum.

Consider that the events in the highest energy bin are due to the desired
3He(n,p)T reaction. Using the response function data given in Appendix C, all
the lower energy bins can be corrected for wall effects. The next lower
energy bin has all of the undesirable events removed, so we can again assume
all of the counts remaining are the desired 3He(n,p)T reactions for the next
lower neutron energy. We can then use the response function for the next
lower neutron energy to subtract wall effects. This process can be repeated
until the entire spectrum is "stripped,1I so that only the desired 3He(n,p)T
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events are left. It can be demonstrated (Evans 1981) that this is mathemat
ically equivalent to:

where

jmax
C'(j) = C(j) - L C'(i) W(Eji )

i =j+1
(3.27)

C1(j) is the counts in bin j corrected for wall effects,
C(j) is the uncorrected counts in bin j (the raw data), and

W(Eji ) is the response function for neutron energy Ej at energy bin, i.

This algorithm has been written into a spectrum unfolding code called HESTRIP.
After the "stripping" process is complete, only those events that deposit all
their energy in the proportional counter are left. The code then divides by
the counter efficiency and the macroscopic cross section to determine the
neutron flux density as a function of energy:

where

<j>(E) = C'(E)
N a(E) e(E) (3.28)

<j>(E) is the neutron fluence (n/cm2 ) at a given energy bin (6¢/6E)
C1(E) is the corrected counts at a given energy bin

E is the average energy of the bin
N is the total number of 3He atoms in the sensitive volume of the

proportional counter
a(E) is the 3He(n,p)T cross section at energy E
e(E) is the detector efficiency, the fraction of events that deposit

all their energy in the sensitive volume per interaction in the
proportional counter (see Appendix C).

The code calculates A¢/6E as a function of energy, i.e., the number of
neutrons/cm 2 in an energy bin of width 6E. Because most 3He proportional
counters have a resolution of 20 keV, this was chosen as the energy bin width.
Once the differential fluence is known, the code calculates the fractional
dose equivalent for each energy bin. These differential values are summed to
give total neutron fluence and dose equivalent. The HESTRIP code also calcu
lates an energy correction factor for a "generic" TLD-albedo dosimeter cali
brated with a bare or unmoderated 252Cf source. A listing and sample input/
output for the HESTRIP code can be found in Appendix D. Once the energy spec
trum and dose equivalent have been measured with the 3He spectrometer, the
TLD-albedo dosimeter can be exposed at the same location on a water phantom to
obtain a direct energy calibration.
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4.0 EQUIPMENT REQUIRED FOR THE 3He SPECTROMETER

The equipment necessary for the 3He spectrometer apparatus includes the
proportional counter tube and various electronic components. In addition, a
neutron source is needed for calibration, as is other electronic gear for
evaluating system operation.

Two spectrometer configurations were developed during this project. The
first employed the pulse shape analysis technique to suppress pulse pile-up.
The second used a pulse generator technique to actually determine pulse pile
up. The components and costs specific to each are described in this section.

Specific mention of manufacturer and model is made only for documentation
and replicability purposes; no endorsement is expressed or implied. All equip
ment purchased for this project was obtained from the lowest bidder per fed
eral purchasing practices.

4.1 3He SPECTROMETER COMPONENTS

The spectrometer apparatus consists of a 3He proportional counter tube
and associated electronic equipment for data collection and analysis.

4.1.1 f!'oportional Counter Tube

Cyl indri ca 1 proporti ona 1 counter tubes avail ab1e from t\'JO different P.1anu
facturers were found to offer the adequate resolution (2% to 3% FWHM) and the
ruggedness necessary to withstand the field measurement environment. The
tubes, typically 2.54 cm (l in.) in diameter by 30.5 cm (l2 in.) long, are
pressurized to 1 to 4 atmospheres with mixtures of 3He and argon with about
0.5% carbon dioxide. The actual ratio of 3He to argon depends upon the neu
tron dose rates in the environment in which the tubes are to be used. In a
50-mrem/hr field inside reactor containment, a tube containing 0.27 atmosphere
(4 psia) of 3He and 1.87 atmospheres (18 psia) of argon works well.

The cost for these proportional counter tubes ranges between $400 and
$800 each, depending upon the manufacturer and the amount of 3He they contain.
Because these tubes tend to develop slow leaks over several years, two or more
tubes arE! necessary. The tubes can be compared periodically to determine if
they are leaking.

4.1.2 Electronic Equipment

The electronic components for both 3He spectrometer system configurations
are identical, with a few exceptions noted below. Both systems required a
preamplifier and a pulse-shaping amplifier. The latter featured variable
gain, variable time constants (0.5 and 2.0 microseconds), and a switch
selectable 2-microsecond delay, as well as unipolar output with baseline
restoration. A high-voltage power supply (+0 to +2000 volts) was also used,
as was NIMbin and power supply equipment. A multichannel analyzer (MCA) and
cassette tape recorder were also required for each system, as were neutron
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absorbing shields. An array of cables and connectors provided the necessary
links between and among the components within each system.

One 3He spectrometer system option used a pulse shape analyzer to help
suppress pulse pile-up. The analyzer used differentiates pulses with rise
times varying between 0.1 and 10 microseconds; its adjustable window permitted
selection of pulses in desired rise-time ranges. The pulse shape analysis
technique also required a linear gate, which features switch-selectable pulse
enable and pulse inhibit gates. The linear output width was adjustable to
match the input requirements of the multichannel analyzer.

The other spectrometer option used a pulser to determine pulse pile-up.
The precision pulses must meet the criteria of stability at temperatures up to
140°F, variable pulse rate, and variable pulse shape.

The major 3He spectrometer components and their associated costs are
displayed in Table 4.1.

4.2 TEST EQUIPMENT

Equipment used to test the 3He spectrometer systems included an
oscilloscope and a signal pulse generator.

A Tektronic 485 dual trace oscilloscope was used for determining pulse
polarity, signal tracing and setting up timing for the 3He spectrometer. The
dual trace feature with external trigger was required to adjust the gates on
the pulse shape analyzer.

A signal pulse generator was used to produce small negative, fast rise
time pulses to simulate pulses from the 3He counter. The generator also aided
in troubleshooting and signal tracing.

Miscellaneous equipment included jeweler's screwdrivers to adjust
electronics and extra signal cables.

4.3 NEUTRON SOURCE

The most convenient source of neutrons is a 1- to 20-microgram 252Cf
neutron calibration source. The authors used a nominal 10-microgram source
inside a paraffin-filled storage container. The 3He proportional counter is
placed in a second container, so that it is completely surrounded by mode
rator. About 56 cm (22 in.) of paraffin moderator separate the source from
the 3He counter. The separation distance between the two containers can
be varied to change the count rate.

Similar containers could be constructed from metal drums filled with
water. In this case, the 3He tube must be surrounded by about 30.5 cm (1 ft)
of moderator to help eliminate fast neutrons that would interfere with thermal
neutron measurements used to select the 3He proportional counters. If an
isotopic neutron source is not available, reasonably intense neutron fields
are often found near the entrance hatch to reactor containment or near pipe
penetrations.
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TABLE 4.1. 3He Spectrometer Components and Costs(a)

Multichannel Analyzer With
Cassette Recorder

Neutron Absorbing Shields 
Samarium oxide, boron carbide
Cadmium metal foil (0.040 inch)
Aluminum tubing and fittings

Quantity

Common to Both,

2

Componellt

Systems
3Hp. Pronorrionill rOllnTPr Tllhp·

l-i nd:;· di a~~t~r:-4··p~ig. :iii; ~

29 psig Ar
Preamplifier
High Voltage Power Supply
NIMbin and Power Supply

--.llnnp"t---;];:,---

Manufacturer-Model

RplITPr <;t-n!.-p,,(b)

H~~~h~w-Ch~~ica1 Company(dJ

EG&G Ortec Model 142 PC(e)
EG&G Ortec Model 456
EG&G Ortec Model 400VC/4002A
EG&G Ortec Model 4001M f
Canberra Industries Series 40( )

Noah Chemica1(g)

Local hardware/plumbing store

Cost of
Component

et'lflfl_etRflfl(C)....-............... .., ....

$650
$780
$870

$10,000-$20,000

$300-$400

$15

Short Cables
1

N.......,

Long Cables
1
1
2

- 93 ohm 6.1 to 100 meters (156 to 100 feet)
Preamp Power Cable
High Voltage Cable - SNV connectors each end
Signal Cables - BNC connectors each end

(1 for signal from preamp;
1 for pu1ser signal)

61 cm long - SHY connector on one end;
connector to match 3He tube on other

Assorted BNC signal cables to connect
NIM electronics

Canberra Industries $300-$500

Pulse
2
1
1

Shap~.f.n~JEt~.Opti on
Ampl Hers
Linear Gate
Pulse Shape Analyzer

EG&G Ortec Model 572
EG&G Ortec Model 476
EG&G Ortec Model 458

Total

$1180 (x2)
$375

$1915

$8365(h)

Pu1ser Option
1
1

Amp1ifer
Precision Pulse Generator

EG&G Ortec Model 572
EG&G Model 448

Total

$1180
$2490

$7185(h)

(a) Mention of a specific product does not constitute endorsement by PNL or the Nuclear Regulatory Commission.
(b) Reuter Stokes, 18530 South Miles Parkway, Cleveland, OH 44128 (216)581-9400.
(c) Cost depends upon manufacturer and 3He filling.
(d) Harshaw Chemical Company, 68-1 Cochran Road, Solon, OH 44139 (216)248-7400.
(e) EG&G Ortec, 100 Midland Road, Oak Ridge, TN 37830 (615)482-4411.
(f) Canberra Industries Inc., 45 Gracey Ave., Meriden, CT 06450 (203)238-2351.
(g) Noah Chemical, 87 Gazza Blvd., Farmingdale, NY 11735.
(h) Price excluding multichannel analyzer.



5.0 ASSEMBLING THE 3He SPECTROMETER

This section presents detailed guidelines for incorporating the separate
pieces of equipment into the 3He spectrometer apparatus configurations. As
such, the assembly steps followed by PNL are documented. However, where appro
priate, suggested deviations from PNL1s approach are also noted.

Because the success of the overall spectrometer system depends largely on
the 3He proportional counter tube, recommended procedures for testing the
tubes are presented first. Next, the steps necessary to assemble the elec
tronics for both spectrometer options (pulser technique and pulse shape analy
sis technique) are listed. Third, the procedure for verifying multichannel
analyzer linearity is described. The final subsection presents helpful hints
for troubleshooting the assembled spectrometers.

5.1 PROPORTIONAL COUNTER TUBE EVALUATION

The success or failure of the 3He spectrometer depends upon selection of
the proper 3He proportional counter. The resolution quoted by manufacturers
is only a guide to selecting an acceptable tube. It is imperative that the
3He tube have a uniform gain along the anode. When the tube is exposed to
high f7uxes of slow neutrons, nonuniform gains can produce events that can
easily be mistaken for higher-energy neutron events. This is shown in Fig
ure 5.1, which presents the pulse height distribution from a 2.54-cm (I-in.)
diameter cylindrical 3He proportional counter exposed to thermal neutrons
using the neutron source described in Section 4.3. A very small number of
pulses with higher gains can be mistaken for 140-keV neutrons.

5.1.1 Test Apparatus

A block diagram of the apparatus used to test for resolution and uniform
ity of gain along the anode is shown in Figure 5.2 using the equipment de
scribed in Section 4.1. Typically, an operating voltage of +700 to +1800 volts
is required for the proportional counter; start with the voltage recommended
by the manufacturer. Using an oscilloscope, the signals from the output of
the preamplifier can be traced to make certain it is operating properly.
Attach a 93-ohm signal cable from the preamp output (labeled "ENERGY") to the
input of the amplifier. With the oscilloscope observe the positive pulses at
the unipolar output of the amplifier. The polarity switch on the amplifier
may have to be changed to obtain positive output pulses. Connect the unipolar
output from the amplifier to the ADC input of a multichannel analyzer using a
93-ohm cable with a "tee" to provide a signal to the oscilloscope. Vary the
distance from the 3He proportional counter to a source of thermal neutrons
until a reasonable count rate is obtained--something in excess of 1000 counts/
minute, but low enough so there is no pulse pile-up problem. Use a pure
thermal neutron source, such as that described in Section 4.3. The count rate
from a bare 3He proportional counter should be at least 20 times that from the
3He counter covered with a I-millimeter (0.040-inch) cadmium cover.
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5.1.2 Test Procedures

Adjust the gain of the amplifier until a convenient pulse height is
obtained--about 5 to 10 volts. Count for a few minutes until thousands of
counts are collected in the peak channel. Determine the number of counts in
the peak channel and divide by 2 to obtain the half height. Determine the
width of the peak at half the peak height, ~p, and use the following formula to
obtain the full width half maximum (FWH~1) resolution in percent:

%FWHM=~p/pxl00 (5.1)
where p is the channel number of the peak and ~p is the number of channels at
half the peak height.

The user will find that the best resolution is obtained with long time
constants set on the amplifier. Very long time constants lead to pulse
pile-up problems; it is usually best to compromise and operate with a 1- to
2-microsecond time constant on the shaping amplifier. Vary the high voltage
supplied to the tube and determine the percent FWHM resolution at each
voltage. A plot of the results reveals the optimal settings for the best
resolution as shown in Figure 5.3.
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The FWHM resolution is not the only parameter used to judge a good pro
portional counter tube. If it is to be used to measure fast neutrons in the
20- to 1000-keV range, the tube must have uniform gain along the anode wire.
If the gain is higher at some point, slow neutrons will produce a small peak
or II shou'lder,1I which could be mistaken for higher energy neutrons. When the
anode wil~e is welded to the IIfeed-throughs ll at the ends of the proportional
counter, surface tension can cause the diameter of the wire to shrink, and the
gain to increase. Also, if too much tension is applied to the anode wire, its
diameter will shrink at the point where it starts to yield.

Connect a precision pulse generator, such as a Berkeley Nucleonics Corp.
r~odel PB·-3 or GL-3, to the test input of the amplifier. Use negative polarity
pulses, and adjust the amplitude of the pulser to provide pulses larger than
those produced by thermal neutrons. Set up a region of interest on the multi
channel analyzer to encompass all the thermal neutron events, including wall
effects. Set the lower level at the minimum between gamma and neutron induced
events, as shown in Figure 5.4. Then adjust the pulse rate from the pulse
generato~ to match the neutron count rate (the integral number of counts in
the region of interest divided by the time). After collecting data for an
hour or more, the user should obtain a spectrum like that shown in Figure 5.4.
This pulse height distribution indicates the tube has uniform gas gain; com
pare it to the pulse height distribution in Figure 5.1. By adjusting the
pulser rate to match the neutron count rate, the pulse pile-up rate for the
pulser is the same as that for random neutron pulse pile-up. This allows a
determination of whether events above the thermal neutron peak at 764 keV are
produced by pulse pile-up (as in Figure 5.4) or are produced by nonuniform
gains (as in Figure 5.1). This will be explained in detail in Section 5.2.1.
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5.2 SPECTROMETER ELECTRONICS ASSEMBLY

At the beginning of this project the authors used a pulse shape analysis
technique to reduce pulse pile-up. The procedures used to set up this equip
ment are described in Section 5.2.2. The equipment and procedures are complex
and may be difficult to use, although this was the method used by the authors
to make the spectral measurements described in Section 7.0. A technique using
a pulser, as described in Section 5.2.1, may be much simpler to use.

5.2.1 3He Spectrometer Using A Pulser Technique to Estimate Pulse Pile-Up

The individual components comprising the pulser technique spectrometer
were described in Section 4.1. The testing apparatus is the same as already
described in Section 5.1.1, except that the oscilloscope is not used for field
measurements.

If the pulser remains stable during a measurement, it is possible to use
a pulser technique to measure the pulse pile-up. In Section 3.0 the chance
coincidence rate was found to be

where

r .
COlnc

r
t

r s

rcoinc = (rt) r s

is the chance or random coincidence rate

is the pulse rate from the proportional counter
is the resolving time of the proportional counter
is rate of arrival of a second pulse.

(5.2)

If the second pulse is another random pulse from the proportional counter, the
random coincidence rate is r 2 t. However, the second pulse could be from a
pulser, which has the same pulse rate as the 3He counter. In this case the
pile-up occurs at the same rate as pile-up from random coincidences in the
proportional counter. The pile-up associated with the nonrandom pulser pulses
has almost the same distribution as random coincidences in the proportional
counter, except the pulser has better resolution. This analysis assumes that
the pulses produced by the pulser have exactly the same shape as those pro
duced by neutron interactions.

Set up the 3He spectrometer electronics using the block diagram of Fig
ure 5.5 and the cable connections and instrument settings listed in Table 5.1
as a guide. Make certain the power is turned off. Never change polarity on
the high voltage power supply with the power on, or the unit will be damaged.
The preamplifier could also possibly be damaged by attaching cables with the
hi gh voltage on.

Once the electronics have been set up, test the unit by exposing it to
thermal neutrons using the appa~atus described in Section 4.3. Turn on the
NIMbin power first; then make certain the dials on the front of the high
voltage power supply are correct and, finally, turn on the high voltage.
Using an oscilloscope, trace the signals through the electronics using the
pulse shapes shown in Figure 5.6 as a guide.
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TABLE 5.1. Settings for 3He Spectrometer Electronics Using a Pulser
Technique to Estimate Pulse Pile-Up

3He Proportional Counter
Make certain the high voltage and power are off!
Connect to preamplifier with cable with SHV connectors.

Preamplifier - Ortec l42PC
INPUT connected to 3He proportional counter
BIAS (SHV connector) to high voltage power supply with long cable with

SHV connectors
ENERGY (BNC connector) connected to long BNC signal cable to IN (BNC

connector) on amplifier
TEST (BNC connector) connected to long BNC cable to OUTPUT of pulser. It

is a good idea to label each end of cable.

High Voltage Power Supply - Ortec 456
Make certain the unit is turned off! Power switch located on front

pane1.
OUTPUT (SHV connector on back of unit) connected to preamp (BIAS) with

long SHV cable.
POLARITY switch on back of unit - Make certain power is off and set

switch to positive using a screwdriver.

Amplifer - Ortec 572
PREAMP POWER (2l-pin connector on back of unit) connected to preamplifier

with long power cable.
IN (BNC connector on back of unit) connected to ENERGY on preamp with

long BNC cable.
UNI (BNC connector on front of unit) connected to ADC IN of multichannel

analyzer
FINE GAIN - 1.00
COURSE GAIN - 50
SHAPING TIME - 2 microseconds
BLR - auto
INPUT - positive
DELAY - out
OUTPUT - uni

It is also necessary to adjust the pole zero on the amplifier, following
the instructions supplied by the manufacturer. Set the BLR AUTO toggle switch
on the center of the Ortec 572 amplifier to the IIPZ ADJ" position. Look at
the output of the amplifier with an oscilloscope, and use a jeweler1s screw
driver to adjust the PZ potentiometer until the tail of the pulse returns to
the baseline without overshoot or undershoot. Return the "PZ ADJ" switch to
the "BLR AUTO" position. Unless the pulser count rate is so high that the
pulses overlap and change shape, the shape of the pile-up distribution from
the pulser does not change with pulser rate, as shown in Figure 5.6 where the
pulser is operated at the same rate and at 100 times the count rate as the
count rate from the proportional counter. The amount of pulse pile-up in
reactor measurements can then be estimated as follows:
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1. First, adjust the amplitude of the pulser pulses to be at least twice as
large as the slow neutron pulses from the 3He proportional counter. On
some multichannel analyzers it may be possible to place the spectrum in
half the' memory by placing the proportional counter spectrum in the first
quarter and the pulser spectrum in th2 second quarter of memory. Over
lapping the quarters allows direct comparison of the pile-up from the
pulser with the proportional counter spectrum.

2. Set up regions of interest to determine the integral number of counts
from the proportional counter (slow neutron peak and wall events) and
from the pulser.

3. Adjust the pulse generator to produce the same count rate as that from
the neutron pulses from the proportional counter or some multiple of the
count rate. If better counting statistics are preferred, set the pulse
generator to produce 100 times as many pulses, and divide the spectrum by
100 to normalize it to the 3He proportional counter spectrum.

4. Collect the spectral data. If a samarium or boron slow neutron absorber
is placed over the 3He proportional counter, comparing the pulser pile-up
spectrum to the reactor spectrum from the 3He proportional counter may
indicate that the pile-up is insignificant.
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5. If the pulser pile-up is a significant fraction of the spectrum from the
neutron data, the pile-up can be subtracted. First, determine the
integral number of counts in the neutron data and in the pulser data.
Normalize the pulser pile-up data by multiplying the pulser pile-up data
(counts/channel) by the ratio of the integral counts of the neutron data
divided by the integral counts of the pulser data. This gives a "back
ground" pile-up spectrum that can be input to the computer code used to
analyze the data to remove the pile-up background.

This technique allows one to determine the amount of pulse pile-up; if
excessive, pile-up may be subtracted from the spectrum measurement data. It
also allows one to determine gamma pulse pile-up. However, the pulser has
much better resolution than the 3He proportional counter, so it is not pos
sible to subtract a pulse pile-up "background" on a channel-by-channel basis.
An energy bin structure based upon the full width half maximum criterion
allows the pulser pile-up background to be subtracted. The main disadvantage
of this technique is that the pulser must remain stable; many laboratory
pulsers may not be able to operate at high temperatures without a gain shift.

The usefulness of this technique for estimating gamma pulse pile-up is
shown in Figure 5.7. A bare 3He proportional counter was exposed to a thermal
neutron source, and a pulser signal was introduced at 1000 times the count
rate of the neutron pulses. This gives much better counting statistics.
Curve A of Figure 5.7 shows the results obtained with only the neutron source;
Curve B shows the results obtained with a 40-mrem/hr gamma ray field from a
137CS source. The gamma ray pile-up can be seen in the pulser pile-up
distribution.

While pulse pile-up can be estimated by this method, the results produced
by nonlinear gains in the proportional counter cannot. It is necessary to
compare the pile-up corrected spectrum with the spectrum obtained with a
thermal neutron source to make certain that the spectrum observed in the
reactor measurement is not produced by nonlinear gain from slow neutron
events.

This technique assumes that the pulses produced by the pulser have the
same shape as those produced by neutron interactions in the 3He proportional
counter. This may not always be true, especially if very long 30-m (100-ft)
cables are used between the preamplifer and main amplifier. For this case,
there may not be an exact correspondence between the number of pile-up pulses
produced by the pulser and by the 3He proportional counter. It is still pos
sible to estimate pulse pile-up by exposing the 3He counter to a source of
thermal neutrons as described in Sections 4.3 and 5.1.1. Carefully adjust the
count rate from the thermal neutron source to match that of the reactor mea
surement, and be certain the gamma fields are also similar. If the irradia
tion conditions are similar, the pile-up from the thermal neutron source will
be almost the same as that from the reactor measurement. The results of this
technique are shown in Figure 7.4 and described in Section 7.2.1.
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5.2.2 3He Spectrometer Using Pulse Shape Analysis

5.2.2.1 Laboratory Adjustments

The equipment used for the spectral measurements reported in Section 7.0
used a pulse shape analysis technique with the equipment described in Sec
tion 5.1.1. Assemble the equipment in a NIMbin using Figure 5.8 as a guide.
Table 5.2 can also be used as a guide for the positions of the switches and
cable routings. Make certain the power is off to the high voltage power
supply and to the NIMbin. Potentially lethal voltages can be produced by the
Ortec 456 power supply, and connecting cables with high voltage on could
damage the preamplifier, even though it has a built-in protection circuit for
the FET input. Make certain the Ortec 456 power supply is off before changing
the polarity!

First, attach the 3He proportional counter to the preamp using a short
(2-foot) cable with a SHY connector on one end and a connector that mates to
the proportional counter on the other. Make certain the preamp power cable is
connected to the back of the amplifier and the 93-ohm signal cable is attached
to the BNC connector labeled IN on the back of the amplifer. Make certain the
Ortec 456 power supply is off and the polarity switch is in the positive
polarity position. Attach the high voltage cable with SHY connectors on both
ends. All three of these cables should be 6.1 to 30.5 meters (20 to 100 feet)
long so that spectral measurements can be made with the detector far removed
from the electronics. Place the 3He tube in a thermal neutron field with the
cover removed.
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TABLE 5.2. Settings for 3He Spectrometer Electronics
Using Pulse Shape Analysis

Preamplifier - Ortec 142PC
Cable connections

INPUT connected to 3He proportional counter
BIAS connected to high voltage power supply with long SHV cable
ENERGY connected to IN of amplifier with long BNC cable
POWER cable connected to back of amplifier for preamp power

High Voltage Power Supply - Ortec 456
Make certain unit is turned off!
Cable connection

OUTPUT connected to preamp with SHV cable
POLARITY switch on back of unit - positive

Amplifier 1 - Ortec 572
Cable connections

PREAMP POWER on back of unit connected to preamplifier
IN (BNC connector on back of unit) connected to preamplifier
UNI (BNC connector on front) connected to ENABLE of linear gate
INPUT on front connected to input of amplifier 2

FINE GAIN - 1.00
COARSE GAIN - 50
SHAPING TIME - 2 microseconds
BLR - auto
INPUT - positive
DELAY - in
OUTPUT - uni

Amplifier 2 - Ortec 572
Cable connections

INPUT on front connected to input of amplifier 1
UNIon front connected to input of pulse shape analyzer

FINE GAIN - 1.00
COARSE GAIN - 20
SHAPING TIME - 0.5 microseconds
BLR - auto
INPUT - positive
DELAY - out
OUTPUT - uni

Pulse Shape Analyzer - Ortec 458
Time 0.8 x 10
Disc 060 x 10
PSA window upper 250, lower 195
Connections

INPUT connected to UNI of amplifier 2
WINDOW connected to ENABLE of linear gate

Linear Gate - Ortec 426
NORM - normal mode
Connections

ENABLE connected to WINDOW of pulse shape analyzer
INPUT connected to UNI of amplifier 1
OUT connected to ADC INPUT of multichannel analyzer
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Set the voltage on the Ortec 456 HV power supply to the voltage that
gives the best resolution, as determined in Section 5.1. Turn on the NIMbin
power, then turn on the high voltage power supply. With an oscilloscope
observe that millivolt pulses are produced by the preamplifier and much larger
positive pulses are produced on the unipolar output of both amplifiers.
Amplifer 1 is used to provide linear signals to the multichannel; amplifier 2
is used as part of the pulse shape analysis electronics. Separate amplifiers
are used so that if the gains are changed it is not necessary to readjust the
re~ainder of the instruments.

PZ A~justment

After the system is set up, the preamp and amplifier must be made com
patible by matching impedances. This can be done by using an oscilloscope and
looking at the undershoot or overshoot of the pulses generated from a pulser
or radiation field. Connect the signal from the UNI output of the amp to
input of the oscilloscope. Switch the triggering switch on the oscilloscope
to the channel you are working on so that it triggers whenever a pulse is sent
from the amplifier. Set the oscilloscope timing so that the peaks are fairly
narrow. Set the BLR AUTO toggle switch on the center of the amp to the upZ
adjU position. With a jeweler's screwdriver adjust the PZ until the pulses
look like those in Figure 5.9. Adjust the pole zero on both amplifiers, then
return the toggle switch to the BLR AUTO position.

Pulse Shape Analyzer Adjustment

1. Amplifier 2 is used to provide a positive signal to the Ortec 458 pulse
shape analyzer. Set the shaping time constant on the Ortec 572 amplifier
to 0.5 microseconds and adjust the gain so that the slow neutron pulses
are about 2-volt positive pulses. Attach a signal cable from the UNI
output of amplifier 2 to the INPUT of the Ortec 458 pulse shape analyzer.

OVERSHOOT UNDERSHOOT CORRECT

FIGURE 5.9. Unipolar Output Pulses of Ortec 572 Amplifier
for Pole Zero Adjustment
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2. Connect an oscilloscope to the LINEAR output of the Ortec 458 pulse shape
amplifier; make certain it is producing positive output pulses from the
neutron pulses. Remove the neutron source and replace it with a gamma
source. Adjust the threshold discriminator so that the pulse shape
analyzer does not trigger on gamma pulses, but does trigger on neutron
pulses. This allows the unit to function in high count rates. It will
be necessary to readjust the threshold discriminator if the 3He tube is
changed.

3. Replace the gamma source with the neutron source. Check the UNI output
of amplifier 1 to be certain that positive pulses about 2 to 5 volts high
are produced by the neutron source. Make certain the delay is in the IN
position.

4. Connect the external trigger of the oscilloscope to trigger on fast
bipolar pulses of amplifier 2. Connect one channel of the oscilloscope
to observe the UNI output of amplifier 1; connect the other channel to
observe the WINDOW output of the pulse shape analyzer. Adjust the upper
level of the PSA window to 1000 and the lower level to 000 (trigger on
all neutron pulses). Set the osilloscope to alternate between channels 1
and 2. Adjust the time constant of amplifer 1 so that the WINDOW gate
pulse arrives before the peak of the linear signal from amplifier 1.
Remove the oscilloscope and reconnect the cables as shown in Figure 5.8.

Adjustment of Linear Gate

5. The enable gate signal from the WINDOW of the pulse shape analyzer should
enable the Ortec 426 linear gate just before the linear signal from
amplifier 1. Attach the oscilloscope to the output of the linear gate.
With a jeweler's screwdriver adjust the gate width to be about 2 to
3 microseconds wide.

The unit is now ready for use in the field. First, however, check the
linearity of the multichannel analyzer using the procedures outlined in
Section 5.3.

5.2.2.2 Field Measurements with the 3He Spectrometer

Instrument Assembly

The electronics assembly is normally shipped intact, except that the
preamp and cables are disconnected. The following procedures are used to
set up the unit for neutron energy spectrum measurements.

1. Unpack the instrument and inspect for damage. Inspect the cables
carefully; the connectors can be broken in transit with little sign of
dama'ge.

2. Attach the preamp cables using Figure 5.8 as a guide. Attach the
preamplifier power cable to the connector on the back of one of the
Ortec 572 amplifiers. It may be necessary to loosen the amplifier in the
NIMbin to fasten the cable in place. Attach the high voltage from the
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preamplifier to the SHV connector on the high voltage power supply.
Check to make certain that the HV power supply is turneQ off. Finally,
attach the signal cable to the amplifier input labeled IIIN II (not IIINW,
the inhibit BNC connector)!

3. Using a short cable, attach the 3He proportional counter to the input of
the Ortec 142PC preamplifier. Note that on some tubes a special
connector adapter is required.

4. Attach a BNC signal cable from the output of the linear gate to the
signal input of the multichannel analyzer (MCA). Turn on the MCA and let
it warm up.

5. Plug in the NIMbin and turn on the power.

6. Check the voltage rating of the 3He proportional counter (usually +900 to
+1400 volts). The operating voltage can be written on the tube. Set the
high voltage power supply to the correct voltage, be certain the unit is
plugged in, and turn on the high voltage.

7. Remove the neutron shields and place the bare 3He proportional counter in
a neutron field.

8. Turn on the multichannel analyzer to IICOLLECT II ; you should observe a
definite peak from slow neutrons. If not, check to make certain there is
power to the units and they are turned on. Then check all the connec
tions listed in Step 2. If this does not correct the problem, review
Section 5.4, TROUBLESHOOTING. This may take some time, so make certain
you are in a low dose rate area to avoid unnecessary radiation exposure.

Calibration

9. After the unit has reached operating temperature, check the IItime window ll

to make certain the unit has not drifted excessively. Connect the signal
cable from the input of the multichannel analyzer (MCA) to the IILINEAR
OUTPUT II BNC connector on the front face of the Ortec 458 pulse shape
analyzer. Set the MCA to collect data in one-half or one-quarter of the
memory, and collect a II r isetime ll spectrum.

10. Next, connect a BNC signal cable from the IIWINDOW II BNC connector on the
Ortec 458 pulse shape analyzer to the coincidence gate input on the
multichannel analyzer. Set the MCA to collect data in another half or
quarter of the memory and collect data in coincidence with the window
"ga te ll signal. This gives the II r isetime ll spectrum of events selected by
the pulse shape analyzer, as shown in Figure 5.10. ,A.djust the IIUPPER
LEVEL II and IILOWER LEVEL II dials to select only the desired events. Slow
risetime events usually correspond to pulse pile-up and should be
reject.ed.
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11. Record the "r isetime" spectrum with the "window" gate pulses. Remove the
signal cables from the pulse shape analyzer and reconnect the short cable
from thl~ "ENABLE" of the linear gate to the "WINDOW" of the pulse shape
ana "Iyzer.

12. Reconnect a signal cable from the MCA input to the output of the linear
ga tE~.

13. Using the fine gain control, adjust the gain of amplifier 1 to place the
slow neutron peak in channel 382 (to give an energy calibration of
2 kE~V/channel).

14. Place the 3He proportional counter back in the neutron shield to suppress
pulse pile-up from thermal neutrons.

Collect"ing Data

15. Set the multichannel analyzer to a preset data collection time and select
the area of memory you ~Jish to use. Erase any data in the memory you are
using. Push the "COLLECT" button and start collecting spectral data.

16. Observe the data to make certain that enough data is collected to be
statistically significant and that the unit is operating properly. You
should obtain tens of counts per channel in the region corresponding to

43



100 keV neutrons. If the spectrometer has been adjusted to 2 keVjchannel
with the slow neutron peak at channel 382, 100 keV neutrons correspond to
channel 432.

17. Check to make certain that pulse pile-up does not occur. This is
evidenced by a sum peak at channel 764 if the slow neutron peak is at
channel 382. At high count rates the pulse rejection circuits will be
functioning and the unit will have high dead times. If there is
evidence of pulse summing, the data obtained will not be indicative of
the true neutron energy spectrum. Shut off the high voltage power supply
and substitute a less sensitive 3He proportional counter (i.e., a tube
with a lower 3He gas filling). If a new tube is used, be certain to
adjust the high voltage power supply to the proper voltage (Step 6) and
adjust the II r isetime window ll as described in Steps 9, 10, and 11. Adjust
the gain as outlined in Steps 12 and 13.

18. Collect the data and read it out to a recording device. Be certain to
record the identification number of the 3He proportional counter used for
the measurement.

5.3 MULTICHANNEL ANALYZER LINEARITY CHECK

Before the 3He spectrometer is used, check to make certain the analog-to
digital converter (ADC) of the multichannel analyzer is properly set up and
linear through zero channel. The MCA must be linear through zero for the 3He
spectrometer to be self-calibrating using the 764-keV thermal neutron peak.

1. Connect a cable from a pulse attenuated output to the "TEST" BNC
connector on the Ortec 142PC preamplifier.

2. Connect a cable from the bipolar output of the amplifier (labelled IIBI II )
to the multichannel analyzer input.

3. Turn on the pulser and set the controls to produce positive pulses. You
can observe the pulser with an oscilloscope at the output BNC of the
pulser, at the output of the preamplifier, or at the bipolar output of
the amplifier.

4. Turn on the multichannel analyzer to see if pulses from the pulser are
being counted.

5. Set the level control of the pulser to 5.00 and adjust the attenuation
and gain or normalization until the pulser peak occurs at about
channel 50.

6. Erase the MCA and collect data for a short time with the pulser set at
5.00. Stop collecting data, move the pulser level control to 4.00, and
collect more data. Repeat at 3.00, 2.00, and 1.00. If the MCA is linear
through zero, the plot of pulser height versus pulser level setting
should linearly extrapolate through the origin, as shown in Figure 5.11.
If the ADC is not linear through zero, make the following adjustments.
First, calculate the average number of channels between pulser peaks.
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Set the pulser to 1.00 and adjust the zero level of the ADC until the
pulser peak is in the channel corresponding to the number of channels
between peaks. Alternately adjust the lower level discriminator and
readjust the zero level to maintain the pulser peak at the correct
channel number. The lower level discriminator should be as low as
possible without triggering on electronic noise.

5.4 TROUBLESHOOTING

The electronics used in the 3He spectrometer are quite rugged and stable
and usually function even after being abused by rough handling in shipment and
high operatin9 temperatures. If no signals are collected when everything is
turned on, fit'st check the obvious. Is everything--the NIMbin power, the high
voltage power supply and the multichannel analyzer--really turned on? Next,
check the cables to make certain they have been connected properly. First,
check the cable from the 3He proportional counter to the preamplifier. The
weight of the preamp hanging on the cable is sometimes enough to pull the
connections apart inside the connector. Support the preamp so that it is not
pulling on the connector. Check the cables fastened to the preamp and make
certain they are connected properly at the other end. A common mistake is to
connect the pt'eamp. signal cable to the inhibit output BNC labeled "INH" instead
of to the amplifier input BNC labeled "IN" on the back of the Ortec 572 amp
lifier. Another common problem is that the preamp power cable on the back of
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the Ortec 572 amplifier is connected only on one side and pulls loose if the
cable is pulled when moving the preamp around. Check to make certain that a
cable runs from the output of the second linear gate and goes to the signal
input of the ADC, and that the MCA is turned on and not in the coincidence
mode.

If the above checks do not solve the problem, it may be more serious and
require a careful scrutiny of the spectrometer electronics. Using Figure 5.8
as a guide, check to make certain that all the cables are connected properly
and all the switches are in the correct position. It is possible that someone
may have changed them.

If this does not solve the problem, you should begin tracing the signals
with an oscilloscope. Start with the preamp and observe that a signal is
being generated by the 3He tube. Sometimes the high voltage is not set
correctly so that the signals out of the preamp are too small to be analyzed
properly. Check the value listed for your tube. High voltage power supplies
do fail, or it is possible that someone borrowed it and put it back with the
wrong polarity. In general, you should use +900 to +1500 volts with I-inch
diameter tubes.

Next, check the signal at the other end of the preamp cable. Cable
connectors can come loose in transit or could be damaged by stepping on them,
or the cable could be broken by being cut, crimped, or caught in a door.

Check the signal at the unipolar output of both Ortec 572 amplifiers.
Follow the energy signal from amplifier 1 through the linear gate. If the
signal reaches the linear gate, but no output is observed at the output of the
linear gate, there could be a logic gate problem.

If a different 3He tube is being used it is possible that the "time"
window is completely out of adjustment. Check this by connecting a cable from
the "LINEAR" output of the pulse shape analyzer (Ortec 458PSA) to the ADC
input of the multichannel analyzer. A risetime spectrum should be observed
when the MeA is turned on. Next, connect a cable from the "WINDOW" output to
the coincidence gate input on the MCA. Set the MCA to enable the coincidence
and collect a spectrum. Adjust the "UPPER LEVEL" and "LOWER LEVEL" to contain
the peak corresponding to the desired 3He(n,p)T events. Reject the very fast
or very slow risetime events with the window adjustments.

If the unit is not functioning properly, start from the beginning for the
initial set-up procedure and trace the signal through in a logical step-by
step sequence as outlined in the set-up procedures. First, however, make
certain that the 3He tube is functioning properly at the correct voltage.
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6.0 TESTING THE 3He SPECTROMETER SYSTEM

The 3He spectrometer system using pulse shape analysis was tested in an
environmental chamber to simulate typical reactor containment conditions. The
accuracy of the 3He spectrometer was checked by comparing its response with
that of a proton-recoil spectrometer. These tests are described in this section.

6.1 ENVIRONMENTAL CHAMBER TESTING

The environment inside containment of nuclear power reactors operating at
full power is typically very hostile. The authors have experienced high tem
peratures ranging from a cool 90°F (32°C) to a rather warm 180°F (82°C).
Humidity of up to 90% was also encountered in a reactor with a number of steam
leaks. These conditions may adversely affect electronic equipment comprising
the 3He spectrometer apparatus.

To evaluate its operation at high temperatures, the pulse shape analysis
version of the 3He spectrometer, using Ortec electronics and a Canberra
Series 40 multichannel analyzer, was placed inside the PNL environmental cham
ber. A signal from the output of the Ortec electronics was connected to a
second multichannel analyzer, a Canberra 8180, to determine if any drift that
occurred was produced in the 3He spectrometer electronics or in the multi
channel analyzer. A small 252Cf source (about 5 micrograms) was placed out
side the environmental chamber to provide a source of neutrons.

The test started with the temperature at 72°F at 47% relative humidity.
The air temperature and relative humidity profiles during the test are shown
in Figure 6.1 as a function of time. The temperature and humidity were raised
to 100°F and 90% relative humidity in about 15 to 20 minutes. Because the
walls of the chamber and equipment were cooler than the air, moisture con
densed on everything in the chamber. The Canberra Series 40 multichannel
analyzer failed, apparently because of condensation resulting from moist air
introduced inside the unit by the cooling fan. The unit was turned off and
restarted; it appeared to function for a short time at a constant gain, then
failed again. The unit was left alone for the remainder of the test. After
the test was over the Canberra Series 40 was turned off, then restarted; the
thermal neutron peak was found to be at exactly the same channel as at the
beginning of the test. This behavior was never observed in the Canberra
Series 40 multichannel analyzers used in previous reactor measurements. The
authors believe that the unexpected failure of the analyzer during the
environmental chamber tests was caused by condensation inside the analyzer.
In a reactor measurement, 15 to 20 minutes are required to set up the equip
ment, allowing the unit to come to thermal equilibrium. When the unit is then
turned on, moisture does not condense on the inside.

A second multichannel analyzer (Canberra 8180) was used to monitor any
gain shifts produced by temperature or humidity effects in the 3He spectrom
eter electronics. As shown in Figure 6.1, the gain of the Ortec system
changed to less than 0.8% during the entire test. In reactor measurements
gain shifts of a few percent have been noticed; the greatest gain shift is
apparently due to the multichannel analyzer.
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in PNL Environmental Chamber

The 3He spectrometer electronics appear to change gain by less than 0.8%
for operating temperatures ranging from 70°F to 140°F (21°C to 60°C). The
spectrometer system will also function at 90% relatively humidity.

6.2 EXPERIMENTAL VERIFICATION OF THE UNFOLDING CODE

The theory behind the computer code HESTRIP used to lI un fold li the neutron
energy spectrum is explained in Section 3.2.3, and a listing of the code can
be found in Appendix D. This unfolding code is derived from first principals,
i.e., no experimental calibration is used in the code or in setting up the 3He
spectrometer. Obviously, some sort of experimental verification of the 3He
spectrometer and unfolding code are necessary. The 144-keV filtered neutron
beam facility at the National Bureau of Standards was used to help verify the
accuracy of the unfolding algorithm used in HESTRIP. The neutron energy
spectrum of this beam was measured with a proton-recoil proportional counter
spectrometer and documented (Schwartz 1977). The 144-keV and 51-keV energies
are in the range of neutron energies found inside reactor containment.
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Figure 6.2 shows the neutron energy spectra obtained with the 3He propor
tional counter spectrometer and with a proton-recoil proportional counter
exposed to the 144-keV neutron beam at the National Bureau of Standards. The
3He spectrometer measurements were made with a 2.54-cm (I-in.) diameter by
30.5-cm (12-in.) long 3He proportional counter filled with a mixture of 3He
and argon at partial pressures of 4 psia (0.23 atmosphere) of 3He and 26 psia
(1.77 atmospheres) of argon. No pulse pile-up or pulse shape analysis elec
troni cs werE~ used for these measurements. The proton-Tecoil proporti ona 1
counter spectrum in Figure 6.2 obviously has much better resolution, but the
3He spectrometer spectrum is quite acceptable. The 3He spectrometer has
poorer resolution, but the two measured spectra agree fairly well over almost
2 orders of magnitude. The pulse height distribution from the 3He propor
tional counter is not Gaussian as evidenced by the deviations at energies
above about 180 keY. Below the 144-keV peak there is evidence of "tailing,"
which is a characteristic of the proportional counter tube used. The unfold
ing COdE: USE~S a spectral "stripping" technique in which a response function
was calculated to account for wall effects. The stripping technique appears
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FIGURE 6.2. Comparison of Neutron Energy Spectra Measured by a Proton Recoil
Spectrometer (circles) and the 3He Spectrometer (histogram) at
the 144 keY Neutron Beam at the National Bureau of Standards
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to work reasonably well, although improvements could be made. However, it
would require days of computer running time to significantly improve the
accuracy of the Monte Carlo calculations. The calculated flux at lower
energies is less than 1% of the 144-keV peak, so there is not much point of
refining the response functions to achieve better accuracy.

Additional measurements were made with the 3He spectrometer exposed to
nearly monoenergetic neutrons produced by a Van de Graaff accelerator. The
apparatus used has been described previously (NUREG/CR-2956, Section 2.2,
p. 8). A precision long counter was used to monitor the fast neutron fluence.
A 2.54-cm (I-in.) diameter 3He proportional counter filled with 3He at a
partial pressure of 4 psia (0.27 atmosphere) and argon at a partial pressure
of 26 psia (1.77 atmospheres) was positioned near the target with the axis of
the cylinder aligred toward the target. The long counter and the 3f1e propor
tional counter were positioned at the same angle with respect to the accele
rator beam line, so that both instruments were exposed to the same neutron
energy and intensity. It was assumed that the fast neutron flux varied
inversely with the square of the distance from the target, so that the fast
neutron flux at the geometric mean of the 3He counter could be determined from
the long counter measurement.

The results of the measurements are shown in Table 6.1. A very thin
target was used, and the neutron energy measured by the 3He proportional
counter was within 6% of that calculated by nuclear reaction kinematics
(NUREG/CR-2956, Section 2.2.1.2, p. 10). The 3He proportional counter was
modeled as a point detector at the geometric mean distance from the target.
The dose equivalents determined by the 3He spectrometer measurements are in
reasonable agreement with those calculated from fluences measured by the long
counter for higher neutron energies. This is encouraging because dose equiva
lent is determined from the measured reaction rate and the size and 3He par
tial pressure in the proportional counter; no neutron calibration is
necessary.

TABLE 6.1. Neutron Dose Equivalents Determined from 3He Spectrometer
Measurements of Nearly Monoenergetic Neutrons Produced by
a Van de Graaff Accelerator

Dose Eguivalent (mrem)
Maximum Neutron Energy (MeV) Calculated Determined by •Calculated Measured by from Fluence 3He Propor-

from Reaction 3He Proportional Measured by tional Percent
Kinematics Counter Long Counter Counter Difference

576 keV 609 keV 496 mrem 339 mrem -32
352 ~V 352 keV 343 mrem 285 mrem -17
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Because the response function used in the unfolding code HESTRIP does not
account for 3He recoils from the elastic scatter of neutrons, it is not
possible to check the accuracy of the 3He spectrometer with calibrated 252Cf
sources. A modification must be made to the Monte Carlo computer code used to
generate the response function. Also, larger tubes (2-in. diameter) at higher
pressures (4 atmospheres) must be used to reduce the number of wall events
from the higher energy neutrons from isotopic neutron sources.
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7.0 REACTOR SPECTRUM MEASUREMENTS

To demonstrate its usefulness, the 3He spectrometer was used to measure
containment spectra at several commercial nuclear power reactors. This section
documents the equipment and methods used in the field. The results obtained
at each reactor site are presented and discussed. The data for all three sites
are then combined and the overall findings are summarized.

7.1 EQUIPMENT AND METHODOLOGY

Concurrent with the 3He spectrometer measurements, several other measure
ments were made to help determine 3He spectrometer accuracy. The equipment
and data analysis methods have already been fully described (NUREG/CR-1769,
Section 2.0, page 2.1). General information is presented here.

Approximate differential neutron flux densities and fractional dose
equivalent distributions were obtained from the multisphere spectrometer
(NUREG/CR-1769, Section 2.1.1, p. 2.1). The multisphere spectrometer consists
of a scintillation detector placed inside polyethylene spheres with diameters
of 7.6, 12.7, 20.3, 25.5, and 30.5 cm. The fast neutron response of this
system increases with sphere size, because the larger spheres moderate fast
neutrons to lower energies, where they are detected by the 6LiI scintillator.
The computer code LOUHI (Routti and Sandberg 1978) was used originally to
determine neutron energy spectra from the count rate data for each size of
sphere. The authors, however, used two new codes to analyze the multisphere
data: YOGI (Johnson and Gorbics 1981) and SPUNIT (Brackenbush and Scherpelz
1983). Comparisons among the codes show that all three calculate about the
same value for integral quantities (total neutron flux density integrated over
energy and total dose equivalent rate) but the differential values (neutron
flux density per energy bin) may vary from code to code.

The tissue equivalent proportional counter (TEPC) was used to measure
absorbed neutron dose and determine dose equivalent (NUREG/CR-1769, Sec-
tion 2.2.2, p. 2.6). The TEPC is a hollow sphere of tissue equivalent plastic
filled with tissue equivalent gas. The proportional counter measures energy
deposited in a tissue-like medium; this is a direct measure of absorbed neu
tron dose. With the appropriate algorithms it is also possible to determine
neutron quality factors and dose equivalents from the TEPC data.

Portable neutron survey instruments, such as a Snoopy cylindrical rem
meter and Eberline PNR-4 spherical remmeter, were also used to monitor neutron
dose equivalent rates. The Snoopy was manufactured to Hanford specifications,
and prior to use it was calibrated at the PNL calibrations facility using an
unmoderated 252Cf source with source strength and dose equivalent rate cali
brations traceable to the U.S. National Bureau of Standards. The PNR-4 survey
meters were provided by the utility staff, and were calibrationed using
unmoderated PuBe sources. However, the authors are not familiar with the
calibration procedures used by the utilities.
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In general, moderator-based remmeters often overestimate neutron dose
equivalent when exposed to neutrons with energies below 1 MeV. This over
estimation of dose equivalent has been documented in several independent
studies. Measurements made with monoenergetic neutrons produced by an
accelerator showed that eight different commercial neutron survey meters,
including the PNR-4, overestimate dose equivalent by at least a factor of 2
when exposed to 26 keV and 110 keV neutrons (Cosack and Lesiechi 1981). A
study made in a heavily shielded accelerator facility concluded that portable
neutron survey instruments overestimated dose equivalent by factors of between
3 to 50 when compared to the results obtained using a multisphere spectrometer
system with data unfolded using the computer code BON (Schlapper et al. 1983).
Previous measurements made by PNL personnel in nuclear power plants also
demonstrate that most portable neutron survey instruments overestimate dose
equivalent (NUREG/CR-1769).

Measurements were made with the 3He spectrometer system described in
Section 5.2.2. Pulse pile-up was reduced by surrounding the 3He proportional
counter with a boron carbide sleeve to absorb slow neutrons. The 51-em
(20-in.) long sleeve was made from a I-mm (0.040-in.) thick cadmium tube
placed inside a 10-cm (4-in.) tube obtained from the local hardware store.
The annular region between the cylinders was filled with boron carbide powder,
so that the 3He tube was surrounded by 1.4 g/cm 2 of boron carbide. With this
thickness of material, it is estimated that more than half of the fast neu
trons at 50 keV will scatter once in passing through the shield. These neu
trons may lose as much as 31% of their energy in a single scatter, so the
neutron energy spectrum will be degraded to somewhat lower energies in passing
through the boron carbide absorber. Measurements were also made with the 3He
tube inside a I-mm (0.040-in.) thick cadmium absorber; this allowed a crude
determination of the thermal and intermediate energy flux.

7.2 MEASUREMENT RESULTS

Measurements were made at three pressurized water reactors (PWRs), desig
nated Sites 4, 5, and 6. Measurements were also attempted at two boiling
water reactors (BWRs). At one BWR the containment was inerted (filled with
ni trogen) ,. and operat ing procedures excl uded the poss i bil ity of entry whil e
the reactor was operating. An Eberline PNR-4 survey meter indicated the dose
equivalent rate near the equipment hatch was below 1 mrem/hr~ which was not
high enough to make measurements in 1 day. The dose equivalent rates inside
the equipment hatch were high enough to make measurements, but the util ity
corporate policy did not permit opening the outer hatch door while the reactor
was operating ..

Measurements were made at a second BWR at a location outside containment
where there was a large pipe penetration with a steel plate welded over each
side of the penetration. Neutron streaming through the penetration was suffi
cient to produce dose equivalent rates of several mrem/hour, and 3He spectrom
eter measurement~ were made overnight. An analysis of the data showed that
the equipment had malfunctioned during the measurements. After the equipment
was returned to the laboratory, it was determined that the linear gate was not
functioning properly; this unit was replaced for the remaining measurements
discussed in the next subsection.
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7.2.1 Reactor Site 5

At Site 5 neutron energy spectrum and dose equivalent measurements were
made 1 m above the floor on the edge of the op~rating deck overlooking the
reactor cavity. The PNL Snoopy indicated the neutron dose equivalent rate was
55 mrem/hr at the position where spectral measurements were made with the 3He
spectrometer and the multisphere spectrometer. Measurements were also made
with a tissue equivalent proportional counter. These data are suspect, how
ever, because of a broken cable, which created noise in the event spectrum
used to determine dose and dose equivalent.

The multisphere spectrometer results are listed in Table 7.1. The neu
tron flux, dose and dose equivalent distributions calculated by the SPUNIT
computer code are presented. The differential neutron flux density (neutrons/
cm 2 -sec/energy bin) is plotted as a function of neutron energy in Figure 7.1.
Because the datum of interest is a determination of neutron dosimeter response
per unit of dose equivalent, it may be more useful to plot the fractional dose
equivalent (mrem/hr/energy bin) as a function of neutron energy. The graph in

TABLE 7. l. Results of ~'ul ti sphere Spectrometer Measurements at Reactor Site 5

~. IHFFERENrIAl. * * CUrlULAT I "lE *
[j[ t,1 ENERGy FUJ>, DOSE DOSE EGU1V DOSF 01 S1. DOSE EGUI \)
I'lL: (rite \) 1 N/CI'P C' ( RAD/HF~ ) (REM/HH) (HAD/HR ) ( REl"I/HR )~,

:' :j 7 F ,.- ()~f 4 J5C-t02 8 23E-04 1 76E--03 4 12E-03 ,.., 64E--02c. .
-j lj 48[-07 I:.. j'OF +0 1 1 47E-04 3 07[-04 3. 30E-0:3 -j 46E-O;?L c. .

J UbE--()c, /j ;' bE. -+ U 1 06E-C\4 ~~ ~:2E-04 3 1 5E-03 2 43E--O;'"
.... ; - ~:~5E·-U6 ,3 94[-+01 8 70E-05 84E-04 :3 04E-03 2 41 E-O;;'

", 4 77t=_<lb 3 \~\ :,E. +01 6. 66E-05 1 4:3E-04
,..,

96E-03 2. 3'iE-02c.

h 1 01E-0:; ..., 'j8[+01 5 . 58E-05 1 ~10E -04 ,.., 89E--03 .-, 38E-02c. C"_ c-

~~ 14E'_-O~) 2 14E+Ol '+ 61[-0:" 9. GOE -()5 " 83E-03 2 36E -0;"::c,

r3 4 5,~?E-O~' :2 J1[+Oi 4- 'i3E--0·' 03E--04 ...,
79E-03 ,..,

35E -0:':"- c.

n ''1 ~:;8E-0~' :-,-/[+OJ 3 33E-0:', 6 79E-05 " 74E-03 2 :34E-02-, r_

lrJ 2 031':--04 '+1 E+O 1 I'":! 90E-05 ::5 89E-05 ;.' 71E-0~j
~ 34E-02c_

< l "1 34E'-04 J~)E+O1 2 65E --O~,
C'

36E-O~:>
,..,

68E-03 -, :33E -0;::" c.. c-

1 'J q 1 3£-04 36E'01 2. 58E-05 5 21E--05 2 65E-03 ,..,
33E-0~)c- .

13 1 92E-CJ~3 46E-+01 2 70E-05 5 44E-0~i
,..,

62E-0~j
,.., 32E--02c. c:_

l ,~ 4 0/E-03 68E+01 3 07E --05 6 16[-05 ,..,
60E-0~3

,.., 32[--02c. "'-.

l r o 8 h2E _·O~~ 2 06E+01 3 73E--0:> 7 ~-;4E-() ::0, 2 57E -O:~i 2 31E-02
l ~) 1 B2E--02 2 71[+01 ~ 49E--05 1 52£-04 ,.., 53E--03 -, 30E--02C- c ..

17 3 fJ6E --0;:2 4 09E+01 q 77E--05 4 16E'-04
,.., 41E--03 2 29E-02t=...

W 8 18E-02 --,
:'~.;E+O 1 2 13E-04 40E-03

,..,
38E-03 ,..,

24E-0:':c. . c. .

1q 1 67L-CJ1 J 65E+02 6 18E--04 5 25E-03 -0 16E-03 .-, 10E -02c. . <-

~~O 3 'J7[-0 1 :.> 31['0;'-: 1 21E--03 1. 21E-O::' 1. 55E-03 1 58[-02
-~) \ ,=> 19[-OJ 4 1 5E+Ol :3 35E-04 3 65E-03 :3 39E-04 3 69E-03
~: ~~ 1 :39E+0::'\ 3 ('I :,E --01 3 74(-06 3 69E-05 ::1 77E-06 3 7iE-OS
:.:!'..: 2 18E 1(j'~) 1 55E-OJ ,.., 36[-()8 1 921':'>07 " 41E--08 1 88E-07c. c. .

~!4 5 ~::i4E+OO ::. 4:3E- 06 5 05E-1 1 3 53E-10 5 4:-3E-10 -3. 74E--09
'-',1:" 1 12[+01 1 54E-08 3 68E--13 ,.., 54E--12 4 92E--10 -4. 09E-O':;t::. • .1 "'-

;-;:b ~~ 04E+!) 1 69[-13 5 52E--18 3 82[-17 4. 9:O"F--10 --4. 09[--09

f :."i 1,.\1._ 1 38['~ 03 4 1:':!E-03 2 64E-0;':'
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FIGURE~. Differential Neutron Energy Spectrum Calculated From
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Figure 7.2 has been divided into the three energy regions used to determine
TLD-albedo dosimeter response, as explained in Appendix A. In Figure 7.2,
about 87% of the dose equivalent is produced by neutrons with energies above
about 10 keV; in this energy region the TLD-albedo dosimeter response per unit
of dose equivalent decreases rapidly with increasing energy.

Measurements were also made with the 3He spectrometer counter inside the
boron carbide slow neutron absorber. Data were collected for 1-1/2 hours to
produce the pulse height distribution shown in Figure 7.3 using a 2.5-cm
(I-in.) diameter 3He proportional counter filled at a partial pressure of
4 psia (0.27 atmosphere) of 3He and 10.7 psia (0.73 atmosphere) of argon. It
is necessary to determine if the pulse distribution above the slow neutron
peak at 764 keV was produced by 1) pulse pile-up in the 3He proportional
counter or 2) nonlinear gains in the proportional counter. This could have
been determined if a pulser had been used during the measurements, as
explained in Section 5.2.1.

It is possible to determine pulse pile-up using a technique similar to
that discussed in Section 5.1. As demonstrated previously, the amount of
pulse pilE!-up is a function of the count rate. The count rate was determined
to be 24 counts/second by setting up a region of interest and integrating all
of the neutron events in the pulse height distribution and dividing by the
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FIGURE 7.2. Fractional Dose Equivalent Distribution Calculated From
Multisphere Spectrometer Measurements at Reactor Site 5

time. Using the same instrument settings for the spectrometer, the bare 3He
proportional counter was exposed to the thermal neutron source described in
Section 4.3. The distance between the source and detector was varied until
the count rate from the thermal neutron source was the same as that from the
reactor measurement for the same region of interest. A Berkeley Nucleonics
Model PB-3 pulser was attached to the "TEST" input of the preamplifier, and
the pulse shape was adjusted to match that produced by the 3He proportional
counter. Pulses were supplied to the 3He spectrometer system at 1000 times
the count rate from the 3He proportional counter. The pile-up with the pulser
can be divided by 1000 to equate it with that resulting from pulses produced
by random coincidence in the proportional counter. Because there was some
concern that gamma rays might also introduce some pile-up problems, a 137Cs
gamma source was positioned to produce a 40 mR/hr field at the position of the
proportional counter. The resulting pulse height distribution is shown in
Figure 7.4. The number of pulses in the region above the thermal neutron peak
is less than 2% of the number of pulses in the same region in the reactor
spectrum. This demonstrates that almost all (about 98%) of the pulses are
indeed produced by fast neutrons and are not the result of pulse pile-up or
nonuniform gain in the proportional counter. Even gamma pulse pile-up does
not appear to be much of a problem for this particular measurement.
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The reactor spectrum data were analyzed by the computer code HESTRIP, and
the results are presented in Table 7.2. These results must be divided by the
time of the exposure (1.57 hours) before comparing them with the multisphere
spectrometer results. The differential neutron fluence (neutrons/cm 2 per
energy bin) is typical of moderated spectra and is much larger at lower
energies. By convention, fluence is usually plotted per unit lethargy or
logarithmic energy interval; this is preferred because the fluence plotted
against energy displays a steep negative slope at lower energies. It was
shown in Section 3.2.2 that the fluence per unit lethargy is the same as the
energy multiplied by the fluence as a function of energy [~(u) = E~(E)J.

Figure 7.5 shows the 3He spectrometer and multisphere spectrometer results
plotted as E~(E) versus the energy on a logarithmic scale. Because only the
shape of the curves is of interest, no attempt was made to normalize the
multisphere spectrum to the 3He spectrometer spectrum. The sharp dip in the
spectrum measured by the 3He spectrometer at 450 keY and 850 keY was perplex
ing until the spectra for fission neutrons penetrating concrete (Ing and Makra
1978, p. 89) were examined. Although these dips may be fortuitous because of
poor counting statistics (there is less than 1 count/channel), the measured
spectrum seems to be in agreement with the Monte Carlo calculations for neu
trons penetrating concrete. Note that, for energies above 200 keY, the
fluence was rebinned into 100 keY energy bins to improve counting statistics.

The differential neutron spectrum from the multisphere spectrometer bears
little resemblance to that from the 3He spectrometer. This is to be expected
because of the poor resolution of the multisphere spectrometer, in which the
flux from 26 energy bins is calculated from seven measured data points. It is
interesting to note that average quantities calculated by both spectrometers
are about the same; half of the dose equivalent is produced for neutrons below
350 keY for both the 3He spectrometer and the multi sphere spectrometer.

Measurements were also made with the 3He proportional counter covered by
a 1-mm (0.040-in.) thick cadmium absorber and with a bare 3He proportional
counter. Using the formulas given in Sections 3.2.1 and 3.2.2 and the count
rates with and without the cadmium thermal neutron absorber, the dose
equivalent rate from thermal neutrons with energies below 1 eV is calculated
to be 2.4 mrem/hr (which compares to a value of 2.1 mrem/hr calculated by the
multisphere spectrometer). Assuming a l/E neutron energy spectrum between
1 eV and and 10 keY, the dose equivalent rate measured by the 3He spectrometer
is 4.4 mrem/hr, which compares with 1.3 mrem/hr calculated by the multisphere
spectrometer.

The HESTRIP code, used to analyze the 3He spectrometer data, calculates
that a IIgenericll TLD-albedo dosimeter (the Hanford multipurpose dosimeter)
would overestimate the dose equivalent by a factor of 9.8 if it were exposed
to the reactor spectrum after being calibrated with a bare 252Cf source or by
a factor of 1.3 if calibrated using a 252Cf source moderated with 15-cm of
dueterium oxide.
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TABLE 7.2. Results of 3He Spectrometer Measurements at Reactor Site 5
Analyzed by the Computer Code HESTRIP

ENERGY AVERAGE UNCORRECTED CORRECTED ABSOLUTE COUNTING DOSE QUALITY RUNNING SUM OF
BIN ENERGY COUNTS COUNTS FLUENCE UNCERTAINTY EQUIVALENT FACTOR DOSE EQUIV.

KEV N/n12 N/CM2 (MREMI (MREMI

10 0 19186E+03 o OOOOOE+OO o OOOOOE+OO o 68511E+Ol o. OOOOOE+OO o. 20000E+01 O. OOOOOE+OO
;;> 30 o 85331E+03 0 16()28E+04 o 365ilE+06 o 92302E+02 o 85751E+00 o. 35400E+Ol o. 85751E+00
3 :;0 o 51677E+03 o 93676E+03 o 29079E+06 o 72913E+02 0 10196E+Ol O. 49400E+Ol O. 18771E+Ol
4 70 o 38695E+03 o 71094E+03 o 27822E+06 o 65740E+02 o 12701E+Ol O. 60900E+Ol O. 31472E+Ol
5 90 o 30900E+03 0 59059E+03 o 25273E+06 o 62110E+02 o 14051E+Ol O. 70100E+Ol O. 45523E+Ol
6 110 o 24963E+03 o 48156E+03 o 23457E+06 o 58172E+02 0 15434E+Ol O. 76200E+Ol O. 60958E+Ol
7 130 o 20806E+03 o 42403E+03 o 23677E+06 o 56703E+02 0 18108E+Ol O. 80600E+Ol O. 79066E+Ol
8 150 0 15383E+03 o 31358E+03 o 20511E+06 o 50710E+02 0 17844E+Ol o. 85000E+Ol 0.96910E+Ol
9 170 0 11853E+03 o 24415[+03 0 16201E+06 o 46610E+02 0 15776E+Ol O. 89400E+Ol O. 11269E+02

10 190 o 89957E+02 0 18216E+03 0 12265E+06 o 42007E+02 0 13201E+Ol o 93800E+Ol O. 12589E+02
11 210 o 70250E+02 0 13619E+03 o 93420E+05 o 37959E+02 0 11003E+Ol o 97200E+Ol O. 13689E+02
12 230 o 63261E+J2 0 12924E+03 o 92101E+05 o 38610E+02 o 11773E+Ol o 98900E+Ol o 14866E+02
13 250 o 54727E+02 0 11415E+03 o 84639E+05 o 37955E+02 0 11663E+Ol 0 10060E+02 o 16033E+02
14 270 o 46842E+02 o 9~232E+02 o 73594E+05 o 36329E+02 0 10869E+Ol 0 10230E+02 o 17119E+02
15 290 o 5~'48bE+02 0 13220E+03 0 10666E+0t, o 45001E+02 0 16799E+Ol 0 10400E+02 o 18799E+02
16 310 o 50360E+02 0 14484E+03 0 12169E+06 o 49635E+02 o 20351E+Ol o 10540E+02 o 20834E+02
17 330 o 38350E+02 0 11126E+03 o 95224E+05 o 45541E+02 0 16848E+Ol o 10610E+02 o 22519E+02
18 350 o 24513E+02 0 58546E+02 o 51061E+05 o 34635E+02 o 95257E+00 o 10680E+02 o 23472E+02
19 370 o 27817E+02 o 86804E+02 o 77175E+05 o 44382E+02 0 15136E+Ol 0 10750E+02 0.24985E+02
20 390 0 19006E+02 o 53461[+02 o 48472E+05 o 36717E+02 o 99682E+00 0 10820E+02 0.25982E+02

(Jl 21 410 0 15006E+02 o 42719E+02 o 39675E+05 o 34717E+02 o 85349E+00 0 10870E+02 o 26836E+02
~ 22 430 o 70393E+Ol 0 16872E+Ol 0 15863E+04 o 70862E+Ol o 35620E-Ol 0 10900E+02 0.26871E+02

23 450 o 89177E+Ol 0 15969E+02 0 15201[+05 o 23315E+02 o 35559E+00 0 10930E+02 o 27227E+02
24 470 o 62539E+Ol o 28667E+00 o 27633E+03 o. 29250E+Ol O. 67223E-02 0 10960E+02 O. 27234E+02
25 490 0 10735E+02 o 33475E+02 o 32681E+05 o 37527E+02 o 82543E+00 0 10990E+02 o 28059E+02
26 510 o 83261E+Ol O. 21705E+02 o 21418E+05 o 31976E+02 O. 55644E+00 0 11000E+02 o 28616E+02
27 :;30 o 7389:>E+Ol 0 15820E+02 0 15747E+-05 o 28570E+02 o 41715E+00 o 11000E+02 o 29033E+02
28 550 0 13236E+02 o 68004E+02 o 68283E+05 o 62245E+02 o. 18432E+Ol O. 11000E+02 o. 30876E+02
29 570 o 87131E+Ol o 39487E+02 o 40000E+0:5 o 49892E+02 0 10995E+Ol o 11000E+02 0.31975E+02
30 590 o 79131E+Ol o 39105E+02 O. 39967E+05 o. 52378E+02 0.11179E+Ol o. 11000E+02 O. 33093E+02
31 610 o 65519E+01 o 34391E+02 o 35347E+05- o 51977E+02 o 10056E+Ol O. 11020E+02 O. 34099E+02
32 630 o 28000E+Ol o OOOOOE+OO o OOOOOE+OO o. 13757E+Ol o OOOOOE+OO O. 11010E+02 O. 34099E+02
33 650 o 86198E+Ol o 62994E+02 o 65036E+05 o 77274E+02 o 19107E+Ol 0 11000E+02 O. 36010E+02
34 670 o 37000E+Ol 0 16820E+02 o 17405E+05 o 41983E+02 0.51925E+00 O. 10990E+02 O. 36529E+02
35 690 o 46000E+Ol o 29992E+02 o 31104E+05 o. 59130E+02 0.94191E+00 O. 10980E+02 0.37471E+02
36 710 o 44487E+Ol o 33075E+02 O. 34380E+05 o 65680E+02 O. 10563E+Ol O. 10950E+02 O. 38527E+02
37 730 o 45900E+Ol o 40827E+02 o 42534E+05 o 75944E+02 o 13254E+Ol o 10930E+02 O. 398:52E+02
38 750 0 19000E+Ol o 95297E+0 1 0.99507E+04 o 38236E+02 O. 31434E+00 O. 10910E+02 O. 40167E+02
39 770 o 28000E+Ol o 23406E+02 o 24468E+05 o 62580E+02 o 78332E+00 O. 10890E+02 O. 409:50E+02
40 790 o 28000E+Ol o 27091E+02 o 28321E+05 o 70447E+02 o. 91853E+00 o. 10870E+02 O. 41869E+02
41 810 0 19000E+Ol 0 16264E+02 O. 17002E+05 o. :57229E+02 O. 55845E+00 o 10850E+02 o 42427E+02
42 830 o 28000E+Ol o 33037E+02 o 34536E+05 o. 82807E+02 0.11485E+Ol o. 10830E+02 o. 43576E+02
43 850 0 10000E+01 o 77903E+0 1 0.81438E+04 0.40825E+02 o 27411E+00 O. 10810E+02 O. 43850E+02
44 870 0 10000E+Ol o 84219E+Ol O. 88041E+04 o 43117E+02 O. 29985E+00 O. 10790E+02 O. 44149E+02
45 890 0 10000E+Ol o 88310E+Ol o 92317E+04 o. 448:52E+02 O. 31806E+00 o. 10760E+02 O. 44468E+02
46 910 0 10000E+Ol o 80994E+Ol o 84670E+04 O. 43644E+02 o. 29:502E+00 o 10730E+02 o. 44763E+02
47 930 o 28000E+Ol o 36234E+02 o 37878E+05 o 88780E+02 o 13344E+Ol O. 10700E+02 O. 46097E+02
48 950 O. 28000E+Ol 0.37162E+02 o. 38848E+0:5 o. 86:578E+02 o. 13834E+Ol O. 10670E+02 0.47480E+02
49 970 o 19000E+01 o 25069E+02 o 26207E+0:5 O. 68:578E+02 O. 94318E+00 o 10640E+02 O. 48424E+02
50 990 o 10000E+01 O. 13224E+02 o OOOOOE+OO O. OOOOOE+OO O. OOOOOE+OO o. 10610E+02 O. 48424E+02
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7.2.2 Reactor Site 6

Measurements were made on the charging floor near the reactor cavity at
Site 6. The PNL Snoopy indicated the dose equivalent rate was 50 mrem/hr at
locations where the spectrum measurements were made; a PNR-4 supplied by the
reactor health physics group indicated a dose equivalent rate of 110 mrem/hr
at the same location.

The multisphere spectrometer results are shown in Table 7.3 and displayed
graphically in Figure 7.6, which shows the differential neutron flux density
(n/cm2 -sec per energy bin) plotted against the neutron energy. Figure 7.7
displays the fractional dose equivalent rate (mrem/hr per energy bin) as a
function of neutron energy. In Figure 7.7 only 72% of the dose equivalent is
in Region 3 above 10 keV; this is a "softer" (lower average energy) spectrum
than that measured at Site 5.
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TABLE 7.3. Results of Multisphere Spectrometer ~1easurements at Reactor Site 6
Ana lyzed by the Computer Code SPUNIT

* DIFFERENTIAL * * CUMULATIVE *
BIl'l ENERGY FLUX DOSE DOSE EGUIV. DOSE DIST. DOSE EGUIV.
NO (MEV) N/CM2-S (RAD/HR) (REM/HR) (RAD/HR) (REM/HR)

1 .., 57E--07 1 13E+03 2. 15E-03 4. 58E-03 8. 75E-03 4. 29E-02c_.

;"J 5. 48E-07 1 96E+02 4 29E·-04 8. 97E-04 6 60E-03 3 83E-02
3 1 06E·-06 1 41E+02 3. 13E-04 6. 57E-04 6. 17E-·03 3. 74E-02
4 " 25E-06 1 06E+02 .., 34E-·04 4. 96E-04 5 86E-03 3. 68E-02c:... c:...

:5 4. 77E-06 8.01E+Ol 1. 75E-04 3. 75E-04 5. 63E--03 3. 63E-02
6 1 01E-05 6. 53E+01 1. 41E-04 3 05E--04 5. 45E···03 3. 59E-02
"7 ;2 14E-05 5. 45E+Ol 1 17E-04 2 49E-04 5 31E-03 3. 56E-02
8 4 52E--05 4 90E+Ol 1 05E--04 ~l 18E-04 5. 19E-03 3. 54E-02Co.

c; 9. 58E-05 4 47E+Ol 9 48E·-05 1 94E-04 5. 09E-03 3 51E-02
to 2. 03E·-04 4 51E+01 9 26E--05 1. 88E-04 4. 99E-03 3 50E-02
1 1 4. 34E-04 4 89E+01 9. 63E-05 1 95E-04 4. 90E-03 3. 48E-02
12 9 13E-04 5. 58E+Ol 1. 05E-04 ~) 13E -04 4 80E-03 3. 46E-02C'.

13 1. 92E--03 6 66E+01 1. 23E--04 .., 49E-04 4. 70E-03 3. 44E-02c_.

14 4. 07E--03 8. 28E+01 1. 51E--04 3. 04E-04 4. 57E-03 3.41E-02
15 8. 62E-03 1.07E+02 1. 93E-04 3. 91E-04 4. 42E-03 3. 38E-02
16 1. 82E-02 1.40E+02 -) 85E-04 7. 85E-04 4. 23E·-03 3 34E-02Co .

17 3. 86E--02 1 92E+02 4. 59E--04 1. 96E-03 3 95E-03 3. 26E-02
18 8. 18E--02 2 69E+02 7. 61E-04 5. 00E-03 3. 49E-03 3. 07E--02
19 1. 67E-01 3 35E+02 1. 25E·-03 1. 07E-02 .., 72E-03 2. 57E-02c ...

20 3. 37E-Ol .., 19E+02 1. 15E-03 1. 15E-02 1. 47E-·03 1. 50E-02c:...

21 6. 79E-Ol 3 71E+01 3 00E-04 3. 26E-03 3.24E·-04 3 50E-03
',.., 1 39Et-00 1 79E+00 .., 20E-05 2. 16E--04 2.41E-05 .., 33E-04cc_ c... c:...

2:-3 .., 78E+00 1 35E-01 2. 05E-·06 1. 67E-05 2. 13E·-06 1. 72E-05c:...

24 5 54E+00 3 48E-03 7. 25E-08 5 07E-07 7. 76E·-08 5. 45E-07
2~3 1 12E+01 1. 71E-04 4. 07E-09 .., 81E-08 5. 09E-09 3. 83E·-08c:...

26 .., 04E+01 3 41 E-'09 1. 12E-13 7. 74E-·13 1. 03E -09 1. 02E-08Co.

rorAL 3. 47E+03 8. 75E--03 4. 29E-02
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FIGURE 7.6. Differential Neutron Flux Density Calculated from the
Multisphere Spectrometer Measurement at Reactor Site 6

The 3He spectrometer results calculated by the HESTRIP code are given in
Table 7.4. In the energy range between 10 keV and 1 ~1eV the HESTRIP code
calculates that about half of the dose equivalent is produced by neutrons with
energies below 300 keV; the SPUNIT code for unfolding multisphere data indi
cates that about half of the dose equivalent is produced by neutrons with
energies below about 200 keV. A plot of the flux per unit lethargy is pre
sented in Figure 7.8. The counting statistics are so poor at higher energies
that a plot of flux per unit lethargy may not be correct above about 300 keV.
However, the 3He results indicate more lower energy neutrons are present than
were in the measurements at Site 5, which is consistent with the multi sphere
spectrometer results. The generic TLD-albedo dosimeter response is calculated
to overestimate the dose equivalent by a factor of 20 if exposed in the
reactor spectrum and calibrated using a bare 252Cf source or by a factor of
2.7 if calibrated using a 252Cf source moderated by 15 em of deuterium oxide.
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Measurements were also made with the cadmium cover over the 3He pro
portional counter. Using the formulas from Section 3.2, the dose equivalent
rate from thermal neutrons was calculated to be 3.6 mrem/hr by the 3He pro
portional counter and 5.5 mrem/hr by the lTIultisphere spectrometer. For neu
tron energies between 1 eV to 10 keV, the dose equivalent rate was calculated
to be 4.8 mrem/hr by the multisphere spectrometer and 7.1 mrem/hr by the 3He
counter, assuming a l/E energy spectrum.

7.2.3 Reactor Site 4

A more complete set of measurements was made at reactor Site 4 at a
location near a stairwell on the equipment hatch deck. Measurements were made
with the 3He and multi sphere spectrometers, survey meters, and a tissue equiva
lent proportional counter.

The dose equivalent rate was measured to be 15 mrem/hr using a PNR-4 sup
plied by the utility. The PNR-4 survey instrument was calibrated using a
plutonium-beryllium neutron source. The dose equivalent rate was determined
to be 14.9 mrem/hr from tissue equivalent proportional counter (TEPC) measure
ments using the Rossi algorithm to determine quality factors and linear energy
transfer (LET) distributions (Rossi 1968, pp. 70-71). This close agreement is
unusual; typically the portable survey instruments overestimate dose equiva
lent. Lnfortunately, the calibrated Snoopy survey meter was not available for
measurements.
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TABLE 7.4. Results of the 3He Spectrometer Measurements at Reactor Site 6

ENERGY AVERAGE UNCORRECTED CORRECTED ABSOLUTE COUNTING DOSE GUALITY RUNNING SUM OF
BIN ENERGY COUNTS COUNTS FLUENCE UNCERTAINTY EGUIVALENT FACTOR DOSE EGUIV.

KEV N/CM2 N/CM2 (MREM) (MREM)

10 o 50209E+04 o 10747E+05 o 27986E+07 o 22913E+03 o 27765E+Ol O. 20000E+Ol o 27765E+Ol
2 30 o 82226E+03 o 17054E+04 o 82859E+06 O. 94141E+02 o 19461E+Ol o 35400E+Ol O. 47226E+Ol
3 50 o 32860E+03 o 66638E+03 o 44119E+06 o 60767E+02 o 15469E+Ol o 49400E+Ol O. 62695E+Ol
4 70 o 18064E+03 o 36262E+03 O. 30267E+06 o 46348E+02 o 13817E+Ol o 60900E+Ol o 76512E+Ol
5 90 o 11747E+03 o 23887E+03 o 21801E+06 o 38953E+02 O. 12121E+Ol o 70100E+Ol O. 88633E+Ol
6 110 o 83399E+02 o 17005E+03 o 17666E+06 o 34063E+02 O. 11624E+Ol o 76200E+Ol o 10026E+02
7 130 o 54901E+02 o 10872E+03 o 12947E+06 o 28256E+02 o 99020E+00 O. 80600E+Ol o 11016E+02
8 150 o 38901E+02 o 73362E+02 o 10235E+06 o 24111E+02 o 89037E+00 o 85000E+Ol O. 11906E+02
9 170 o 34739E+02 o 69886E+02 o 98911E+05 o 24500E+02 o 96312E+00 o 89400E+Ol o 12869E+02

10 190 o 29265E+02 o 61864E+02 o 88844E+05 o 24038E+02 o 95622E+00 o 93800E+Ol o 13826E+02
11 210 o 19805E+02 o 36318E+02 o 53133E+05 0 19217E+02 o 62579E+00 o 97200E+Ol o 14451E+02
12 230 o 20951E+02 o 45607E+02 o 69320E+05 o 22485E+02 o 88612E+00 o 98900E+Ol o 15338E+02
13 250 o 17262E+02 o 38427E+02 o 60772E+05 o 21573E+02 o 83742E+00 o 10060E+02 o 16175E<·02
14 270 o 12119E+02 o 22867E+02 o 37689E+05 0 17413E+02 O. 55660E+00 o 10230E+02 o 16732E+02
15 290 o 13268E+02 o 31481E+02 o 54174E+05 o 21465E+02 o 85323E+00 o 10400E+02 o 17585E+02
16 310 o 10999E+02 o 27286E+02 o 48892E+05 o 21033E+02 o 81771E+00 o 10540E+02 O. 18403E+02
17 330 o 63665E+Ol o 97198E+Ol o 17742E+05 0 13105E+02 o 31391E+00 o 10610E+02 o 18716E+02
18 350 o 83451E+Ol o 21749E+02 o 40457E+05 o 20594E+02 o 75474E+00 o 10680E+02 o 19471E+02
19 370 o 43100E+Ol o 46150E+Ol o 87511E+04 o 99302E+Ol o 17163E+00 o 10750E+02 o. 19643E+02

O"l 20 390 o 59168E+Ol o 14813E+02 o 28645E+05 o. 18810E+02 o 58909E+00 o 10820E+02 o. 20232E+02
~ 21 410 o 40298E+01 o 76087E+Ol o 15072E+05 o 14234E+02 o 32422E+00 o 10870E+02 o 20556E+02

22 430 o 19000E+Ol o OOOOOE+OO o OOOOOE+OO o 86479E+00 O. OOOOOE+OO o 10900E+02 o 20556E+02
23 450 o 19000E+Ol o OOOOOE+OO o OOOOOE+OO o 93081E+00 o OOOOOE+OO O. 10930E+02 O. 20556E+02
24 470 o 44303E+Ol o 13820E+02 o 28413E+05 o 22190E+02 0.69119E+00 o 10960E+02 O. 21247E+02
25 490 o 28157E+Ol o 57533E+Ol o 11980E+05 0 15089E+02 O. 30257E+00 o. 10990E+02 0.21550E+02
26 510 o 10000E+Ol o OOOOOE+OO o OOOOOE+OO o 81833E+00 o OOOOOE+OO o. 11000E+02 o 21550E+02
27 530 o 19000E+Ol o 12607E+Ol o 26763E+04 0.77913E+Ol o 70899E-Ol O. 11000E+02 o 21621E+02
28 550 o 19000E+Ol o 17800E+Ol o 38120E+04 o 97318E+Ol o 10290E+00 O. 11000E+02 o 21724E+02
29 570 o 19000E+Ol o 14856E+Ol o 32096E+04 O. 93377E+0 1 o 88222E-Ol O. 11000E+02 O. 21812E+02
30 590 o 46000E+Ol o 27299E+02 o. 59508E+05 O. 42424E+02 O. 16645E+Ol O. 11000E+02 O. 23476E+02
31 610 o 10000E+Ol o OOOOOE+OO o. OOOOOE+OO o 76885E+00 O. OOOOOE+OO o. 11020E+02 O. 23476E+02
32 630 o 19000E+Ol o 77497E+Ol O. 17026E+05 o 25023E+02 O. 49235E+00 o. 11010E+02 O. 23969E+02
33 650 o 10000E+Ol o 57515E-Ol o 12665E+03 o 21526E+Ol o 37207E-02 O. 11000E+02 O. 23973E+02
34 670 o 10000E+Ol o 40530E-Ol o 89447E+02 o 18467E+Ol o. 26686E-02 O. 10990E+02 O. 23975E+02
35 690 o 19000E+Ol o 11068E+02 o 24481E+05 o 34789E+02 o 74133E+00 o. 10980E+02 0.24717E+02
36 710 o 10000E+Ol o 21903E+Ol o 48558E+04 0 16355E+02 O. 14919E+00 o 10950E+02 o. 24866E+02
37 730 o 10000E+Ol o 20627E+Ol o 45832E+04 0 16521E+02 0.14281E+00 o. 10930E+02 o. 25009E+02
38 750 o 19000E+Ol o 14177E+02 o 31572E+05 o 45211E+02 o 99736E+00 O. 10910E+02 o. 26006E+02
39 770 o 19000E+Ol o 16720E+02 o 37279E+05 o 51307E+02 0.11934E+Ol O. 10890E+02 0.27199E+02
40 790 o 10000E+Ol o 60953E+Ol o 13590E+05 o 32428E+02 O. 44076E+00 O. 10870E+02 O. 27640E+02
41 810 o 10000E+Ol o 62904E+Ol o 14025E+05 O. 34563E+02 O. 46068E+OO O. 10850E+02 O. 28101E+02
42 830 o 19000E+Ol o 20993E+02 o 46806E+05 o 64151E+02 o 15566E+Ol O. 10830E+02 o. 29657E+02
43 850 o 10000E+Ol o 8945'!E+Ol o 19945E+05 O. 42547E+02 o 67132E+00 o 10810E+02 o 30329E+02
44 870 o 10000E+Ol o 90831E+Ol o 20252E+05 o 43567E+02 o 68974E+00 O. 10790E+02 O. 31018E+02
45 890 o 19000E+Ol o 24486E+02 O. 54594E+05 o. 72725E+02 o 18809E+Ol O. 10760E+02 O. 32899E+02
46 910 o 10000E+Ol o 11961E+02 o 26668E+05 O. 51687E+02 O. 92922E+00 O. 10730E+02 O. 33829E+02
47 930 o 10000E+Ol o 12117E+02 o 27016E+05 o 50098E+02 0.95175E+00 0.10700E+02 O. 34780E+02
48 950 o 10000E+Ol o 12259E+02 O. 27333E+05 o. 48594E+02 0.97336E+·00 O. 10670E+02 O. 35754E+02
49 970 o 10000E+Ol o 12459E+02 o 27777E+05 O. 47301E+02 o 99970E+00 o 10640E+02 O. 36753E+02
50 990 o 10000E+Ol O. 12955E+02 o OOOOOE+OO O. OOOOOE+OO o OOOOOE+OO o 10610E+02 o 36753E+02
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Flux Per Unit Lethargy as a Function of Neutron Energy
for the 3He Measurements at Reactor Site 6

The results of the multisphere measurements are shown in Table 7.5 for
data analyzed with the computer code SPUNIT (Brackenbush and Scherpelz 1983).
These same data ~ere also analyzed by the computer code YOGI (Johnson and
Gorbics 1981); the results are shown in Table 7.6. The total dose equivalent
rate calculated by these two codes agrees closely (12.2 and 11.5 mremjhr), but
the differential quantities vary considerably. Using the SPUNIT results, the
differential neutron flux density is plotted in Figure 7.9 and the fraction
dose equivalent rate distribution is plotted in Figure 7.10. These spectra
have more low-energy neutrons than the previous measurements.

Measurements were also made with the 3He spectrometer using a propor
tional counter that originally contained 3He at a partial pressure of 4 psia
(0.27 atmosphere) and argon at a partial pressure of 26 psia (1.8 atmos
pheres). Using the response function for this gas filling, the computer code
HESTRIP calculated' the dose equivalent rate to differ from the other measured
values by a factor of two. By comparing the count rate from this tube
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TABLE 7.5. Results of Multisphere Spectrometer Measurements at Reactor Site 4
Analyzed by the Computer Code SPUNIT

* DIFFERENTIAL * * CUMULATIVE *
BIN
NO.

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

TOTAL

ENERGY
(MEV)
2. 57E-07
5. 48E-07
1.06E-06
2. 25E-06
4. 77E-06
1. 01E-05
2. 14E-05
4. 52E-05
9. 58E-05
2.03E-04
4. 34E-04
9. 13E-04
1.92E-03
4. 07E-03
8. 62E-03
1.82E-02
3. 86E-02
8. 18E-02
1. 67E-Ol
3. 37E-01
6. 79E-Ol
1. 39E+00
2. 78E+00
5. 54E+00
1. 12E+Ol
2. 04E+01

FLUX
N/CM2-S
7. 22E+02
8. 23E+01
6. 21E+01
5. 20E+01
4 09E+01
3. 62E+Ol
3. 32E+01
3. 03E+01
3. 31E+01
3. 63E+01
4 19E+01
4. 93E+01
5. 92E+01
7. 14E+01
8. 62E+01
1.02E+02
1. 15E+02
1. 11E+02
6. 42E+Ol
9. 05E+00
1.21E-01
2. 91E-04
2. 52E-06
1.30E-08
2. 32E-l0
3.67E-15

1. 84E+03

DOSE
(RAD/HR)
1.37E-03
1.80E-04
1.38E-04
1. 15E-04
8. 93E-05
7. 82E-05
7. 13E-05
6. 48E-05
7.03E-05
7. 45E-05
8. 24E-05
9. 33E-05
1. 10E-04
1.31E-04
1.56E-04
2. 06E-04
2. 74E-04
3. 12E-04
2. 40E-04
4. 74E-05
9. 77E-07
3. 57E-09
3.83E-11
2. 70E-13
5.53E-15
1.20E-19

3. 90E-03

66

DOSE EGUIV.
(REM/HR)
2. 91E-03
3. 77E-04
2. 90E-04
2. 43E-04
1. 91E-04
1.69E-04
1. 52E-04
1.35E-04
1.43E-04
1. 51E-04
1. 67E-04
1. 88E-04
2. 21E-04
2. 62E-04
3. 16E-04
5. 69E-04
1. 17E-03
2. 05E-03
2. 04E-03
4. 76E-04
1. 06E-05
3. 52E-08
3. 12E-10
1.89E-12
3. 82E-14
8.32E-19

1.22E-02

DOSE DIST.
(RAD/HR)
3. 90E-03
2. 54E-03
2. 36E-03
2. 22E-03
2. 10E-03
2. 01E-03
1. 93E-03
1. 86E-03
1. 80E-03
1.73E-03
1.65E-03
1. 57E-03
1.48E-03
1. 37E-03
1. 24E-03
1. 08E-03
8. 75E-04
6. 01E-04
2. 88E-04
4. 84E-05
9. 81E-07
4. 19E-09
6. 13E-10
5.75E-1O
5.75E-1O
5.75E-1O

DOSE EGUIV.
(REM/HR)
1.22E-02
9. 32E-03
8. 95E-03
8. 66E-03
8. 41E-03
8. 22E-03
8. 05E-03
7. 90E-03
7. 77E-03
7. 62E-03
7. 47E-03
7. 30E-03
7 12E-03
6. 89E-03
6. 63E-03
6. 32E-03
5. 75E-03
4. 58E-03
2. 53E-03
4. 86E-04
1.07E-05
3. 67E-08
1. 54E-09
1.23E-09
1. 23E-09
1.23E-09



TABLE 7.6. Results of Multisphere Spectrometer Measurements at Reactor Site 4
Analyzed by the Computer Code YOGI

* DIFFERENTIAL * * CUMULATIVE *
BIN ENERGY FLUX DOSE DOSE EQUIV. DOSE DIST. DOSE EQUIV.
NO. (MEV) NjCM2-S (RADjHR) (REMjHR) (RADjHR) (REMjHR)
1 ?57E-07 7.52E+02 1.42E-03 3.04E-03 3.94E-03 1.15E-02
2 ~;. 48E-07 2.38E+01 5.22E-05 1. 09E-04 2.52E-03 8.42E-03
3 1. 06E-06 3.61E+01 8.01E-05 1. 68E-04 2.46E-03 8.31E-03
4 ?25E-06 3.98E+01 8.80E-05 1. 86E-04 2.38E-03 8.15E-03
5 4.77E-06 4.77E+01 1.04E-04 2.23E-04 2.30E-03 7.96E-03
6 1. OlE-05 6.13E+01 1.33E-04 2.86E-04 2.19E-03 7.74E-03
7 ?14E-05 7.26E+01 1.56E-04 3.32E-04 2.06E-03 7.45E-03
8 L~. 52E-05 7.63E+01 1. 63E-04 3.40E-04 1. 90E-03 7.12E-03
9 9.58E-05 8.19E+01 1.74E-04 3.55E-04 1.74E-03 6.78E-03

10 £>.03E-04 8.18E+01 1.68E-04 3.41E-04 1. 57E-03 6.42E-03
11 4.34E-04 8.37E+Ol 1.65E-04 3.33E-04 1.40E-03 6.08E-03
12 9.13E-04 8.00E+Ol 1. 51E-04 3.06E-04 1.23E-03 5.75E-03
13 1.92E-03 8.19E+Ol 1. 52E-04 3.06E-04 1. 08E-03 5.44E-03
14 L~. 07E-03 8.18E+Ol 1.50E-04 3.01E-04 9.31E-04 5.14E-03
15 8.62E-03 8.19E+Ol 1.48E-04 3.00E-04 7.81E-04 4.84E-03
16 1. 82E-02 5.71E+Ol 1. 16E-04 3.19E-04 6.33E-04 4.54E-03
17 3.86E-02 3.26E+Ol 7.79E-05 3.32E-04 5.17E-04 4.22E-03
18 B.18E-02 1. 74E+-l 4.91E-05 3.22E-04 4.39E-04 3.86E-03
19 1.67E-01 1.05E+01 3.94E-05 3.35E-04 3.90E-04 3.56E-03
20 3.37E-Ol 8.82E+00 4.62E-05 4.63E-04 3.51E-04 3.23E-03
21 6.79E-Ol 7.50E+00 6.06E-05 6.60E-04 3.05E-04 2.76E-03
22 1. 39E+00 7.77E+00 9.52E-05 9.38E-04 2.44E-04 2.10E-03
23 2~.78E+00 7.25E+00 1.10E-04 8. 97E-04 1.49E-04 1.17E-03
24 ~;. 54E+00 1. 50E+00 3.12E-05 2.18E-04 3.87E-05 2.70E-04
25 1.12E+01 3.00E-Ol 7.16E-06 4.94E-05 7.44E-06 5.14E-05
26 2.04E+01 8.51E-03 2.79E-07 1. 93E-06 2.80E-07 1. 93E-06

TOTAL 1. 83E+03 3.94E-03 1.15E-02
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FIGURE 7.9. Differential Neutron Flux Density Calculated from the
Multisphere Spectrometer Measurement at Reactor Site 4

with another 3He tube in the same neutron flux, the authors discovered that
the 3He proportional counter had developed a slow leak. Over a 2-year period,
half of the 3He had leaked away. Using a partial pressure of 2 psia instead
of 4 psi gives the dose equivalent rates shown in Table 7.7 for Site 4. The
response of a generic Hanford TLD-albedo dosimeter was calculated to over
estimate dose equivalent by a factor of 18 when exposed in the reactor spec
trum and calibrated using a 252Cf source in a low scatter room or by a factor
of 2.5 if calibrated using a 252Cf source moderated by 15 cm of deuterium
oxide.

The flux per unit lethargy calculated from the 3He spectrometer measure
ments is shown in Figure 7.11. The spectrum at Site 4 contains more low
energy neutrons than the other two sites; this finding is consistant with the
multisphere spectrometer results. Measurements with and without a cadmium
cover over the 3He proportional counter were made to estimate the number of
thermal and intermediate energy neutrons. Using the formulas from Sec-
tion 3.2, the dose equivalent rate from thermal neutrons was calculated to be
2.7 mrem/hr. Assuming a liE spectrum, the dose equivalent rate was calculated
to be 7 mremlhr in the energy range from 1 eV to 10 keV. The dose equivalent
from intermediate energy neutrons calculated from the assumed liE spectrum is
considerably higher than that calculated by the multisphere spectrometer, as
shown in Table 7.7.
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FIGURE 7.10. Fractional Dose Equivalent Rate Calculated from the Multisphere
Spectrometer Measurement at Reactor Site 4

7.3 REACTOR MEASUREMENT SUMMARY

The dose equivalent rates from the reactor site measured data are
summaried in Table 7.7. The data include the results of the 3He spectrometer
analyzed by the HESTRIP computer code and the multisphere spectrometer
analyzed by two different codes, YOGI and SPUNIT. The first three columns
indicate the dose equivalent rate contribution from each of the energy regions
described in Appendix A; the fourth column gives the total dose equivalent
rate over all neutron energies. The numbers in parentheses are the percentage
of the dose equivalent for each energy region, so one can determine the
relative important of neutrons in each energy range. The largest contribution
to dose equivalent is from neutrons with energies greater than 10 keY; in this
range of energies the 3He and multisphere spectrometers agree within about 35%
for the three examples shown in Table 7.7. The largest differences occur in
the energy range of 1 eV to 10 keV, where the 3He spectrometer indicates a
much larger contribution to dose equivalent than calculated by the multisphere
spectrometer. For the 3He spectrometer, dose equivalent rates are calculated
from measured count rates with and without a cadmium cover over the 3He
proportional counter. The assumption that the intermediate energy neutrons
have a l/E dependence is apparently not always valid over the energy range of
1 eV to 10 keY.
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TABLE 7.7. Summary of Dose Equivalent Rate Measurements Inside Containment
of Commercial Nuclear Power Plants

Energy Correction Factor for
Hanford Multipurpose Dosimeter

Dose Equivalent Rate (mrem/hr) Calibrated Using:
Therma 1 1 eV-I0 keV >10 keV Total Unmoderated Cf ~O Moderated Cf

Reactor Site 5
HESTRI P (3He) 2.4 ( ) 4.4 30.8 37.5 9.8 1.3

(6%) a (12%) (82% )
SPUNIT (multi sphere) 2.1 1.3 23.0 26.3

(8%) (5%) (87% )
Snoopy Survey Meter 55

Reactor Site 6
HESTRIP (3He) 3.6 7.1 36.1 46.8 20 2.7

-...J (8%) (15%) (77% )
a SPUNIT (multisphere) 5.5 4.03 33.4 42.9

(13%) (9%) (78%)
Snoopy Survey Meter 50
PNR-4 Survey Meter 110

Reactor Site 4
HESTRIP (3He) 2.7 7 6.3 16 18 2.5

(17%) (44%) (40%)
SPUNIT (multisphere) .., .., 2.6 6.3 12.2.) ..)

(27%) (21%) (52%)
YOGI (multisphere) 3.1 3.8 4.5 11.5

(27%) (33%) (39%)
TEPC (Rossi algorithm) 14.9
PNR-4 Survey Meter 15

(a) Number in parentheses is the percentage of the total dose equivalent.
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The fourth column in Table 7.7 lists the total dose equivalent determined
by the 3He and multisphere spectrometers and by Snoopy and PNR-4 portable
survey instruments and by a tissue equivalent proportional counter (TEPC).
There is reasonably good agreement between the dose equivalent rates calcu
lated from the 3He spectrometer compared to those obtained with the multi
sphere spectrometer and the tissue equivalent proportional counter. The 3He
spectrometer results average about 28% higher than the multisphere results.
As one might expect, the portable survey instrument results average about 50%
higher than those calculated by the 3He spectrometer. Moderator based instru
ments usually overestimate dose equivalent when exposed to low energy neutrons
well below 1 MeV (Cosack and Lesiecki 1981). The large variation between the
PNL Snoopy and the PNR-4 supplied by the utlity at reactor Site 6 is probably
due to calibration differences.

The last two columns give an energy correction factor for a "generic"
TLD-albedo dosimeter (the Hanford multipurpose dosimeter) calibrated using a
bare 252Cf source and a 252Cf source moderated with 15 cm of deuterium oxide.
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The indicated response should be divided by this factor to obtain the true
dose equivalent. The values are calculated specifically for the Hanford
TLD-albedo dosimeter and may be only generally indicative of the correction
factors for other types of TLD-albedo dosimeter's used in commercial nuclear
power plants. Rector Sites 6 and 4 have a lower energy spectrum and thus have
larger correction factors than reactor Site 5.

7.4 DISCUSSION

There is reasonable agreement between dose equivalents measured by the
3He and multisphere spectrometers at the three PWR sites. These measurements
were made with the more complex electronic equipment using pulse shape
discrimination in conjunction with a boron carbide shield to absorb neutrons
below about 10 keV to reduce pulse pile-up. Although the dose equivalent
rates appear to be correct, the differential neutron energy spectrum is of
questionable accuracy, especially in the region of 10 keV to 50 keV where
there is considerable scattering introduced by the boron carbide and the
possibility of pulse pile-up from gamma rays.

Better accuracy could have been achieved using the less complex elec
tronics associated with the pulser technique to estimate pulse pile-up. If
pulse pile-up does occur, the technique described in Section 5.2.1 may be
used. However, it is much better to eliminate the pulse pile-up problem
altogether. In the boron carbide absorber slow neutrons are efficiently
absorbed by lOS, but additional slow neutrons are generated by downscatter
from higher energies. The samarium oxide absorber is more effective, because
neutrons can lose very little energy from scattering reactions. Pulse pile-up
problems can be almost eliminated by:

• using a samarium oxide filter

• using a less sensitive 3He proportional counter

• making longer measurements (several hours or overnight) at lower
dose equivalent rates.

72



8.0 RECOMMENDATIONS

Personnel at commercial nuclear power plants enter containment to perform
inspections and maintenance while the reactor is operating and are thus
exposed to neutrons. The TLD-albedo neutron dosimeters used to monitor dose
equivalent are energy sensitive as demonstrated in NUREG/CR-2956. The inter
pretation of dosimeter results may overestimate dose equivalent by as much as
a factor of 20 (NUREG/CR-1769) unless precautions are taken to correct for
this energy dependence. Also, commercially available portable survey instru
ments based upon moderator principles overestimate dose equivalent (Cosack and
Lesiecki 1981) when exposed to low energy neutrons (below 1 MeV) in reactor
containment. Typically, the moderator-based instruments overestimate dose
equivalent by factors of 2 when compared with multisphere spectrometer and
tissue equivalent proportional counter measurements in containment (NUREG/CR
1769). For these reasons the following general recommendations are made:

1. Neutron energy spectrum measurements should be made at least once at
representative locations where workers are exposed to neutrons.
This will allow corrections to be made for the energy dependence of
TLD-albedo dosimeters as well as portable survey instruments. The
energy dependence of available TLD-albedo neutron dosimeters is
given in the Final Re ort of Subtask B: Dosimeter Res onse
(NUREG/CR-2956 ; some information on t e energy response of com
mercially available neutron survey instruments is given by Cosack
and Les i eck i (1981).

2. Because neutron energy spectrum measurements are complex and errors
are possible, several independent measurements should be made. As a
minimum, it is suggested that the dose equivalents calculated by
spectrum measurements be compared to dose equivalents measured by
calibrated portable survey instruments such as a PNR-4 or Snoopy.
Surv~y instruments calibrated with unmoderated californium,
plutonium-beryll ium or americium-beryll ium sources should indicate
higher dose equivalents than those measured by spectrometers.
Comparison between the results obtained by two different types of
neutron energy spectrometers is desirable.

3. Several neutron dosimeters should be exposed on water phantoms at
locations where the neutron flux and dose equivalent rates have been
measured using a neutron energy spectrometer. Also, measurements
should be made with the portable neutron survey instruments used at
the site. This will help verify the accuracy of the calibration
factors used to evaluate the TLD-albedo neutron dosimeters and
portable survey instruments.

4. As discussed in Section 2.0, four types of neutron energy spectrom
eters may be ~seful for energy spectrum measurements inside commer
cial nuclear power plants:
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• multisphere or Bonner sphere spectrometers

• activation foils

• hydrogen andlor methane filled proton-recoil proportional
counters

• 3He proportional counters.

No single type of spectrometer offers the ideal combination of
accuracy, ease of use and simplificity of data analysis. The
multisphere spectrometer is the easiest to use, but lacks resolution
and accuracy, especially at higher neutron energies. The other
spectrometers are considerably more complex and difficult to use,
but have better resolution and accuracy. The 3He spectrometer
offers a compromise between the level of operational difficulty and
accuracy of the measured spectra.

With regard to the 3He spectrometer system described in this report,
eight specific recommendations are offered.

1. Several months may be required to procure, assemble, test, make mea
surements, and analyze the data from a 3He spectrometer. Use of the
3He spectrometer should be attempted only by someone skilled in
assembling nuclear counting equipment who has the time to commit to
making the spectral measurements. Operational health physics staff
at many reactors are often too busy with day-to-day problems to
devote enough time to the project; corporate health physics staff or
outside contractors may be better prepared to commit the necessary
time.

2. In using the 3He spectrometer to measure
deal of care must be taken in setting up
ing data, and interpreting the results.
easily lead to errors in determining the
700 keV.

reactor spectra, a great
the spectrometer, collect
Pulse pile-up problems can
spectrum between 20 keV and

3. Because the 3He(n,p)T cross section is inversely proportional to the
neutron velocity for neutron energies below about 10 keV, the 3He
spectrometer is very sensitive to low-energy neutrons, which produce
a large "ep ithermal" peak in the raw data from the 3He proportional
counter. A neutron absorber must be used to suppress the number of
neutrons with energies below 10 keV. It is recommended that 1 to
3 mm of samarium (or an equivalent thickness of samarium oxide) be
used. A 1-cm thick boron carbide shield could also be used, but
neutrons will be scattered by the low atom number material. These
shields are necessary to prevent pulse pile-up from obscuring data
in the 20- to 700-keV energy range.

4. A 0.3-cm (1/8-in.) lead shield should cover the 3He proportional
counter to help prevent pulse pile-up from gamma rays. The gamma
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ray pile-up problem was not fully appreciated when the first reactor
measurements were taken during this study.

5. One-inch diameter cylindrical 3He proportional counters filled with
2 to 5% of 3He in argon at 2 to 4 atmospheres total pressure have
better resolution than other commercially available proportional
counters with different gas fillings or sizes. Measurements should
be made for long periods (preferably overnight) in low-level neutron
fields below about 50 mrem/hr (0.5 millisievert/hr). Higher 3He
fillings and higher dose equivalent rates give more pulse pile-up
and reduced accuracy.

6. If measurements are made with the 3He spectrometer in neutron fields
of tens to hundreds of millirem/hr (0.1 to 1 millisievert/hr), there
will undoubtedly be some pulse pile-up. The technique of using a
precision pulser is recommended to estimate the amount of pulse
pile-up. It is much simpler to use a less sensitive tube and made
measurements in lower dose rate areas than it is to attempt to
subtract out erroneous data for pulse pile-up.

7. Only an approximate estimate of the neutron energy spectrum can be
obtained by covering the 3He proportional counter with cadmium and
assuming the differential neutron flux density varies as 1/IE from
1 eV to 10 keV. A technique to improve accuracy by making measure
ments with additional neutron absorbers to selectively absorb
neutrons in various portions of this energy range was suggested in
this report. More work is necessary to refine this technique.

8. Of the two 3He spectrometer systems described in this report, the
one (?mploying a pulser technique to estimate pulse pile-up is
recommended because of its greater simplicity. The system using a
pulse shape analysis technique requires more skill to operate.
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APPENDIX A

ENERGY SENSITIVITY OF THE TLD-ALBEDO NEUTRON DOSIMETER

An idea of why the TLD-albedo dosimeter can overestimate the neutron dose
equivalent can be obtained by examining Figures A.I and A.2. Figure A.I shows
the response of a typical TLD-albedo dosimeter compared with the neutron energy
spectrum from a nuclear power plant and with the energy spectrum from a "bare"
252Cf neutron source used to calibrate TLD-albedo dosimeters (NUREG/CR-2233).
In Figure A.I the neutron flux density per unit lethargy has been plotted
against the logarithm of the neutron energy; in this type of plot, equal areas
represent equal neutron flux densities, so it is easy to see which neutron
energies are important. The integral or measured response of the TLD-albedo
dosimeter is the integral of the product of the dosimeter response per unit of
flux density multiplied by the neutron flux density integrated over the neu
tron energy,. The TLD-albedo dosimeter response for a bare 252Cf source is
quite low, since the 252Cf source emits fast neutrons with energies generally
above 100 keV. The TLD-albedo dosimeter response is much higher for a reactor
spectrum, bE~cause it consists of mostly low energy (below I MeV) neutrons
where the dosimeter response per unit of flux is large. For this reason, a
TLD-albedo dosimeter calibrated with a bare 252Cf source can overestimate the
dose equivalent when exposed in a reactor.
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Figure A.2 shows a plot of the neutron flux density per unit lethargy
versus the log of the neutron energy for a 252Cf source moderated by 15 cm of
deuterium oxide (heavy water). Although the neutron energy spectrum for the
02 0 moderated source does not resemble the power reactor spectrum shown in
Figure A.I, the measured or integrated response of the TLO-albedo dosimeter
for the two spectra match closely. The measured dosimeter response, R, is the
integral of the response per unit fluence, at a given neutron energy r(E),
integrated over all neutron energies, E:

The I5-cm 02 0 moderated californium source is useful for calibrating TLO
albedo dosimeters for reactor exposures because the integral response of a
TLO-albedo dosimeter is about the same for the moderated californium source as
for the reactor spectrum. This is not true for portable survey instruments,
so the moderated californium source is not useful for calibrating survey
instruments.

Since we are ultimately interested in dose equivalent, it may be more
meaningful to consider the dosimeter response per unit of dose equivalent
rather than the dosimeter response per unit of flux density. Alsmiller and
Barish have used Monte Carlo computer codes to calculate the response per unit
dose equivalent of typical TLO-albedo dosimeters as a function of neutron
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energy, as shown in Figure A.3 (Alsmiller and Barish 1974). It is possible to
simplify the neutron energy spectrum measurements by considering the neutron
flux density (neutrons/cmLsec) or dose equivalent rate (mrem/hr) in the three
energy regions shown in Figure A.3. To determine the response of a TLD-albedo
dos imetelr', it is not necessary to know the exact di fferent ia1 neutron fl ux
density as a function of energy over the entire energy range from thermal to
1 MeV. Only the differential flux density above about 10 keV and the total
flux density integrated over the energies of Regions 1 and 2 shown in Fig-
ure A.3 need be known.

• Region 1 - the thermal neutron region - Some dosimeter designs have
the thermoluminescent (TL) material completely surrounded by cadmium
and have a low sensitivity to thermal neutrons. Others have cadmium
covering only one side or no cadmium at all and are quite sensitive
to thermal neutrons. Therefore, it is necessary to measure the
total thermal neutron flux density or dose equivalent rate inte
grated over all energies below cadmium cut-off, which is about 1 eV.

• Region 2 (neutron energies from 1 eV to 10 keV) - The response per
unit dose equivalent is almost constant over this region, and again
it is not necessary to determine the differential neutron flux
density as a function of energy. One needs only to determine the
total neutron flux density or dose equivalent rate integrated over
energies from 1 eV to about 10 keV.

• Region 3 (neutron energies above 10 keV) - The TLD-albedo dosimeter
response per unit dose equivalent decreases rapidly with increasing
neutron energy in this region. Therefore, one needs to accurately
measure the differential neutron flux density or fractional dose
equivalent rate as a function of neutron energy.
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APPENDIX B

MULTISPHERE SPECTROMETER

8.1 INTRODUCTION

Multisphere or Bonner sphere spectrometers are widely used for determin
ing approximate neutron energy spectra and dose equivalent rates. The PNL
multisphere spectrometer system consists of a 6LiI scintillation detector
coupled to a photomultiplier, a cadmium cover for the detector, and a set of
five polyethylene spheres with holes drilled to position the detector at the
center. The signal output from the 6LiI detector is input to a portable
multichannel analyzer with built-in amplifier and power supply. A region of
interest is positioned around the neutron peak, to provide the integral count
rate. A set of seven measurements are made with different detector/moderator
configurations, including a bare and cadmium covered detector and the detector
covered with 3-, 5-, 8-, 10-, and 12-in. diameter polyethylene spheres. The
count rates from the seven different detector/moderator configurations are
used as input to a computer code that lI unfolds ll the neutron energy spectrum
and calculates dose and dose equivalent rates.

B.2 THEORY FOR UNFOLDING MULTISPHERE DATA USING THE SPUNIT CODE

One of the primary drawbacks of the multisphere spectrometer system is
the mathematical problem of unfolding the neutron energy spectrum. For the PNL
system seven count rates are used to determine the neutron energy flux in
26 energy bins in equally spaced logarithmic energy intervals from thermal
energies to 20 MeV. The basic equation for this unfolding problem is:

n
Ck = L

i=l
cp. R· k1 1

(B. 1)

is the count rate for the kth detector/moderator configuration,

is the neutron flux in the ith energy bin, and
is the response function relating the count rate from the
kth detector/moderator to flux in the ith energy bin.

Equation 8.1 is a set of seven equations known as a descretized version of the
Fredholm integral equation of the first kind. With 26 unknown neutron fluxes
and 7 known count rates, we have an underdefined problem; there is no single
mathematically correct solution, but an infinite number of mathematically
correct solutions are possible. Our problem is to determine a solution which
is physically possible: one with non-negative fluxes and no abrupt discon
tinuities in the flux. There is no single mathematically correct solution to
uniquely determine the neutron energy spectrum; all of the unfolding codes
approach the problem differently and give different solutions. For this rea
son, only approximate differential neutron flux densities can be determined by
multisphere spectrometers.
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As explained in Section 2.1, there are a number of different unfolding
codes available employing different mathematical techniques. Several codes
employ an iterative least-squares method for unfolding; a typical example is
the code LOUHI (Routti 1978). The code YOGI (Johnson and Gorbics 1981) uses
an iterative perterbation technique. Recently a more efficient method for
unfolding spectra using a microprocessor was discovered; this code is called
SPUNIT (Brackenbush and Scherpelz 1983).

The computer code SPUN IT uses a new mathematical method for solving the
Fredholm integral equation suggested in a paper by members of the USSR
Institute of Biophysics in Moscow (Doroshenko et al. 1977). They state their
algorithm is based on the principles of statistics and information theory and
gives the most probable physically correct solution. The algorithm is an
iterative technique using the basic equation:

cP i ,l+1 =
cP· 11 ,

m
" R..
L. lJ

j=1

m

L
k=l

(B.2)

¢. 1 =1 ,

1m =
where flux for energy bin i calculated during the

number of detector/moderator configurations
= the measured count rates
= the recalculated count rates, found by

lth iterati on

n

=2:
i=l

cP· 11 ,
(B.3)

n = number of energy bins.

The computer code SPUNIT uses an initial guess at the neutron flux per energy
bin then applies the algorithm of Doroshenko et at. (1977) to arrive at a more
nearly correct solution. This iterative process is repeated until the recal
culated detector counts in Equation B.3 are sufficiently close to the input
detector counts.

The SPUNIT code is very simple to program on microprocessors and runs
quickly; it is simpler to run than the least-squares or matrix inversion type
codes. Th,e solutions calculated by SPUNIT are similar to those calculated by
YOGI (Johnson and Gorbics 1981). The integral quantities calculated by
SPUNIT, e.g., total flux and dose equivalent, are close to those calculated by
other methods for unmoderated 252Cf sources and 252Cf sources moderated by
15-cm D~O. For example, SPUNIT was used to unfold the spectrum at 1 meter
from a 52Cf source moderated by 15-cm D2 0. After 1000 iterations, SPUNIT
found an average energy of 0.65 MeV and calculated a dose equivalent rate 18%
higher than than calculated from data provided by the National Bureau of
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Standa rds. However, the differenti a1 energy spectra may devi ate s ignifi cant ly
using different types of codes. A great deal of reliance should not be placed
upon the differential fluxes, because there is no exact unique solution pos
sible mathematically. There is some evidence that the intermediate energy
fluxes can vary considerably between the different codes.
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APPENDIX C

RESPONSE FUNCTIONS USED IN HESTRIP

C.1 INTRODUCTION

ft,s expla"ined in Section 3.2.3, it is necessary to correct the data from
the 3He proportional counter for wall events - interactions near the walls or
ends of the counter where the charged particles produced by neutron inter
actions strike the walls and do not deposit all of their energy in the sensi
tive volume of the proportional counter. Unless properly accounted for, these
wall events can seriously distort the measured neutron energy spectra. The
methodology for correcting for wall events is presented in Equation 3.27, where
N(Eji ) is the response function for neutron energy Ej at deposited energy

bin i. Basically, the response function is the fraction of events per energy
bin for all energy bins with energies lower than the incident neutron energy
plus 764 keV, the energy released by the 3He(n,p)T reaction. The fractions
depend upon E., the energy of the incident neutron, and the stopping power of

.J
the gas filling and the dimensions of the proportional counter.

C.2 WALL - A MONTE CARLO COMPUTOR CODE

Perhaps the simplest method to derive the response function is to calcu
late it using the Monte Carlo computer code WALL (Brackenbush, Reece and
Tanner 1983). The FORTRAN code was written for a VAX 750 computer. A simpli
fied flow chart of how the Monte Carlo code generates a response function for
a particular cylindrical 3He proportional counter tube is shown in Figure C.1.

First, the physical size and gas filling for the proportional counter is
inserted in the code. The code calculates stopping powers and particle ranges
for the fill gas using empirical formulas (Anderson and Ziegler 1977). Next,
the operator specifies the irradiation geometry (point source, beam or
isotropic flux). Using a random number generator, the code selects a point of
interaction in the tube and the direction of travel for the particles [the
proton and triton from the 3He(n,p)T reaction]. The code converts from a
center of mass coordinate system to a laboratory coordinate system to account
for forward scatter. If the range of the particles is less than the distance
to the walls of the proportional counter, the code tallies a full energy
event. If the range exceeds the distance to the wall, the code calculates the
energy deposited in the proportional counter and tallies this. The process is
repeated until a stati st i ca lly s i gnifi cant II response functi on" is generated
for a single initial neutron energy. Then the code chooses another neutron
energy in 100 keV increments, and the process is repeated until a response
function matrix is generated. A typical calculation requires 1 to 10 million
iterations and requires several hours running time on a VAX 750 computer.
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FIGURE C.1. A Simplified Flow Chart for the Monte Carlo Computer
Code WALL Used to Calculate a Response Function
Matrix for Cylindrical 3He Proportional Counters
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C.3 RESPONSE FUNCTION MATRICES

This section presents the response function matrices calculated by the
Monte Carlo computer code WALL. The present version of the code calculates a
response function matrix for 100 keV increments of the incident neutron energy
and 20 keV increments for energy deposited in the sensitive volume of the
proportional counter. Using the filling gas compositions specified in
Table C.1, the response functions were calculated for 2.54-cm (l-in.) diameter
proportional counters with an active length of 30.5 cm (12 in.). These
results are given in Tables C.2 through C.6 for the five 3He proportional
counter fillings listed in Table C.1.

The diagonal elements of these matrices correspond to the efficiency of
the tube, i.e., the fraction of the events in which all of the neutron energy
is deposited in the tube. Note that the most efficient tube listed has only a
59% efficiency for 1 MeV neutrons and 85% efficiency for slow (thermal and
intermediate energy) neutrons. The numbers to the right of the diagonal are
the fraction of the neutron interactions which deposit energy in a particular
20 keV wide energy bin. The shape of the response function changes dramatic
ally with increasing neutron energy as a greater fraction of particles strike
the wa 11 .

TABLE C.l. Gas Fillings for 1-Inch Diameter 3He Proportional
Counters Used at PNL

Gas Pressure (ps i a)
Tube Number Helium-3 Argon Total

1 4 10.7 15
2 25.4 25.4 51
3 4 26 30
4 2 29.6 32
5 2 12.7 15

87



~

~

w
~

~

r-
~

0
4-

C
0 >w
+J ~

U rC 0
~ ~

U- ~

Z
W w
~ z
c 0

~

0 ~

CL ~

~
W

W
z

~

+J
U
W
4-
4-
LU

.--

.--
~

3

0J

LJ

LU
~

CO
~
r-

ooo

o
o
~

ooro

oo
~

o
o
~

oo
~

o
o
~

o
o
M

~~~~~~~Ooo~~~~~ro~oro~Mro~~O~M~nM~~~~-mm~~oo-~~~m-mOO-NN

ruru~~~~M~~~O~OM¢Mo~~~~~~~ro¢ro~~roM~M~~ruoro¢ruoro~~¢¢M~~~ru
~~~~~~~~~~~~~~~~~~~Mru~~O~~roro~~~~~~~¢¢MMMMrurururururururu¢ro
________________________ oooooooooooooooooooooooooo~
000000000000000000000000000000000000000000000000000

666666666606060666066666666666666606666666666666666

M~~O~~~~--ro~~¢ru~o~~q~¢~~-mM¢~o~-~orunru~~~mMnoruoooooo
-ru-~MNMO~~~M~ro~-~o-nro-N~~mru~o~~~~~o~~~-om~-~~ruooooo
rorororororororo~~~~~~~~~~Mru~~O~~roro~~~~O¢¢¢MMMMMruruMM~OOOOOO--- oooooooooooooooooooooo~ooooo

000000000000000000000000000000000000000000000000000

666666666666666666006666666666666666666666666666666

~ro~M~¢ruroro~ru~~~ro~~~~~~OMO~~ru~~ro¢ro~¢~O¢M~~~OOOOOOOOOO
OM~~M~-~ru-~ooru~-~¢--~oMmru~~¢on~~ru~~MM-rum¢~oooooooooo
~~~~~~~rororo~~~~~¢MMru~~o~~ro~~~~~~n¢¢¢¢¢~¢~ooooooooooo

----------------------oooooooooooooooooo~oooooooooo
000000000000000000000000000000000000000000000000000

660066666660000606666666666666666666666666666666666

w~~om~roo~roro¢~-M~~nMO~ryn-~rorooorun~ru--nooooooooooooooo
ro~~~oro~~~O~~roru~M¢~¢roru~roru~~~~ru~ro~ru~M~ooooooooooooooo
~o~~o~~ro~~~~¢¢MMru~~oo~roro~~~~~n~n~~~~ooooooooooooooo

-ru--ru----------------ooooooooooooo-mooooooooooooooo
000000000000000000000000000000000000000000000000000

060066000000000000000000000660606000000000000000666

-O~~~N~~~~~~o-o~roNro~GMO-~m~on¢ooooooooooooooooooooo
¢-n~ru~~-ruoru~M~roru~~M-~mooro~~o~oomoooooooooooooooooooo
~-o~~ro~~~~~~q~Nry-ooo~rooooo~~~mo~ruoooooooooooooooooooo

ru~ru------~-~-----~--oooooooo---oooooooooooooooooooo
oooooooooooooooooooooooooooooo~oooooooooooooooooooo

...... - - . , . - - - - - - . , , , - - .
000000000000000000000000000000000000000000000000000

~-qm-~~~ru~~-q~qM~~~--~~~~~OOOOOOOOOOOOOOOOOOOOOOOOO
~~ru~~~~~~~M~~~-MOOMru~ro~-O~oooooooooooooooooooooooooo
~~~ro~~~~~¢¢MMruru-ooO~~~OMOOOOOOooooooooooooooooooooo

-------------~-----ooo--ru~ooooooooo00000000000000oo
ooooooooooooooooooooooooo~ooooooooooooooooooooooooo

000000060000000000000000000000060006000000000000000

MmOM~Nom~rw~ooq-~--ro~M-OOOOOOOOOOOOOOOOOOOOOOOOOOOOOO
oo~o~ru~mo-ruooOO~~~~MM~OOOOOOOOOOOOOOOOOO-OOOOOOOOOOOO

roro~~~~~~~¢Mr,~~~~~~~~rooooooooooooooooooooooooooooooo

-~--------------~--rumoooooooooooooooooooooooooooooo
00000000000000000000-000000000000000000000000000000

000000000000000000000000000000000000600000000000000

~¢~~¢~~~~~~~~~~~ooooooooooooooooooooooooooooooooooo
-n-~ru~~M~~ru~~ru~ruooooooooooooooooooooooooooooooooooo
~~~n~~q~MMq~~o-ruooooooooooooooooooooooooooooooooooo

-------------~~qOOOOOOcooooooooooooooocooooooooooooooooooooooooooor,ooooooooooooooooooooooooooooooooooo
060000000000000000000000060000060006000006000066066

rnq-Mm~~~~~ruoooooooooooooooooooooooooooooooooooooooo

~~~M~or,~~Mrooooooooooooooooooooooooooooooooooooooooo
~~~~~~~~~~~oooooooooooooooooooooooooooooooooooooooo
--------ruMooooooooooooooooooooooooooooooooooooooooo
oooooooooo~oooooooooooooooooooooooooooooooooooooooo

000000000600000000000000000000060000060000000606660

~~~~~~ooooooooooooooooooooooooooooooooooooooooooooo

~¢~¢~¢ooooooooooooooooooooooooooooooooooooooooooooo
~~~~O~OOGOOOOOOoooooooooooooooooooooooooooooooooooo

---~~~ooooooooooooooooooooooooooooooooooooooooooooo
OOOOOMooooooooooooooOOOOOOOQOOOOOOoooooooooooocoooo
000000000000000000000000000000000000000600000000000

~OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOoOOOOO
GOOOOOOOOOGOOOGOOOOOOOOOOOOOOOOOOOGOOOOQOOOOOOooooo
~OOOOOG0000000000000000000000G~000000000000oooooooo

~OCOOOGOGooooooo,~oooooccoO·~OCOCOOOOQOOOOOOcoooooooo
~oooooooooCOO,~OC)COG000000000l)~OOOOOoooooooooooooooo

>oooooooooooooooooooooooooocoooooooooooooooooooooooo
w
~

o
w
~

~

oOOOOO~~~00~,t)OOOOOOocoocooocoo~ooooooooooooooooooooo
~ru~~mo~~DTo~~~moru¢~m'~~J~~~oru~~mo'J~~moru~~~oru~~rooru¢~moru

w -----~r~r~~r~MMMMn¢~~~~~~~~~0~~~~~~~~~oomoomro~~~~~oo
o ~~

88

ro
o

~
~

z
w
>w
~

~

<
3



TABLE C.3. Wall Effect Response Function for Tube #2

NEUTRON ENERGY(KEVl

100 200 300 400 ~oo 600 700 800 9CC t n"n.

ENERGY DEPOSITEDIKEV)
0 20 o 84905 o 00514 o 00459 o 00528 o 00570 O. 00618 O. 00629 o 00617 0.00623 0.00565 0.00547

20 40 a 00000 o 00554 o 0046' o 00496 o 00561 O. 00589 O. 00650 O. 00649 O. 00635 0.00593 0.00545
40 60 o 00000 o 00589 O. 00469 o 00513 000548 O. 00606 O. 00636 O. 00656 O. 00643 O. 00601 0.00570
60 80 o 00000 o 00755 o 00483 o 00490 O. 00538 O. 00566 O. 00632 O. 00657 0.00653 O. 00623 0.00604
80 100 o 00000 o 01287 o 00499 o 00485 o 00537 O. 00601 O. 00629 O. 00657 o 00650 O. 00629 O. 00601

100 120 o 00000 O. 82639 o 00502 O. 00484 O. 00520 O. 00563 O. 00628 0.00670 O. 00668 O. 00638 0.00593
120 140 o 00000 o 00000 o 00:535 o 00459 o 00503 O. 00:5:58 000613 O. 00663 o 00670 0.00655 0.00619
140 160 o 00000 o 00000 o 00584 o 00447 o 00491 0.00554 O. 00627 0.00670 0.00697 0.00654 O. 00633
160 180 o 00000 o 00000 o 00765 o 00464 o 0049:5 o 00:548 0.00617 o 00676 O. 00677 o 00684 O. 00632
180 200 o 00000 o 00000 O. 01296 o 00453 o 00474 O. 00549 O. 00599 O. 00644 0.00690 O. 00698 0.00646
200 220 o 00000 o 00000 o 80171 o 00486 o 00492 0.00518 000589 O. 00643 0.00675 O. 00690 o 00644
220 240 o 00000 o 00000 O. 00000 o 00521 o 00480 o 00525 o 00575 O. 00646 O. 00674 O. 00700 O. 00664
240 260 o 00000 o 00000 o 00000 o 00:562 o 00462 o 00508 000:560 O. 00623 O. 00636 0.00678 0.00681
260 280 o 00000 o 00000 o 00000 a 00750 o 00464 o 00494 o 00556 O. 00596 O. 00658 0.00659 0.00684
280 300 o 00000 o 00000 o 00000 o 01238 o 00463 o 00521 o 00544 o 00611 0.00679 O. 00699 0.00682
300 320 o 00000 o 00000 o 00000 o 77778 000488 O. 00500 O. 00511 O. 00584 O. 00651 0.00693 0.00707
320 340 o 00000 o 00000 o 00000 o 00000 o 00513 o 00498 O. 00518 o 00571 O. 00647 O. 00686 o 00710
340 360 o 00000 o 00000 o 00000 o 00000 o 00556 o 00471 O. 00525 o 00546 O. 00624 0.00674 O. 00681
360 380 o 00000 o 00000 o 00000 o 00000 o 00723 o 00468 o 00497 O. 00560 o 00604 0.00643 O. 00679
380 400 o 00000 o 00000 o 00000 0-00000 o 01195 o 00472 O. 00494 o 00543 o 00596 O. 00658 0.00663
400 420 o 00000 o 00000 o 00000 o 00000 o 75131 o 00480 o 00478 O. 00538 o 00570 O. 00628 O. 00662
420 440 o 00000 o 00000 o 00000 o. 00000 o 00000 O. 00487 O. 00468 o 00522 O. 00:565 0.00628 0.00642

-:0 440 460 o 00000 o 00000 o 00000 o 00000 o 00000 o 00:519 0.00443 o 00506 o 00:5:52 O. 00607 o 006:52
-e 460 480 o 00000 o 00000 o 00000 o 00000 o 00000 o 00674 000430 o 00491 0.00548 o 00621 o 00636

480 500 o 00000 o 00000 o 00000 o 00000 o 00000 o 01206 o 00439 o 00484 000:543 o 00607 o 00624
500 520 o 00000 o 00000 o 00000 o 00000 o 00000 O. 72474 0.00471 o 00477 0.00517 O. 00581 O. 00607
520 540 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o 0049:5 o 00450 O. 00532 0.00580 o 00610
540 560 o 00000 o 00000 o 00000 o 00000 o 00000 O. 00000 000526 o 00456 0.00509 o 00540 O. 00599
S60 580 o 00000 o 00000 o 00000 o 00000 o 00000 o. 00000 0.00711 o 00438 O. 00492 000:546 o 00572
580 600 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 0.01193 O. 00462 O. 00462 o 00:5:56 O. 00:557
600 620 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 0.69682 o 00466 o 00479 o 00536 o 00549
620 640 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o. 00000 o 00469 0.00465 0.00507 O. 00574
640 660 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 O. 00000 O. 00527 0.00455 0.00489 O. 00516
660 680 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 0.00000 O. 00679 0.00444 0.00485 O. 00532
680 700 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o 01152 o 00462 0.00472 o 00520
700 720 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o. 00000 o 66728 O. 00444 0.00458 o 00510
720 740 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 O. 00000 O. 00454 0.00459 O. 00492
740 760 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 0.00520 0.00427 O. 00473
760 780 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 O. 00000 O. 00000 0.00695 O. 00436 O. 00473
780 800 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o. 00000 o. 00000 0.01142 o 00443 o 00447
800 820 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 O. 00000 o 63799 O. 00461 o 00433
820 840 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o. 00000 O. 00000 O. 00000 O. 00444 o 00441
840 860 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 000000 O. 00000 0.00000 o 00493 o 00413
860 880 o 00000 o 00000 o 00000 o 00000 o 00000 a 00000 000000 o 00000 O. 00000 O. 00658 o 00414
880 900 o 00000 o 00000 o 00000 o 00000 o 00000 o. 00000 000000 O. 00000 000000 0:01084 0.00410
900 920 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 O. 00000 O. 00000 000000 o 61035 0.00416
920 940 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o. 00000 O. 00000 0.00000 o 00000 O. 00440
940 960 o 00000 o 00000 a 00000 o 00000 o 00000 o 00000 O. 00000 o 00000 O. 00000 o 00000 O. 00464
960 980 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 000000 O. 00000 0.00000 0.00000 O. 00588
980 1000 o 00000 o 00000 o 00000 O. 00000 o 00000 o 00000 000000 o 00000 O. 00000 0.00000 O. 01028

1000 1020 o 00000 a 00000 o 00000 o 00000 o 00000 o 00000 o 00000 O. 00000 0.00000 0.00000 O. 59123

TOTAL WALL EVENTS o 1510 o 1736 o 1983 o 2222 o 2487 o 2753 o 3032 o 3327 O. 3620 O. 3896 04088



TABLE C.4. Wall Effect Response Function for Tube #3

NEUTRON ENERGY(KEV)

100 200 300 400 500 600 700 800 900 1000
ENERGY DEPDSITEO(KEV)

0 20 o 71620 o 00992 o 00889 o 00959 o 01043 0.01123 o 01180 o 01184 0.01134 O. 01057 o. 01010
20 40 o 00000 o 00992 O. 00847 o 00970 o 01048 O. 01131 0.01216 0.01191 0.01132 O. 01091 0.01018
40 60 o 00000 o 01087 o 00859 o 00950 o 01014 o 01087 o 01190 001227 o 01161 o 01134 001022
60 80 o 00000 o 01375 o 00902 o 00911 o 00978 o 01084 0.01179 0.01191 0.01210 0.01139 O. 01044
80 100 o 00000 o 02355 o 00868 o 00857 o 00989 O. 01083 o. 01165 o 01214 o. 01202 o 01152 0.01063

100 120 o 00000 o 67408 o 00925 o 00860 o 00968 o 01076 0.01134 o. 01232 0.01199 0.01175 0.01077
1;:0 140 o 00000 o 00000 o 00962 o 00842 o 00934 o 01057 o 01134 o. 01209 0.01218 0.01166 0.01120
140 160 o 00000 o 00000 o 01029 o 00845 o 00902 o 01027 o. 01140 0.01193 0.01216 0.01189 0.01139
160 180 o 00000 o 00000 o 01382 o 00849 o 00879 o 00984 o 01097 o 01202 0.01265 0.01212 0.01111
180 200 o 00000 o 00000 o 02324 O. 00844 0.00878 o 00983 o. 01074 0.01175 0.01226 0.01202 0.01146
200 220 o 00000 o 00000 o 63108 o 00897 o 00867 o 00938 o. 01055 o 01160 0.01199 0.01240 001156
220 240 o 00000 o 00000 O. 00000 o 00933 o 00836 o. 00948 o. 01007 0.01114 o. 01207 0.01249 0.01148
240 260 o 00000 o 00000 o 00000 o 01012 o 00822 o 00893 o 01008 o 01113 0.01195 O. 01268 o 01188
260 280 o 00000 o 00000 o 00000 o 01338 o 00830 o 00883 o. 01000 0.01111 O. 01201 O. 01220 0.01187
280 300 o 00000 o 00000 o 00000 o. 02244 o 00824 o 00855 o 00947 o 01075 0.01132 o 01225 0.01197
300 320 o 00000 o 00000 o 00000 O. 58668 o 00821 O. 00825 O. 00928 0.01032 0.01151 0.01194 0.01168
320 340 o 00000 o 00000 o 00000 o 00000 o 00876 o 00818 o 00932 o 01017 0.01105 0.01175 o 01204
340 360 o 00000 o 00000 o 00000 o. 00000 o 00978 o 00808 o 00892 O. 00991 0.01110 0.01138 0.01184
360 380 o 00000 o 00000 o 00000 o 00000 o 01262 o 00811 o 00875 O. 00975 o 01082 o 01157 0.01153
380 400 o 00000 a 00000 o 00000 o 00000 o 02165 o 00786 o. 00855 o. 00921 0.01014 0.01117 0.01126
400 420 o 00000 o 00000 o 00000 o 00000 o 54105 o 00823 o 00811 o 00925 0.00996 o 01083 0.01136
420 440 o 00000 o 00000 o 00000 o 00000 o 00000 0.00877 o 00814 o. 00883 O. 00972 0.01071 0.01145

1.0 440 460 o 00000 o 00000 o 00000 o 00000 o 00000 o 00939 o 00770 o 00879 0.00951 o. 01027 0.01118
0 460 480 o 00000 o 00000 o 00000 o 00000 o 00000 o. 01243 000775 o. 00835 0.00938 o 01007 0.01033

480 500 o 00000 o 00000 o 00000 o 00000 o 00000 o 02079 o. 00792 o 00825 0.00926 o. 01001 0.01053
500 520 o 00000 o 00000 o 00000 o 00000 o 00000 O. 49437 o. 00790 o 00820 o. 00890 0.00954 0.01042
520 540 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o 00829 o 00779 o 00865 o 00927 0.01023
540 560 o 00000 o 00000 000000 o 00000 o 00000 O. 00000 o 00914 O. 00783 0.00839 0.00937 O. 00987
560 580 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 0.01171 o 00725 0.00818 0.00914 o 00977
580 600 o 00000 o 00000 O. 00000 o 00000 o 00000 o. 00000 o 01952 o. 00766 o. 00779 O. 00885 O. 00937
600 620 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 O. 44824 o 00733 O. 00786 o 00852 O. 00926
620 640 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o 00794 0.00738 0.00819 o. 00901
640 660 () 00000 o 00000 o 00000 o 00000 o 00000 o 00000 O. 00000 o 00848 0.00726 0.00805 o 00855
660 680 a 00000 o 00000 o 00000 o 00000 o 00000 0.00000 O. 00000 o 01099 0.00702 O. 00771 O. 00823
680 700 o 00000 a 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o 01896 o. 00708 O. 00767 o 00811
700 720 o 00000 o 00000 o 00000 o 00000 o 00000 0.00000 o 00000 O. 39984 O. 00723 o. 00728 o. 00798
720 740 a 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 O. 00769 0.00712 O. 00755
740 760 a 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 0.00000 o. 00789 o 00702 0.00714
760 780 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 0.00000 O. 01051 o 00671 O. 00697
780 800 o 00000 o 00000 o 00000 o 00000 o 00000 o. 00000 O. 00000 o 00000 O. 01808 O. 00676 0.00690
800 820 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o 35540 o 00680 000658
820 840 a 00000 o 00000 o 00000 o. 00000 o 00000 o 00000 o. 00000 O. 00000 o. 00000 0.00685 0.00621
840 860 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 O. 00000 o 00000 O. 00000 0.00777 000610
860 880 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 0.00000 o. 00000 0.00975 O. 00590
880 900 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 O. 00000 o. 01650 o. 00578
900 920 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o. 00000 O. 00000 0.31586 O. 00580
920 940 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 0.00000 o. 00000 o. 00000 o. 00628
940 960 o 00000 o 00000 000000 o 00000 o 00000 o 00000 o. 00000 o. 00000 o. 00000 o 00000 O. 00651
960 980 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 O. 00000 O. 00000 o 00000 o 00811
980 1000 o 00000 o 00000 o 00000 O. 00000 o 00000 0.00000 o. 00000 0.00000 O. 00000 o. 00000 0.01408

1000 1020 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 0.00000 o 00000 O. 00000 o 29695

TOTAL WALL EVENTS o 2838 o 3259 o 3689 O. 4133 o 4590 o 5056 o 5518 O. 6002 o 6446 O. 6841 O. 7030



TABLE C.5. Wall Effect Response Function for Tube #4

NEUTRON ENERGY(KEV)

100 200 300 400 500 600 700 800 900 1000
ENERGY D£POSiTED(~EV}

0 20 o 71752 o 00977 o 00894 o 00958 o 01038 o 01119 0.01165 0.01180 o 01128 O. 01054 O. 01007
20 40 o 00000 o 00988 o 00843 o 00960 0.01042 0.01120 0.01208 0.01193 0.01124 O. 01077 0.01019
40 60 o 00000 o 01081 o 00856 o 00959 o 01018 o. 01093 0.01189 o. 01209 0.01161 0.01134 0.01017
60 80 o 00000 o 01383 o 00891 O. 00891 o 00963 O. 01073 0.01172 O. 01200 0.01191 0.01134 0.01036
80 100 o 00000 o 02331 o 00871 o 00869 o 00983 o 01073 0.01156 0.01199 001215 0.011:)2 0.01060

100 120 o 00000 o 67576 o 00928 O. 00843 o 00960 o 01071 001124 0.01221 001183 0.01173 0.01080
120 140 o 00000 o 00000 o 00950 o 00849 o 00934 o 01059 o 01140 o 01215 o 01215 0.011:)2 o 01092
140 160 o 00000 o 00000 o 01023 o 00833 o 00900 o 01018 0.01123 o 01196 0.01218 0.01183 0.01141
160 180 o 00000 o 00000 o 01370 o 00841 o 00879 o 00995 o 01098 o 01187 O. 01264 0.01203 001118
180 200 a 00000 a 00000 a 02317 o 00847 o 00876 0.00962 0.01070 0.01174 0.01226 0.01195 O. 01129
200 220 o 00000 a 00000 a 63292 o 00886 o 00855 o 00937 o 01053 o 01155 0.01188 O. 01249 0.01151
220 240 o 00000 o 00000 o 00000 o 00928 o 00837 000945 001007 o 01103 0.01199 O. 01237 0.01140
240 260 o 00000 o 00000 a 00000 o 01006 o 00813 o 00883 O. 00997 o 01107 0.01186 001262 0.01193
260 280 o 00000 o 00000 o 00000 o 01341 o 00832 o 00886 O. 00992 0.01114 0.01196 O. 01212 0.01180
280 300 a 00000 a 00000 a 00000 o 02229 o 00823 o 00856 o 00948 O. 01054 0.01138 o 01225 0.01196
300 320 o 00000 a 00000 a 00000 o 58862 o 00816 o 00817 o 00924 O. 01038 o 01134 o 01178 o 01164
320 340 o 00000 a 00000 a 00000 o 00000 o 00885 o 00817 o 00925 o 01011 0.01108 0.01184 o 01178
340 360 o 00000 a 00000 a 00000 o 00000 o 00956 o 00807 O. 00893 O. 00992 o 01103 0.01136 o 01205
360 380 a 00000 a 00000 a 00000 o 00000 o 01255 o 00792 o 00867 o 00968 o 01079 o 01145 o 01148
380 400 a 00000 a 00000 a 00000 o 00000 o 02159 o 00788 o 00842 a 00923 o 01012 0.01111 o 01125
400 420 a 00000 o 00000 a 00000 a 00000 a 54324 o 00824 o 00833 a 00914 o 00986 O. 01091 001135
420 440 o 00000 a 00000 a 00000 a 00000 o 00000 a 00867 o. 00799 O. 00877 0.00980 0.01063 0.01114

\.0 440 460 o 00000 a 00000 a 00000 o 00000 o 00000 o 00933 o 00773 a 00879 000948 0.01025 o 01124
...... 460 480 a 00000 a 00000 a 00000 o 00000 o 00000 o 01241 o 00758 O. 00845 0.00928 0.01015 O. 01029

480 500 o 00000 a 00000 a 00000 o 00000 o 00000 o 02081 o 00787 o 00811 o 00924 o 00980 o 01058
500 520 o 00000 a 00000 o 00000 o 00000 o 00000 o 49666 o 00792 0.00814 O. 00884 0.00970 O. 01049
520 540 o 00000 a 00000 a 00000 o 00000 o 00000 o 00000 o 00827 O. 00790 o 00867 0.00917 0.01014
540 560 o 00000 a 00000 a 00000 o 00000 o 00000 O. 00000 O. 00922 O. 00765 O. 00834 0.00935 O. 00976
560 580 o 00000 o 00000 a 00000 o 00000 o 00000 o 00000 o 01169 o 00738 o 00810 0.00885 o 00979
580 600 o 00000 o 00000 o 00000 o 00000 o 00000 0.00000 o 01956 O. 00747 0.00791 O. 00886 O. 00927
600 620 o 00000 o 00000 a 00000 o 00000 o 00000 o 00000 o 45061 o 00744 o 00764 0.00855 o 00938
620 640 a 00000 a 00000 a 00000 o 00000 o 00000 a 00000 O. 00000 a 00776 o. 00756 0.00811 O. 00876
640 660 o 00000 a 00000 a 00000 o 00000 a 00000 a 00000 o 00000 O. 00856 000714 o 00811 0.00862
660 680 o 00000 o 00000 o 00000 a 00000 a 00000 o 00000 a 00000 o 01099 o 00706 O. 00763 O. 00826
680 700 o 00000 a 00000 a 00000 o 00000 o 00000 o 00000 o. 00000 a 01895 O. 00710 O. 00757 0.00813
700 720 o (JOOOO a 00000 o 00000 o 00000 o 00000 O. 00000 O. 00000 a 40234 o 00717 0.00743 O. 00799
720 740 o 00000 a 00000 a 00000 o 00000 o 00000 o 00000 o 00000 a 00000 o 00754 0.00706 O. 00751
740 760 o 00000 a 00000 a 00000 a 00000 o 00000 o 00000 000000 o 00000 0.00805 0.00695 0.00718
760 780 o 00000 o 00000 a 00000 a 00000 o 00000 o 00000 000000 o 00000 0.01054 a 00675 o 00705
780 800 o 00000 a 00000 a 00000 o 00000 o 00000 0.00000 0.00000 o 00000 0.01789 0.00674 O. 00675
800 820 a 00000 o 00000 a 00000 o 00000 o 00000 o 00000 0.00000 o 00000 O. 35810 O. 00675 O. 00660
820 840 a 00000 a 00000 o 00000 o 00000 o 00000 0.00000 0.00000 o 00000 0.00000 O. 00693 0.00626
840 860 o 00000 o 00000 o 00000 o. 00000 o 00000 o 00000 0.00000 o 00000 000000 a 00765 0.00601
860 880 o 00000 o 00000 o 00000 o 00000 o 00000 0.00000 o 00000 O. 00000 0.00000 O. 00994 O. 00599
880 900 o 00000 o 00000 a 00000 o 00000 o 00000 0.00000 0.00000 o 00000 o 00000 O. 01646 o 00574
900 920 a 00000 o 00000 000000 o. 00000 o 00000 0.00000 o 00000 O. 00000 0.00000 O. 31850 '0. 00582
920 940 a 00000 a 00000 a 00000 o 00000 o 00000 o 00000 o 00000 o 00000 O. 00000 O. 00000 o 00623
940 960 o 00000 000000 a 00000 o 00000 o 00000 0.00000 O. 00000 O. 00000 O. 00000 O. 00000 O. 00657
960 980 o 00000 a 00000 a 00000 o 00000 a 00000 O. 00000 O. 00000 a 00000 a 00000 a 00000 O. 00819
980 1000 o 00000 a 00000 a 00000 O. 00000 o 00000 0.00000 O. 00000 O. 00000 0.00000 O. 00000 0.01395

1000 1020 o 00000 o 00000 a 00000 o 00000 a 00000 0.00000 O. 00000 o 00000 O. 00000 o 00000 o 29953

TOTAL WALL EVENTS o 2825 a 3242 a 3671 o 4114 O. 4568 o 5033 o 5494 o 5977 0.6419 a 6815 O. 7005



TABLE C.6. Wall Effect Response Functi on for Tube #5

NEUTRON ENERGY(~EV)

100 200 300 400 500 600 700 800 900 1000
ENERGY DEPOSITED(~EV)

0 20 o 4S~:27 o 01706 o 01586 o 01697 o 01811 o 01990 o 02119 0.01989 0.01902 001794 0.01628
20 40 o 00000 o 01750 o 01530 o 01645 o 01791 o 01950 o 02103 o 02013 001922 o 01805 O. 01605
40 60 o 00000 o 01890 o 01546 o 01589 o 01754 o 01924 o 02067 o 01996 0.01921 0.01817 O. 01650
60 SO o 00000 o 02433 o 01519 o 01574 o 01710 001875 0.01954 0.01992 0.01953 0.01847 o 01676
SO 100 o 00000 o 04052 o 01509 o 01496 o 01669 o 01809 0.01918 o 01986 001931 0.01830 O. 01669

100 l~"lO o 00000 o 38227 o 01546 o 01471 o 01624 o 01727 o 01871 o 01968 001945 O. 01839 0.01636
120 140 o OOO(lO o 00000 o 01631 o 01475 o 01558 o 01688 o 01802 o 01943 o 01928 o 01842 o 01647
140 160 o 00000 o 00000 o 01766 o 01416 o 01498 o 01587 o 01708 o 01855 0.01862 o 01783 0.01618
1bO ISO o 00000 o 00000 o 02228 o 01363 o 01447 o 01557 o 01636 o 01772 O. 01843 0.01773 o 01652
ISO 200 o 00000 o 00000 o 03731 o 01396 o 01412 o 01495 o 01561 o 01686 0.01813 0.01754 0.01648
~'OO 220 a 00000 a 00000 a 31285 a 01414 o 01355 o 01443 o 01545 o 01689 o 01777 0.01738 0.01592
220 240 o 00000 a 00000 a 00000 o 01468 o 01264 o 01363 o 01472 0.01599 o 01680 0.01754 0.01618
240 ~'60 a 00000 o 00000 o 00000 a 01581 a 01249 o 01341 001436 o 01517 001629 O. 01695 0.01598
260 280 a 00000 a 00000 o 00000 o 02022 a 01258 o 01275 o 01353 o 01415 o 01577 O. 01654 0.01561
280 300 C' 00000 a 00000 a 00000 a 03157 o 01188 a 01211 o 01283 a 01357 O. 01498 a 01619 0.01530
300 320 a 00000 a 00000 o 00000 o 24807 o 01187 o 01157 o 01226 O. 01346 0.01468 O. 01488 0.01536
3;;!O 340 o OOO()O a 00000 o 00000 a 00000 o 01210 o 01078 o 01163 o 01267 0.01349 O. 01459 o 01503
340 360 (, 00000 a 00000 o 00000 a 00000 o 01301 0.01067 0.01113 o 01211 O. 01322 0.01413 O. 01459
360 380 a 00000 o 00000 o 00000 o 00000 a 01624 o 01009 o 01048 o 01132 001219 O. 01325 o 01398
380 400 o 00000 o 00000 a 00000 o 00000 o 02645 o 00991 O. 00999 o 01105 o 01187 o 01255 0.01341
400 420 o 00000 o 00000 a 00000 o 00000 a 19344 o 01001 O. 00989 o 01035 0.01095 O. 01208 0.01273
420 440 o 00000 o 00000 a 00000 o 00000 a 00000 o 01004 O. 00909 o 00966 O. 01051 0.01113 0.01200

\.0 440 460 a ()OOOO o 00000 o 00000 o 00000 o 00000 o 01055 0.00852 o 00891 O. 00982 O. 01058 o 01117
N 460 480 a 00000 a 00000 a 00000 o 00000 o 00000 0.01294 0.00819 o 00847 000954 O. 00994 O. 01067

480 ~oo o 00000 o 00000 o 00000 o 00000 o 00000 o 02088 o 00791 o 00788 O. 00860 o 00964 O. 00990
500 ~20 o 00000 a 00000 o 00000 o 00000 o 00000 o 15006 o 00793 o 00773 o 00818 o 00908 o 00957
520 540 o QOOOO o 00000 o 00000 o 00000 o 00000 o 00000 o 00780 o 00708 o 00740 000851 O. 00905
540 560 a 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o 00832 000691 000718 o 00761 0.00829
560 5S0 o 00000 a 00000 o 00000 o 00000 a 00000 o 00000 o 01007 o 00634 0.00665 000706 O. 00772
580 600 o 00000 a 00000 a 00000 a 00000 o 00000 o 00000 001623 o 00607 0.00629 0.00671 0.00725
600 620 o 00000 a 00000 a 00000 o 00000 a 00000 a 00000 o 11641 o 00594 000586 0.00619 O. 00647
620 640 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o 00601 0.00548 0.00571 o 00622
640 660 a 00000 o 00000 o 00000 o 00000 o 00000 a 00000 o 00000 o 00623 o 00494 o 00532 O. 00551
660 680 o 00000 o 00000 o 00000 o 00000 o 00000 a 00000 o 00000 o 00771 0.00486 0.00479 0.00500
680 700 a 00000 a 00000 a 00000 a 00000 o 00000 a 00000 a 00000 o 01171 o 00444 o 00432 o 00479
700 720 o 00000 o 00000 o 00000 o 00000 a 00000 a 00000 o 00000 009041 000443 o 00395 0.00437
720 740 o (JOOOO o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 O. 00436 o 00370 O. 00414
740 760 a 00000 o 00000 o 00000 o 00000 o 00000 o 00000 000000 o. 00000 0.00448 O. 00359 O. 00387
760 780 o 00000 a 00000 o 00000 o 00000 o 00000 o 00000 o 00000 O. 00000 o 00516 o 00329 O. 00361
780 BOO o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o. 00000 o 00000 O. 00762 o 00314 O. 00330
800 C'l20 o 00000 o 00000 o 00000 o 00000 o 00000 0.00000 o 00000 o 00000 007255 o 00304 o 00314
820 840 o 00000 o 00000 o 00000 o 00000 o 00000 0.00000 o 00000 O. 00000 0.00000 0.00294 O. 00292
840 B60 a 00000 o 00000 o 00000 o 00000 o 00000 000000 o 00000 o 00000 o 00000 O. 00320 o 00269
860 B80 o 00000 o 00000 o 00000 o 00000 o 00000 a 00000 O. 00000 0.00000 O. 00000 000381 0.00266
B80 900 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 O. 00000 O. 0058:;! 0.00251
900 920 o 00000 o 00000 o 00000 o 00000 o 00000 O. 00000 o 00000 o 00000 0.00000 O. 06691 0.00247
920 940 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 000000 o. 00000 000000 O. 00000 O. 00241
940 960 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o. 00000 o 00000 O. 00000 o. 00000 O. 00250
960 980 o 00000 o 00000 o 00000 o 00000 000000 000000 o 00000 o. 00000 o. 00000 O. 00000 O. 00305
980 1000 o 00000 o 00000 o 00000 a 00000 o 00000 0.00000 000000 o 00000 O. 00900 O. 00000 O. 00506

1000 1020 o 00000 o 00000 o 00000 o 00000 o 00000 o 00000 o. 00000 o. 00000 O. 00000 O. 00000 o 07976

TOTAL WALL EVENTS o 5477 o 6177 o 6872 o 7519 o 8066 o 8499 o 8836 o 9096 o 9275 O. 9331 09202



APPENDIX D

HESTRIP, A COMPUTER CODE FOR UNFOLDING SPECTRA
FROM 3He PROPORTIONAL COUNTER DATA

D.1 INTRODUCTION

The code HESTRIP was written in FORTRAN for the Digital Equipment Corpora
tion VAX··750 computer; as such it contains library files and graphing routines
which may not be available on other computers. However, the code should be
easy to modify, and the library files for the response function matrices for
correcting for wall effects are presented in Appendix C. Linear interpolation
of the values can provide a finer energy interval if desired. A number of
comment statE~ments are included to aid debugging.

0.2 SAMPLE INPUT

HESTRIP is designed to be an interactive code; the code asks questions on
a video terminal (unit 6 in the code) and the user replies (unit 5 in the
code). The "input is almost self-explanatory, but a sample case is provided.
The sample case, shown in Tables 0.1 and 0.2, is for a 3He proportional
counter exposed to a 144 keY neutron beam at the National Bureau of Standards.
Table 0.1 lists the interactive computer session; Table 0.2 lists the data
file for the counts per channel from the multichannel analyzer. This case is
easier to analyze than the complex reactor spectra. There are two input data
items which need to be calculated beforehand. The slow neutron fluence is
calculated using Equation 3.9 in Section 3.2.1, and the intermediate neutron
fluence is calculated using Equation 3.24 in Section 3.2.2. To obtain esti
mates of the thermal and intermediate neutron fluences, it is necessary to
make additional measurements with a bare 3He proportional counter and with the
counter covered with a cadmium shield as explained in Section 3.2.

0.3 SAMPLE OUTPUT

Table 0.3 gives a sample of the printed output from the computer code
HESTRIP. COlumn 1 gives the energy bin number; column 2 gives the average
energy of the 20 keY wide energy bins. Column 3 gives the raw data, the
number of counts in each energy bin. Note that the code rebins the data into
20 keY wide E~nergy bins based upon the energy calibration provided by the slow
neutron peak at 764 keY. Column 4 gives the number of counts per bin which
have been corrected for wall effects according to Equation 3.27 in Sec-
tion 3.2.3. Column 5 gives the neutron fluence (neutrons/cm 2 per 20 keY
energy bin), which is found by applying Equation 3.28. Column 6 gives a one
standard deviation uncertainty based upon counting statistics, including the
effects introduced by subtracting out wall events from higher energy bins.
However, no attempt is made to estimate the uncertainty introduced by the
calculated response function. The last three columns are calculated from the
neutron fluence using the American National Standard neutron conversion
factors (ANSI/ANS-G.1.1, 1977). The fractional dose equivalent per 20 keY
energy bin is given in Column 7, the quality factor for each neutron energy is
given in Column 8, and the cumulative dose equivalent is given in Column 9.
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TABLE 0.1. Sample Input for Computer Code HESTRIP

Computer: ENTER NAME OF INPUT DATA FILE FOR THIS PUN

User: NBS144.DAT
[This is the name assigned to the data file from the multichannel
analyzer.]

Computer: RFLIB1.DAT = LIBRARY FOR TUBE #1 (4 PSI HE3, 10.7 PSI ARGON)
RFLIB2.DAT = LIBRARY FOR TUBE #2 (2 ATM HE3, 2 ATM ARGON)
RFLIB3.DAT = LIBRARY FOR TUBE #3 (4 PSI HE3, 26 PSI ARGON)
RFLIB4.DAT = LIBRARY FOR TUBE #4 (2 PSI HE3, 29.6 PSI ARGON)
RFLIB5.DAT = LIBRARY FOR TUBE #5 (2 PSI HE3, 12.7 PSI ARGON)
ENTER NAME OR RESPONSE FUNCTION LIBRARY FILE

User: RFLIB3.DAT

Computer: ENTER THE NUMBER OF CHANNELS IN THE INPUT SPECTRUM
1024 for thermal peak in channel 382
2048 for thermal peak in channel 764

User: 1024.

Computer: ENTER THE SLOW NEUTRON FLUENCE

User: O.

Computer: ENTER THE INTERMEDIATE (1 eV-10 keV) NEUTRON FLUENCE

User: O.

Computer: Work! Work! Work!
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TABLE D.2. Listing of Counts per Channel From a tvlultichannel Analyzer
for a 3He Proportional Counter Exposed to the 144 keV
Fi 1tered Neutron Beam at the National Bureau of Standards
(Data File NBS144.DAT in Table 0.1)

TUBE I\L667:C' EXPD:oHj "]"1_ I ,4,1 f'te') NEUl c) ~~ T [,18':, l ;;'l 5/8:j
JJ:'1484 u '.'! !)

e- o (J I~I '., !) (J

0 U (-) oJ (: ,) () I,

0 0 CJ Cl U ('I 40.3:3 ;: 1 "/ 'i 1
208407 315065 3966/7 46]465 48072/ 45~)t-.d2 418689 :39061 :3
368233 33959(1 315229 ~:'~'~421 9 271193 25~2J5 2]4392 2131~IJ

202731 188072 174049 j 6~~92 5 150423 1 ]9:,010 1~)q690 1~'07 70
112271 104295 96841 90779 83870 7811 ~J 73 1 4;-~ 63::n'i
63828 60428 56376 =<3497 50328 4923~' 47773 47',1::<
47321 47079 45796 :f4]6~) 421'3:3 41087 39828 38~)'rJ

37364 36383 34634 J4186 33117 :J~?429 31472 :J 1069
30126 29580 28981 28741 28435 ';~8020 27295 ';}7077
26947 26358 2578b ~?58;;?O 25511 25547 24934 25184
24942 24495 24309 24]9~? 24192 ;)4255 23821 24114
23608 23514 23521 ~~386~) 23479 ;'3738 23608 2::::~:J37

23235 23681 23581 23701 23640 ;l3311 23263 2J~56

23666 23588 23534 23617 23353 23551 23360 23697
23721 23601 24032 23640 23888 23895 23850 2419(3
23922 23927 24129 ';)4520 24102 ;)3968 ;::'4161 24489
24129 24466 24732 24724 24252 24884 24637 24823
25072 25204 249'+6 24957 25083 25224 25261 24894
25397 25635 25183 25293 25244 253'18 25549 25229
25152 25479 25006 25298 25059 24926 24974 25305
24765 25136 24779 24976 24692 24938 24488 24689
24494 24347 24078 24641 24166 24420 24306 24488
24417 24198 24003 ~l4055 23831 24132 23566 2:J97B
24110 23739 23628 23606 23720 23648 23404 23387
23215 23267 23083 23542 23354 22932 22775 2326'1
22736 23131 22791 23054 22397 22607 22692 23050
22825 22692 22590 22694 22683 23036 22759 22894
23079 22761 22730 22775 22569 22703 22963 22964
22570 22836 22676 22827 22678 22836 22613 22957
23013 23225 23226 23865 24003 24193 24645 25;'-'45
25998 26049 26897 27216 27106 27580 27585 27724
27848 27592 27597 ';.'7717 27553 27432 27573 27553
27653 27578 27459 27740 27521 27632 27383 27497
27563 27077 27805 27635 27130 27724 27420 27676
27622 27913 27742 27453 27316 27496 27968 27983
28300 28211 28124 ;'-'8297 27918 28186 28455 28623
28623 29033 29010 29310 29203 29653 29537 2'1862
29946 30777 30564 30744 30925 30804 30884 31175
31587 31970 32064 32236 32404 33148 33560 34548
35446 37291 39062 42041 46144 51905 59149 69293
82299 98456 118588 142973 170901 205116 243858 292803

347455 407060 473331 542248 600662 652626 677995 680665
643728 578826 486890 391702 295735 216773 154453 109711

79276 58670 44619 36295 31012 27919 26626 26450
26736 27955 29179 31041 32680 34207 35553 36864
36658 35894 33668 31159 27973 25490 22451 20716
19894 19259 18690 19140 19162 20147 20856 22066
23297 25621 27607 31390 34816 39624 44754 52074
60462 70452 80289 93599 107573 124006 141460 163477

187384 213975 242367 277302 307288 345067 379269 414040
442685 466612 479498 489408 480378 467433 441603 409933
368750 322075 270827 ;:-,20379 172118 129291 92516 64033

42198 27438 17258 11081 7148 4979 3680 2964
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TABLE D.2. (continued)

2666 2383 2283 2144 2107 2140 1987 198~?

1978 1931 1920 1903 1852 1918 1866 1861
1769 1784 1792 1653 1699 1596 1536 1423
1413 1350 1274 1121 1051 938 914 798

681 569 509 423 309 271 230 167
147 124 96 77 81 72 75 75

59 72 58 ~)9 72 4,1 50 ~)1

56 46 S4 42 36 ~1 58 III
47 32 5~' 43 43 ~J ~) 30 5:~

43 46 51 :39 41 :~j ~:j 49 40
43 4S 43 48 37 4', 41 :J/l

33 44 40 47 46 -::)9 47 J~j

35 37 45 38 29 3~) 34 37
43 :36 29 36 36 ',;!.} 32 :14
28 40 35 3'·' 3~ 3::> 29 3;!;-

35 31 22 34 27 =~2 35 1lJ
30 20 33 27 20 :30 25 17
31 26 26 33 34 30 35 ~?h

37 38 25 33 26 18 21 24
29 33 29 34 25 3~1 15 ';!}

22 28 13 28 24 29 26 ~~4

27 39 23 19 :33 ~!;} 27 2{l

30 29 18 :]5 25 ;;"5 23 1'7

26 27 24 34 ~:8 2:-j 34 10
23 23 22 29 37 31 28 19
22 24 25 36 24 31 26 21
18 26 25 ,,~ 24 18 23 ~? 1c.J

20 21 31 16 15 ;;>7 20 21
",.., 21 28 31 19 27 26 17c.c.

28 25 24 16 18 26 27 2;?
24 25 18 17 16 16 13 20
28 28 15 25 26 31 25 30
22 20 26 25 24 3~j 31 20
21 21 26 16 21 24 26 34
26 20 32 19 25 ""0· 23 ;:24c.J

31 24 17 24 36 39 30 28
28 21 29 23 32 2;;' 20 25
15 24 20 23 18 14 20 17
11 23 17 21 14 ;;"0 12 10
10 21 14 10 18 21 16 20
20 20 25 17 15 1-' 12 tnc.

14 21 23 18 14 12 16 H3
20 26 15 25 24 15 23 1{,

21 17 28 26 14 27 27 2;2

19 25 20 19 22 21 26 18
16 22 15 20 22 11 13 10

5 17 9 9 7 7 6 2
6 10 5 4 8 8 9 11
4 16 9 8 6 6 7 6

9 10 5 4 8 3 8 7
7 10 8 6 14 9 8 16
9 8 7 8 10 10 13 6
7 11 6 9 12 c 5 3.,
7 7 6 10 8 B 10 8
4 7 6 5 2 5 1 :1
3 3 3 8 6 3 2 :3
2 8 2 3 10 2 0 0
5 3 2 6 3 8 5 0

1 1 2 0 2 5 3 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
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TABLE 0.1. Sample Output From the Computer Code HESTRIP Used to Analy7e Data
From a 3He Proportional Counter Exposed to 144 keY Neutron Beam
at the National Bureau of Standards

ENERGY AVERAGE UNCORRECTED CORRECTED ABSOLUTE COUNTING DOSE QUALITY RUNNING SUM OF
BIN ENERGY COUNTS COUNTS FlUENCE UNCERTAINTY EQUIVALENT FACTOR DOSE EQUIV

;\Ev N/CM2 N/CM2 (MREMI (MREM)

10 o Ib17BE+O:5 o OOOOOE+OO o. OOOOOE+OO o 49717E+02 O. OOOOOE+OO o 20000E+Ol o. OOOOOE+OO
2 30 o 19647E+06 o 93292E+0:5 0.21252E+08 o. 42839E+03 O. 49913E+02 o 3:5400E+Ol O. 49913E+02
3 50 o 31847E+06 o 26949E+06 o 83655E+08 o 74045E+03 O. 29331E+03 o 49400E+Ol o. 34322E+03
4 70 0.20963E+06 o 10353E+06 o 40517E+08 o 46225E+03 O. IB497E+03 O. 60900E+Ol O. 52819E+03
5 90 O. 25663E+06 o 13494E+06 o 57746E+08 o 53366E+03 o 32106E+03 O. 70100E+Ol O. B4925E+03
6 110 o B5830E+06 o 96973E+06 o 47236E+09 o 14579E+04 O. 310BIE+04 o 76200E+Ol O. 39573E+04
7 130 o 28700E+07 o 40565E+07 o 22651E+I0 o 30250E+04 o 17323E+05 o B0600E+Ol o 212BOE+05
B 150 o 40460E+07 o 61041E+07 o 39927E+I0 o 37609E+04 o 34735E+05 o. 85000E+Ol o 56015E+05
9 170 o 93B77E+06 o 1444BE+07 o 95872E+09 o IB541E+04 o 93353E+04 o 89400E+Ol o 65350E+05

10 190 o 32900E+05 o 49336E+05 o 33220E+08 o 34715E+03 O. 35755E+03 O. 93BOOE+Ol 0.6570BE+05
11 210 o 18336E+05 o 27489E+05 o IBB56E+08 o 26263E+03 o 22209E+03 o 97200E+Ol O. 65930E+05
12 230 o 15864E+05 o 24578E+05 o 17515E+08 O. 25191E+03 o. 22390E+03 o 98900E+Ol o 66154E+05
13 250 o 97062E+04 o 15411E+05 o 11427E+08 o 20238E+03 o 15746E+03 O. 10060E+02 o 66311E+05
14 270 o 25470E+04 o 39272E+04 o 30349E+07 o 10365E+03 o 44821E+02 o 10230E+02 O. 66356E+05
15 290 o 66005E+03 o 84130E+03 o 67878E+06 o 48649E+02 o 10691E+02 o 10400E+02 o 66367E+05
16 310 o 47104E+03 o 54530E+03 o 45813E+06 o 39741E+02 o 76620E+Ol o 10540E+02 O. 66375E+05
17 330 o 42904E+03 o 49286E+03 o 42181E+06 o 38376E+02 O. 74630E+Ol o 10610E+02 o 66382E+05
18 350 o 41613E+03 o 48995E+03 o 42730E+06 o 38879E+02 o 79716E+Ol o 10680E+02 o 66390E+05
19 370 o 39405E+03 o 47006E+03 o 41792E+06 o 38705E+02 o 81966E+Ol o 10750E+02 o 66398E+05

~ 20 390 o 37699E+03 o 46058E+03 o 41760E+06 o 38951E+02 o 8:5879E+Ol o 10820E+02 o 66407E+05---J
21 410 o 33129E+03 o 39551E+03 o 36733E+06 o 36700E+02 o 79020E+Ol o 10870E+02 0.66415E+05
22 430 o 30495E+03 o 36322E+03 o 34149E+06 o 35787E+02 o 76681E+Ol o 10900E+02 o 66422E+0:5
23 450 o 28100E+03 o 33415E+03 o 31809E+06 o 34938E+02 o 74410E+Ol o 10930E+02 O. 66430E+05
24 470 o 24205E+03 o 26975E+03 o 26002E+06 o 31951E+02 o 63255E+Ol o 10960E+02 O. 66436E+OS
2S 490 o 29542E+03 o 39186E+03 o 38257E+06 o 39251E+02 o 96625E+Ol o 10990E+02 o 66446E+OS
26 510 o 25759E+03 o 33364E+03 o 32923E+06 o 36898E+02 O. 85:534E+Ol o 11000E+02 O. 66454E+OS
2 7 530 o 22640E+03 o 28244E+03 o 28114E+06 o 34589E+02 o 74477E+Ol o 11000E+02 o 66462E+05
;;.18 550 o 25254E+03 o 35161E+03 o 35306E+06 o 39354E+02 o 95302E+Ol o 11000E+02 o 66471E+OS
29 570 o 24114E+03 o 34~!77E+03 o 347~!2E+06 o 39626E+02 o 95440E+Ol o 11000E+02 0.66481E+05
30 590 o 24585E+03 o 36910E+03 o 37723E+06 o 41954E+02 O. 10S52E+02 o 11000E+02 o 66491E+05
31 610 o 24865E+03 o 39367E+03 o 40461E+06 o 44227E+02 o 11510E+02 o 11020E+02 O. 66:503E+05
32 630 o 24041E+03 o 39484E+03 o 40672E+06 o 45274E+02 o 11761E+02 o 11010E+02 o 66S15E+05
33 650 o 20~'16E+03 o 32105E+03 o 33146E+06 o 41740E+02 o 97380E+Ol o. 11000E+02 o 66524E+05
34 670 o 22309E+03 o 38798E+03 o 40146E+06 o 46955E+02 O. 11977E+02 o 10990E+02 o 66536E+05
35 690 o 2172JE+03 o 39218E+03 o 40673E+06 o 48326E+02 a 12317E+02 o 10980E+02 o 66549E+05
36 710 o 18877E+03 o 33547E+03 o 34871E+06 o 45774E+02 o 10714E+02 o 10950E+02 o 66559E+05
37 730 o 23327E+03 o 46656E+03 o 48607E+06 o 55222E+02 o 15146E+02 o 10930E+02 o 66575E+05
38 750 o 2254BE+03 o 46576E+03 o 48634E+06 o 56459E+02 o 15363E+02 o 10910E+02 o. 66590E+05
39 770 o 24063E+03 o 52703E+03 o 55095E+06 o 61492E+02 o 17638E+02 o 10890E+02 O. 66608E+05
40 790 o 26256E+03 o 61593E+03 o 64388E+06 o 68106E+02 o 20883E+02 o 10870E+02 O. 66628E+05
41 810 o ;'~2532E+03 o 54336E+03 o 56801E+06 o 65570E+02 o 18657E+02 o 10850E+02 O. 66647E+05
42 830 o 1-'449E+03 o 42038E+03 o 43945E+06 o 58985E+02 o 14614E+02 o 10830E+02 o 66662E+0:5
43 850 o 13944E+03 o 32947E+03 o 34442E+06 o 53430E+02 o 11593E+02 O. 10810E+02 o 66673E+05
44 870 o 17567E+03 o 45633E+03 o 47704E+06 o 64388E+02 o 16247E+02 0 10790E+02 O. 66690E+05
45 890 o 15359E+03 o 40325E+03 o 42155E+06 o 62003E+02 o 14S24E+02 0.10760E+02 o 66704E+05
46 910 o 19115E+03 o 54240E+03 o 56702E+06 o 73717E+02 o 19757E+02 o 10730E+02 O. 66724E+05
47 930 o 21363E+03 o 63907E+03 o 66B07E+06 o 80992E+02 o 23536E+02 o 10700E+02 O. 66747E+05
48 950 o 18782E+03 o 58451E+03 o 61104E+06 o 78412E+02 o 21760E+02 O. 10670E+02 o 66769E+05
49 970 o 11434E+03 o 36529E+03 o 38186E+06 o 62761E+02 o 13743E+02 o 10640E+02 o 66783E+05
50 990 o 59375E+02 o 19744E+03 o OOOOOE+OO o OOOOOE+OO o OOOOOE+OO o 10610E+02 O. 66783E+05



TABLE 0.3.

* * * H EST RIP * * *

(continued)

TUBE AL6672 EXPOSED TO 144 KEV NEUTS AT NBS 12/5/83

INPUT VALUES--

INPUl DATA FILE NBS144 DAT;3

HE-3 TUBE NUMBER 3 (4 PSI HE3, 26.0 PSI ARl

LIVE TIME (SECONDS) 335484

CALCULA1ED VALUES--

SLOW
«lEV)

INTERMEDIATE
(lEV-IOKEV)

FAST
( 10KEV-1MEV)

TOTAL..

AVERAGE VALUES--

INTEGRAL
FLUENCE
(N/CM2)

o OOE+OO

o OOE+OO

;1 99E+09

7 99E+09

INTEGRAL DOSE DOSE EGUIV
FLUX EQUIVALENT RATE
(N/CM2--S 1 (MREMl (MREM/HRl

0 OOE+OO O. OOE+OO 0 OOE+OO

o OOE+OO O. OOE+-OO 0 OOE+OO

2 38Et04 6. 68Et04 7 17E+02

2 38E+04 6. 68E+04 7. 17E+02

FLUENCE TO DOSE EQUIV FACTOR

AVERAGE QUALITY FACTOR 8 3

8 36E-06 MREM PER N/CM2

AVERAGE NEUTRON ENERGY (KEVl = 144

ENERGY CORRECTION FOR HANFORD TLD-ALBEDO
DOSIMETER FOR BARE CF-252 CALIBRATION 6. 0

CALCULATIONS CORRECT

VERIFIED BY
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DATE: _



The}'e may be some error in the first three energy bins because of gamma
ray pile-up. The computer code fits a Gaussian to the slow neutron peak and
subtracts out a "background" based upon the assumed Gaussian shape. This pro
cedure may not be adequate if there iss i gnifi cant gamma-ray pil e-up, and the
spectrum calculated from 10 keY to 50 keY may be in error. A good way to
check for this is to use the pulser technique described in Section 3.2.1 or
plot the flux per unit leUargy [E ¢(E)] versus the neutron energy on a
logarithmic scale. Gamma pile-up will be evident as a sharp increase in the
value for the flux per unit lethargy. Obviously, there is no gamma-ray
pile-up in the data for the 144 keY neutron beam.

, The second page of the output contains a summary of the calculations. A
title is listed to identify the run. Next the input values are listed: the
name of the input data file from the multichannel analyzer, the identification
for the 3He proportional counter used and the live time for data collection.
A summary of the calculated values is presented next. Using the values input
to the code for the thermal «1 eV) and intermediate energy values (1 eV to
10 keY) of the neutron fluence, the code calculates the fluence, flux, dose
equivalent and dose equivalent rate in each energy range and the values for
the total energy range. The last section calculates average values for the
fluence-to-dose equivalent conversion factor (mrem per n/cm 2 ), the quality
factor and the average neutron energy averaged over an energy range from
thermal to 1 MeV. The code also calculates the energy correction factor for
the Hanford multipurpose TLD-albedo neutron dosimeter. If the dosimeter is
calibrated with a bare 252Cf source in a low-scatter facility, the observed
dosimeter response should be divided by this number to obtain the actual dose
equivalent. If the Hanford multipurpose dosimeter is calibrated using a
californium source modered by 15 cm of deuterium oxide, this correction factor
should be divided by 7.4. This correction factor can be used only as a guide;
the ener9Y rE~sponses of TLD-albedo dosimeters may vary depending upon their
design. For instance, the Hanford TLD-albedo dosimeter has a separate element
for thermal neutrons and does not overestimate thermal neutron exposures. The
only way to be certain of accurate calibration of a particular type of dosim
eter is to determine its response on a phantom placed in a neutron field where
the dose equivalent has been determined by spectral measurements with the 3He
spectrometer or by other accurate methods.

Provisions are included for quality assurance procedures. Each page of
the output is numbered, and two signoffs and dates are provided so that the
code results can be checked and verified if necessary.

D.4 LISTING OF HESTRIP

A complete listing of the computer code HESTRIP is given in Table 0.4 for
the PNL version written in FORTRAN and operating on a Digital Equipment Corpo
ration VP.X-7f.iO computer. Several data files are necessary for proper opera
tion of the code. First, the data from the 3He spectrometer must be placed
into a data file on the computer disk for access by HESTRIP; in the sample
case in Table D.1, the input data file, listed as Table 0.2, was called
NBS144.0JH. A response function 1ibrary for the specific tube used must be
read in. In the code these are referred to by RFLIB1.0AT to RFLIB5.DAT. The
name of the proper file is entered as input data, and the response function
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W(k,j) is read in by the DO-loop terminated by statement numbers 1 and 2 in
the listing. For the PNL version of the code, the response function matrix is
given in 20 keV increments. The 50 x 50 matrix is too large to list here; the
response matrix is obtained by linear interpolation of the matrices listed in
Appendix C for the gas fillings listed for 2.54-cm (I-in.) diameter tubes.
The PNL version includes a screen graphics subroutine, GRAF, which is machine
specific and should be replaced or eliminated. In the code written for the
VAX-lSD, Unit 5 is input from the terminal, Unit 6 is the video screen,
Unit 12 is the disk the response function is read from, Unit 13 is the disk
the 3He spectrometer data is stored on, and Unit 14 is defaulted to the
printer for a hardcopy of the results of the calculations. These units can be
changed as appropriate for other computers.
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TABLE 0.4. Listing of HESTRIP Code

F'ROGRMI HESTR IF'
C
C VERSION 2 0 FEBRUARY 1984
C
C CORRECTIONS BY WD REECE - 16 AUGUST 1982
C
C CORRECTIONS BY JE TANNER - 19 OCTOBER J983
C
C CORRECTIO~S BY LW BRACKENBUSH - FEB 1984
C
C HE-3 SPECTROMETER ANALYSIS PROGRAM
C THIS PROGRAM CORRECTS HE-3 DATA FOR WALL EFFECTS
C C IS THE RAW DATA - COUNTS/BIN
C CC IS THE COUNTS/BIN CORRECTED FOR WALL EFFECTS FROM HIGHER E'S
C SUM IS THE CORRECTION SUBTRACTED FROM C TO OBTAIN CC
C VAR IS THE VARIATION - THE SQUARE OF THE UNCERTAINTY
C RMS IS THE ROOT MEAN SQUARE ERROR FOR COUNT ERRORS
C PHI IS THE ABSOLUTE FLUENCE IN NEUTRONS/CM2
C PHITH IS THE SLOW NEUTRON FLUENCE
C PHINT IS THE INTERMEDIATE NEUTRON FLUENCE
C ERR IS THE UNCERTAINTY IN THE SPECTRUM DUE ONLY TO COUNTING
C WIJ.K) IS THE RESPONSE FUNCTION FOR THE HE-3 TUBE - IT IS
C THE FUNCTION OF THE COUNTS IN BIN K FROM NEUTRONS WITH ENERGY
C EIJI IN BIN J NOTE THAT THE RESPONSE FUNCTION HAS UNITS
C OF COUNTS/BIN PER INCIDENT NEUTRoN/CM2.
C ND IS THE NUMBER OF ATOMS OF HE-3 IN THE TUBE
C

DI MENS ION W( 51. 51 ) . C I 51 ) . CC I 51 ) . PH I 151 ) , ERR I 51 ) . CA (2048)
DIMENSION CB(2048).GFI501.DOSEI51).XSEC(50).MRI8), XX(50)
DIMENSION HPND(50).GAUSI50), ITITLE(30)
CHARACTER*45 ENTER,TITLE,RFLIB
CHARACTER*28 HESPECIN,TXLINE.RESFUNCT
DI MENS I ON IDATE ( 3 ). IT I ME I 3 )
CALL DATE(IDATEI
CALL TIME(ITIME)

C
C XSEC = THE MICROSCOPIC ABSORPTION CROSS SECTION FOR HELIUM

DATA XSEC/7. 50.4. 02.2. 95,2. 34.2.14. 1.88,164.1.40. I. 38. 1 36,
1 3:l5.1 285.1 235.1. 185.1 135.1. 09. 1 07,1. 05. 1. 03,1. 01, 0.986.

2 0974,0.962,0.950,0938,0.928,0.920.0.912.0904.0. 896,0. 891.
3 O. 8El9, 0 887.0 885,0.883.0.881.0.879.0877.12*0.876/

C
DATA ENTER/'ENTER NAME OF INPUT DATA FILE FOR THIS RUN'/
DATA RFLIB/'ENTER NAME OF RESPONSE FUNCTION LIBRARY FILE'/
OPENIUNIT:14.FILE='HESTRIP DAT'.STATUS='NEW')
CALL LIBSGET_SCREENIHESPECIN,ENTER,LEN2)
OPENIUNIT=13,FILE=HESPECIN.READONLY.STATUS='OLD')
WRITEI6.*)' RFLIBI DAT=LIBRARY FOR TUBE #1 14PSI HE3, 10.7PSI ARGON)'
WRITEI6.*)' RFLIB2 DAT=LIBRARY FOR TUBE #2 12ATM HE3, 2 ATM ARGON)'
WRITEI6,*)' RFLIB3.DAT=LIBRARY FOR TUBE #3 14PSI HE3, 26 PSI ARGON)'
WRITEI6.*)' RFLIB4.DAT=LIBRARY FOR TUBE #4 12PSI HE3, 29.6PSI ARGON)'
WRITEI6. *)' RFLIB5. DAT=LIBRARY FOR TUBE #5 12PSI HE3. 12.7PSI ARGON)'
CALL LIBSGET_SCREENIRESFUNCT,RFLIB,LEN3)
OPENIUNIT=12.FILE=RESFUNCT,READoNLY.STATUS='OLD')
WRITEI6.*) 'ENTER THE NUMBER OF CHANNELS IN INPUT SPECTRUM'
WRITEI6.*)' 1024 FOR THERMAL PEAK IN CHANNEL 382'
WRITEI6,*)' 2048 FOR THERMAL PEAK IN CHANNEL 764'
READI5.*)NOC
WRITEI6,*) 'ENTER THE SLOW NEUTRON FLUENCE'
READ 15. *) PHITH
WRITEI6,*) 'ENTER THE INTERMEDIATE NEUTRON FLUENCE IIEV-l0KEV)'
REA[)(S.*)PHINT
WRITEI6.*) 'WORK' WORK' WORK"
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C
C READ IN RESPONSE FUNCTION

DO 1 "'= 1. 50
DO 2 J=L 50
READ( 12, *) W(I.\, J)

2 CONTINUE
CONTINUE
IF(W( L 1) EG 0 44709)NTUIJE=1
IF(W( L 1) EQ 0 71620)NTUBE=::'
IF(W(1. 1) EQ 0 71752)NTUBE=4
IF(W( 1. 1) EQ 0.45227)NTUBE=5

C
C READ IN HE-3 SPECTROMETER DATA (COUNTS PER CHANNEL)

READ( 13,250) (ITITL.E( 1),1=1. 30)
250 FORMAT(30A2)

DO 51 N=l, 127
NU= (N-1 )*8
READ ( 13, *) (MR (M) , M= 1, 8)

C99 FORMAT(5X, 519)
DO 52 MM=L 8
CA(NU+MM)=MR(MM)

52 CONTINUE
51 CONTINUE
C
C L.OCATE THERMAL PEA'"

TOP=CA(NOC/4)
ITOP=NOC/4
DO 9 J=NOC/4+1,NOC*2/S
IF(CA(J) LE TOP)GO TO 9
TOP=CA(J)
ITOP=J

9 CONTINUE
C
C REBINNING ROUTINE THAT DOES NOT ADD PATTERNS
C

WDTH=FLOAT(ITOP)/382.
DO 15 1=2,1020
CB (I )=0.
AI=I
FINISH=WDTH*AI
IEND=FINISH
IF(IEND. GT. 1020)GO TO 15
STRT=FINISH-WDTH
ISTART=STRT
DO 16 J=ISTART, lEND
CB(I)=CB(I)+CA(J)

16 CONTINUE
CB (I )=CB (1)+ (FLOAT (ISTART )-STRT> *CA( 1START) -(FLOAT (IEND+1)

& -FINISH)*CA(IEND)
IF(CB(I). LE.O. 5)CB(I)=0. 1
IF(CB(I). GT.O 5. AND. CB(I) LE. 1. O)CB(I)=l 0

15 CONTINUE
C END OF REBINNING
C
C FIT A GAUSSIAN TO THE THERMAL PEA'" AND SUBTRACT THERMAL
C COMPONENT FROM 20 CHANNELS PAST THE THERMAL PEA"'.
C

SUMG=O. 0
FWHM=11.9
ALPHA=(-2.7726)/(FWHM**2)
YCB=CB(382)
DO 40 1=360,402
DIFF=FLOAT(I-382)
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GAUSII-3591=YCB*EXPIALPHA*IDTFF*DIFFI I
SUMG=SUMG+GAU5II-359)
C81!)=CBCI)-GAUSII-3591

40 CONTINUE
C
C COMBINE CHANNELS INTO ENERGY BINS OF 20 KEV INTERVALS
C

IFCNOC. EO. 1024) NIC=10
IFCNOC, EO 2048) NIC=20
DO 5 M=1. 50
C (1'1) =0 0
MM=CM-1)*10
DO 6 N~ 1. N I C
C(M)=CIM)+CBC382+N+MM)

6 CONTINUE
5 CONTINUE

C UNFOLDING ROUTINE CEVANS AND BRACKENBUSH AND REECE)
C AD = THE NUMBER OF HE-3 ATOMS IN THE DETECTOR , ATOMS-
C CM2/BARNS (MULTIPLIED BY 10E-24 TO CONVERT BARNS TO CM2)
C THE NUMBER OF ATOMS IS CALCULATED FROM AVAGADRO'S NUMBER,
C THE IDEAL GAS LAW, THE PRESSURE OF HE-3 AND THE TUBE VOLUME
C

IFCNTUBE. EO 1 OR NTUBE. EO 3)AD=1 092E-03
IF(NTUBE. EO. 4 OR NTUBE. EO 5)AD=O. 546E-03
CC C50) C C50) IW C50, 50)

C
TPHI=O.
HMDR=O
DO 3 K 49, 1, - 1
VAR O.
SUM = O.

C
DO 4 J = K+l, 50
IFIWIJ,J). EO O. )Go TO 999
SUM = SUM + CCCJ)*WIJ.K)
VAR = VAR + CCIJ)*WIJ,K)~WIJ,K)

4 CONTINUE
C

TITLE FOR OUTPUT TABLES

WRITEI 14,100) IDATE, ITIME
WRIlEI 14,101)
FORMATIIHLT90. 'HESTRIP VERSION 2.0. PAGE 1 OF 2',1,
T90, 'RUN ON '. 3A4. ' AT '. 3A4. I)
FORMATI2X, 'ENERGY', IX, 'AVERAGE',3X, 'UNCORRECTED', 5X, 'CORRECTED',
5X, 'ABSOLUTE', 6X, 'COUNTING', lOX, 'DOSE', lOX, 'QUALITY', 5X,
'RUNNING SUM OF'/3X, 'BIN'.
4X, 'ENERGY', 5X, 'COUNTS', 9X. 'COUNTS', 5X.' FLUENCE " 3X,
'UNCERTAINTY', 5X, 'EQUIVALENT', 7X, 'FACTOR'. 5X. 'DOSE EQUIV.
112X, 'KEV', 35X,
'N/CM2 - ',3X.' N/CM2 ',6X,' IMREM)'. 20X,
'(MREM) 'If)

READ IN FLUX TO DOSE EQUIVALENT RATE CONVERSION FACTORS

CCIK)=ICIK)-SUM)/WIK.K)
IFICCIK).LT.O.O)CCIK)=O.O
RMS = SQRTIABSICCIK) - VAR»
PHIIK) = CCIK)/IXSECIK)*AD)
TPHI=TPHI+PHIIK)
ERRIK) = RMS/WIK,K)
CONTINUE
DANF=130. O*TPHI

3

C
C
C

100
8<

101
8<
8<
8c
8<
8c
8<
8c

C
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8<
200
8

C IN (MREM/HR)!\N/CM2-SEC) AND QUALITY FACTORS FROM ICRU-20 DATA
C N ~. NEUTRON ENERGY (I-\EV) _
C DF = FLUX TO DOSE CONVERSION FACTOR IANSI/ANS-6.1 1)
C HD~ = HANFORD DOSIMETER RESPONSE/REM * REM IN BIN
C OF = QUALITy FACTOR (FROM ICRU-20 DATA)
C

DATA QF/~ 00.3 54.4 94.6.09.701.7 62.8 06.8 ~0.8 94.9.38.
9 72.9 89.10 06.10 23.10 40.10 54.10 61. 10 68.10.75.10 82.

2 10 87.10 90,10 93.10 96.10 99.5*11 00.11 02.11 01. 11 00.10
3 99.10 98.10 95,10.93,10.91. 10 89.10 87.10.85.10 83.10.81.
4 10 79.10.76.10 73.10 70.10 67.10 .'>4.10 61/

C
C HDR IS THE HANFORD DOSIMETER RESPONSE GIVEN BY THE
C FORMuLA HDR=403*IKEV)**- 846 FROM A FIT OF THE DATA GIVEN
C IN FIGURE 3.6 OF PNL-3536 THE RESPONSE IS RELATIVE 10
C CALIBRATION IN A LOW SCATTER ROOM AT NBS OR PNL WITH A BARE
C CF-252 SOURCE HAVING A VALUE OF 1 00

RUN"'O. 0
AVGE=O. 0
HDR=O. 0
AVGG=O. 0
DO 8 1-\ = 1.50
NE = 20*K - NIC
XXIK)=FLoATINE)
E = 001*FLOATINE)
IFIE LT.O 1) EDF = -89302+ 78440*ALOGIE)
IFIE. GT 0 1. AND. E. LT. 0 5) EDF=-8. 6632+ 90037~ALOGIE)

IFIE GT. 0.5 AND. E. LT 1 0) EDF=-8.9359+ 50696*ALOdIE)
IFIE GT. 1.0) EDF = -8 9359- 055979*ALOGIE)
DF = EXPIEDF)
DOSEIK) = DF*PHIIK)/3 6
RUN=RUN+DoSEIK)
AVGE=AVGE+PHIII-\)*XXIK)
AVGG=AVGQ+PHIIK)*QFIK)
HDR=HDR+DOSEIK)*403 *(XXIK»**I- 846)
WRITEI 14.200) K. NE. C(K). CC IK). PHI (K). ERR (K). DoSEIK). QFIK).
RUN
FoRMAT( 16.18. 7E1: 5)
CONTINUE

C
C
C CALCULATE DOSE EQuIV FROM SLOW NEUTRONS

DETH=(1.02E-6)*PHITH
C CALCULATE DOSE EQUIV FROM INTERMEDIATES

DEINT=11.1E-6)*PHINT
C CALCULATE TOTAL FLUENCE AND DOSE EQUIV

PHIToT=TPHI+PHINT+PHITH
DETOT=RUN+DEINT+DETH

C CALCULATE AVERAGE QUALITY FACTOR. ENERGY & DOSIMETER RESPONSE
QBAR=IPHITH*2. 3+PHINT*2. +AVGQ)/PHITOT
EBAR=IPHITH*O 5+PHINT*5. +AVGE)/PHIToT
HDRBAR=IHDR+DEINT*57. )/DEToT

C
C
C GRAPHING ROUTINE

CALL GRAFI50. XX. PHI)
C
C WRITE OUTPUT TO HESTRIP OUT
C

WRITEI14,201) IDATE,ITIME
WRITE( 14,202) (ITITLE( 1).1=1.30)
WRITE( 14.203)
WRITE(14,204)HESPECIN
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201

202
203
204
20S
206
207
208
209
210

2
3

211

213

212

214

21S
216

217
218
219

299

C
C

IFINTUBE EG 1 IwRITE(14.20S1 NTUDE
IF(NTUBE EO 3lWRITE(14.2061 NTUBE
IFINTUBE EG 41WRITE114.2071 NTUBE
IFINTUGE EO SIWRITEI14.20S) NTUDE
WRITE( 14. 20=-1 CAll)
WR ITE ( 14. 210)
WRITEI14.211) PHITH. PHITH/CAll). DETH. DETH/CAll)
WRITEI14.212) PHINT, PHINT/CA(l). DEINT. DEINT/Ci\ll)
~IRITEI14.213) TPHI. TPHI/CAll), RUN. RUN/CAll)
WRITE114.2141 PHITOT. PHITOT/CAll). DETOT. DETOT/CAll1
~JRITEI 14. 21S1
WRITEI14.216) DETOT/PHITOT
WRITEI14.217) GBAR
WRITEI14.218) EBAR
WRITE114.2191 HDRBAR
~IR IrE (14.299 I
FORMAT(lH1.SX, '* * * H EST RIP * * *'.T91.
'VERSION 2 O. PAGE 2 OF 2'. I. T97. 'RUN ON '. 3A4. ' AT '. 3A4 )

FORMATllll.30A21
FORMATlll' INPUT VALUES--'. III
FORMATlSX. 'INPUT DATA FILE ',T30.A20./)
FORMATlSX, 'HE-3 TUBE NUMBER ',12.' 14 PSI HE]. 107 PSI AR) ')
FORMATlSX, 'HE-3 TUBE NUMBER'. 12. 14 PSI HE3. 26 0 PSI AR)')
FORMATlSX, 'HE-3 TUBE NUMBER '.12.' 12 PSI HE3. 29.6 PSI AR) ')
FORMATlSX. 'HE-3 TUBE NUMBER. '.12, 12 PSI HE3. 12.7 PSI AR) ')
FORMATI/. SX. 'LIVE TIME lSECONDS; '. IPIF8. 0)
FORMAT ( I' CAL.CULATED VALUES--'. I. T23. 'I NTEGRAL ' • T37. 'I NTEGRAL '
,TS1. 'DOSE'. T66. 'DOSE EOUIV '. I. T23, 'FLUENCE'. T37. 'FLUX', TS1.
· EGU I VALENT' • T 66. 'RATE'. I. T23 •• (N/CM2) , • T37. ' I N/CM2-S) , • TS1.
· (MREM) , • T66. 'I MREM/HR) , • /l
FORMATlSX. 'SLOW'. T21. IPEI0 2, T36. EI0. 2. T51. EI0 2. T66.
ElO. 2, I. 7X. 'I<lEV)' )
FORMAT( 5X, 'FAST'. T21. IPEI0 2. T36. EI0 2, TSI. EI0. 2. T66. EI0. 2. I,
7X. 'I 10KEV-IMEV) '. I )
FORMAT (5X. 'INTERMEDIATE'. T21. IP lE10. 2. T36. EI0. 2. T51. EI0. 2.
166. EI0. 2. I. 7X. 'I lEV-10KEVI' )
FORMATI5X. 'TOTAL', T21. IPEI0 2. T36. EI0 2. TS1. EI0. 2.
T66.EI0 211)
FORMAT(' AVERAGE VALUES--', I )
FORMAT (5X. 'FLUENCE TO DOSE EQUIV. FACTOR ='. IPEI0. 2.
• MREM PER N/CM2' )
FORMAT(J.SX. 'AVERAGE QUALITY FACTOR =',FS 1 )
FoRMAT(/. 5X. 'AVERAGE NEUTRON ENERGY IKEV) = '. F5. 0 )
FORMAT(J. SX, 'ENERGY CORRECTION FOR HANFORD TLD·-ALBEDO', I,
ex. 'DOSIMETER FOR BARE CF-252 CALIBRATION = ',F5. 1 )
FORMAT(JIII.' CALCULATIONS CORRECT '.181'_').' DATE ',10(' '),
1111,' VERIFIED BY ',27(' '). DATE: ',10(' ') )

CLOSElUNIT=12)
CLOSE (UNIT=13)
CLOSE(UNIT=14.DISPOSE='PRINT/DELETE')
~nop

999 WRITE(6,*) 'ERROR' I I W(J,J)=O -- J='.J
!:iTOP
END
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