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Under the supervision of Professor F. H. Attix 

Mixed neutron/gamma radiation dosimetry is more complex and less 

well understood than gamma dosimetry. Fundamental disagreements still 

exist over neutron/gamma dose separation in phantom and in patients. 

Many mixed n/y dosimetry systems rely un two dosimeters, one 

composed of a tissue-equivalent material and the other ~ade from a non-

hydrogenous material. The paired chamber technique works well in 

fields of neutron radiation nearly identical in spectral compositio·~ to 

that in which the dosimeters were c~librated. However, this technique 

is drastically compromised in phantom due to the degradation of the 

neutron spectrum. The three-dosimeter technique allows for the 

fall-off in neutron sensitivity of the two non-hydrogenous dosimeters. 

Precise and physically meaningful results were obtained with this 

technique with a D-T source in air and in phantom and \vith simultaneous 

D-T neutron and 6Uco gamma ray irradiation in air. 

The MORSE-CG coupled n/y three-dimensional Monte Carlo code was 

employed to calculate neutron and gamma doses in a water phantom. 

Gamma doses calculated in phantom with this code were generally lower 

than corresp~nding ion chamber m~asurements. This can be explained by 



.. 

the departure of 

geometry . 

irradiation conditions 

iii 

from ideal narrow-beam 



•• 

'• 

.. 

iv 

ACKNOWLEDGEMENTS 

I would like to acknowledge the help and support of a great many 

people without whom this w'ork would not have been possible. I thank 

Herb Attix, my advisor, and originator of many of the ideas and methods 

upon which this work was based, for all his insight and advice over the 

years; Paul DeLuca for his patient explanations and constant challenges 

to my abilities; to Dave Pearson for his invaluable assistance and 

generous sharing of the folklore of experimental physics; to Gary 

Herling for his inestimable contributions to my ability to use a 

powerful computer code; to the staff of the Radiation Shielding 

Information Center (RSIC) for their help and advice; to Murray Thompson 

for his leadership in providing a first-rate user-friendly computing 

facility; and to my fellow graduate students for their help and 

encouragement. 

I also wish to thank the members of my thesis committee: Professor 

John R. Cameron, Chairman of the Hedical Physics Department, Professor 

H. H. Barschall of the Physics and Nuclear Engineering Departments, 

Professor Bhudatt R. Paliwal of the 1·1edical Physics and Human Oncology 

Departments, as well as Professors Herb Attix and Paul DeLuca, hoth of 

the Medical Physics Department . 



.• 

v 

Above all I wish to thank my wife Hona, an accomplished 

professional educator in her own right, for her loving support and 

sacrifices throughout this long endeavor. 

Finally, I wish to acknowledge the support of the U.S. Department 

of Energy through contract number DE-AC02-76EV01105 and the National 

Cance~ Institute through PHS Grant Number 5 T32 CA09206 CT . 



'• 

Abstract 

Acknowledgements 

List of tables 

List of figures 

Chapter I. Introduction 

TABLE OF CONTENTS 

a. Statement of Problem 

b. Early Neutron Dosimetry 

c. Development of Twin Ion Chamber Hethod 

Chapter II. Instrumentation and Methods 

a. Lead Filtration Method 

b. Water Phantom Heasurements 

Chapter III. Ion Chamber Measurements 

a. Lead Filtration Measurement Results 

b. Early \~ater-Phantom Meosurements ot U .\.J. 

c. Recent Water-Phantom Results 

d. Combined D-T and Co-60 Irradiation in Free Space 

Chapter IV. Monte Carlo Simulation 

a. MORSE-CG Code 

b. Simulation of GTNS Facility with Water Phantom 

Chapter V. Comparison of Experimental and Theoretical Results 

vi 

ii 

iv 

viii 

xi 

1 

J 

9 

23 

31 

36 

43 

51 

70 

76 

83 

a. Comparison of MORSE-CG with Pure D-T Source 89 

b. Comparison of Measured Results with Mixed n/y Beam 99 



vii 

c. Comparison of Results with Other Workers 104 

• Chapter VI. Conclusions 115 

Appendix A Calculation of Zirkle's n-unit in Terms of Rads 119 

Appendix B Calculation of Ionization Ratio in Tissue 121 

Relative to Air 

Appendix c Evaluation of fn (from Bretscher and French) 123 

Appendix D Revised Hethod for Estimating Void Corrections 125 

Bibliography 128 

.. 

/ 



viii 

List of Tables 

.. 1. Early Tissue-Equivalent Materials 13 

2. Simultaneous Equations for Lead Filtration Method 24 

3. Composition of Nuscle Tissue & Tissue-Equivalent Materials 28 

4. Two- and Three-Dosimeter Hethods 32 

S. Ion Chamber Calibration Data 41 

6. Summary of B/A Measurements at 14-15 NeV by Other Groups 42 

7. Gamma Doses at Scm Depth April, 1979 44 

8. Gamma Doses at 10cm Depth April, 1979 45 

9. Partition of Neutron Dose at 5 and 10cm Depth ApJ:". I 1979 48 

10. (B/A) at 5 and 10cm Depth Apr., 1979 L+9 

11. Gamma Fractions at 3cm Depth June, 1982 56 

12. Gamma Fractions at Scm Depth June, 1982 56 

13. Gamma Fractions at 7.Scm Depth June, 1982 57 

14. Gamma Fractions at 10cm Depth June, 1982 57 

15. Gamma Fractions at !Scm Depth June, 1982 58 



ix 

16. Gamma Fractions at 20cm Depth June, 1982 58 

17. Gamma Fractions on Axis June & July, 1982 59 

18. Uncertainties in n/y Dose Estimates 62 

19. (B/A) at 5 and lOcm Depth June, 1982 63 

20. (B/A) on Axis June & July, 1982 64 

21. Partition of Neutron Dose at S and lOcm Depth, June, 1982 6S 

22. Partition of Neutron Dose on Axis June & July, 19R2 66 

23. n/y Doses from D-T Neutrons & 60co Gammas 74 

24. Gamma Fractions for INDI Experiment R9 

25. n, y and Total Dose On-Axis from HORSE-CG 90 

26. n, y and Total Dose at 3cm Depth from MORSE-CG 91 

27. n, y anci Total Doi>a at Scm Depth from HORSE-CG 92 

28. n, y and Total Dose at lScm Depth from HORSE-CG 92 

29. Gamma Fractions On Axis from Revised HORSE-CG 101 

30. Gammo Fractions at J auu 15cm Dept:h from l{evlsed HORSE-CG 102 

Jl. Comparison of Neutron Dosimetric Parameters lOS 

32, Environmental Gamma Docc for the INDI Experiment (Burger) 110 



X 

33. Gamma Dose Fract.ions for the INDI Experiment 112 

34. Revised Environmental Gamma Dose for the INDI Experiment 113 

35. Environmental Gamma Dose in Phantom at GTNS 114 



List of Figures 

1. Schematic plan view of tritium gas target 

2. Geometry for water phantom measurements 

3. Fluence-to-kerma factors for H and C 

4. Fluence-to-kerma factors for H and !1g 

S. Neutron dose surf~ce in air at 20cm 

6. Configuration of dosimeters in water phantom 

7. Neutron gose surfi'I.~P in ph:mtom 

8. Gamma dose surface in phantom 

9. Gamma dose fraction in phantom 

xi 

Page 

29 

34 

47 

47 

52 

53 

67 

68 

69 

10. Dual beam irradiation facility 70 

11. Configuration of dosimeters for n/y irradiation 72 

12. Random walk diagram for MORSE-CG 78 

13. Computer simulation of GTNS facility 84 

14. Neutron dose fractions at 3, 5 ar"td 1Scm depths 93 

15. Neutron energy fluence as a function of depth in phantom 94 

16. n and y dose in phantom relative to total incident dose 96 

17. n & y dose fractions at 3cm depth in phantom 97 

18. n & y dose fractions at Scm depth in phantom 97 

19. n & y dose fractions at 1Scm depth in phantom 98 

20. Gamma fractions on axis in phantom 101 

21. Gamma fractions off-axis at 3cm depth in phantom 103 

22. Gamma fractions off-axis at 1Scm depth in phantom 103 



1 

CHAPTER I 

INTRODUCTION 

a. Statement of Problem 

·Neutron dosimetry has long been less well understood than the 

dosimetry of the three other major categories of ionizing radiation (y, 

a & ~). The dosimetry of gamma r.;~,l.liation ha.s heen on a firm 

theoretical basis since the promulgation of the Bragg-Gray theory in 

1936. 1 Gamma calibrations of dosimeters are routinely available at all 

major national laboratories and many regional calibration laboratories 

as well. The dosimetry of the non-penetrating particulate alpha and 

beta radiations is also well understood. 

Experimental neutron dose measurement usually suffers from the 

problem of concomitant gamma radiation. Many neutron interactions lead 

co t:he direct or indirect production of gamma radiation. Almost all 

neut~on dosimeters have some sensitivity to y-rays as well, and almost 

all gamma dosimeters also respond to neutrons. The unavailability of a 

"pure" neutron beam for calibration purposes has been a major obstacle 

to neutron dosimetry. 

The difficulty posed by cross-sensitivities of neutron and gamma 

detectors is that, although both forms of radiation are penetrati.ng, 

the biological and physical effects of neutrons are markedly different 



2 

from those of gammas. Since the response of such a detector is the 

product of its neutron sensitivity times the neutron dose plus the 

gamma sensitivity times the gamma dose (assuming no synergistic 

action), no clear biological or physical effect can be predicted with 

confidence. The Interational Commission on Radiation Units and 

Measurements 2 has stated: 

"The objective of neutron absorbed dose determinations is to 

describe the energy deposition in such detail that workers in 

biology and medicine may make unambiguous correlations with 

observed responses, or predictions of responses, of irra-

diatecl bioloeical systems." 

Medical physicists have not yet completely met the challenge of pro-

viding such unequivocal physical measurements or calculations. The 

biological effect caused by the deposition of a given amount of energy 

from neutron radiation is far more severe than that caused by the depo-

sition of the same amount of energy from photon interactions. The u.s. 

Nuclear Regulatory Commission, in its radiation protection regulations 3 

Ita~ admin1st:rac1vely adopted a factor of 10 which must be used in 

converting neutron absorbed doses to neutron dose equivalent, while the 

corresponding factor for photons is unity. 4 Recent work by Rossi based 

on analysis of medical data from survivors of the Hiroshima and 

Nagasaki atomic bombs has suggested that ·this factor sho~,tl,c:\ be much 

higher in some circumstances. Thus, the need for precise and accurate 

neutron dosimetry has never been more critical. 
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b. Early Neutron Dosimetry 

The existence of the neutron was f.i.rst reported by Chadwick i.n 

1932. 5 The effects of neutron radiation on biological objects were 

studied almost immediately. 6 •7 It was at once apparent that fast 

neutrons deposit energy primarily through ela~tic recoil interactions. 

Therefore, although the available ionization chambers responded to 

neutron radiation, the necessity of developing an entirely new 

experimental methodology and theoretical dosimetry framework for 

neutrons was immediately recognized. 

A variety of neutron dosimetric methods and units were proposed in 

the 1930's and 1940's. Ernest 0. Lawrence in Berkeley, California 

reported early biological experiments in terms of the response of a 

Vi d " " B N d f i ctoreen con enser r meter. tO attempt was rna e Rt _rst to nssess 

the relation of the indicated meter readings to absorbed dose in biola-

gical onmplcs. The ile(k~l~y group continued to use the Victoreen meter 

in early neutron radiation biology work and cancer therapy trials. 

9 •10 They adopted the terminology of Zirkle and Lampe. 11 7.irkl~ et al 

referred to the quantity of neutron radiation which discharged the 

Victoreen "r" meter to the same extent as did one r (now 1 roentgen, 

abbreviated 1 R) of X-rays as a "neutron unit" or ''n-unit". One r of 

X-rays was defined at that time as the quantity of photon radiation 

sufficient to produce one electrostatic unit of charge of .either sign. 

in 0.001293 gram of dry air. Since the 60-inch "medical" cyclotron at 



4 

Berkeley produced a spectrum of neutron energies up to about 19 HeV, 

the mean energy was probably about 6.4 MeV. Using presently accepted 

values for physical factors, an estimate of 0.90 rad for 1 n-unit can 

be computed (see Appendix A). 

L.H. Gray and co-workers in England defined the "neutron energy 

unit" in 1940. 12 This unit, which was distinctly different from the 

Berkeley group's "n-unit", was such that ''tissue which has received one 

energy unit of neutron radiation will have suffered th~ same increment 

of energy as an equal volume of water exposed to one roentp,en of gamma 

radiation." Using 60 co y rays, the dose absorbed by a volume of water 

exposed to one R may be computed as follows: 

( 1.) D 

1R • 0.966 rad/R • 0.985 

0.95 rad 

HhP.rP. n i.s the dose in radG, X the exposuJ:e lu Ruent:gens, fmed i:he 

Roentgen/rad conversion factor for 60co y rays in water and. Aeq is the 

attenuation correction factor for y rays penetrating into a spherical 

mass of tissue large enough to produce charged-particle equilibrium at 

its center. Thus, the energy unit defined by Gray should have been 

about 0.95 rad. Gray did not state how it was known· that an equal 

amount of energy was absorbed in a tissue sample. Gray further claimed 

that a given fluence of neutron radiation "produces seven times as much 

ionization in tissue as in an equal mass of air". 13 Using presently 
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accepted values for physical factors, a value of 6.4 for the ionization 

ratio of tissue to air can be calculated (see t\ppendix B), assuming a 

mean neutron energy of 2.7 MeV. 

Aebersold reviewed the early Berkeley neutron radiat i.on therapy 

trials in a 1946 paper and concluded that a "free-air exposure of 1 n 

from neutrons of average energy 6 .. 4 MeV (produced by the bombardment of 

19 MeV deuterons on beryllium) caused the same energy deposit ion in 

tissue as an exposure of 2.5 R of 220 kVp X-rays. 14 1he absorbed dose 

in tissue from this exposure is: 

( 1.) D = X • f d • A me eq 

= 2.5 R • 0.964 rad/R • 1.00 

2.4 rad 

Dr. Robert S. Stone, in a retrospective lecture on neutron radio-

therapy in 1948, noted that Parker had suggested the use of a new dose 

unit called t~e "roentgen equivalent physical", or rep, for radiations 

that could not be measured in roentgens. 15 Stone pointed out that since 

1 rep was defined * by Parker to be the energy absorbed per gram of 

tissue from neutron radiation equivalent to the absorbed dose in tissue 

from .:~n exposure of 1 roentgen from phuluns, then 1 n = 2~"5 rep. The 

rep was considered to be essentially the same as Gray's energy unit. 

:1: Several definiti6ns for the rep were current at that Lime. 
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Very little comment was made in early papers about separation of 

absorbed dose into neutron and photon components. Lawrence's first 

report in 1936 on biological research with neutrons made no mention of 

this matter. 16 Spear, Gray and Read claimed in 1938 that cells 

bombarded by their 2.4 ~1eV neutrons were completely protected from 

stray X-radiation", but gave no details. 17 Gray and co-workers used 

both ionizFtion chambers and gamma-insensitive neutron activation 

pellets in later experiments, but no discrepancies in doses calculated 

from the~e t~o dosim9tarc were noted. 

The Berkeley workers had become concerned enough by 1939 t~ assign 

Paul C. Aebersold to investigate the problem of photon 

contamination. 18 • 19 Aebersold designed and constructed a collimator 

consisting of a channel through a \vater tank lined with thick lead 

walls followed by a 3cm-thick lead filter. 20 The filter was designed 

"to suppress gamma t'ay~ from the source." Further, relative ionization 

from various filling gases in a l00cm3 cylindrical brass i.onization 

chamber exposed to the mixed neutron/gamma beam was described as"very 

different" from that due to gamma radiation alone. Two unspecified 

methods were used to calculate ionization due to photons from these 

data and corrections were then made to obtain ionization due to 

neutrons alone. These specific neutron ionizations \vere compared to 

elastic scattering cross sections and found to be in very good 

agreement in most cases. During the Stone-Larkin neutron radiation 

therapy seri.P.s, the heam was found to concint of "95 per cent neutrons 

and 5 per cent gamma rays" • 21 The intensity of gamma radiation \vas 
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adequate to cause . 1-2 R exposure to the total body during a 100 

"neutron unit" irradiation. Thus, absorbed dose to the patient from 

the mixed beam was presumably 1-2 rad gamma dose per 240 neutron rads. 

Later review indicated serious problems with all neutron dosimetry 

performed with dosimeters designed for photon exposure measurements. 

Rossi noted in a review of neutron dosimetry in 1956 that the 25-r and 

100-r Victoreen dosimeters, both of which had been extensively used in 

early fast neutron dosimetry, may have had appreciably varying neutron 

sensitivities. 22 Measurements indicated that a dose of 1.0 n actually 

represented 2. 0 to 2.5 times the energy imparted to tissue as that 

imparted by 1.0 R of ganma ray~. Other proposed units such as Gray's 

"v-unit" (the amount of neutron radiation necessary to produce 1 esu 

per 0.001293 gram of dry air from secondary charged particles in water) 

23 and Failla's "tissue roentgen" (defined for any type of radiation 

and any medium but under restri~tive conditions) 24 did not come into 

general use. 

Ultimately, two units were adopted by the International Commission 

on Radiological Units which gained widespread acceptance. 
... 

The rad .,. was 

* The ICRU has since adopted the Gray (defined· as the amount of 

radiation sufficient to cause the absorpti.on of 1 joule/kiloeram) as 

the unit of absorbed dose. However, the rad is still in widespread use 

an will be used in this thesis. 
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adopted by the ICRU in July, 1954.25 It was defined as the amount of 

a~L form of radiation sufficient to cause the material being irradiated 

to absorb 100 ergs/gram. The rem (an acronym for ~oentgen ~quivalent 

for ~an) was adopted in 1962 by the International Commission on 

Radiogical Units and Measurements as the unit of dose-equivalent. 26 It 

is formally defined as follows: 

( 2.) H D • Q.F. • D.F. • ... 

where H is the dose equivalent in rems, D is the absorbed dose in rads, 

Q.F. is the Quality Factor and D.F. ls the Distribution Factor (for 

internally deposited radionuclides only). Other multiplicative factors 

may also be used as deemed appropriate. The Quality Factor is an 

administrative concept, used in personnel protection, which is based on 

relevant biological data such as the Relative Biological Effectiveness 

(RBE). The ·RBE of a given type and energy of radiation is defined as 

the ratio of the absorbed dose of 250 kVp X-radiation needed to produce 

a given biological effect, to the absorbed dose of the radiation in 

question needed to produce the same effect. The Q. F. for neutron 

radiation is taken by most national radiation protection agencies to be 

10. 
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c. Development of the Twin Ion Chamber Method 

After a decade or more of neutron research and early beginnings of 

neutron dosimetry, it was generally recognized that any practical 

neutron generator would also produce a significant amount of gamma 

radiation. Further, no known single dosimeter could at onctc: measure 

both neutron and gannna dose and partition the dose into two separate 

components. Neutron radiation biology had conclusively demonstrated 

that equivalent absorbed doses of neutron and gamma radiation caused 

considerably different results. Therefore, researchers began making 

simultaneous measurements with two detectors of widely differing 

neutron sensitivities. 

Cavity ionization chambers which fulfill (at least approximately) 

the requirements of Bragg-Gray theory were adopted for neutron 

dosimetry for many reasons. They are relatively small, robust, well 

understood, capable of being used as an absolute dosimeter (for 

photons), accurate for photon doses, easy to operate, and they give 

highly reproducible results. The "twin" ionization charr.ber method \vas 

apparently originated by Bretscher and French in 1944. 27 In a document 

de-classified about 1957, they described the construction of two ioni

zation chambers designed to have quite different neutron responses, yet 

constrained to yield identical photon sensitivities. 28 This was done hy 

constructing an ethylene gas-polythene wall chamber and a deutero

ethylene gas-deuteropolythene wall chamber. The deuterium-substituted 
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plastic and deuterated gas was chemically almost indistinguishable from 

the other chamber, and the density and energy required to create an ion 

pair (WI e) was expected to be almost identical. However, the neutron 

sensitivity of the deuterated chamber was much lower because the energy 

transferred to the wall and the gas by elastic interactions is much 

less for the deuterated compounds than for normal hydrogen compounds. 

The photon sensitivity was adjusted to be equal for the two chambers by 

varying the gas pressure. 

Bretscher and French later reported operational results from their 

hydrogenousldeuterogenous paired chambers. 29 They calculated from 

theoretical considerations the difference ratio Jdiff = (JH - J 0 ) I JH 

\-lhere J 11 is the response (ionization) of the hydrogenous chamber to 

neutrons alone, and J 0 is the neutron-only response for the deuterated 

chamber. These quantities were then simultaneously measured in a 

relatively pure beam of D-D (900kV) neutrons and found to be in 

agreement within experimental error. Further measurements were then 

carried out in a beam of neutrons known to be contaminated with gamma 

radiation. The fractional ionization current fn in the neutron-sensi-

tive (hydrogenous) chamber in the mixed beam due to neutrons was shown 

to be: 

(J H ,_ - J D, ) I J H, 

(JH - JD)/JD 

where Ju' is the response of the hydrogenous chamber in the mixed beam 
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and Ju' is the response of the deuterated chamber in the same beam (see 

Appendix C). Results of this method were as accurate as any other then 

available and represented the state of the art. 

Reinhardt at the Clinton Laboratories pursued a similar line of 

research in 1947 with the modification that two paired chambers (of 

unspecified wall com~osition) were electrically connected in such a way 

that the imbalance in the ionization current could be read on a 

Lindemann electrometP.r. 30 One chamber was paraffin-coated inside to 

enhance neutron respunse and filled with butane (C4 H10) at 30psi. The 

other chamber was not lined and was filled with argon at about 35psi. 

Again, the pressures were adjusted so that the gamma-ray ionization 

currents of the paired chambers balanced. Recoil protons ejected from 

the paraffin and butane hy fast neutrons produced a differential ioni

zation current which was read on the electrometer. A fast neutron flux 

density of as little as 5 neutrons per cm2 per second could be 

detected. 

Further developments along these lines were carried out by 

Marinelli, 31 who noted that the hydrogenous/deuterogenous approach 

could be expected to work only when a "pure" reference beam of neutrons 

at the energy of interest was available so that the sensitivity ratio 

(JH -- J 0 ) I Jll could be measured. Furthermore, a 1 though the CH 2-cn2 

pair offered widely differing neutron sensi ti vi ties, the sensitivity 

ratio was strongly dependent upon energy, declining from 0.615 at 250 

KeV to 0.10 at 10.0 MeV. This technique also became less reliable in 
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the presence of neutron-gamma fields dominated by the neutron component 

since it required the measurement of 'a small difference between two 

large currents. Marinelli also suggested the use of photon absorbers 

but pointed out the consequent perturbing effect on the neutron 

spectrum. Dainty found good agreement between experimentally measured 

and theoretically calculated results for dose to "standard tissue" at 

lcm from a 1 Ci PoBe neutron source.3 2 

Berlman at Argonne National Laboratory extended the twin chamber 

technique to scintillation detectors. 33 Scintillators with equal 

electron but dissimilar proton (i.e., hydrogen) content were chosen. 

Equal response for a given photon fluence was obtained by compensating 

differences in light emission by adjustments to the two detectors. 

A significant advance in neutron dosimetry was reported by Rossi 

rind Failla in 1956. 34 An ionization chamber was manufactured from 

"tissue-equivalent" plastic which had elemental composition resembling 

that of human tissue except for gross replacement: of oxygen by ~ad;uu 

(Table 1). The counting gas was also compounded to be 

"tissue-equivalent", being somewhat closer to muscle in composition. 

Since these chambers and gases simulated tissue composition, they ~auld 

be used for the determination of absorbed dose of any ionizing radia

tion. However, since neutron and gamma radiations differ in hi.o1og icril 

effectiveness, the biological effect depends on the proportion of dose 

due to each type of radiation. Rossi and Failla therefore used a 

neutron-insensitive chamber (graphite filled with carbon dioxide) as 
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Table 1. Early Tissue-Equivalent Materials 

Material Compound Fraction Element z Wt. % ----

Solid (gel) Water 66.2 % H 1 9.8 
Gelatin 20.2 c 6 15.7 
Glycerol 5.2 N 7 3.6 
Sucrose 8.4 0 8 70.9 

Plastic Not given H 1 10.1 
c 6 86.4 
N 7 3 5 
0 8 Trace 

Gas 1 Hydrogen 38.1 val.% H 1 9.8 
Methane 22.2 c 6 15.7 
Nitrogen 2.1 N 7 3.5 
Oxygen 37.6 0 8 71.0 

Gas 2 He thane 64.4 H 1 10.2 
Carbon dioxide 32.4 c 6 45.6 
Nitrogen 3.2 N 7 3.5 

0 8 40.7 

Source: Rossi and Failla, ( 19 56) ' Ref. 33 

well as the tissue-equivalent chamber. The following pair of equations 

was suggested to describe the measurement: 

(4.a) T o.98·N + L07·r 

(4.b) c K•N + 1.07•r 

where T and C are the responses of the tissue-equivalent and 

graphite-carbon dioxide chambers, respectively, and N and r are the 
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doses in tissue rads delivered by neutrons and gamma rays. The coeffi

cient of the gamma dose is the reciprocal of the rad/roentgen 

conversion factor accepted at that time, namely 0. 93 tissue 

rad/roentgen. The 0.98 coefficient was to correct for a presumed 

difference in W/e for electrons and protons. Rossi and Failla found 

that K was a neutron energy-dependent factor, ranging from 0.05 at 0.5 

MeV to 0.25 at 14 MeV. This is the first description of a 

neutron/gamma field in terms of two simultaneous equations in two 

unknowns and four parameters in the literature. 

The same set of equations was adopted by the National Committee on 

Radiation Protection 

coefficients: 35 

and Heasurements 

(S.a) T 0.97•N + 1.03·r 

(5.b) C = k•N + 1.03•r 

in 1961 with modified 

The quantities T, C, Nand rare defined to be the same as those 

defined by Rossi and Failla, although C represents the response of a 

Teflon-co 2 chamber-gas combination, rather than graphite-co2 . The 

coefficient of r in both .equations represents the reciprocal of the 

revised rad/roentgen conversion factor, namely 0.97 tissue 

rad/roentgen. The coefficient of N in equation (5.a) is a factor to 

allow for the difference in W/e between protons and electrons. The 

NCRP further stated that this procedure made possible the evaluation of 

radiation doses in a mixed field on the basis of the X-ray calibration 
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of the two chambers. Knowledge of the neutron energy was required so 

that the corresponding neutron sensitivity (k) could be determined from 

theoretical calculations. Rossi and Failla had observed values of k 

for the Teflon-co2 chamber ranging from 0.08 R/rad at 0.5 HeV to 0.24 

R/ rad at 8. 0 HeV. The NCRP recommended a value of 0 .16 R/ rad for k if 

the neutron energy was unknown. The error in neutron dose was 

estimated at 10% from 0.5 to 8.0 HeV independent of the neutron/gamma 

dose ratio. The error in the gamma dose, however, ranges from neeli-

gihle values with high gamma dose to large erro1·s (up to 100% of more) 

for gamma dose fractions of less than 10%. 

Further modification to the evaluation of the twin-ionization 

chamber technique was suggested by the International Commission on 

r-adiological Units and Measurements in 1962. 36 The ICRU noted that an 

exposure of 1 R of approximately 1 MeV photons would lead to an 

absorbed dose of 0.96 rad in a tissue-equivalent ionization chamber. 

The same ionization would be produced in this chamber by an absorbed 

dose of neutrons equal to 0.96 • Wa/~v~ rad, where Wa and H~ are the 

average energies required from an alpha particle or beta ray, respec-

tively, to produce an ion pair in a gas. This ratio, Wa/W~, was taken 

as 1.04, leading to the following response equation: 

(6.a) T N + r 
1.00 0.96 

N + 1. o4 ·r 

where T ts thA rRtfn nf the ionization produced in the chamber by r 
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tissue rads of photons and N tissue rads of neutrons to the ionization 

produced by 1 R of photons. The coefficient 1.00 represents the 

product 0.96•1.04, and the coefficient 0.96 is the tissue-rad/roentgen 

conversion factor. Similarly, the response equation for the neutron-

insensitive Teflon-co2 chamber is given by: 

(6.b) c l.04•r+ k•N 

where k was referred to as the neutron sensitivity of the non-

hydrogenous chamber. 

A modification of the formulation of the response equations for 

hydrogenous and non-hydrogenous ion chambers was proposed by Attix at 

the Naval Research Laboratory in 1973. 37 A tissue-equivalent ion 

chamber was used in conjunction with a graphite ion chamber to allow 

for neutron/gamma dose separation. The familiar equations relating 

chamber response to neutron and gamma dose were written in the 

following manner: 

(7.) Qn' y A•D + B•D y n 

where Qn,y is the response (in coulombs) per unit charge from the 

monitor ionization chamber of one of the two paired ion chambers, A is 

the response of that chamber per tissue-ran of gamma rays, B is the 

response of that chamber per tissue-rad of neutrons, and Dy and Dn are 

the gamma and neutron doses in tissue rads under charged-particle 
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equilibrium conditions. The gamma sensitivity A, which is relatively 

independent of y-ray energy for low-Z, tissue-like materials, can be 

determined for each chamber by means of a calibrated 60 co gamma-ray 

exposure. This calibration is valid in mixed neutron/garrima fields if 

it is assumed or demonstrated that the 1.25 MeV mean energy of the 60co 

photons is representative of the gamma-ray spectrum encountered in the 

mixed field. However, there is no standard photon-free fast neutron 

beam of any energy available to determine the neutron sensitivity B. 

The gamma and neutron sensitivities for ionization chambers uay be 

calculated from the Bragg-Gray theory. w.s. Bragg 38 first proposed 

and L. H. Gray39 later developed a theory relating the ionization 

caused by radiation in a small cavity to the absorbed dose in the walls 

of the surrounding medium. This relation may be stated as follows: 

sm • w • J g g g 

where Em is the energy deposited per unit mass in the surrounding 

medium (in ergs per gram), sm is the dimensionless ratio of mass g 

stopping powers for the secondary charged particles in the medium 

relative to that in the eas filling the cavity, is the eneq~y 

required for secondary charged particles to produce a unit charge in 

the gas (in ergs per coulomb) and Jg is the ionization produced in the 

gas (in coulombs per gram). This relation may be rewritten: 
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sm • w • J 
g g g 

100 

where Dm is the dose to the medium in rads, since the rad is defined as 

100 ergs/gram. The ionization in the cavity Jg may be expressed as the 

ratio Qg/(V•p) where Qg is the ionization produced in the cavity (in 

coulombs), Vis the volume of the cavity (in cm3 ), and pis the density 

of the gas (in g/cm3 ). The Bragg-Gray relation may now be written as: 

(8.b) 
= s: · wg • Q8 

100 • v • p 

For a truly tissue-equivalent ionization cha~ber in a pure photon field 

equation (8.b) may be rewritten as: 

where 

( 8. c) D = y 

is the absorbed gamma dose, the ratio of the 

effective mass stopping powers for secondary electrons in tissue 

relative to gas, Wy is the energy per unit charge in the gas for 

·y-rays, and Qy is the response in coulombs due to gamma rays. Equation 

(7.) may be simplified in the absence of neutron radiation to give: 

All the ionization in the ion chamber is now caused by photons so 
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equation (7 .a) may be inserted into equation (8.c) and a theoretical 

value for the photon sensitivity may be calculated: 

(9.a) 
100 • v • p 

(S~)y • Hy 

Similarly, the same ionization chamber would have a neutron sensitivity 

given by: 

(9.b) 
100 • v • p 

(S~)n • Wn 

100 • v • p 
=------

(S~)p • wcz 

where (S~)n is the mean mass stopping power ratio for the secondary 

charged particles from neutrons, Wn is the energy per unit charge 

produced in the gas by fast neutrons, (S~)p is the mean mass stopping 

power ratio for protons and \lcz is the energy per unit charge produced 

in the gas by alpha particles. The latter relation is only approximate 

Lu availability of bet:t:er data for st and vi 
g (for 

protons and alphas, respectively) than for neutrons. Moreover, W is 

only very weakly dependent upon the type or energy of the radiation, 

and protons are the main component of the charged particles crossing 

the ion chamber cavity. 

The ratio of the neutron sensitivity to the gamma sensitivity is 

found by dividing equation (9.b) by equation (9.a): 



(9.c) 
B 

A • w 
n 

• H y 

• w 
a 

The preceding argument can be extended 
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to the case of 

non-tissue-equivalent ion chambers by application of the Bragg-Gray 

relation. Equation (9.a) may be re-written for the case of a 

non-tissue equivalent ion chamber as follows: 

(10.) 

where the subscript t signifies real muscle tissue, x refers to the 

chamber wall material and CPE indicates the condition of ~har~ed 

.e.article ~quilibrium. This condition permits the substitution of the 

m_ass energy abaorption coefficients for the corresponding dose ratio. 

Equation (9.a) may be re-written as: 

(11.) 
Qy = 100 • v • p 

(Dy)x (S~)Y • wy 

This relation may be substituted into equatlu11 (10.) to obtain: 

(12.) 
(~en/p)y,x 

(~en/ p) y, t 

100 • v • p 

cs;)Y • wy 
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Equations for the corresponding neutron case are as follows: 

( 13.) 
kn x 
~ CPE 

n, t 

Qn 100 • v • p 100 • v • p 
(14.) :::: 

(Dn~ (S~)n • w (Sx) . w n g p a: 

kn x 100 • v • p kn x 100 • v • p 
(15.) B = , - , 

kn t X w 
--k-

(S~)p w (Sg)n • n, t . 
' n a: 

where k and k t are the fluence-to-kerma conversion factors for the n,x n, 

neutrons (in units of rads per n/cm2) in wall material x or in tissue, 

respectively. As before, equation (15.) can be divided by equation 

(12.) to obtain: 

B k ( 1-Len/ p) y, t (Sx) • \J 

(16.) 
n,x • g y y 

A. -k-
( 1-Len/ p) y ,x (Sx) • w n,t g n n 

kn,x ( 1-Len/ p) y, t (S~)y . '" :::: • • 
y 

-k-
( 1-Len/ P\ ,x ( SJC) • tJ n,t g p a: 

The chamber gas g can be chosen to match the chamber wall (x) in 

stopping power, thus effectively making the S ratio unity (this can 

also be done for tissue-equivalent chambers with tissue equivalent 

gas). The ratio B/A then depends on the kerma ratio, energy absorption 

coefficient ratio and theW ratio. The most important of these cases 

is the case of the TR plastic-TE gas chamber-gas combination. The 
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corrnnonly used A-150 muscle-equivalent plastic contains much more carbon 

and far less oxygen than real muscle tissue. However, since oxygen and 

carbon have practically identical (~en/ p) values over a wide range of 

gamma energies, the ratio (~en/p)y,t I (~en/p)y,x. may be taken as 

unity. The hydrogen content of A-150 plastic and the methane-based TE 

gas suggested by Rossi and Failla are carefully chosen to match that of 

ICRU muscle tissue. The discrepancy in carbon and oxygen content does 

cause the flu•.!nce-to-kerma ratio to be significantly different from 

unity, though. The weighted average of (k 1 i /k 1 n,TE p ast c n,musc e 

tissue) over the neutron spectrum at the Naval Research Laboratory 

cyclotron was found to be 1.047. Assuming a value of IV / 1..1 of 0.94R y a 

for TE gas, the B/A for the TE plastic chamber was approximately 0.99. 

The same kerma ratio for 14.8 MeV neutrons may be computed using kerma 

values given by Caswell and Coyne. 40 This ratio is (7.01 • 10-9 )/(6.75 

• 10-9 ) or 1.051, giving a B/A for the TE chamber in a 14.8 MeV neutron 

beam of 0.996. 



23 

CHAPTER II 

INSTRUMENTATION AND HETHODS 

a. Lead Filtration Method 

A lead filtration method was devised by Attix at the Naval 

RQEO~rch Laboratory Lu provide tirst experimental way of 

determining the neutron sensitivity (B) of a non-hydrogenous ion 

chamber in relation to that for a "tissue equivalent'' ion chamber. 41 

The technique used a series of lead filters in narrow-beam geometry to 

progressively remove most of the gamma rays while transmitting the 

neutrons. A total of six measurements was required at one specified 

point in the beam to calibrate one ion chamber. Measurements were made 

with the hydrogenous and non-hydrogenous chambers in a collimated 

unfiltered beam, in the same beam with a lead filter, and in the same 

beam with a massive steel plug blocking the beam. It is possible to 

write six simultaneous equations in six unknowns which describe this 

situation (Tahle 2). Each equation is of the form of Eq. 7, with t\vO 

modifications. The equations have been divided throuch by the (known) 

gamma sensitivity A to yield: 

(17.) 
Q 

A 
D + n • D 

y A n 
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Table 2. Simultaneous Equations for Lead Filtration Method 

( 1.) (Q/A)TE • Oa + 
y 

os + 
y (B/A)TE • 0 n. 

(2 ) (Q/A)x - Oa + Os + (B/A)x • 0 y y n 

(3.) (Q/A)TE • exp(-~·t 1 ) •0~ + os + 
y (B/A)TE •exp(-a•t 1) •Dn 

( 4.) (Q/A)x • exp(-~·t 1 ) •08 + os + y y (B/A)x •exp( -a•t 1) •On 

( 5.) (Q/A)TE • exp(-~·t 2 ) •0~ + OS + 
y (B/A)TE •exp(-a•t 2 ) ·On 

(6.) (Q/A)x • exp(-~·t 2 )·D~ + Os + 
y (B/A)x •exp(-a•t2 ) •0

0 

Unknowns: 0~, 0~, Dn, ~. a, (B/A)x Simplifying: 

( 1.) (Q/A)TE • oa + os + 
y y ( B/ A)TE •On 

(2.) (Q/A)x - Da + Os + (B/A)x•On y y 

( 3.) (Q/A)TE • C •Oa + os + 1 y y (B/A)TE •0 , 
n 

( 4.) (Q/A)x - c1 •0~ + 0~ + '(B/A)x •0 , 
n 

( 5.) (Q/A)TE • C •Oa + Os + 2 y y (B/A) •0 " TE n 

(6.) (Q/ A)x - C2 ·o~ + Os + (B/A)x •0 .. 
y n 

Unknowns: Oa 06 0 0 ' 0 " (B/A) y• y• n' n • n ' x 
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Additionally, the gamma dose for this measurement has been partitioned 

into two components D~ and D~ representing earnma rays transnitted 

through the collimated aperture and those scattered into the detector 

(primarily from the neutron shleld), respectively. 

The equation set in Table 2 is transcendental due to the presence 

of the exponential attenuation terms and has no unique solution. 

Therefore, the coefficient of Da in Equations (3) and (4) of thai: table y 

was replaced by a constant c1 (equal to exp(-~·t 1 )) and the coefficient 

of D~ in Equations (5) and (6) was replaced by the constant c2 (equal 

to exp(-~·tz)), where ~is the linear attenuation coefficient for saoma 

radiation in lead and t 1 and t 2 are the lead thicknesses in em. 

Additionally, the neutron dose Dn' replaced the term exp(-o•t 1 ) •On in 

Eqs. (3) and (4) and D .. 
n replaced the term exp(-cr•tz) •Dn in Eqs. ( 5) 

and ( 6), where e1 is the linear absorption coefficient· for primary 

neutrons in lead. It is now possible to choose an estimated value of ~ 

and solve these six equations for the six unknowns D~, D~, Dn, Dn', On'" 

and the desired quantity, (B/A)x for the non-hydrogenous ion chamber. 

The ratio of neutron to photon sensitivity (B/A)TE for the tissue equi.-

valent ion chamber is taken as a known quantity from the Brags-Gray 

calculations summarizerl in Equation (16). 

Attix obtainerl a value of 0.318 for a graphi~e ion chamber filled 

with air and 0.1585 for a magnesium ion chamber filled with flowing 

argon using this method for the cyclotron neutron spectrum at NRL, 

generated by 35 MeV deuterons on thick Be. 42 
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Improvements to this method were reported by Attix, Pearson and 

Capestrain at the University of Wisconsln. 43 Four thicknesses of lead 

were used as filters ·in narrow-beam geometry in this work, in contrast 

to the single lead filter plus steel plug used in the earlier work. An 

average value of (B/A) over four sets of measured points was obtained, 

thus providing an internal check on variation of this ratio with beam 

degradation due to the presence of the lead filters. Measurements were 

made at NRL, and with a beam of neutrons from a small, l!o\..-intensity 

3H(d,n) 4He (hereinafter referred to as D-T) neutron source at the 

University ot Wisconsin. A value of 0.319 ± 0.6 % S.D. for the (B/A) 

of a graphite ion chamber filled with air at NRL was reported using a 

value of ~for 0.2 MeV photons. Values of (B/A) for D-T neutrons were 

also reported, but varied widely from one set of filters to another, 

and included some negative values when ~ for 4 l1eV photons was used. 

These poor results were attributed to a low signal-to-noise ratio for 

this generator, and a confined working space near the target which 

resulted in less than ideal narrow-beam geometry. The most consistent 

estimates of these (B/A) ratios \¥ere for an assumed value of 11 of 11.4 

cm- 1 , corresponding to 0.2 MeV photons. Values were as follows: 0.263 

± 7.5% S.D. for the graphite ion chamber filled with air, 0.168 ± 9.2% 

S.D. for the magnesium ion chamber filled with flowine argon, and 

0.046 ± 75% S.D. for the GM counter. 

Initial research for this thesis commenced with measurement of the 

R/A ratios for two ion chambers plus a miniature Geiger-Mcrller 

cuunter. 44 These measurements were performed at the University of 
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Hisconsin Gas Target Neutron Source, which provided an intense source 

of D-T neutrons 45 • 46 , which could be collimated for narrow-beam 

geometry. 

The ion chambers employed in this work were all Model IC-17 series 

guarded 3-termf.nal chambers manufactured by EG&G (Goleta, CA). All 

have walls thick enough to reach equilibrium for 60co y-rays or for 

secondary charged particles produced by 14.8 MeV neutrons. The A-150 

plastic "tissue equivulent" ion chamber (serial number 193-TG) has a 

volume ot 0.946 cm3 an-j a \vall thickness of 0.508 em (570 mg/cm2 ). The 

atomic composition of A-150 plastic is given in Table 3, 47 along wf.th 

the composition of muscle specified by the ICRU, and the present 

formulation of TE gas. A graphite-walled ion chamber (serial numher 

229-GG) of 2.43 cm3 volume \dth walls of 0.303 em thickness (530 

mg/cm 2 ) was also used. A magnesium-walled ion chamber (serial number 

225-HG) of volume 2.40 cm3 with walls of 0.303 em thickness (530 

mg/cm2 ) completed the set. A miniature GN counter (EG&G Model GH-2, 

serial number 1), patterned after the design descrited by Hagner. and 

Hurst, 48 was also employed. It had a wall composed of 90 mg/ cm 2 of 

iron, 200 mg/cm2 of aluminum, 480 mg/cm 2 of 6uF and 807 mg/cm 2 of 

lead, designed to flatten out the inherent over-response of GM counters 

to low energy photons. 

Each ion chamber was connected to a separate Keithley Hodel 616 

Digital Electrometer. The responses of the GM counter and the monitor 

ionization chamber surrounding the neutron source· were displayed on 
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Table 3. Composition of Muscle Tissue and Tissue Equivalent Materials 

Material Compound 

A-150 Plastic 1 Polyethylene 
(muscle equiv.) Nylon (Zytel 69) 

Carbon 
Calcium Fluoride 

TE ~as 2 C0 2 
(m~cclc cquiv. N2 
with methane) CH4 

1 Smathers, et. al., (1977), Ref. 47. 

2 Rossi and Failla, (1956), Ref. 34. 

3 ICRU 26, (1977), Ref. 2. 

Percent Element 

45.14 (by \/t.) H 
35.22 c 
16.06 u 
3.58 0 

Ca 
F 

32.4 (by vol) H 
:3 ") ·- c 

64.4 N 
0 

100% H 
c 
N 
0 

Na,Ng,P,S,K,Ca 

z Wt. % --
1 10.2 
6 76.8 
7 3.6 
8 5.9 

20 1.8 
9 1.7 

1 10. 19 
6 45.62 
7 3.52 
8 40.67 

1 10.2 
6 12.3 
7 3.5 
8 7 2. 9 

l.l 

digital scalers. A specially designed electronic controller allowed 

the electrometer and scaler readings to be automatically started and 

stopped for meter and scaler readings to be automatically started and 

stopped for a chosen period of time. All measurements were· made for a 

period of 100 seconds, and multiple readings were averaged at each 

point. 
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A flow of approximately Scm3 /min of !?.as was passed through each 

chamber as follows: TE gas with the TE chamber, carbon dioxide with the 

graphite chamber, and argon with the magnesium chamber. The gamma-ray 

sensitivity coefficients A were measured in a calibrated beam of 

photons from a 6°co teletherapy. source. 

Measurements were made in air at 25cm from the collimator of the 

Gas Target Neutron Source. These measurements were later repeated at a 

point 70cm from the collimator (Figure 1) when it was discovered from 

unfolding the six-equation set that the closer position had an 

COIOCA(T( 
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Fig. 1 Schematic plan view of the crtcium gas tar8et. 
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undesirably high level ·of scattered gamma radiation. The primary 

neutron beam was confined to a diameter of 6cm by a wax insert placed 

inside the Benelex (pressed wood) col lima tor. Heasurements for all 

four dosimeters were made simultaneously. The three ion chambers were 

positioned in a plane 70cm from the collimator with their sensitive 

volumes within the useful beam. The GM counter was placed immediately 

behind this plane. No correction was made for the displacement of the 

GM counter with respect to the ion chambers, or for any shielding 

effect which the ion chambers may have had. Later .neasuremen ts took 

these minor corrections into account. 

All ionization measurements were made with both polarities and 

400V bias on the ion chambers, while the GM counter was operated with 

+SOOV bias at all times. Dosimeter readings were normalized to the 

neutron output by dividing by the charge collected by the monitor 

ionization chamber. Raw results were corrected for temperature and 

pressure, electrometer correction factor, extrapolated to infinite 

voltage (for the ion chambers) and normalized to lmCoulornb of char8e in 

the monitor ion chamber. Typical dose rates at the ion chamber 

position were about 1 rad/min, and precision of the measurements was 

about 2% Standard Deviation (or ±2% FSO). 
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b. Water Phantom Measurements 

At tix, August and Shapiro 49 demonstrated that measurements with 

TE plastic, graphite and magnesium ion chambers in the mixed n-y bea!'l 

issuing from a Benelex collimator can provide enough information to 

resolve the total dose into three components. The components were 

chosen to represent the primary fast ( Dfn) and scattered slow (D ) sn 

neutron doses, and the total gamma dose, Dy· The general form of the 

three equations to be solved for these three unknowns is shown in Table 

4. This procedure requires a knowledge of the n/y sensitivity ratio for 

each dosimeter in both the primary and scattered radiation fields 

(namely, (B/A) and (B/A)' in Table 4). The gamma-ray sensitivity A can 

be determined from a calibrated photon source. The response of each 

dosimeter must be measured at each point of interest. 

Evaluation of (B/A)' is dependent on the assumptions made ahout 

the scattered neutron spectrum. Kuchnir demonstrated in 1975 that 

(B/A)TE is relatively independent of energy over a wide range of 

neutron energies.SO However, (B/A)' for non-hydrogenous ionization 

chambers decreases strongly with decreasing neutron energy in the l-15 

HeV energy range. Attix et al 51 assumed that the scattered neutrons 

could be represented by a monoenergetic component below l MeV, leading 

to the assumption that (B/A)' = 0 for a graphite chamber filled \vith 

air or co 2 and for a magnesium chamber filled with argon. The revised 
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Table 4. Two- and Three-Dosimeter Methods 

a. Two-Dosimeter Method 

Unknowns: Dy, On 

b. Three-Do~imeter Method 

, 
( 1.) (Q/A)TE • D + (B/A)TE • 0fn + (B/A)TE • 0sn y 

, 
( 2.) (Q/A)x • D + y (D/A)x • 0fn + (B/A)x • 0sn 

, 
(3.) (Q/A)y • D + (B/A)y • 0fn + (B/A)y • 0sn y 

Simplifying: 

(2.) (Q/A) • Dy + (B/A)x • Dfn 

(3.) (Q/A) • Dy + (B/A)y • Dfn 
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equations representing this situation are then greatly simplified 

(Table 4). 

It was suggested by Attix et al that this three-dosimeter method 

might be useful for n-y dose separation in a \vater phantom when'! 

low-energy scattered neutrons cause an undetermined decrease in the 

effective (B/ A) value for the non-hydrogenous dosimeters. The 

three-dosimeter method supplies the missing informatio~ on how much the 

(B/A) value is degraded by the scattered neutrons. An effectlve value 

of (B/A) for non-hydrogenous dosimeter x is suggested by the following: 

(18.) (B/A)x (B/A)x • 
Df + D n sn 

which equals (B/A)x for Dsn = 0, and equals 0 for Dfn = 0 (a completely 

degraded neutron spectrum). This equation implicitly assumes that B/A 

i.s a linear function of neutron energy, obviously an over-simpli-

fication of a much morP. romplex relation. 

A series of measurements was therefore made in a water phantom 

utilizing the ion chambers and GM counter described previously. 52 The 

water phantom used in this work consists of a Lucite box having 

dimensions of 40cm by 36cm with 4lcm depth, and walls 7mm thick. The 

phantom was positioned outside the collimator with the front face 60cm 

from the face of the collimator (Figure 2). A depth of lOcm in phantom 

(measured from the front face of the phantom) down the beam axis 
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Fig. 2 Geometry for the water phantom measurements. 

corresponded to the point at which the (B/A) measurements were made. 

The wax insert was removed for the in-phantom measurements ~nd a square 

ul:!am approximat:ely lJcm by Ucm was produced at the phantom en t ranee, 

diverging to about lScm by lScm at the exit face. The heam centerlLne 

was about l3cm below the water surface. Each chamber was isolated from 

the water with a double layer rubber sheath and was approximately l9cm 

from the bottom of the tank. 

Dosimeters were mounted on a remotely cqntrolled X-Y scanner. The 

ionization chambers were mounted side-by-~dcle in a. pLine parallel to 

the front face of the phantom and spaced at 2.2cm intervals (center to 
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center). 

chamber. 

The GM-counter was mounted directly behind the TE plastic 

The effect, if any, of the l.Scm displacement of the 

GM-counter to a greater depth (which was partially compensated hy the 

void caused by the presence of the ion chambers between the neutron 

source and the GM-counter) was not corrected for.· Each chamber was 

irradiated at positions from 4.4cm on the west side of the beam 

centerline (which ran North-South) to 17.6cm east of the c~?.nterline. 

All dosimeters were simultaneously irradiated, then translated 2. 2cm 

east and again irradiated, until the entire field at that depth was 

mapped out along the line of motion. This process was performed at 

depths of 5 and lOcm from the front face of the phantom. As in the 

lead filtration measurements, two or more 100 second irradiations were 

performed at each point, for both positive and negative polarities. 

Corrections were made for temperature, atmospheric pressure, 

electrometer calibration and ionic recombination losses. Precision was 

about 1-2~~ FSD. Dosimeter responses were normalized to the monitor-

ionization chamber response during the irradiation. 



36 

CHAPTER III 

ION CHAHBER ~tEASUREMENTS 

a. Lead Filtration Measurement ~esults 

The lead filtration technique described in Chapter II was used to 

.obtain the neutron-to-gamma sensitivity ratios (B/A) for the eraphite 

ion chamber filled with co 2 , the maenesium ion chamber filled with 

argon, and for the miniature GM counter. 53 Six different solution sets 

to the equations shown in Table 2 were found for the TE-GM pair, with 

the linear photon attenuation coefficient ~ varied as an input 

para~eter from ll.Scm-1 (corresponding to 0.2 MeV) to 0.47lcm-1 

(corresponding to 4.0 HeV). Solutions were obtained for four sets of 

filters at each value of ~· The smallest variance in the results for 

the five unknowns (Dn, D~, D~, (B/A)GM and cr) were obtained in each 

case when a value of 0.47lcm-l was used for ~· This is a reasonable 

result since it would be expected that most of the secondary gamma rays 

created by interactions of 14.8 NeV neutrons 1vould be produced by 

inelastic reactions with nitrogen, oxygen, iron and copper and from 

hydrogen capture of thermal neutrons. All of these gamma radiations 

have energies of 2 to 8 HeV. Si nee the linear photon attenuation 

coefficient is constant within ±15% from 2 to 10 ~leV, a value of 

. -1 
0.47lcm was used throughout this work. The B/A for the GM counter 

was thus found to be 0.186 ± 6.3% Standard Deviation (6.3% FSD). 
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The six-equation set was used to unfold the results. of measure-

ments made with the graphite and magnesium ion chambers utilizing a 

value of 0.47lcm-1 for IJ.• Fractional standard deviations of the 

results were significantly larger for the TE-Mg pair (4 to 46% FSD) 

than for the TE-GM pair (1 to 7% FSD). The results for the TE-C pair 

were even worse, ranging from 3 to 380% FSD, and including a physically 

inadmissible negative mean value for These results were not 

surprising, since the two-dosimeter method works best when one 

dosimeter is very neutron insensitive. Therefore, the results for oa 
Y' 

D~ and IJ. from the TE-GM pair were used as input data to obtain the B/A 

for the non-hydrogenous ion chambers. An evaluation of B/A for each 

ion chamber could then be obtained for each lead filter used and for 

the open beam. The value of (B/A)c obtained in this manner was 0.297 ± 

2 .6% FSD, while (B/ A)Hg was found to be 0.172 ± 1. 7% FSD. ihese 

results were in reasonable agreement with those previously measured by 

Attix. 

The voluc3 thus obtained in 1979 fu~ t~ese dostmerers were 

immediately used in the unfolding of ion chamber measurements made in a 

water phantom (described in the following section). However, it became 

apparent sometime later that there were several defects in these 

measurements. First, the response of the GM counter was not corrected 

for deadtime. It had been assumed at the time of the measurements that 

the relatively low counting rates in these experiments (e.g., 100 to 

1000Hz) resulted in a negligible counting rate correction. However, 

these rates actually result in a 0.3 to 3.4% correction, if the 
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algorithm suggested by Evans 54 is utilized. The form of the 

correction is as follows: 

(19.) N 
n 

where N is the true counting rate, n is the observed counting rate, an~ 

't is the dead time (which is given by the manufacturer as 331-lseconds). 

The second error was revealed when later measurements were 

performed in which the TE plastic ion chamber was used to traverse the 

useful beam area immediately outside the collimator. These scans 

showed a distinct lack of beam uniformity, especially i.n the cxac t 

center of the field, where the neutron beam passed through a 2cm 

diameter cooling-water pipe at the end of the 55cm-long gas target 

vessel. This problem was subsequently alleviated by construction of a 

paraffin compensating filter which was fitted around the water pipe to 

cause equal attenuation of the entire useful beam before passing 

tltruugh the collimator. Additionally, the measurement technique was 

modified· to place each ion chamber in the exact geometric centP.r of the 

beam (now indicated by a Srnm diameter HeNe laser spot), at the same 

distance from the source. Previously, all four dosimeters were exposed 

simultaneously in the non-uniform field of the filtered beam, with the 

GM counter in a plane l.Scm behind the ion chambers. 
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Finally, it was noted that the responses of each ion chamber and 

the GM counter (when normalized by the response of the 55cm-long TE 

plastic monitor ion chamber which surrounds the target vessel) were not 

always constant. The normalized responses were found to increase 

linearly with the gas pressure in the tareet vessel. Since the present 

taree t vessel suffers a steadily increasing pressure change with the 

beam on, it was necessary to correct for this phenomenon. A 20% 

pressure change (from 5.0 to 6.0 Torr) in the target will normally 

cause an increase in the normalized response of the dosimeters of 

approximately 5%. 

It was decided that the use of carbon dioxide as a matched gas 

wi~l1 the eraphite ionization chamber was unnece?sarily troublesome, due 

at least partially to continuing problems with the porosity of the 

graphite wall of that device 55 • The chamber was found to be quite 

sensitlve· to flow rate changes when surrounded by a tight fltting 

rubber sheath and used with flowing co 2 • It was prone to backfilling 

with air, resultlng in se~ere distortion of the response. The graphite 

chamber is now used exclusively with static ambient air. 

The lead-filtration r:1ethod was therefore repeated with the above 

modifications to derive better values of B/A for the lon chambers and 

GH counter. The ion chambers were first re-calibrated ·at the 

University of I.Jisconsin Medical Physics Department 60 co teletherapy 

source in an inter-comparison with the Midwest Center for Radiological 

Physics (MWCRP). The HWCRP P'nl-119 NBS-calibrate·d ionization chamber 
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was used to obtain the gamma sensitivity for each of the ionization 

chambers. The precision of the measured charge ratios was less than 

1%. Since the dose rate from the 60co source was too high to be used 

with the miniature GM counter, this device was calibrated with an open 

beam 137 cs irradiator which had in turn been calibrated with the 

PTW-119 chamber. All of the Keithley 616 Electrometers were also 

calibrated utilizing the ~fl~CRP Keithley Picoampere Source. 

Each dosimeter was then sequentially exposed on the centerline of 

the unfiltered neutron beam, and then to the neutron beam filtered by 

2.0, 4.2, 6.2 and 8.0cm of lead, and finally to the heam plugged by a 

61cm steel rod. The B/A ratio for each chamber was derived by 

comparison with the response of the TE plastic chamber under the same 

conditions. The B/A of the TE plastic chamber was again determined 

from theoretical considerations to be 0.996. The graphite-air B/A was 

found to be 0.306, the magnesium-argon B/A was found to be 0.150 and 

(B/ A) GM was found to be 0. 016. Results of the calibra t lon of all of 

these dev1.c.es are sui111Tiar.ize.d in Table 5. 

The values found· for these dosimeters can be compared to those 

found by other investigators. Table 6 shows results at 14-15 rteV for 

the graphite ion chamber with hath air and co2 , the magnesium chamber 

with argon, and for a variety of miniature ·GM counters. An alternative 

method of determining the neutron/gamma sensitivity ratio was developed 

by Kuchnir in 1975. 56 This method relies on the fact that most neutron 

generators (other than D-T) p~oduce a neutron field which varies with 



Table 5. Ion Chamber Calibration Data 

Chamber Gas B/A A (nCouloumbs/rad)(l) 

TE (193-TG) * TE 0.996 0.3440 

C ( 2 29-GG) Air 0.306 0. 773.3 

Mg (225-HG) Argon 0 .lSC 1.194 

GM (S. N. 1) 0.0160 1.742 • 10 6 ( 2) 

(l) Ion chamber 60co y-ray response per rad of tissue absorber! dose 
under charged-particle equilibrium .. 

( 2) 137 GM counter response to Cs gamma radiation 
in counts/rad 

* Analyzed gas composition: 

64.552 vol.% 
32.258 
3.190 
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angle relative to the direction of the charged particle beam, while the 

gamma component is isotropic. The response of a dosimeter due to 

neutrons alone can therefore be unfolded from measurements made at more 

than one angle. Results at the bottom of Table 6 are taken from an 

Internatiutlal NeuLL"uu Dosimetry Int:ercomparison utilizing the D-T 

neutron source at the Radiological Research Accelerator Facility 

(RARAF) at Brookhaven in 1977. 57 All values for (B/A)c-coz in that 

report are high relative to Att.ix in 1979 and lh1terman in 1973. This 

may be attributed to lack of understanding of the effect tl"\at the 

porosity of the graphite walls has on the composition of the gas 

contained in its sensitive volume. The closeness of the results for 

(B/A)C-Air obtained by Attix in 1974 and this work in 1982 lends 

confidence to the reliability of these results. Again, lead-filtration 
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Table 6. Summary of B/A Measurements at 14-15 NeV by Other Groups 

\lorkers Date C-co2 C-Air Mg-Ar GM Method 

Attix, et al 1974 0.318 Lead filtration --

Kuchnir, et al 1974 0.215 Spectral diff. --
Cleland 1974 0.28 

Lewis & Young 1977 0.0130 Spectral diff. 

Atti.x, et al 1977 0.1585 Lead filtration 
--

Lewis & Hunt 1978 0.0163 Spectral diff. 

Waterman, et al 1979 0.238* o.1ao* Spectral diff. --

Attix, et al 1979 0.297 0.172 0.0186 Learl filtration --

This work 1982 0.306 0.150 0.0160 Lead filtration 

INDI REPORT::!: 1978 
(at 15.1 lfeV) 

ANL 0.238 
AFRRI 0.144 
CHRISTIE 0.356 
GSFF 0.33 
GSFtl 0.341 
NIRS 0.365 
ORNL 0. 
RARAF 0.015 
TAMVEC 0.189 
TNO 0.14 o. 

* Data were interpolated between 14 and 16 HeV 

:!: Reference 57. 

results for the magnesium-argon pair obtained by Attix in 1977 and this 

work in 1982 are extremely close. The B/A for a miniature GM counter 

seems to.be well-defined at 0.013 to 0.019. 
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b. Early Water-Phantom Measurements at U.W. 

Measurements were made in the 14.8 MeV neutron beam at the Gas 

Target Neutron Source in April of 1979. The TE plastic ion chamber was 

filled with flowing methane-based TE gas, the graphite ion chamber was 

filled with flowing C02 and the magnesium ion chamber was filled with 

flowing argon. The dosimeters were positioned and translated as 

previously described. 

The data obtained in these measurements were analyzed using both 

the paired-dosimeter and three-dosimeter technique represented by the 

equations in Table 4. Each dosimeter was paired with the TE chamber for 

analysis and three combinations of dosimeters were used in the 

three-dosimeter method. These techniques may be summarized as follows: 

Hethod 1.: TE-C 
Method 2.: TE-Hg 
Hethod 3. : TE-GM 
Method 4.: TE-C-Mg 
Her: hod ~. : TE-GM-t-lg 
Hethod 6. : TE-C-G~1 

Results of the two- and three-dosimeter techni~ues are summarized in 

Table 7 for the Scm depth and Table 8 for the 10cm depth. 
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Table 7. * Gamma Doses at Scm Depth April, 1979 

Dist. 
Off Hethod (1) Hethod ( 2) Hethod ( 3) Method ( 4) Method ( 5) Method ( 6) 
Axis TE-C TE-Hg TE-GN TE-C-t1g TE-GM-Hg TE-C-GM 

Ocm 1.46 
(2.7%) 

2. .2 1.63 
(3.0) 

4.4 1.53 
(2.8) 

6.6 0.25 
(0.5) 

8.8 0.84 
(1.5) 

11.0 0. 90 
( 1. 7) 

13.2 0.91 
( 1. 7) 

15.4 0.85 

17.6 

( 1. 6) 

0.83 
( 1. 5) 

2.68 
(4.9%) 

2. 65 
(4.9) 

2.65 
(4.9) 

2.86 
(1.1) 

1.61 
(3.0) 

1. 34 
(2.5) 

1. 26 
(2.3) 

1.15 
(2.1) 

3.39 
(6.2%) 

3.22 
(5.9) 

2.79 
( 5. 1) 

1.84 
(3.4) 

1.57 
(2.9) 

1. 39 
(2.6) 

1.25 
( 2. 3) 

1.15 
( 2. 1 ) 

3.86 
(7.1%) 

3.65 
(6.7) 

3.73 
(6.9) 

5.38 
(9.9) 

2.36 
(4.4) 

1.77 
(3.3) 

1.59 
( 2. 9) 

1.43 
(2.6) 

3.46 
(6.4%) 

3.27 
(6.0) 

2.80 
(5.2) 

2.18 
(4.0) 

1.86 
(3.4) 

1.59 
(2.9) 

1.41 
( 2. 6) 

1.26 
(2.3) 

3.48 
(6.4%) 

3.24 
(6.1) 

2.85 
( 5. 2) 

2.34 
( 4. J) 

1.89 
(3.5) 

1.60 
(2.9) 

l. 42 
(2.6) 

1. 2 7 
(2.3) 

1.16 
(2.1) 

* Doses eiven in tissue rads per 1 mCoulomb of charee collected 
by the monitor chamber. Figures in parentheses are percentages of 
total dose on beam axis (54.3 rads). Data were not obtained at this 
depth for the magnesium chamber at 17.6cm off-axis. 
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Table 8. Gamma Doses at 10cm Depth* April, 1979 

Dist. 
Off 
Axis 

Method (1) Method (2) Method (3) Method (4) Method (5) Method (6) 

Ocm 

2.2 

4.4 

6.6 

13.8 

15.0 

17.2 

* 

TE-C TE-Ng TE-GM TE-C-Hg TE-GM-t·1g TE-C-GH 

1.09 
(2.6~~) 

1.08 
( 2. 6) 

1.19 
(2.8) 

0.22 
(0.5) 

0.70 
( 1. 7) 

0.89 
( 2. 1) 

0.83 
(2.0) 

2.35 
(5.6%) 

2.25 
( 5. 4) 

2. 31 
(5.5) 

1.24 
(3.0) 

1.12 
( 2. 7) 

2.92 
(7. 0%) 

2.82 
(6.7) 

2.54 
(6.1) 

2.14 
(5.1) 

1.33 
(3.2) 

1.19 
(2.8) 

1.09 
(2.6) 

3.56 
(8.5%) 

3.37 
(8.1) 

3.40 
(8.1) 

1.77 
(4.2) 

1. 35 
(3.2) 

2. 97 
(7 .1%) 

2.87 
(6.9) 

2.56 
(6.1) 

1.33 
(3.2) 

1.20 
(2.9) 

3.00 
(7. 2%) 

2.90 
(6.9) 

2.60 
(6.2) 

2.23 
( 5. 3) 

1.35 
(3.2) 

l. 21 
( 2. 9) 

1.10 
(2.6) 

Doses given in tissue rads per 1 mCoulomb of char3e collected 
by tlte monitor chamber. Figures in parentheses are percentages of 
total dose on beam axis (41.8 rads). Data were not obtained for the 
magnesium chamber at this depth at 6.6 or 17.2cm off-axis. 

Estimates of Dy and the fraction of the total on-axis dose for 

each depth may be directly compared for each of the six unfolding 

methods in Tables 7 and 8. It shoulci be noted that each of the six 

equation sets i:s c.:un1;; t r:alnerl to give the same total dose estimate nt 

any one point (e.g., 4.4c.:m uff-axis at Scm depth always yields 52.5 

rads total dose per monitor unit). It is at once apparent that the 

TE-GH data set almost always gives the highest estimate of Dy (and 

therefore the lowest estimate of Dn) of any of the three two-dosimeter 
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sets (Methods 1 through 3). The TE-C data set always yields the lowest 

estimate of Dy of any of the three two-dosimeter sets (and therefore 

the· highest estimate of Dn). The TE-Mg data set (Method 2) almost 

always gives results intermediate between the TE-GH and TE-C methods. 

The implication of the two-dosimeter unfolding results is that the 

(B/A) value for the_ graphite chamber is probably too high in a \vater 

phantom. The neutron sensitivity of the graphite chamber should fall 

off gradually with decreasing neutron energy, since the 

fluence-to-kerma factor declines steadily from 14.8 ~1eV downward 

(Figure 3). Thus the graphite chamber, in phantom, significantly 

overestimates the neutron dose. The (B/A)Mg value is also too high in 

this situation, for the same reason, but to a lesser degree. The 

magnesium fluence-to-kerma factor also declines fairly rapidly from 

14.8 MeV downward (Figure 4). However, since the (B/A) for the 

magnesium chat:1ber with argon is less than half of that for the graphite 

chamber with air to begin with, the resulting error in the estimates of 

Dy and Dn is less. By this same argument, the TE-GM pair should eive 

the hest estimate of neutron and gamma dose. 

Unfolding methods L1, 5 and 6 partition the neutron dose into a 

fast component (Dfn) and a slow component (Dsn). Table 9 gives the 

results bf this neutron dose division at both 5 and lOcm depth for all 

three methods. The fast neutron dose decreases with depth due to 

attenuation and energy-losing interactions while the proportion of dose 
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rtyciro~cn 

Energy m WeV Energy ;n ~cV 

Fig. 3 kerma: H and C Fig. 4 kerma: H and ~tg 

(Ordinate in rad-cm2/neutron in both figures) 

at depth due to photons and slow neutrons increases. Several negative 

values are present in this table for Dfn and 0
5

n. These values are 

physically inadmissible and probably indicate a fault in input dati:i. 

It should be noticed that these neeative values most often occur •..1hen 

the ion chambers were straddling the beam edge, 1.;hich was located at 

about 6-7cm off-axis. At this location both the accuracy of 

positioning and the differences in size of the n: ion char.1ber and G~ 

counter compared to the larger magnesium and graphite ion chambers are 

probably important. 

The three-dosimeter technique provides an estimate of the 

effective neutron-to-gamma sensitivity ratio (B/A):< in-phantom for each 

of the two dosimeters used with the TE plastic ion chamber. These 
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Table 9. Partition of Neutron Dose at 5 and 10cm Depth * 1979 April, 

Scm Depth 

Dist. Method (4) Method (5) 11e thocl (6) 
Off- (TE-C-Hg) (TE-GM-Ug) (TE-C-GM) 
Axis Dsn Dfn Dsn Dfn Dsn Dfn 

Ocm 5.67 44.80 3.74 47.14 '•· 77 46.09 

2.2 4. 77 45.52 2.97 47.69 3.93 46.71 

4.4 5.18 43.60 0.73 48.98 3.10 46.56 

6.6 12.11 -3.39 -3.25 15.19 4.92 6.85 

8.3 3.59 -0.30 1.21 2.57 2.48 1. 28 

11.0 2.06 0.03 1. 21 1.06 1.66 0.60 

13.2 1.62 -0.29 0.73 0. 7 8 1.20 0.30 

15.4 1.36 -0.37 0.54 0.63 0.98 o. 18 

17.6 0.81 0.11 

10cm Depth 

Ocm 5.83 32.44 3.00 35.85 4.51 34.32 

2.2 5.42 32.81 3.02 35.71 4.30 34.41 

4.4 5.23 31.34 1.19 36.21 3.34 34.03 

6.6 4. 77 8.29 

13.8 2.53 -1.20 0.45 1.31 1.56 0.18 

15.0 1.07 0.02 0.36 0.8 7 o. 74 0.49 

17.2 0.65 0.17 

* Doses given in tissue rads/1mC of charge in monitor chamber. 
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Table 10. (B/A) at 5 and 10cm Depth * April, 1979 

Scm Depth 

Dist 
(B/A)C (B/A)Hg (B/A)GM 

Off Hethod ( 4) Hethod (6) Method (4) Method (5) t1ethod (5) Hethod (6) 
Axis TE-C-Mg TE-C-Q1 TE-C-Mg TE-GH-Hg TE-GM-l1g TE-C-GH 

Ocm .264 .269 .153 .160 .0172 .0169 

2.2 .269 .274 .156 .162 .0175 .01.72 

4.4 .266 .279 .154 .170 .0183 .0174 

6.6 -.115 .173 -.067 .219 .0237 .0108 

8.8 -.028 .101 -.016 .117 .0127 .0063 

11.0 .0045 .0787 .0026 .0804 .0087 • 00119 

13.2 -.064 .0596 .037 .0889 .0096 .0037 

15.4 -.110 .0462 .064 .0925 .0100 .0029 

17.6 .0371 .0023 

10cm Depth 

Ocm .252 .263 .146 .159 .0172 .0164 

2.2 .255 .263 .148 .159 .0171 . () 164 

4.4 .255 .271 .148 .167 .0180 .0169 

6.6 .212 .0133 

13.8 • 2 69 .0313 .156 .128 .0133 .0020 

15.0 .0044 .118 .0025 . 122 .0132 .0074 

17.2 .0613 .0038 

* value of (B/A)x as defined (18.), Chapter II. Effective in Eq. 
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estimates from the February, 1979 data are given in Table 10. The 

effective (B/A) for each dosimeter decreases slightly between the 5 and 

lOcm depths for points measured in the useful heam. Several negative 

values were noted on the beam edge and at points well off the beam 

axis. These negative values were attributed to poor signal-to-noise 

ratios at points out of the useful heam, leading to large uncertainties 

in the results. The estimated value of (B/ A) drops rapidly for each 
X 

dosimeter for points in the beam penumbra. The drop-off in (B/A)x for 

the graphite and magnesium ion chambers occurs in precisely those areas 

where the average neutron energy is significantly lower than the 

incident 14.8 HeV beam. Since the fluence-to-kerma factors drop off 

rapidly with energy, it is to be expected that the effective (B/A) 

should also decline. 

These early dose measurements in a l¥ater phantom demonstrated the 

feasibility and physical meaningfulness of the three-dosimeter method. 

The very low neutron sensitivity of the GM counter appeared to be 

extremely helpful in separating the neutron and gamma doses. Gar.nna 

dose estimates from each of the three unfolding methods (Methods 3, 5 

and 6) in which the GN counter was utilizeci were dominated by the 

presence of the GM counter. These estimates were internally consistent 

and appeared to be physically meaningful. Results from the other three 

methods had predictable flaws which were exacerbated as exposure 

conditions became more dissimilar to those under which the graphite and 

magnesium counters were calibrated. Further measurements at other 

depths and along the beam axis wen:~ lnuicat~d. 
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c. Recent Water Phantom Results 

Subsequent to the in-phantom dose measurements taken in Apri 1, 

1979 it was noted that there were several deficiencies in the 

measurement techniques employed, method of analysis and the uniformity 

of the neutron field. The lead filtration measurements had pr~viously 

been repeated for similar reasons. With these new calibrations in hanrl 

it was important to repeat the water phantom measurements utilizing 

better technique in a more uniform neutron field. Therefore new 

measurements were made in the same water phantom in June nnd July, 

1982. 

Prior to these measurements in the water-filled phantom, the TE 

plastic ion chamber and the CM counter were employed to obtain a 

neutron/gamma "map" of the field in air at a distance of 20cm from the 

outside face of the collimator. Three horizontal (east-west) traverses 

were performed at 2.54cm above, 2.54cm below, and coplanar with the 

beam centerline. Each scan extended from 7cm to the west of the 

centerline to 7cm east of the centerline. A three-dimensional plot of 

the neutron surface.at 20cm from the collimator face was thus obtained 

(Figure 5). This plot indicates the success of the beam flattening 

filter which had recently been installed in creating a relatively 

uniform neutron field from about 4cm west of the centerline to 3cm 

east. The beam edge is relatively sharp, especially on the eastern 

side. 
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Neutron 

Dose 

n t::l < 
('!) ..... ("J - - Ul .., ... .., ~ ~ ~ 0 c; ..... 
C'O - - r. .., .... .... 

CJ - .... () -· ("J -... 
C'O 

Distance from Centerline (em) 

WEST EAST 

Fig. 5 Neutron dose surface in air at 20cm from the collimatnr. 

The garnma contaoinatiun lu Lht:! useful beam in aii:' was found tn be 

relatively constant at 3.0 to 3.6% of the total dose. The ;ur.ount nf 

contamination increases as a function of distance off-axis due to the 

fact that the gamma dose declines less rapidly than the neutron dose, 

indicating that the collimator proviries a· sharp eclge for the neutron 

field while probably contributing to the scnttered y-ray dose. 
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A number of improvements in. technique were employed in these new 

measurements. The experimental geometry was improved by attaching the 

dosimetera to the X-Y scanner in such a manner that all four dosimeters 

were held in the same Y plane (equidistant from the collimator) at all 

times (Figure 6). The spacing was altered from the previous experiment 

to balance the dosimeters on either side of the movable hlock from 

which they · weY:"e suspended. The magnesium 1 on chamber was at X=+l2cm 

when the TE plastic ion chamber was at X=O, while the graphite ion 

chamber was at X=-+9cm and the GM counter was at X=+Jcm. The front face 

uu 
c Mg 

-1:3 -10 

WATER 

PHANTOM 

-5 

DO 
liM TE: 

0 

Fig. 6 Configuration of dosimeters i,n water phant:nm. 
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of the Lucite water phantom was positioned at 20cm from the exit face 

of the collimator .instead of the SOcm position used earlier. The 

geometric beam width at that point :f.s 10.4cm square, expanding to 

11.7cm square at 20cm depth. The gas pressure inside the target vessel 

was carefully monitored for later corrections and kept between 5.0 and 

6.2 Torr. The target pressure and GM counter deadtime corrections were 

used in data analysis. 

A correction was also made for the attenuation of the neutron beam 

in the water displaced by the volume of the dosimeter; we made no 

correction previously. Shaplru et al 58 calculated a multiplicative 

correction factor of 0.970 for the IC-17 model TE ion chamber 11seci in 

this work in the NRL neutron beam having an average energy of 14 :leV. 

A different method was used in calculating the displacement corrections 

used here, as suggested by Attix 59 and outlined in Appendix D. This new 

relationship yields a displacement factor of 0.981 for the IC-17 TE 

plastic, magnesium and graphite ion chamber, each of which has an outer 

caJlu~ u[ 1.143cm. The 1% differente between this calculation and the 

result of Shapiro ~ al may be due to their failure to consider the 

dosimeter as a probe used to deduce the absorbed dose in the center of 

a sphere of tissue-like material sufficient in radius to achieve 

charged particle equilibrium (CPE). 

taken to be 0.5 g/cm2 for the 

The mass-radius of this sphere is 

present radiations. (Shapiro's 

correction factor in effect corrects tw-ice for the attenuation of 

neutrons in the TE chamber wall). A displacement factor of 0.988 was 

calculated for the GM counter we used, which has an outer radius of 
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0.89cm. These factors were used in unfolding in-phantom 

measurements. 

Two sets of measurements Here made along the beam axis with ench 

dosim~ter consecutively placed on the heam ~enterline at depths of 3.0, 

5.0, 7.5, 10.0, 15.0 and 20.0cm. Cross-beam scans were made with each 

dosimeter consecutively placed on-axis, then 3.0, 6.0, 9.0 and 12.0cm 

off-axis, at depths of 3.0, 5.0, 7.5, 10.0, 15.0 and 20.0cm. The hori

zontal traverses in the phantom were performed not only to mnp out the 

beam profile, but also to choose a series of points which are 

characterized by different neutron and eamma spectral distributions. 

The point on the centerline and the point 3cm to the east are in the 

primary field defined by the beam collimator. The point 6cm to the 

east is located in the penumbral region, and the final two points are 

totally out of the primary field. Each of the three paired dosimeter 

methods and the three three-dosimeter methods used previously. was 

employed to unfold the data acquired in-phantom. 

Estimates of the gamma fraction at each mensured point in phantom 

are given in Tables 11-17. All of the qual i.tative conclusions about 

the dosimeter responses· and the results of the two- and three-dosimeter 

methods are confirmed by these data. The TE-GM pair almost always 

yields the highest estimate of gamma dose, the TE-C pair the lowest, 

and the TE-Hg pair is usually intermediate. This result is true for 

eac.h point given for ·the two sets of on-axis measurements shown in 

Table 17. Tile two three-dosimeter methods which employ the GH counter 
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Table 11. * Gamma Fractions at 3cm Depth (in Percent) June, 1982 

Dist. 
Off Method (1) t1ethod (2) Method (3) Method (4) Hethod (5) t1ethod (6) 
Axis TE-C TE-Mg TE-GM TE-C-Hg TE-GH-Hg TE-C-G~t 

Ocm 0.82 

3.0 0.55 
(0.51) 

6.0 2.56 
(0.52) 

9.0 40.29 
(2.04) 

12.0 54.31 
(1.88) 

* 

5.94 

5.82 
(5.37) 

4.17 
(0.84) 

40.37 
(2.05) 

40.77 
(1.41) 

4.95 

4.70 
(4.34) 

12.69 
(2.56) 

39.83 
(2.02) 

50.71 
(1.75) 

8.15 

8.13 
(7 .51) 

4.13 
(0.83) 

37.46 
( 1. 90) 

28.78 
( 1. 00) 

5.15 

4.88 
(4.50) 

14.12 
(2.85) 

41.40 
(2.10) 

53.72 
(1.86) 

5.32 

5.07 
(4.68) 

13.54 
( 6. 2) 

41.17 
(2.09) 

52.28 
(1.81) 

Numbers in parentheses are percentages of total dose on axis at 
3 em depth (114.6 rads per 1mCoulomb of charge in the monitor chamber). 

Table 12. * Gamma Fractions at Scm Depth (in Percent) June, 1982 

Dist. 
Off Hethod (1) Method (2) Nethod (3) Hethod (4) Hethod (5) t·1ethod (o) 
Axis TE-C TE-Mg TE-GN TE-C-~·fg TE-GN-t1g TE-C-GM 

Ocm 2.38 

3.0 2.58 
(2.31) 

6.0 9.80 
(1.73) 

9.0 47.65 
(2.69) 

12.0 76.33 
(2.80) 

5.00 

3.56 
(3.18) 

12.94 
(2.29) 

48.23 
(2.72) 

65.75 
(2.41) 

5.82 

5.42 
(4.85) 

17.05 
(3.01) 

40.97 
(2.31) 

54.61 
(2.00) 

5.75 

3.28 
(2.93) 

13.68 
(2.42) 

45.72 
( 2. 58) 

55.04 
(2.02) 

6.18 

5.87 
(5.26) 

18.10 
(3.20) 

41.68 
(2.35) 

55.39 
(2.03) 

6.16 

5.73 
(5.12) 

17.85 
( 3. 15 

41.91 
(2.36) 

55.37 
(2.03) 

* Numbers in parentheses are percentages of tot~l dose on axis at 
J ern depth (92.5 rads per lmCoulomb of charge in the monitor chamber). 
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Table 13. * Gamma Fractions at 7.5cm Depth (in Percent) June, 1982 

Dist. 
Off Method (1) Method (2) Method (3) Method (4) Method (5) Method (6) 
Axis TE-C TE-t1g TE-GM TE-C-Hg TE-GM-Hg TE-C-Gt1 

Ocm 3.84 

3.0 3.75 
(3.42) 

6.0 0.93 
(0.31) 

9.0 27.39 
(2.40) 

12.0 51.06 
(2.49) 

5.68 

3.59 
(3.27) 

-0.75 
(-0.25) 

22.38 
( 1. 96) 

42.07 
(2.05) 

6.44 

6.06 
(5.53) 

10.98 
(3.64) 

32.00 
(2.80) 

48.22 
(2.35) 

5.81 

2.49 
(2.27) 

-2.67 
(-0.88) 

17.16 
(1.50) 

33.28 
(1.62) 

6.84 

6.62 
(6.03) 

12.6 2 
(4.18) 

34.16 
(2.99) 

50.60 
(2.46) 

6.78 

6.38 
(5.82) 

11.74 
(3.89) 

33.19 
(2.91) 

49.61 
(2.42) 

* Numbers in parentheses are percentages of total dose on axis at 
3 em depth (79.5 rads per 1mCoulomb of charge in the monitor chamber). 

Table 14. * Gamma Fractions at 10cm Depth (in Percent) June, 1982 

Dist. 
Off Hethod (1) Hethod (2) Hethod (3) tlethod (4) ~1ethod (5) l·1ethod (6) 
Axis TE-C TE-Mg TE-GM TE-C-Mg TE-G~H·Ig TE-C-QI 

Ocm 4.25 

3.0 4.57 
(3.42) 

6.0 8.33 
(2.13) 

9.0 32.99 
(3.27) 

12.0 56.77 
(3.33) 

6.27 

5.16 
(3.27) 

9.45 
(2.42) 

29.97 
(2.97) 

43.66 
(2.56) 

7.20 

G.92 
( 5. 53) 

16.06 
(4.12) 

32.76 
(3.24) 

46.73 
(2.74) 

6.53 

4.52 
(2.27) 

8.96 
(2.30) 

25.80 
(2.56) 

32.15 
(1.89) 

7.63 

7.42 
(6.03) 

17.35 
(4.45) 

34.24 
(3.39) 

48.70 
(2.86) 

7.57 

7.25 
(5.82) 

16.87 
(4.32) 

33.76 
(3.34) 

47.75 
(2.80) 

* Numbers in parentheses are percentages of total dose on axis at 
3 em depth (62.1 rads per 1mCoulomb of charge in the monitor chamber). 
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Table 15. * Gamma Fractions at 1Scm Depth (in Percent) June, 1982 

Dist. 
Off Hethod (l) Method (2) Method (3) Hethod (4) t1ethod (5) 11ethod (6) 
Axis TE-C TE-Mg TE-GM TE-C-Hg TE-GN-11g TE-C-Gtl 

Ocm 3.69 

3.0 4.64 
(4.24) 

6.0 8.69 
(3.64) 

9.0 29.93 
(4.49) 

12.0 .3J.41 
(2.89) 

* 

10.03 

9.86 
(9.02) 

9.79 
(4.10) 

23.53 
(3.53) 

:3.')./~ 

(3.10) 

13.43 

8.36 
(7. 64) 

13.94 
(5.84) 

29.98 
:'4.49) 

43.36 
(3.75) 

13.01 

12.11 
(11.07) 

9.29 
(3.89) 

17.42 
(2.61) 

34.97 
(3.02) 

8.65 

8.513 
(7 .85) 

14.92 
(6.25) 

31.71 
(4.75) 

45.66 
(3.95) 

8.90 

8.79 
(8.03) 

14.59 
(6.11) 

30.89 
(4.63) 

45.04 
(3.89) 

Numbers in parentheses are percentages of total dose on axis at 
3 em depth (43.7 rads per 1mCoulomb of charge in the monitor chamber). 

* Table 16. Gamma Fractions at 20cm Depth (in Percent) June, 1982 

Dis t. 
Off Method (1) Method (2) Method (3) Method (4) Method (5) Method (6) 
Axis TE-C TE-Hg TE-GM TE-C-~1g TE-GH-Hg TE-C-Q1 

Ocm 8.23 

3.0 8.14 
(7.35) 

6.0 8.95 
(4.14) 

9.0 41.44 
(7.03) 

12.0 43.35 
(5.25) 

* 

10.25 

8.03 
(10.17) 

7.37 
(3.41) 

32.27 
(5.47) 

38.76 
(4.69) 

11.30 

11.27 
(10.17) 

16.34 
(7.57) 

36.88 
(6.25) 

45.48 
(5.50) 

10.31 

6.78 
(o.tz) 

5.16 
(2.39) 

23.86 
(4.05) 

33.10 
(4.01) 

11.89 

12.07 
( 10. ~IJ) 

17.88 
(8.28) 

33.69 
(6.56) 

47.79 
(5.78) 

ll.RO 

11.77 
(10.62) 

17.15 
(7. 94) 

37.84 
(6.42) 

46.95 
(5.68) 

Numbers in parentheses are percentages of total dose on axis at 
3 em depth (25.7 r-ads per 1mCoulomb of charge in the monitor chamber). 
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Table 17. Gamma Fractions on Axis (in Percent) * 

June 9, 1982 

Depth 
In Method (1) Hethod (2) Method (3) Method (4) Method (5) Method (6) 
\vater TE-C TE-Hg TE-GM TE-C-Hg TE-GH-t1g TE-C-GN 

3 em 1.56 5.17 5.26 6.64 5.51 5.58 
(1.27) (4.20) (4.27) (5.40) (4.48) (4.53) 

5 em 2.39 5.50 5.75 6.62 6.04 6.07 
(1..67) (3.84) (4.01) (4.62) (4.22) (4.24) 

10 em 2.78 6.61 7.18 8.16 7. 5'• 7.57 
(1.. 32) (3.13) (3.40) (3.86) (3.57) (3.58) 

1:5 em 3.92 6.79 'd. II /./U 9.32 9.23 
(1..21) (2.10) (2.72) (2.38) (2.89) (2.86) 

20 em 7.86 8.46 10.88 7.79 11.54 11 .33 
(1.52) ( 1. 64) (2.11) (1.51) (2.23) (2.19) 

July 30, 1982 

3 em 2.65 4.66 5.19 4.96 5.53 5.49 
(2.05) (3.61) (4.02) (3.84) (4.28) (4.25) 

5 em 3.10 4.73 5.80 4. 77 6.21 6.12 
( 2. 14) (3.27) (4.01) (3.30) (4.29) (4.23) 

7.5cm 3.84 5.68 6.44 5.81 6.84 6.78 
(2.21) (3.28) (3.72) (3.35) (3.95) (3.91) 

10 em 5.55 6.36 7.32 5. 77 7. 77 7.66 
(2.59) (2.97) (3.42) (2.69) (3.63) (3.58) 

15 em 6.91 7.32 9.07 6.42 9.66 9.47 
(2.07) (2.19) (2.72) (1.92) (2.90) (2.84) 

20 em 8.23 10.25 11.29 10.28 11.89 11.80 
(l.53) ( 1.91) (2.11) (1.92) (2.22) (2.20) 

* in parentheses are percentages of total incident dose Numbers 
(137.7 rads) on front face of phalltOIU (in absence· of phantom). 



60 

(Methods 5 and 6) give results that are almost always within 3-4% of 

those given by the TE-GM pair. The TE-C-Mg method (Method 4) gives the 

most inconsistent results of any unfolding technique. 

An analysis of uncertainties in neutron and photon dose estimates 

from ion chamber measurements in a mixed field has been reported hy 

Goodman. 60 , 61 Using Goodman's terminology in which ku replaces (R/ i\)x 

and & 0 is the uncertainty in ku, he deduced the e?'pression for the 

uncertainty in the neutron and photon absorbed doses: 

( 20.) = 
[ ( 1/ ku) - c 1 + 6( ku) ) J 

( 21.) 
[1 + 6Cku)) - (1/ku)J 

where 6(k0 ) is the fractional uncertainty in the neutron-to-photon 

sensitivity ratio for the non-hydrogenous dosimeter. The rat.io of 

these two equations may be expressed as: 

(22.) = 

These relationships demonstrate several pert.inent features. Even a 

large uncertainty ln (B/A)x for a dosimeter having a small (much less 

than unity) (B/A) contributes only a small uncertainty to the absorbed 



dose estimates Dn and D . 
y It is 
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important to minimize for 

dosimeters having a moderate k0 , such as the graphite and magnesium ion 

chambers. The magnitude of 

equal to the magnitude of 

the uncertainty in the gaml'la dose t.D is y 

the uncertainty in the neutron dose ,®. 
n 

However, the magnitude of the fractional uncertainty in Dy is equal to 

(D /D ) times the fractional uncertainty in D . Thus for a mixed beam 
n y --- n 

having a 5% gamma~ contamination, a 1% uncertainty in the neutron dose 

corresponds to a 20% uncertainty in the gamma dose. 

The uncertainty relationship given by Goodman has several 

implications for this work. The dosimeter having the lowest neutron 

sensitivity, namely the GM counter, likely will yield the least 

uncertain dose estimates when used with the TE chamber. Conversely, 

the graphite ion chamber, having the highest neutron sensitivity of the 

three "neutron insensitive" dosimeters, probably must yielrl the most 

unreliable dose estimates. For example, a 40% uncertainty in (13/A)GI-1 

(taken to be 0.016) leads to only about ±0.5% contribution to the 

uncertainty in the neutron dose estimate while even a 10% uncertainty 

in (B/A)c (taken to be 0.306) leads to a ±5.0% contributi.on to the 

uncertainty of On. Again, for a neutron/photon dose ratio of 95~~ to 

5%, the above uncertainties in (B/A)x would lead to uncertainties in 

the gamma dose estimate of lOi; and 100%, respect.ively. The (B/A)x 

values experimenta.lly determined in this work and their uncertainties 

may now be analyzed to assess their contribution to the uncertainty in 

neutron and gamma dose estimates (Table 18). The GH counter 

contributes no more than 3.1% to the gamma dose uncertainty even for a 
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Table 18. Uncertainties in n/y Dose Estimates 

5% Dy 10% D 50% Dy 
Dos.i.-

y 

meter till Lilly till Lilly lilln till 
---~ 

C-air 1.2% 22.2% 1.2% 10.5% 1.2% l. 2% 

Ng-Ar 0.59% 11.2% 0.59% 5.3% 0.59% 0. 59% 

GM 0.16% 3.1% 0.16% l. 5% 0.16% 0.16% 

Dosimeter (B/A) ().(B/A) --· 
C-air 0.306 0.008 

Hg-Ar 0.150 0.005 

GH 0.016 0.0016 

5% gamma dose field, while the graphite chamber contributes over 22% 

for the same case. 

The results of calculations of the effective (B/A) in-phantom are . X 

given· in Table 19 for the 5 and 10cm scans and in Table 20 for the two 

on-axis scans. The value of (B/ A)C at first declines with greater 

depth and with distance off-axis, but rises again in each case. This 

is due to several factors, including extremely poor signal-to-noise 

ratios far off-axis, but also indicating a fundamental weakness in the 

assumptions of linearity of (B/A)x in phantom and that (B/A); = 0. The 

same pattern holds for the estimate of (B/A)Mg when using the TE-C-Mg 

method of analysis. The effective value of (B/A)GM is nearly constant 

al 0.015. again giving confidence to the TE-GM method. 
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Table 19. (B/ A) at 5 and 10cm Depth * June 24, 1982 

Scm Depth 

(B/A)Mg (B/A)C (B/A)GM 
Dist 
Off Method (4) Method (6) Method (4) Method (5) Hethod (5) t1ethod (6) 
Axis TE-C-Hg TE-C-GM TE-C-Hg TE-GH-tfg TE-GM-Hg TE-C-Gt,! 

o.o .281 .278 .138 .134 .014 .015 

3.0 .301 .283 .148 .124 .013 .015 

6.0 .275 .238 .135 .088 .009 .012 

9.0 .331 .374 .162 .220 .023 .020 

12.0 .633 .630 .310 .305 .033 .033 

10cm Depth 

o.o .289 .281 .142 .132 .014 .015 

3.0 .306 .286 .150 .124 .013 .015 

6.0 .301 .235 .148 .061 .007 .012 

9.0 .373 .298 .183 .078 .008 .016 

12.0 .557 .425 • 2 73 . 039 .004 .022 

* Effective value of (H/A)x as defined in Eq. (18.), Chapter n. 
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Table 20. * (B/A) on Axis June 9 and July 30, 1982 

June 9, 1982 

Depth 
(B/ A)Ng (B/ AYGM 

In Method (4) Method (6) Method (4) Method (5) Method (5) Method (6) 
H2o TE-C-Mg TE-C-GH TE-C-Mg TE-GM-Hg TE-GM-H~ TE-C-GM_ 

3.0 .268 .276 .132 .142 .015 

5.0 .275 .279 .135 .140 .015 .o 15 

10.0 .265 .270 .130 .136 .015 .014 

15.0 .278 .265 .136 .121 .013 .011• 

2.0.0 .J07 .279 . 1.50 .Ll4 .012 .015 

July 30, 1982 

3.0 .289 .285 .142 .137 .015 .015 

5.0 .294 .284 .144 .131 .014 .015 

7.5 .292 .284 .143 .133 .014 .015 

10.0 .304. .290 .149 .131 .014 .015 

15.0 310 .286 .152 .121 .013 .015 

io.o .290 .278 .142 .127 .013 .015 

* Effective value of (B/A)x as defined in E~. (18.), Chapter li. 

Tables 21 and 22 give the partition of neutron dose into fast and 

slow components for the 5 and 10cm scans and for the on-axis scans 1 

respectively. Several negative values for Dsn are noted at points far 

off-axis, indicating extremely poor signal-to-noise ratio at these 

points. 
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Table 21. Partition of Neutron Dose at 5 and 10cm * Depth June, 1982 

Scm Depth 

Dist. Hethod (4) Hethod (5) Method (6) 
Off- (TE-C-Hg) (TE-GM-Hg) (TE-C-G~l) 

Axis D Dfn Dsn Dfn D~n Dfn sn 

Ocm 7.05 80.15 9.30 77.50 7.90 78.92 

3.0 1.30 78.76 13.47 64.43 5.89 72.14 

6.0 1.44 12.68 5.53 7.86 2.98 10.45 

9.0 -o. 23 3.06 -1.42 4.46 -0.68 3. 7l 

12.0 -1.63 3.16 -1.56 3.08 -1.61 3. 12 

10cm Depth 

Ocm 3.19 54.84 7.07 50.29 4.65 52.74 

3.0 -0.06 52.09 8.88 41.56 3.31 47.22 

6.0 0.23 14.26 7.79 5.37 3.08 10.15 

9.0 -1.00 5.56 1.93 2.11 0.11 3.97 

12.0 -2.03 4.50 1.38 0.49 -0.74 2.64 

* Dul:;es glveu lu Lll:;oue raus pt:!r 1wCoulomb of charge collected by 
the monitor chamber. 
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Table 22. Partition of Neutron Dose on Axis * June-July. 1982 

June 9, 1982 

Depth Hethod (4) Hethod (5) Hethod (6) 
In (TE-C-Hg) (TE-GM-Mg) ( TE-C-G~I) 

~ 0sn 0 fn 0sn Dfn 0sn 0fn --- ---
3cm 12.88 91.58 5.74 99.98 10.19 95.46 

5.0 9.19 80.54 ·6.05 84.23 8. 01 82.24 

10.0 7.94 51.90 5.63 54.61 7.07 53.15 

15.0 3.65 35.73 7.57 31.11 5.13 33.59 

20.0 -0.04 24.63 5.62 17.96 2.09 21.55 

July 30, 1982 

3cm 5.58 95.69 9.00 91.67 6.87 93.83 

5.0 3.60 87.10 11.35 77.97 6.52 82.88 

7.5 3.54 71.30 8.19 65.83 5.29 68.77 

10.0 0.31 60.29 7.61 51.69 3.06 56.31 

15.0 -0.46 39.09 7 12 30.17 2.40 34.97 

20.0 1.19 21.83 3.53 19.08 2.08 20.56 

* Doses given in tissue rads per 1 mCoulomb of charge collected 
by the monitor chamber. 

Three-dimensional "maps" of the neutron and photon dose fields and 

the local gamma fractions are shown in Figures 7, 8 and 9. Although 

each scan was performed only in the east direction, symmetry around the 
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beam centerline was assumed for purposes of lllustratlon. The 

qualitative results are just those that would be expected. The neutron 

do·se profile is relatively flat from -3 to +Jcm and rapidly falls off 

at 6cm off the centerline. The neutron dose also declines steacl i ly 

from Jcm depth to 20cm depth. The gamma close field gener~lly follows 

the neutron dose field, although the magniturle ls far less. The 

decline with depth and distance off-axis is ·much slower for th•.o gaml'la 

dose than for the neutron dose field. The local gamma fraction shows 

that the gamma dose is a small component in the useful neutron dose 

field, even at considerable depth in phantom, but it rises very 

Neutron 

Dose 

"U Ci - C':l ...... 
r• ... "C .... ~ ...... -~ ... 
0 _. . - .... 
...... -

Distance from Centerline (em) 

WEST EAST 

Fig. 7 Neutron dose surface ln phnntom. 
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prominently out of the useful beam, becoming equal to the neutron dose 

at 12cm off-axis. 

Dose 

"'d d - (i) .... 
Cl "d .... ~ .... ?" ~ 
0 ..... ...., .... ... ";l .... 

= 0~ 

Distance from Centerhne (em) 

WEST EAST 

Fig. 8 Gamma dose surface in phantom. 
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Fig. 9 Gamma dose fraction in phantom. 
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d. Combined D-T and Co-60 Irradiation in Free Space 

The University of Wisconsin Gas Target Neutron Source ls uniquely 

equipped to provide simultaneous irradiation with 14.8 MeV D-T neutrons 

and Co-60 gamma rays.62 A Picker C9000 60co Teletherapy Source has heen 

modified and mounted on a movable cart w11ich runs along the same rails 

as the neutron collimator (Figure 10). The 60co collimator may be 

positioned to direct a beam of gamma ra:'s down the centerline of the 

neutron beam. Dosimeters or other devices may then be positioned on 

TRANSFORJ.IER 

WATER TANK 

TARGET 

I 
1~6cm 

I 

CONCRETE 
ANO IRON 

J.IIXEO N- y 
FIELD 

'"' ·) lO <~0 

STEEL RAILS 

Fig. 10 Dual beam irradiation facility. 
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the 90 by llOcm low-density aluminum honeycomb tray affixed perpen

dicularly to the neutron collimator and 21cm below the beamline. The 

gamma source may be positioned with its collimator immediately adjacent 

to the tray or at any distance up to about 2.5 meters away. 

A series of irradiations was performed in air with the eamma 

source alone, the neutron source 

simultaneously. The unfiltered output of 

alone, and both sources 

the 1000 Curie 60co source 

was too high to allow the GM counter to be used without unacceptably 

high deadtime corrections. Therefore, a series of lead filters of 4.1, 

5.4 and 9.5cm thickness were sequentially inserterl into the r,a~ma 

source collimator. The three ion chambers and the GH counter were 

mounted in a plane 30cm from the face of the collimator. The TE 

chamber and Mg chamber were vertically suspended (as before) in a fixed 

position from the X-Y scanner and were used with flowing gases (Figure 

11). The GM counter was mounted horizontally from the west side of the 

tray with its sensitive volume immediately below the Hg chamber while 

the C cha~ber was mounted horizontally from the east with its sensitive 

volume just below the TE chamber. The neutron heao centerline \·Jas 

midway between the center of the TE chamber and the center of the ~1g 

chamber. 

The placement of the dosimeters illustrated in Figure 11 al.lowed 

all four dosimeters to be exposed to both a uniform neutron field and a 

uniform gamma field. The necessity of sequentially positioning the 

dosimeters in the center of the neutron field was thereby eliminated. 
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Fie. 11 Configuration of dosimeters for n/y irradiation. 
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This was important for simultaneous n/y irradiations since the neutron 

source output declines significantly with time, while the p.nr.~ma fielc 

is virtually constant. Norrnalizcttion to the neutron E:'lonitor chamber of 

measurements made in a combined D-T neutron and 60co-gamma fielc woulrl 

therefore have been invalid. 

The dosimeters were irradiated for a series of 100-second 

exposures with the 0°Co source filtered by 4.1, 5.4 ancl 9.5cm of lead. 

The dosimeters were also exposed to the neutron source alone at both a 

moderate output and at an output rate about 3.5 times higher than the 

first. The .lower neutron source output was combined with the 4.1 and 

/ 
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5 .4cm lead-filtered 60co beams, and the higher neutron sou.rce output 

~vas combined with each of the three filtered gamma beams. 

Results of these measurements are given in Table 23. The eamma 

60 . 
doses from the Co source per 100 second reading could be dete mined 

directly from each of the four chambers by dividine its response by its 

A value. The gamma source filtered by 4.lcm lead (Experimental 

Condition I) yielded 166±3 mrad per 100 seconds, 5.4cm lead filtration 

(Condition II) yielded 76.9±1.9 mrad, and 9.5cm lead filtration 

(Condition III) gave 11.8±0.5 mrad. The "ur<folding" of these 

gamma-only irradiations yielded gamma fractions of 99.5 ±4. 9% from the 

six methods for tbe first filter, 101.9±4.8% for the 5.4cm filter and 

104.8±6.8% for the 9.5cm filter. As with the water phantom data, the 

methods in which the GM counter appeared gave the most accurate 

results. The lower neutron output (Condition IV) gave 62.0±0.1 neutron 

rads and 1.8±0.1 gamma rads per 100 seconds, according to Hethods 3, 5 

and 6. The same three methods gave 218.6±0.3 neutron rads and 6.5±0.3 

gamma rads for the higher neutron output (Condition V). 

It was possible to predict in advance the neutron and photon dose 

rates when any of the first three experimental conditions was comhined 

~ith either Condition 4 or 5. Below the results in Table 23 for ~ach of 

the last five experimental conditions given in Table 23 is the 

predicted dose based on measurements of the separate neutron and gamma 

sources. The predicted response is not simply the algebraic sum of the 
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Table 23. n/y Doses (mrad/100 sec.), D-T nand Co-60 y Oct., 1982 

Irrad* Heth. (l) 
Cond. TE-C 

Heth. ( 2) 
TE-Mg 

Heth. (3) t·teth. (4) 
TE-GN TE-C-Hg 

Meth. (5) Meth. (6) 
TE-GM-Mg TE-C-GM 

I. 

II. 

III. 

IV. 

v. 

(170) 

(79.7) 

(12.0) 

63.3 
( 0. 5) 

222.6 
(2.6) 

VI. 65.3 
( 170) 

Predicted: 

VII. 65.6 
(78 .8) 

Predicted: 

VIII. 142.7 
(170) 

Predicted: 

IX. 201.6 
(81.6) 

Predicted: 

x. 135.6 
(12. 4) 

Predicted: 

(176) 

(82.5) 

(13.0) 

61.1 
( 2. 7) 

214.1 
(11.0) 

(163) 

(76 .1) 

(11.8) 

62.0 
( 1. 8) 

218.5 
(6.6) 

(181) 

(84.3) 

(13.7) 

59.6 
(4.2) 

208.5 
(l6' 6) 

54.1 70.2 46.5 
(181) (165) (188) 

n3 mrad n, 166 mrad y 

59.5 
(84.9) 

66.6 
(77 .8) 

62 mrad n, 78 mrad y 

55.4 
( 88.9) 

131.6 147.0 124.1 
(181) (165) (188) 
140 mrad n, 168 mrad y 

192.4 201.4 186.2 
(87.5) (81.8) (96.9) 
202 mrad n, 82 mrad y 

128.2 133.0 125.8 
(20.0) (15.0) (24.6) 
130 mrad n, 15.5 mrad y 

(161) 

(75.5) 

(1,1. 6) 

62.1 
( 1. 7) 

219.0 
( 6 .1) 

71.8 
(163) 

67.3 
(77.1) 

148.6 
(164) 

202.3 
(80.9) 

133.5 
(14.5) 

(162) 

(76. 0) 

(11.8) 

62.0 
( 1. 9) 

218.4 
(6.7) 

70.3 
(165) 

66.6 
(77.8) 

147.2 
(165) 

209.4 
(81.8) 

132.9 
(15.1) 

:1: I. Co-60 with 4.1cm lead filtration.(y doses in paren.) 
II. Co-60 with S.4cm lead filtration. 

III. Co-60 with 9.5cm lead filtration. 
IV. 0-T neutrons alone, lower output. 

V. D-T neutrnnA alnne, higher output. 
VI. 0-T neutrons (low),+ Co-60 (4.1cm). 

VII. 0-T neutrons (low),+ Co-60 (5.4cm). 
VIII. 0-T neutrons (high),+ Co-60 (4.1cm). 

IX. D-T neutrons (high),+ Co-60 (5.4cm). 
X. D-T neutrons (high), + Co-60 (9.5cm). 



75 

separate neutron and gamma exposures, since the neutron source output 

declined throughout these measurements. The predicted doses were 

normalized to the recorded monitor chamber readings during the combined 

irradiations. The three GM methods (Methods 3, 5 and 6) give results 

extremely close to predictions for the gamma dose but yield 2-10% 

higher neutron doses than predicted. 
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CHAPTER IV 

MONTE CARLO SIMULATION 

a. MORSE-CG Code 

Many common radiation shielding and dosimetry problems are 

inherently too co1:1plex to permit calculation of absorred doses in 

closed mathematic.1l form. The general time-dependent integra-

differential Boltzmann transport equation may be used to describe any 

radiation field,· but explicit solutions are not always possible. 

Herman Khan proposed in 1950 the use ·of stochastic o-1onte Carlo) tech

niques to solve such problems. 63 • 64 He identified virtually all of the 

principal concepts at that time, but widespread application of these 

techniques had to await the development of modern high-speed 

cost-efficient computers. 

The MORSE (~onte Carlo Qak ~idge ~tochastic ~xperiment) computer 

code was completed by Straker, Stevens, Irving and Cain in 1970 and is 

still in widespread use today, in revised editions. 65 The code allows 

for the transport of neutrons only, photons only, or neutrons vii th 

secondary photons in either the forward or adjoint (backward) l'lode. 

Unlike one-dimensional discrete ordinate codes such as ANISN 66 and 

t\·lO-dimensional discrete ordinate codes such as DOT, 67 110RSE does not 

provide a complete solution to the (simplified) Boltzmann equation 

everywhere in space. Rather, it provides a time-varying particle 
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fluence differentiated into energy and angle bins (if desired) at 

points and/or surfaces of interest. The MORSE-CG 68 version of the 

code, however, permits full three-dimensional representation of the 

source-medium-detector geometry. The Combinatorial ~eometry (CG) 

module allows the user to combine nine different kinds of three

dimensional solid bodies (e.g., spheres, cubes, arbitrary polyhedrons) 

into zones and regions descriptive of the problem. The code has been 

extensively validated by years of experience. 

The MORSE-CG code, like all Monte Carlo codes, utilizes a pseudo

random number generator, which is actually a suite of computer codes, 

to provide "random" numbers for use in constructing hypothetical 

particle case histories. A fluence or absorbed dose estimate from 

MORSE-CG is obtained from one or more runs of the code, each containing 

perhaps to case histories. Reasonably reliable s t a tis t i ca 1 

estimates can usually be achieved with about this degree of effort. 

Cost of computing time is almost always the limiting factor in 

precision of computed results. The fundamental limitation of accuracy 

of the results is, of course, the uncertainty in the interaction 

cross-sections employed. It is interesting to note the vast disparity 

between the number of case histories used in these calculations vs. 

the actual number of particles created during ion chamber measurements. 

l~hile 105 case histories would be almost prohibitively expensive to 

compute, the Gas Target Neutron Source creates about 10 14 neutrons 

during a single 100-second irradiation. The 1000Ci 60co source would 

emit ahont 7.4 • 1012 gamma rays during this same interval. 
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The process of creating each individual case history is referred 

to as the Random Walk. The logic of the Random \.Jalk is shown below: 

+ + + + + + + + + + + + + + + + + 

{. t 

I T --, 
(l) I ( 2) I (3) I I ( 4) I 

Choose I Select I Select I I Compute I 
Source + I Path + I Collision I + I Post-Collision I 
Parameters I Length I Pa rame tcrs I I Parameters I 

I I I I I 

Figure lL. 

The first operation consists of choosing source parameters. Starting 

particle type, location, energy and direct ion are randomly selected 

from distributions which incorporate probability density functions 

representative of the source to be si~ulated. 

The second operation of the Random Walk consist of selecting a 

path length for the chosen particle to travel to lts first collision. 

The patl1 length L is typically selected from a distribution ~iven by: 

(23.) P(L) 

where P(L) is the probability of interaction at some path length < L, 

and l:t(E) is the total macroscopic cross section for the particle of 

energy E (prior to collision) in the region to be traversed. The 

random number n (uniformly distributed on the interval 0.0 < n < 1.0) 

is ::;ct equal to P(L). Once a random numher n has been chosen, Equation 

(23) may be inverted to give the path length L: 



(24.) L ln(1-n) 
Et(E) 

since 1-n is distributed in the same manner as n. 
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The third operation of the Random \.Jalk consists of selection of 

collision parameters at the site just chosen. Both the total 

interaction cross section Et of the medium and the individual 

interaction cross sections crti for each element i in the medium must be 

known. The total macroscopic cross section (in cm- 1 ) may be expressed 

in terms of the elemental cross sections (in cm2 /nucleus) as follows: 69 

where pi is the atomic density of element i (in nuclei/cm3 ). The 

probability of a particular sp~cies being involved in the collision is 

given by the fraction of the total cross section represented by that 

species: pi crti I Et. The nucleus involved can he obtained by se lee t i ng a 

new random number r and comparing it to a cumulative distrihution 

function: 

(26.) P(k) r 

This relation may then be solved for k, where k can be any integer 

between 1 and n, inclusive. In like manner, the type of interaction 

can he determined by comparing another random number s to: 
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(27.) P(l) s 

where the oij are the various components of the different interactions 

composing the total cross section oti of element i. 

The fourth operation of the Random ~.Jalk consists of computing 

post-collision parameters for the particles which survive (or are 

creQ~ed during) a collision. These parameters include the type, energy 

and direction of the surviving incident particles as well as those for 

any secondary part.lcles created in the interact ion. Calculation of 

these parameters depends on the type of interaction, which may include 

neutron elastic scattering, neutron inelastic scattering, fission, 

Compton photon scattering, photoelectric effect, pair and triplet 

production. Hodificat.ion of the statistical weight \.J associated with 

each surviving particle is <Jlsn performed. It t s po s s i b 1 e , i n the 

interest of cost efficiency, to force a scattering event .qt each 

collision. The weight \.J or particles actually absorbed in collisions 

is reduced by multiplying by the non-absorption probablility. 

The fourth module of t;he Random \·lalk also includes particle 

scoring, which produces the final dose and/or fluence estimate. 

HORSE-CG performs calculations in batches of particles, and runs most 

efficiently when the number of batches and number of particles per 

batch are approximately equal. For examle, 10,000 case histories ~ight 
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be run as 100 batches of 100 particles per batch. Batch-to-batch 

statistics (Fractional Standard Deviations) are calculated by this 

module for each detector employerl. 

Four different types of estimation routines are provic!ed with 

MORSE-CG. Subroutine RELCOL is termed a point detector (or "next 

event") estimator. This routine computes at every collision site S the 

contribution ~i that would be made to the flux at a given point D if a 

particle leaving that collision were forced to scatter through an angle 

0s in the direction of point D. The contribution ~i is given by: 

( 28.) ... 

where 1~0 is the weight of the incident particle before collision, crs(E) 

is the total scattering cross section of the element tnvolved in the 

collision, crt(E) is the total cross section of that element, f(8s,E) is 

the probability density per steradian of scattering through angle es, 

Et(E') is the total macroscopic cross section of the scattered 

particle., and R is the distance between S and D. This estimation 

routine was used exclusively in this work. Other estimation .routines 

include a boundary crossing surface estimator (Subroutine RDRYX), a 

reeional track-length est ima tor 70 and a regional real collision 

density estimator. 
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The ·MoRSE-CG code also includes a package of statistical biasing 

routines and techniques (also called variance reduction or importance 

sampling routines) which have as their objective the reduction of 

variance of calculated fluences or doses for a given investment of 

computer time. Each of the stochastic selection processes illustrated 

in the Random \-lalk module may be al terecl to enhance unllkely but 

important events. Particles may be transported in a preferred 

direction, for example, or particles of a particular type may be either 

suppl.:essed or enhanced. The MORSE-CG code allows for path-length 

stref;ching, "Russian roulette" and splitting. Russian roulette 

eliminates a specifiecl fraction of particles below a specified 

statistical weight, and splitting creates two interesting particles tn 

place of one. All such biases must be removed by adjustment of the 

statistical weight of the particles involved during the evaluat.ion 

process. Since these variance reduction schemes often result tn an 

increase in computer time per case history, their use .is not ah,rays 

beneficial. 

A given particle history is terminated when the particle's weight, 

energy or spatial position exceeds predetermineci bounds. The code 

checks to determine whether more histories remain to be performed, and 

if so, returns to the first operation depicted in Figure 12. 

Otherwise, the code prints out the results. 
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The HORSE-CG code uses dis crete energy bins in all calculations. 

Each energy bin utilizes a set of cross sections which represent 

average probabilities for each type of interaction. A particular 

collision may result in the surviving particle being dovrn-scattered 

into· a lower energy group. Secondary photon production is treated as a 

special case of down-scattering, while photo-neutron production could 

be treated as a type of up-scattering. The time required to run a 

given problem rises as the number of particle energy groups is 

increased. 

22-neutron, 

Preliminary calculations were performed using 

18-gamma ray CASK data set. 71 All final calculations 

the 

were 

done utilizing the 37-neutron, 21-gamma ray FEWCl data set, based on 

cross sections from the E~IDF/B-IV compilation. 72 

b. Simulation of GTNS Facility with Water Phantom 

The MORSE-CG computer code (CCC-203C) was acquired from the 

Radiation Shielding Information Center (RSIC) at Oak Ridge ~·rational 

Laboratory in April, 1980. 73 The IBM version of the code was chosen for 

translation into useable form since the 16 bit worcl length of the nm 

computer is the same as that for the Digital Equipment Corporation VAX 

11/780 computer used in this work. The length and complexity of the 

HORSE-CG packaee, which contains over 9,000 lines of FORTRAJ.\1 IV code, 

caused substantial difficulty. The sample problem provided with the 

code for verification of operation was not successfully run for three 

months. The sample problem consisted of the degenerate one-dimensional 
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case of a point source in an isotropic medium, utilizing spherical 

houndary detectors. Generalization to extended sources, r.es tr ic ted 

source particle directions, multiple media, full three-dimensional 

eeometry and use of the point detector estimator occupied extensive 

effort over the next 12 months. The final suite of codes and 

subroutines produced by these efforts has been contrihuted to the 

national radiation shielding code lihrary at RSIC. 

The source-collimator-phantom geometry characteristic of the GTNS 

facility was simulated for these calculations (Figure 13). ,U though 

Collimator 
Limiting Aperture 

I J 
E~~=====~~~E=:==-===::=e - J__ ·--- ---- ~, . ·C::: - .=: = _i ------+--

! I 
~-------= T -- _..,..... -- ~j_ 

Target Vessel 

0 50 

. I 
I : 

Wciter 
Collimator 

_, __ t_ I _ _.___..____..,_....__ 1...-..o..............!---.+---'---'-----'----' 

100 
Z-Axis (em) 

150 200 

Fig. 13 Computer simulation of GTNS facility. 
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the code would allow for the creation of a physically realistic 76-cm 

thick collimator composed of concrete, iron and wax, it is more 

efficient to consider the collimator to be a perfect absorber. A SScm 

line source was used to simulate the SScm-long 2.6cm-diameter gas 

target. The beam line was chosen as the +z-axis of the code, with the 

origin at the entrance of the deuteron beam into the target vessel. 

The +x direction was chosen to be up (with respect to the floor) and 

the +y direction was chosen to be toward the west. A starting z 

coordinate for each source particle was randomly chosen between 0 and 

SS.Ocm. The starting x and y coordinates were restricted to he O.Ocm, 

thus defining a line source. The starting direction cosines chosen for 

each particle confined the beam to a cone which just enclosed the 9.lcm 

square exit from the Benelex collimator insert, since this was the 

limiting aperture. Particles whose initial trajectories would carry 

them outside the 9.lcm square aperture were rejected and a new star~ine 

location was chosen. In this manner it was possible to produce a heam 

of neutrons which randomly filled the volume of space 1 imi ted by the 

collimator. The penumbral region expected of a line source viewed 

through a square aperture was reproduced as well. 

A mathematical problem was presented by this square beam. The 

Subroutine SDATA computes the contribution made to the dose or flux at 

a point by uncollided source particles, since they are not analyzed by 

the RELCOL routine. The contribution ~i for an isotropic point source 



is given by the expression: 

(29.) ti>i 
(WATE.)eARG 

41tRZ 
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where WATE is the statistical weieht of the source particle, ARG is the 

negative of the number of mean free paths from the source to the 

detector and R is the distance f~om the source to the detector. It is 

at once apparent that for a scurce confined to one hemisphere, the 

2 numerator in this equation shoulrl be changed to 21tR , since the solid 

angle of such a source is simply 21t. For a cone-shaped beam, the 

numerator is 21t(l-cos( 0max)), where 0max is the maximum anp.le het~.o1een 

the z-axis and particles entering such a cone. However, the correct 

numerator for a beam limited to a square is not easy to compute. To a 

very good approximation, the expression for the solid anele subtended 

by a cone-shaped beam can be multiplied by 2/ 1t, the ratio of the area 

of a square to the circle in which it is inscribed. Gary Herling of 

the Naval Research Laboratory, however, generously contributed a nearly 

exact solution to this problem. 74 Herling's expression is rtS follows: 

(30.) 
(\.JATE) •eARG 

4-~ in :.-r [ cl+t,2 )-:.1 ] ' b 

2d 
T 

where d is the distance from the origin to that limiting aperture, and 

1 is the width of the aperture. This expression Has used in Subroutine 

SDATA. 
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One additional problem was posed by the use of the point cietector 

estimator within a water phantom. Kalos has shown that an infinite 

variance may result from this technique, caused by collisions very near 

the point detector (due to the presence of the 1/R2 term in the flux 

estimate, Eq. (28)).7 5 Although th:i.s seldom presents a problem in 

gaseous media, due to the rarity of collisions very near the detector, 

it often causes problems in condensed media. A solution to this 

problem was employed by Herling for calculations in a water phantom 

irradiated by a D-T neutron beam. 76 He surrounded the point detector hy 

a cylindrical. void, thus eliminating the possibility of collisions near 

the detector. All ~IORSE-CG calculations were performed in phantom with 

point detectors surrounded hy a spherical void of 0. Scm radius. This 

coincidentally happens to be nearly the same radius as the void 

introduced by the easeous (sensitive) volume of a I'.odel IC-17 ion 

chamber in-phantom. Calculations were performed with one detector at a 

time to avoid disturbing the interaction media. 

A uuwLer uf a~~umptions were made chrouth6ut these calculations: 

(1.) The source consisted entirely of a beam of monoenergetic 
neutrons frorn the 14.2 to 14.9 MeV neutron energy bin. 

(2.) No interactions with the target material (e.g., copper, 
water) were permitted. 

(3.) The collimator was assumed to be a perfect absorber. 

(4.) Air between the target and phantom was replaced by an 
interaction-free void. 

(5.) The Lucite walls of the phantom were replaced hy an equal 
thickness of water. 

All of these assumptions \Jere investigated, and· only assumptions ( 1) 
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and (3) were found to be questionable. Interactions of D-T neutrons 

with the target material were found to be· insignificc:mt along the beam 

axis, thus verifying the second assumption. Fewer than 1 neutron per 

1000 emitted interacted in air between the source and the front face of 

the phantom, proving assumption (4) to be valid. The gross attenuation 

of D-T neutrons in Lucite was found to be only about 7% greater than 

that in water. Since the walls of the phantom are 0.7cm thick and dose 

calculations were performed at depths of 3.0cm or greater, this 

difference was shown to be insignificant. Scattered gamma rays from 

the collimator were found to contribute less than 0.2% of the total 

dose ln air at the center of the front face of the phantom. However, a 

later revision of the code allowed for the emission of 2.2 MeV hydrogen 

capture gamma rays (produced by thermal neutrons) from the face of the 

collimator, as described later. Determination of the origin of the -3% 

gamma dose fraction in air at the phantom proved to be the most 

difficult problem encountered in the use of this Monte Carlo code. 
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CHAPTER V 

COMPARISON OF EXPERIHENTAL AND THEORETICAL RESIJL TS 

a. Comparison of MORSE-CG with Pure D-T Source 

Herling 77 has compared the results of calculations ut.tlizing 

HORSE-CG with experimental measurements made by Attix et al 78 for the 

INDI 79 project, and found good agreement. These calculations treated 

the Radiological Research Accelerator Facility as a point source of D-T 

neutrons. Neutron and photon fluxes were calculated at 5, 10 and 20cm 

depth along ~he beam centerline inside a cylindrical water phantom. 

The gamma fraction R 100 • D/Dt was also calculated (Table 24). 

Results were compared to those measured by Attix et al. These 

calculations were repeated at the University of Wisconsin and were well 

reproduced (Table 24). 

Table 24. * Gamma fractions for INDI experiment 

Depth Herling Attix This work 

5 em 3.5 ± 0.2 2.4 3.6 ± 0.2 

10 5.4 ± 0.2 6.0 5.3 ± 0.2 

20 10.2 ± 0.7 10 10.3 + 0.1) 

* Gamma fraction defined as 100 • D I y Dtotal 
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Calculations were performed to simulate the CTNS facility using 

the code and techniques described in Chapter IV. The FE'.I'G1 data set 

was used as input for a series of calculations at depths of 3 to 20cm 

along the beam centerline and from 0 to 12cm off-a~is at depths of 3, 5 

and 15cm. Results of these calculations are given in Tables 25 to 28. 

The calculated neutron, eamma and total doses per source neutron 

(incident on the phantom) wer.e normalized by multiplying by 1012 source 

neutrons. The precise number of neutrons emitted by the CTNS source 

during the time it takes the monitor ionization chamber to collect 

1mCoulomb of charge is not well known. The normalization factor 

selected gives doses in the range of 0. 2 to 60 rads. Neutron doses 

relative to total dose on axis are plotted in Figure 14 for the 3, 5 

Table 25. Neutron, Gamma and Total Dose On-Axis from HORSE-CG 

Depth in Neutron Stan. Gamma Stan. Total Stan. l.amma 
Phantom Dose* Dev. Dose* Dev. Dose* Dev. Fraction 

1.0 61.06 1.22% i. i i 6.99% 62.17 1 . 2 2~~ 1. 7 9% 

3.0 56.16 1.41 1.18 7.12 57.34 1.39 2.(}6 

5.0 51.37 1. 71 1.28 6.22 52.0 5 1.68 2.43 

7.5 42.76 1.84 1.26 5.73 44.1)2 1. 79 2.116 

10.0 36.01 2.45 1.24 14.13 37.26 2.41 3.3q 

1).0 23.65 4.00 0.93 9.96 24.5':1 3.86 J. 7 9 

20.0 14.21 3.06 0.62 6.55 14.83 2.94 4.17 

*nose in tissue rads per 1012 neutrons incident. on phantom. 
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Table 26. Neutron, Gamma and Total Dose at 3cm Depth from NORSE-CG 

Distance Neutron Stan. Gamma Stan. Total Stan. Ganma 
Off-axis Dose* Dev. Dose* Dev. Dose* Dev. Fraction 

0.0 56.16 1.41% 1.18 7.12% 57.34 1.19% 2.1)6% 

1.0 55.82 1.24 1.07 4.76 56.90 1. 22 1.89 

2.0 56.48 1. 74 1. 26 5.38 57.74 1. 71 2.18 

3.0 55.92 1.45 1.13 5.10 57.06 1.43 1.99 

4.0 56.25 1.99 1.13 I. 92 57.38 1.96 1. q] 

5.0 52.11 1.49 0. 8 3 {).74 52.94 1.47 1. 57 

5.5 36.92 2.52 0.69 ::. 19 37.61 2.47 1.83 

6.0 6.78 6.51 0.64 . 6.09 7.43 5.97 8.64 

7.0 3.72 5.95 0.48 4.02 4.20 5.29 11.48 

8.0 2.37 5.48 0.40 6.35 2.78 4.78 14.48 

9.0 1.91 7.51 0.35 6.61 2.26 4.85 15.39 

12.0 0.62 6.47 0.20 7.67 0.82 5.25 23 .R9 

*nose ln tissue rads per 1012 neu trans incident on phantom. 

and 15clT' scans. The gradual divergence of the neutron beam with depth 

is well visualized. 

Each position in phantom was calculated separately using the point 

detector estimator, as discussed in Chapter IV. The water phantom was 

approximated by a rectangular parallelopiped w.ith a front face 40cm 

square. The depth of the phantom (measured alonr the heamline) was 11 

to 30cm, depending on the depth of the detector. The water depth w3s 

always minimized to reduce the amount of computer time spent c<tlcu-

lating unimportant parts of a particle history. It was found that 10cm 
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Table 27. Neutron, Gamma and Total Dose at Scm Depth from HORSE-CG 

Distance 
I 

Neutron Stan. Gamma Stan. Total Stan. Gamma 
Off-axis Dose* Dev. Dose* Dev. Dose* Dev. Fraction -

o.o 51.37 1 . 71% 1.28 6.22% 52.65 1.68% 2.43% 

3.0 50.49 1.66 1.13 6.73 51.62 1.63 2.20 

5.0 46.38 1. 74 0.87 5.74 47.25 1. 71 1.83 

5.5 37.83 2.02 0.89 7.10 38.73 1.98 2.32 

6.0 8.00 4. 7 3 0.79 14.45 8.80 4.50 9.01 

7.0 4.68 5.36 0.56 4.52 5.24 4.82 10.63 

8.0 3.55 8.09 0 .so 6.50 4.05 7.14 12.38 

9.0 2.20 5. 5/l 0.110 6.97 2.61 '•· 80 15.511 

12.0 o. 70 S.ll 0.22 4.04 0.92 4.02 . 23.50 

* Dose in tissue rads per 1012 neutrons incident on phantom. 

Table 28. Neutron, Gamma and Total Dose at 15cm Depth from MORSE-CG 

Distance Neutron Stan. Gamma Stan. Total Stan. Gamma 
Off-axis Dose* Dev. Dose* Dev. Dose* Dev. Fraction --- -----

o.o 23.65 4.00% 0.93 9.96% 24.59 3.86% 3.7n 

3.0 23.10 3.84 0.81 7. 9 3 23.90 3.72 3.38 

5.0 20.76 4.35 0.69 8.26 21.45 4.22 3.24 

5.5 20.ll 4.04 0.64 6.49 20.7 5 3.92 3.09 

6.0 14.97 4.76 0.69 9.66 15.65 4.58 4.38 

7.0 5.98 6. 33i 0.60 8.45 6.58 5.80 9.14 

8.0 5.07 15.04 0.56 8.75 5.63 13.57 9.93 

9.0 4.16 16.29 0.46 9.79 4.60 14.74 9.68 

12.0 1. 55 8.98 0.27 6.96 1.83 7.71 14.83 

* Dose in tissue rads per 1012 neutrons from the source. 
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Figure 14. Neutron dose fractions at 3, 5 and 15cm depths. 

of water behind the detector was aciequa te to give full hackscat ter. 

Depths in excess of this amount contributed little to the fluence 

estimates at the cietector location while lncrenslnp computing tlme 

substantially. A limit of 40 to 90 minutes of central processor unit 

(CPU) time was allocated for each problem, ciepeuding on the detector 

location. At a depth of 3cm, 45 minutes of CPU time was sufficient to 

compile 24,000 case histories, while 60 minutes of CPU time allo.,,ed 

only 6UUU histories <tt 20cm depth. Occasionally, a g Lven proh.lcr.; was 

rerun with a new starting random number to allow poolinr. of several 

run:; ln order to achieve better statistical precision. Ultimately, a 

precision of 7% FSD or be.tter was achieved for almost all neutron, 

gamma and total dose estimates at each point. 
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The neutron fluence at each point was divided into nine energy 

bins from thermal energies to the primary (14.2 to 14.9 NeV) energy 

bin. A three-dimensional plot of fluence as a function of depth on 

axis (at l, 3, 5, 7.5, 10, 15 and 20cm depth) is given in Figure 15. 

The axis labeled "Depth in Phantom" gives the depth from Ocm at the 

origin to 20cm in the foreground. The axis running from left to right 

gives the neutron energy, while the height represents the differential 

fluence in n/cm2ev. The prominent D-T peak is continually attenuated 

with de~th and is surpassed by the 13.8 to 14.2 MeV peak at l5cm dept~. 

The low(!r energy peaks tend to reach a flat maximum at about 5 to l(Jcm 

depth. 

Neutron Spectra in Phuutorn 

Figure 15. Neutron energy fluence as a function of depth in phantom. 
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It is now possible to compare directly these Monte Carlo calcu-

lations with results from the ion chamber measurements reported in 

Chapter III. The neutron and gamma doses (relative to incident dose) 

vs. depth in phantom are illustrated in Figure 16 for the MORSE-CG and 

TE-GM results. The fraction of the total dose due to neutrons is quite 

similar for both the HORSE-CG calculations (dashed line) and for the 

TE-GN experimental method (solid line) at any depth. However, the 
I 

fraction of dose due to photons is quite different for the two methods, 

and is well outside the error bars representing the uncertainty in the 

two methods. It is important to note that this calculation assumes 

that only primary D-T neutrons are incident upon the phantom. 

The neutron and gamma dose fractions at 0, 3, 6, 9 and 12cm off 

the beam axis at depths in phantom of 3, 5 and 15cm are illustrated in 

Figures 17, 18 and 19, respectively. The dose fractions relative to 

total dose on axis at that depth are plot ted in each figure. The 

neutron dose fractions calculated by HORSE-CG are in good agreement 

with dose fractions determined from the TE-GH method at nearly all 

locations. Again, the gamma dose fractions from these Honte Carlo 

calculations are not in close agreement with the measured results 

anywhere in phantom. 
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Figure 16. Neutron and gamma dose in a water phantom 
relative to total incident dose on axis for the GTNS 
D-T neutron source. MORSE-CG results are shown by the 
dashed line, ion chamber results by the solid line. 
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20 

Since the measured and calculated neutron dose fractions are in 

good agreement with each other, and the FEWGl cross section data set is 

believed to have accurate values for the gamma ray production 

probabilities; some other explanation for the disagret::!ment hetween 

experimental and theoretical results for gamma dose fractions must he 

found. One possible cause of this disagreement is the failure of these 

calculations to allow for the known gamma fraction in air at 20cm from 

the collimator in the absence of the water phantom. ~easurernents 
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Figure 13. n & y dose fractions 
(%) at Scm depth in phantom~ The 
geometric beam edge is at 5.3Scm. 

(Dashed line: MORSE-CG; solid 
line: ion chamber results.) 

reported in Chapter III showed that 3.0 to 3.5~~ of the total tissue 

absorbed dose rate in air at the front face of the phantom is 

attributable to gamma radiation. The energy of these gamma radiations 

may be estimated from the lead filtration measurements to be in the 

range of 1 to 10 MeV. Further calculations using 110RSE-CG were 

therefore performed in order to attempt to achieve closer ap,reement 

~ith measured results. 

j 
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b. Comparison of Measured Results with Mixed n/y Beam 

A new source routine for the NORSE-CG code was written. This 

routine created a plane y-ray source 20cm from the front face of the 

water phantom with dimensions of 195cm (east to west) by 108 em (above 

and below the beam centerline), approximating the size and position of 

the collimator. It was known from foil activation and TLD measurements 

outside the collimator that substantial quantities of thermal neutrons 

were present. Since it .is reasonable to assume that some of these 

thermal neutrons are actually transmitted through the collimator (which 

·conta.i.ns large amounts of hydrogen), an energy of 2.2 MeV corresponding 

to the energy of hydrogen capture gamma radiations was used. 

A series of calculations utilizing this new version of i·10llSE-CG 

which produced only a plane source of 2. 2 MeV gamma. rays and no 0-T 

neutrons was performed. Gamma doses were computed at six points along 

the beam axis in a water phantom at depths of 3 to 20cm. Gamma doses 

were also calculated at four off-axis points at 3 and lScm depths, 

corresponding to locations where ion chamber measurements were 

performed. One calculation was made at a point in air with no phantom 

present at a distance of 20cm from the face of the collimator. This 

calculation provided the weighting factor necessary to produce a 3.25% 

gamma dose fraction in air at the face of the phantom. Results of all 

of these new gamma dose calculations were then algebraically added to 
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the combined neutron and gamma dose calculations described in the 

previous section. 

Results of these new calculations combined with the previous 

calculations are presented in Table 29 for points on the heam axis. 

These results are illustrated in Figure 20. The new gamma dose 

estimates are much closer to the results from the TE-GM measurements 

than were the calculations described earlier. The Monte Carlo results 

ar.P. still below the ion chamber results at each depth, but the 

disagreement is within the experimental uncertainties at two of the 

points. The discrepancy between the two data sets appears to increase 

with increasing depth. 

Table 30 gives results of the combined calculations at 3 and 15cm 

depth. These results are also illustrated in Figures 21 and 22. The 

gamma fracti.ons caJ.~nlated by the· revised Honte Carlo technique are in 

quite good agreement with ion chamber results at 3cm depth, lyinp: 

within the experimental uncertaintie·s at each puluL. The ion chnmber 

measurements indicate a sharper drop between the points at 3 and 6cm 

off-axis at 3cm depth than do the HORSE-CG calculations. A slight 

error in the positioning of the CM counter coulc! cause a substantial 

eli fference in measured gamma dose fractions in the penumhra rep,ion 

(near 6cm off-a~ds), however. Results at lScm depth are consistently 

lower for the MORSE-CG calculations than for the TE-GM results. This 

is consistent with the earlier observation that the Monte Carlo dose 

estimates of gamma fractions at 15 and 20cm depth are substantially 
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Table 29. Gamma fractions on axis from revised 1·10RSE-CG 

Depth 0 * * 0 R D/Dav1 s (%) 

0 em 58 .• 68 1.97 3.25 3.25 ± 0.40 

3 56.16 2.52 4.29 4.15 ± 0.40 

5 51.37 2.43 4.52 4.01 !: 0. 45 

7.5 42.76 2.21 4.92 3.65 ± 0.56 

10 36.01 2.06 5.40 3. 39 ± 0.50 

15 23.65 1.53 6.06 2.52 ± 0.42 

20 14.21 1.08 7.05 1. 78 ± o. 34 

tissue rads per 10 12 neutrons incident on phantom. 
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lower than the measured results. The disagreement is more pronounced 

in the primary beam, namely on axis and 3cm off-axis. 

Table 30. Gamma fractions at 3 and 15cm depth from revised ~fORSE-CG 

Distance 
Depth Off-Axis D * D * R D yiDaxj s (%) 

3.0cm O.Ocm 56.16 2.52 4.29 4.29 ± 0.40 

3.0 55.92 2.18 3.75 3.71 ± 0.35 

6.0 6.78 1.67 19.74 2 .13 5 ± 0.50 

9.0 1.91 1. 37 41.78 2.33 ± 0.45 

12.0 0.62 1.10 64.06 1. 87 ± 0.45 

15.0 0.0 23.65 1.53 6.06 6.06 1- 0.1)5 

3.0 23.20 1.33 5.46 5.30 ± 0.53 

6.0 14.97 1.21 7.48 4.81 ± 0.48 

9.0 4.16 0.98 19.02 3.38 ± 0.39 

12.0 1 • 55 O.R2 34 .61 3.75 ± 0.38 

*Dose in tissue rads per 1o12 neutrons incident on phantom. 
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c. Comparison of Results with Other Workers 

A number of reports exist in the scientific literature of 

dosimetric measurements with high-intensity fast-neutron sources. 

Barschall has reviewed a variety of such sources used for medical and 

other purposes. 80 •81 These sources generally employ either a cyclotron 

to accelerate deuterons (or protons) to an energy of 8 to 66 MeV for 

bombardment of a beryllium target, or an accelerator to accelerate 

deuterons to a modest energy ( 100 to 500 KeV) for bombarcl.ment of a 

tritium target. The first category of neutron sources (referred to as 

(d Be) sources) produce a spectrum of neutron energies from 

near-thermal to nearly the bombarding energy of the deuteron. The mean 

energy of the neutrons thus produced varies from about 0.4 to 0.6 times 

the bombarding energy for the (d,Be) reaction, depending on the target 

thickness. The D-T type of neutron generators produce a nearly mono

energetic (14 to 15 MeV) beam of neutrons. 

It is possible to compare some of the dosimetric parameters of the 

14.8 MeV neutron beam in water measured at the Gas Target Neutron 

Source with those reported by other investigators. Table 31 gives the 

physical parameters measured for the GTNS source together with those 

measured in phantom for other D-T sources and for two cyclotron 

sources. Only those (d.Be) sources with mean neutron eneries of 15 MeV 

or less are shown. Cumulative results for all participants in the INDI 

report are also given. Not all investigators reported both the 50% 
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Table 31. Comparison of Neutron Dosimetric Parameters 

Author 

Greene 
( 1968) 

Alsmiller 
(1974) 

August 
(1977) 

INDI 
( 19 78) 

Attix 
(1975) 

Herling 
(1975) 

Burger 
(1977) 

Goetsch 
(1982) 

\-Ieaver 
(1977) 

Broerse, 
Greene 

Mijnheer 
(1978) 

Schmidt 
( 1980) 

McDonald 
(1982) 

Hertel 
(1982) 

UW GTNS 
(1982) 

Gamma Fraction at: 
Neutron Source 50% Dose Scm 10 15 20 Technique 

D-T, SOcm SSD 
lOxl Ocm 

8.0cm 

35 MeV d,Be pt. 10 em 
lOxlOcm, 125cm (TE liq) 

15 MeV d,Be pt. 13 em 
lOxlOcm, 125cm (TE liq) 

0-T, pt. source 
20cm, uncoll. 

D-T, pt. source 
20cm, uncoiL 

0-T, pt. source 
20cm, uncoll. 

D-T source(INDI) 
20cm, uncoll. 

INDI 0-T source 
20cm, uncoll. 

21 MeV d,Be pt. 
10xl0cm, lSOcm 

D-T, pt. source -scm 
8x10em, 80cm 

D-T, pt. source 9.7cm 
16x20cm, 80cm 

0-T, 14.1 MeV 
llxllcm, 80cm 

RTNS 0-T source 
AlSO phantom 

0-T source, 
166cm, uncoiL 

9.2cm 
(Al50) 

0-T line source 10.5cm 
10x10, 125cm 12.2cm 

13% 12% Ion chambers 

l!ETC code 

5.4- 6.9- 8.4- 9.9- Ion chambers 
12.8 14.7 15.9 17.2 En=15MeV ave. 

6.3 8.3% 

2.4 6.0 

3.5 5.4 

7.8 
5.4 

10.3 
7.3 

3.5 5.0 

8.0 

11.5 
8.3 

12.0 Carried out 
in 1973 

10 .o nmi exp t. 
Ion chambers 

10. 2 IND I e xp t. 
~-10R SE /CASK 

14.6 
10.7 

Ion chamber 
DOT code 

8.4 MORSE/FEWG1 
(n=15.9MeV 

En=8.5HeV ave. 

Phillips tube 
Elliot tube 

15.0 17.0 19.0 20.0 Ion chambers 

5.6 5.7 7.7 9.5 Stilbene cry. 
ion ch<Jmh. 

5.9 
4.4 

TE-CH method 
Calorimeter 

10.0 15.0 22.0 HE213 scint. 
(7.2) (TE liquid) 

5.7 7.2 
4.5 5.4 

8.7 11.1 TE-GM method 
6.1 7.0 MORSE/FEWG1 



106 

depth dose and the fraction of the absorbed dose at depth due to gamma 

radiation. The source-to-surface distance (SSD) varied from 20 to 

166cm, while the field size varied from 8 by lOcm to completely 

uncollimated beams. 

The average source-to-surface distance for the SScm-long Gas 

Target Neutron Source may be estimated from the MORSE-CG calculations. 

The line source was approximated to be of uniform lineal intensity, in 

good agreement with activation chip measurements. Source neutrons 

(which are emitted isotropically) originating in the downstream end of 

the source (adjacent to the collimator) are more likely to pass through 

the open part of the collimator without interacting than those origi

nating near the target entrance. Therefore, for detectors outside the 

collimator, the effective center of the neutron source distribution is 

shifted downstream. The MORSE-CG code was used to select randomly the 

starting axial (z) coordinate of 10,000 source particles. The average 

z was found to be 32.6 ± l.lcm. The distance from the source entrance 

to the face of the water phantom was lSScm. Therefore, the effective 

SSD of the GTNS facility for this work was lSS - 32.6, or about 122cm. 

Heaver et al 82 have reported on the variation of gamma dose 

fraction on axis with a 21 MeV (d,Be) neutron source as a function of 

field size, phantom size and depth .in a tissue-equivalent liquid. 83 The 

increase of gamma dose fraction with depth and field size was approxi

mately linear. The gamma dose fraction was nearly identical for a JOcm 

cube phantom and a .SO by SO by 35cm phantom, suggesting a good approxi- · 
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mation to the desired semi-infinite size. However, the gamma dose 

fraction decreased under otherwise identical irradiation conditions for 

· 20cm and lOcm cube phantoms. This suggested to Weaver et al that a 

significant portion of the photon dose in the heam was produced by 

scattered photons outside the beam. They concluded that th~ effective 

field size for photon production was larger than the collimator-defined 

field. These investigators also noted that the gamma fraction 

increases substantially with distance off-axis. They observed that 

thermal neutrons at depth in phantom would result in the production of 

2. 2 MeV hydrogen capture gamma rays. SLnce the photon mean free path 

Ay in water is about 22cm, while the neutron mean free path An was 

about 8cm, the photon fluence was more slowly attenuated with depth and 

distance off-axis than was the neutron dose. This observation is also 

valid for D-T sources, where An is about 9.9cm. 

Heasurements utilizing D-T neutron generators have been reported 

by a number of centers. 84- 89 There is a wide variation in the geometric 

configuration of the neutron sources and phantoms, with SSD's of 50 to 

166cm, and field sizes of 8xl0cm to uncollimated beams. Greene, 

Broerse and Hijnheer used water phantoms, Hertel used a 

tissue-equivalent liquid and Schmidt and HcDonald used a solid AlSO 

plastic phantom. Thus, comparisons even among neutron sources with 

nearly identical energy spectra are not totally meaningful. The 50% 

depth dose was 8.0cm at SOcm SSD, 8.Scm at 80cm SSD and 9.7cm at 80cm 

at another institution. Results for the GTNS neutron beam in phantom 

with a lOxlOcm field size may be deduced from Figure 15, which yields 

' 
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10.Scm for the TE-GH method and 12.2cm for the HORSE-CG calculations. 

The increase in the depth for 50% dose with increasing SSD is the 

expected physical result. The gamma dose fractions at depth are given 

for these investigators in Table 31, where reported. These results 

vary quite widely and are strongly influenced by the gamma dose 

fraction incident upon the phantom. The results obtained in this 

thesis for the GTNS facility are near the middle of the reported range 

at each depth. 

Dosimetric proper.·ties at the NRL cyclotron \vere reported by 

August 90 in 1977 and modeled with the HETC transport code by 

Alsmiller9 1 in 1974. The NRL 35 MeV (d,Be) neutron source had an 

average neutron energy of about 15 MeV, making it roughly comparable to 

a D-T neutron source. The 125cm SSD at ~~L is quite comparable to the 

122cm effective SSD at GTNS. August reported a 50% depth dose at 13cm 

for a 10xl0cm field size, while Alsmiller calculated about 10cm depth 

for that quantity, in reasonable agreement with our results. The gamma 

dose fractions were not well known in the liquid TE phantom at NRL and 

Alsmiller did not report such calculations. Nevertheless, all gamma 

dose fractions reported in this thesis are intermediate between the 

upper and lower limits reported by August (Table 31). 

Another weaningful comparison to the GTNS facility. is provided by 

the INDI experiment carried out in 1973 at the RARAF facility at 

Brookhaven. This facility created an uncollimated isotropic source of 

15.1 MeV D-T neutrons with a gamma dose fraction of about 5% in air 
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(staff estimate) at the phantom position. A total of fourteen groups 

of scientists made measurements at RARAF during 1973. Heasurements 

were made in air at a distance of 30cm from the target and at depths of 

5, 10 and 20cm in a 30cm cubic water-filled Lucite phantom with front 

face 20cm from the target. Combined results of all INDI participants 

are given in Table 31, together with published reports by Attix,92 

Herling93 and Burger94. Herling used MORSE-CG to model the experiment, 

a~. dis cussed earlier, while Burger used the two-dimensional discrete 

ordinates code DOT for simulation. Both workers used the CASK95 data 

set previously described. The gamma dose fractions calculated by both 

MORSE and DOT were lower than either set of measured results or for the 

average of all reported results. 

Three sets of Monte Carlo calculations discussed earlier have all 

given lower estimates of gamma dose fractions in phantom than measure-

ments conducted under identical circumstances. Burger, Morhart and 

Schraube96 suggested that the Monte Carlo calculations must necessarily 

produce lower gamma dose estimates than measured results when scattered 

gamma rays from the room are considered. They referred to the 

difference as D for the environmental gamma dose and eave a proce-y,env 

dure for estimating this contribution. The calculated gamma dose is 

first normalized to the measured dose as follows: 

( 31.) D y, tot 
Dn,calc 

• ny,meas 
.Dn, me as 
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The desired dose Dy,env is equal to Dy,tot minus Dy,calc• and is always 

found to be a positive quantity. The environmental gamma dose 

component was found in this manner to be 30 to 33% of the measured 

dose. Alternatively, the calculated and measured absorbed doses can be 

·normalized to each other by equating them at some point. Table 32 

gives the same quantities (with the neutron doses set equal at 10cm 

depth) for the INDI experiment as calculated and measured by Burger et 

al. This normalization illustrates the close match between the 

measured and calculated neutron doses and still attributes about 32% of 

the measured gamma dose in phantom to scattered gail'ma rays from the 

room. Neglecting this envir~nmental component in the Monte Carlo 

calculations leads to a substantial error in the estimation of ?amma 

dose fractions in phantom. 

Table 32. Environmental Gamma Dose for the INDI Experiment (Burger) 

D 
Depth nn,meas 

a 
nrt,calc 

b 0 y,meas 
a 

Dy,calc 
h 

D y, env 
c )(.,en~ 

D y ,meas 

5 em 5.34 5.46 0.452 0. 309 0.143 31.6% 

10 3.08 3.08 0.354 0.242 0.112 31.1) 

20 1.06 1.03 0.181 0. 124 0.057 31.5 

aAbsorbed docc in tissue rads from ion chamber measurements. 

bAbsorbed dose in tissue rads from calculations (normalized). 

cAbsorbed dose in tissue rads (normalized to ion chamber results). 
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It is now possible to reconsider the INDI experiment in light of 

the suggested methodology of Burger et al. New ~onte Carlo 

calculations have been performed for this thesis to estimate the gamma 

dose fractions in phantom for the INDI experiment. These new calcu

lations differ from the calculations performed by Herling in several 

important ways. First of all the data set used was FEWG 1 instead of 

CASK, which has several implications. The CASK data set had a maximum 

neutron energy bin of 12.2 to 14.9 MeV, with an average energy of 13.6 

MeV. The energy of the D-T neutrons at RARAF was estimated by the 

staff to be about 15.5 MeV. The FEWG1 data set extends up to 20 }1e'/ 

and has a neutron energy bin from 14.9 to 16.9 MeV, with an average 

neutron energy of 15.9 MeV. The FEWGl data set is based on the more 

recent ENDF/B-IV data set rather than the E~~F/B-II and III data sets 

from which the CASK cross sections were derived. The FEWGl data set 

also contains 37 neutron energy groups and 21 photon groups in contrast 

to the 22 neutron and 18 photon groups which CASK uses. The geometry 

of the INDI experiment was also more closely modeled this time, with a 

30cm cube phantom replacing the cylinder of 16.926cm radius and 30cm 

length used by Herling. Lastly, the neutron and garr.ma dose estimates 

were prepared by allowing the NORSE-CG code to do a fluence-to-dose 

conversion for each of the 58 energy bins rather than by perfonning a 

manual calculation of these products for 5 groups t;>f neutron energy 

bins and 5 groups of photon energy bins. 
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Results of this more rigorous calculation are given in Table 33. 

Also included in this table are results from Attix (measured) and from 

Herling and Burger (calculated). The revised MORSE-CG calculations 

were performed using first a neutron source bin with mean neutron 

energy of 13.3 MeV and then with a bin with mean neutron source energy 

of 15.9 HeV. Results obta.ined for the gamma dose fraction at 13.3 HeV 

were somewhat higher than those of Herling, while those obtained at 

15.9 HeV were somewhat lower than Herl.ing's results. Each of the new 

estimates is within the range of reported results for the INDI experi-

ment. More confidence shoudl be placed in the 15.9 MeV estimate since 

the energy more nearly matches the estimated neutron energy at the 

RARAF facility. 

A revised estimate of the environmental gamma dose at INDI can now 

be prepared. Table 34 gives the new neutron and gamma dose estimates 

using the revised HORSE-CG calculations (at 15.9 HeV) and the neutron 

Table 33. * Gamma Dose FI:actions for the INDT F.xpP.rimPnt 

Depth Attix Herling Burger Burger FE\.JGl FEWGl 
(meas) 13 .6HeV (meas) (calc) 13. 6HeV l5.9~!eV 

5 em 2.4 3.5 7.8 5.4 3.7 3.5 

10 6.0 5.4 10.3 7.3 6.8 5.0 

20 10.0 10.2 14.6 10.7 11.8 8.4 

* fraction defined as 100 I 0total Gamma dose • D 
'( 
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and gamma doses measured by Burger. These calculations indicate that 

the environmental gamma dose accounts for 40 to 66% of the total gamma 

dose present on axis in phantom. While this estimate ~ay perhaps err 

on the high side, it certainly indicates that the environmental gamma 

dose at the RARAF site was too high to be reasonably neglected. 

The environmental gamma dose component may also be computed for 

the gamma dose fractions in phantom at the GTNS facility. Table 35 

gives the same quantities described by Burger et al for the previously 

reported Monte Carlo calculations and ion chamber measurements at GTNS. 

The calculated results have been normalized to the measured results by 

setting the neutron doses to be equal at 10cm depth. Calculated 

results given in this table are for the ~ante Carlo calculations which 

utilized a neutron-only source (reported in Chapter 4). The contri-

Table 34. Revised Environmental r.amma Dose for the INDI Experiment 

Depth Dn,meas 
a 

Dn,calc 
b 

Dy ,meas 
a 

Dy,calc 
b 

Dy, env 
c D¥ eml 

Dy:meas 

5 em 5.34 5.10 0.452 0.151 0.301 66% 

10 3.08 3.08 0.354 0.164 0.190 54 

20 1.06 1.19 0.181 0.109 0.072 40 

aAbsorbed dose in tissue rads from ion chamber measurements. 

bAbsorbed dose in tissue rads from calculations (normalized). 

cAbsorbed dose in tissue rads (normalized to ion chamber results). 
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but ion of scattered gamma rays to absorbed dose on axis in ph an tom 

varies from 56 to 66% of the total measured gamma dose. The envir-

mental gamma dose declines with depth, indicating that the scattered 

gamma radiation comes predominantly from the direction of the neutron 

source. It is impossible to obtain a good agreement between measured 

and calculated results under these circumstances if the calculations 

ignore this contribution. 

Table 35. Environmental Gamma Dose in Phantom at GTNS 

Depth Dn,measa 

3 em 105.9 

5 89.1 

7.5 74.3 

10 59.2 

15 38.8 

20 23.3 

b 
Dn,calc 

92.3 

84.5 

70.3 

59.2 

38.9 

23 .4, 

a 
Dy ,meas 

5. 6 9 

5.48 

5.12 

4.62 

3.72 

2.90 

b 
Dy, calc 

1. 94 

2.10 

2.07 

2.04 

1.53 

1 • 02 

0 y,env c 

3.75 

3.38 

3.05 

2.58 

2.19 

1.88 

aAbsorbed dose in tissue rads from ion chamber measurements. 

b Absorbed dose in tissue rads from calculations (normalized). 

66% 

62 

60 

56 

59 

65 

cAbsorbe~ dose in tissue rads (normalized to ion chamber results). 
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CHAPTER VI. CONCLUSIONS 

Mixed neutron/gamma radiation dosimetry is still poorly understood 

compared to gamma dosimetry. Even under the most carefully controlled 

circumstances (during the INDI experiment) the world's leading neutron 

research centers obtained a wide range of gamma dose estimates. 

Although lack of agreement on appropriate values for fundamental 

physical parameters (such as kerma factors and W/e) caused some of the 

dispersion of the results, basic differences of opinion still exist 

over the best way to make measurements in mixed n/y fields. 

The paired chamber technique, using a neutron "tissue-equivalent" 

chamber and a "neutron-insensitive" dosimeter, has long been regarded 

as one of the simplest, most accurate and most reliable methods of 

. obtaining neutron and gamma absorbed doses in mixed n/y fields. The 

neutron-to-photon sensitivity ratio (B/A) for the TE chamber may be 

obtained from theoretical considerations. Any reasonably tissue-equi

valent ion chamber must have a B/A very near unity (0.996 for the IC-17 

ion chamber used in this work). The B/A for the non-hydrogenous 

(neutron-insensitive) dosimeter relative to the TE chamber may be 

obtained from the lead-filtration method described in Chapters II and 

III. 
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The paired-dosimeter method suffers from a serious defect. The 

neutron sensitivity B for the non-hydrogenous chamber is correct only 

at the neutron energy used in the lead filtration calibration. Once 

these two dosimeters are placed in a water phantom, the calibration for 

the non-hydrogenous chamber is ih error due to the presence of 

scattered neutrons whose mean energy is necessarily less than that of 

the bombarding neutrons. The neutron sensitivity B and gamma sensi-

tivity A of the TE chamber are unaffected by the degraded neutron 

energy spectrum and secondary gamma radiation to the degree that the 

wall material is truly tisfiue-equivalent (since hath 8 and A are given 

in coulombs per tissue rad). However, the response of the non-hydro

genous wall materials (e.g., carbon, magnesium, iron) typicalJy used 

for the neutron-insensitive dosimeter declines rapidly with decreasinf 

neutron energy. This error invariably leads to an underestimate of the 

gamma dose in phantom. 

The three-dosimeter method (described in Chapters II and III) was 

devised as an experimental way of allowing for the known fall-off of 

neutron sensitivity B of the non-hydrogenous chambers in-phantom. The 

neutron dose is partitioned into fast and slow components. Two 

assumptions are inherent in this method: the non-hydrogenous dosimeter 

is completely insensitive to the ''slow" neutron dose component, and the 

gamma sensitivity A is unaltered in-phantom relative to the gamma 

energy used for calibration. Since the latter assumption is implicit 

in virtually all reported gamma dose measurements in-phantom (e.g., at 

60co radiation therapy facilities) only the former assumption is truly 
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·questionable. This method, also provides an "effective" B/A for each 

non-hydrogenous dosimeter at each point in the phantom. 

The two- and three-dosimeter methods were extensively tested in 

air and in-phantom with a D-T neutron source and in air with simul

taneous neutron/photon irradiation. Uncertainty analysis of the paired 

equations for the two-dosimeter method leads to the conclusion that 

best results are obtained when the B/A ratio for the non-hydrogenous 

dosimeter is as small as possible. The TE-GM pair appeared to give the 

most c:onsistent and reliable gamma dose estimates in each experimental 

circumstance, as expected. The GM counter also appeared to dominate 

gamma dose estimates when it was included as one member of the 

three-dosimeter method. Gamma dose estimates for the TE-GM, TE-C-Q1 

and TE-Mg-GM methods were identical within the uncertainty of the 

measurement. 

The MORSE-CG three-dimensional coupled neutron/gamma Monte Carlo 

computer code offers a totally independent method of estimating neutron 

and gamma doses in each of the measured experimental circumstances. 

The MORSE-CG code is one of the most extensively used and validated 

Honte Carlo shielding codes in the world and the FEWGl data set 

employed is a modern, tractable, well-tested reference. Unfortunately, 

computing costs do not normally permit an entire irradiation facility 

(including all walls, floors and ceilings) to be modeled. The environ

mental (room return) gamma radiation dose is therefore very difficult 

to predict. Monte Carlo shielding codes almost invariably predict 
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lower gamma doses in-phantom than measured results indicate. 

Nevertheless, physically reasonable models of scattered gamma radiation 

may be employed to obtain better Monte Carlo gamma dose estimates. 

The two- and three-dosimeter methods have been sho~rm to give 

reasonable and physically meaningful neutron and gamma dose estimates 

under a broad range of irradiation conditions. Ion chamber measurement 

techniques are well understood and offer a precise, reproducible means 

of making absorbed dose estimates. I ntercomparison of ion chamber-

derived absorbed dose estimates with those obtained from other means 

(e.g., calorimetry, Honte Carlo calculations) normally shows good 

agreement. The entire fj_elc'l of mixed neutron/gaunna dosimetry remains 

one of the most challenging fields of radiological physics. 
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Appendix A Calculation of Zirkle's n-Unit in Terms of Rads 

Zirkle defined the quantity of neutron radiation which discharged 

a Victoreen "r" meter to the same extent as one r of X-rays as one 

n-unJt. Assuming the wall of the Victoreen meter to he air equivalent 

for neutrons as well as for photons, the absorbed dose of neutrons 

sufficient to cause this reading may be computerl as follows: 

(1.) D(E) = K(E) • ~(E) 

where D is the dose in rads, K(E) and «E) are the neutron KERHA factor 

and neutron fluence, respectively, both of which are functions of 

energy. The simplifying assumption may be made for the early neutron 

work by the Berkeley group that ~(E) can he replaced by a monoenergetic 

spectrum of -6.4 MeV neutrons, for which the KERt-f.A factor is 0.890 • 

lo-9 rad-cm2/n. This gives: 

(2.) D 

Assuming that the Victoreen chamber fulfills the Bragg-Gray 

requirements, lh~u tl•e followinr: relation also applicc: 

(3.) D Q \-l = (coulomb/kg) •- (.ioule/coulomb) 
m e 
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where Q/m is the ionization per unit mass produced in the chamber and 

(W/e) is the energy per ion pair for neutrons in air. It is possible 

to compute the absorbed dose sufficient to yield i~nization interrreted 

by the chamber as "1 r" as follows: 

( 4.) D ( 1 r) • (2.58 • 10-4 coul/kg) • ( 35 . 8 
r 

joules/caul) 

9.03 • 10-3 gray 

= 0.90 rad 

where a value of 35.8 joules/coulomb for the University of Washington 

neutron beam (produced by 21 MeV deuterons on a beryllium target) has 

been used as an approximation of the Berkeley cyclotron-produced 

neutrons. 

The fluence of 6.4 MeV neutrons needed to produce one n-unit may 

now be computed by inverting equation (1.), thus: 

( 5.) cf).. = D(E) = 
~r_; Km 

0.90 rad 

(0.890 • 10-9 rad cm2/n) 

= 1.01 • 109 n/cm?. 

\. 
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Appendix B Calculation of Ionization Ratio in Tissue Relative to Air 

Assume an equal fluence of 2.7 MeV neutrons (the energy spectrum 

of neutrons from the D-D reaction used in Cray's experiMent was given 

as 2.4 to 2.9 MeV). Then, neutrr:<n dose is given by two expressions 

(assuming Bragg-Gray conditions are satisfied)· 

( 2.) D = (Q) 
X (m) X 

(W) . 
(e) x 

For tissue, utilizing a value of Kr from Ref. 2 and using (W/e) for 2 

MeV neutrons in TE eas from Ref. 97, this yields: 

(2.a) 
(Q) 

DT = (m) T 
(W) 
c~) r 

(Q) 
(w) T • (31.14) 

For air. taking K.r from Ref. 2 and using (W/e) for % MeV alpha 

particles from Ref. 97, this yields· 

(2.b) 
( Q) 
(iii) A 

• 
(\.,T) 
(e) A 

= (Q) • (35.08) 
(m) A 



Equating (1.) and (2.) for air and tissue and solving for~ gives: 

( Q/m) T • 31.14 
(3.) <fl = 

(0.341 • 10-8) 

(Q/m)A • 35.08 
( 4.) <fl = 

( 0.583 • 10-9) 

Equating (3.) and (4-) gives· 

( 5.) 
(Q/m) ... • 31.14 

.J. 
(Q/m)A • 35.08 

(0.583 • 10-9) 

The ratio of ionization in tissue to air may now be co~puted: 

(6.) 
(H/e)A (0.341 • 10-B) 
---. 
(W/e)T (0.583 • 10-9 ) 

6.59 

This is in good agreement with Gray's value of 7 for this ratio-

122 
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Appendix C Evaluation of fn (from Bretscher and French) 

Bretscher and French demonstrated in 1944 that the fraction fn of 

the ionization current JH' in their neutron sensitive ionization 

chamber was given by: 

( 1.) f = n 

( J , - J ') I J , 
H D H 

(JH - JD) I 1H 

where JH' and J 0 ' are the chamber responses in the mixed neutron/gamma 

beam of the hydrogenous (neutron-sensitive) and cleuter.ogenous 

( neutron-insensitive) chambers, respectively. J H and JD are the same 

quantities in a pure neutron beam. 

A response equation may be written for each chamber as follows: 

(2.a) 

(2.b) J , 
D = 

AH • Dy + 

+ 

Similar equations may be written for the response of these chambers to 

a pure neutron beam (where D = 0): y 

(3.b) = 
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The expression for fn given by Bretscher and French may now be 

evaluated: 

[(AH•Dy + BH•Dn)- (An•Dy + Bn•Dn)J I (AH•Dy + Bn•Dn) 

(BH•Dn- Bn•Dn) I (BH•Dn) 

But AH = An, since the gamma sensitivities of the two chambers were 

adjusted to be equal. Thus equation (4.) reduces to: 

( 5.) 
llHH-Hn) •Dnl I (AH•Dy+Bn•Dn) 

[(BH- Bn) • Dnl I (BH•Dn) 

which further reduces to: 

(6.) 

The numerator of this fraction is clearly the response of the hydro-

genous chamber to neutrons alone, while the denoninator is the response 

of that chamber to a mixed beam of neutrons and gammas. Thus, f is 
n ' 

in fact, the proportion of the response of the hydrogenous chamber in a 

mixed beam due to neutrons. 
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Appendix D Revised Method for Estimating Void Corrections 

A revised method for estimating the void correction for an ion 

chanber in a water phantom was suggested by F.H. Attix. The 

derivation begins by considering the meaning of A and B in equation 

(7.) on page 16. The gamma sensitivity A is defined as the ratio of 

the dosimeter reading from y irradiation to the tissue close at the 

center of an equilibrium tissue sphere centered at the same point. For 

neutrons incident in air, the neutron sensitivity B is defin~d analo-

gously. The radius of the dosimeter l must always be larger than the 

radius 1' of the equilibrium tissue sphere. The value of l' is taken 

to be O.Sg/cm2 of tissue for both 60co gamma rays and for D-T neutrons. 

(The latter only requires ~ .2-.3g/cm2 , but it is c~nvenient to use the 

same value as for the y rays.) Note that the outer eclge of the detector 

is at a distance 1 from the center of the sphere (with 1)1') anci hence 

the particles incident on th·e equilibrium sphere are actually at tenu-

ated by an additional path (1-1') of air. This attenuation is 

negligibly small. 

We may now define A' and B' in a water phantom: 

(1.) A' 
dosimeter readinr, (in phantom) for y-rays 

y tissue dose at center of an eq. tissue sphere 
(radius 1') inside a spherical shell of water of 
thickness (1-1'), centered at the same point 



y tissue dose at center of an eq. sphere of 
tissue centered at same point 
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A' A • y tissue dose at center of an eq. tissue sphere 
(radius 1') inside a spherical shell of water of 
thickness(~-~'), centered at the same point 

~.Je may now define a.correction factor p: 

where 

p 

A' :: A • p 

1 
exp[-(~ /p)•(l-1') •p] en --

exp[~ (1-1')] 
en--

where ~en/p is the gamma ray mass energy absorption coefficient, which 

is roughly equal to the broad beam attenuation coefficient. Similarly, 

B' B • q 

where: 

where the neutron mass energy absorption coefficient a is used to 

P.vrt l11at.:P. '1· 

A' and B' are to be used in phantom in place of A and B, 

respectively, to account for the displacement or void correction. It 

should be noted that p and q depend only on the physical size of the 
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detector, not on the wall material. These correction factors are 

approximately energy-independent, and therefore are independent of 

position in phantom so long as the detector is completely immersed. 

As an example, the IC-17 ion chamber has a physical radius of 

1.143cm. We may compute the displacement factor p for y rays as 

follO\o/S: 

p = exp[0.0~97(1.143-0.500)] 1.019 

The inverse of p gives 0.981, compared to Shapiro's value of 0.970, 

which is erroneously low because the attenuation in the chamber wall 

(equivalent in thickness to the radius of the equilibrium tissue 

sphere) is counted twice. The GM counter has a radius of 0.38cm, 

leading to a p = 1.012, and p- 1 = 0.988. 
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