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Summary

PART 1. RADIOACTIVE WASTE DISPOSAL

1. Fate of Trace Elements and Radionuclides
in Terrestrial Environment

The development and application of zonal centrifu-
gation to soil and sediment analyses were continued.
Adsorption of polyvinylpyrrolidone on montmoril-
lonite interlayers was demonstrated. Gypsum was seg-
regated and identified in a calcareous Holtsviile soil
from Califormia. The sensitivity of the zonal centrifug-
ation technique to quantitying minerals in soils is
illustrated for the clay traction of a Dodge soil. Bottom
sediments of White Oak Lake could be banded by zonal
centrifugation without appreciable dissolution ot radio-
nuclides, but the suspended sediments lost appreciable
amounts in the less than 2-u fraction.

Heavy metals were determined in the water and
suspended sediments of several samples taken from a
stream draining a mineralized zone. The buik of the
metal is transported in the dissolved state in the 1- to
25-ppb range. The concentration per unit weight of
solid is about an order of magnitude higher in the
particulates than in the dissolved solids.

2. Disposal by Hydraulic Fracturing

Almost no work was done with hydraulic fracturing
at Oak Ridge during the reporting period. Work in New
York consisted in making three “‘tagged” injections,
each of 100,000 gal of water, at depths of 1450, 1226,
and 1010 fr. All three injections formed horizontal
fractures, but the third injection at 1010 ft also broke
vertically downward about 400 ft and then moved
horizontally out to the east. The formation ot a vertical
fracture was not unexpected. The pressure-decay curve
from the first injection was unsatisfactory because only
a poor gage was available. The analysis of the pressure-
decay curve for the second injection showed a break at
a pressure equal to the weight of the overburden. The
pressure-decay curve trom the third injection has not
yet been analyzed.
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3. Disposal in Natural Salt Formations

Geologic and hydrologic investigations at the pro-
posed repository site have revealed that the rocks are all
of sedimentary origin and. tor the most part, are
flat-lving. Rock salt. interbedded with clay shale and
anhvdrite stringers, lies between about 300 and 1100 ft
below the surface. This salt section is capped with
impermeable shales, while a thick sequence of shale and
interbedded anhydrite lies directly beneath it. Two
distinct freshwater aquifers are known to exist at
depths of about 100 and 300 ft below the surface at the
site.

4. Engineering, Economic, and Safety Evaluations

Investigation has continued of factors involved in the
siting and operation of nuclear facilities. The influence
of parent decay and daughter buildup on the potential
radiation exposures downwind from a gaseous effluent
illustrates the versatility of the atmospheric release
computer code. From our search for potentially critical
radionuclides at reactors, fuel reprocessing plants, and
waste management facilities, a comprehensive nuclear
data base has evolved. Computer codes permit rapid
access and manipulation of the Nuclide and Biological
Information System.

5. Dose Estimation Studies Related to Peaceful Uses
of Nuclear Explosives and Other
Radionuclide Releases

Studies of doses from the hypothetical use of
Gasbuggy gas in areas served by El Paso Natural Gas
Company were very nearly completed the past year,
while similar investigations related to the Rulison
project, the second experiment designed to test the
nuclear stimulation concept, were just getting started at
the end of the year.

An experiment was performed in a small natural gas
processing plant near Barnhardt, Texas, in cooperation
with El Paso Natural Gas Company to study the



distribution of trittated hydrocarbons among plant
products and to evaluate exposures that plant personnel
may receive during the processing of natural gas
contatning tritium and ®°Kr. The maximum dose
commitment received by plant personnel during the test
was 0.7 millirem. and this was attributed to the
handling of trinum tor instrument calibration rather
than breathing diuted plant tuel gas combustion
products. Analysis of liquid and gas hydrocarbon
samples, taken during and soon after the test, is not
complete.

The Cumulative Exposure Index concept is being
developed to racilitate realistic assessment of environ-
mental releases of radioactivity. The aim of the concept
1s to assess the releases on the basis of time-integrated
radionuclide concentrations measured in suitable
environmental sampling media. Environmental pathway
models and dose models are used to convert the
measured environmental radionuclide concentrations
into estimates of radiation dose to man. To complete
the assessment, the estimates of dose are compared with
basic radiation satety standards.

The methodology under development tor assessing
environmental radioactivity involves dynamic modeling
techniques or systems simulations. A generalized model
was constructed to simulate selected terrestrial path-
ways by which fallout radioactivity can be transferred
to man. The model is intended for preliminary predic-
tions of radionuclide intakes by man through con-
sumption of milk. beef, and plant parts contaminated
directly by fallout as well as by uptake from the soil.
The model is sufficiently versatile that it can be applied
to many terrestrial environments and to all radio-
nuclides.

A specific model was developed to simulate the
transfer of tritium to man after wet deposition. Tritium
movement through the soil 1s simulated as a diffusion
process. The model supports the conclusion that,
except for the desert, the time-dependent concentration
of tritium in the soil compartment is primarily deter-
mined by the rainfall after deposition, and it is
essentially independent of the assumed compartment
depth. A simple chart facilitates estimation of the total
dose 10 man from a given wet deposition source and the
subsequent rainfall rate.

PART lI. RADIATION PHYSICS
6. Theoretical Radiation Physics

A classical impact parameter approach has been used
to calculate a stopping-power correction term which
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depends on the sign of the charge of the incident
particle.

An equation has been derived which may be used to
estimate the energy loss due to the presence of foil
surfaces and hence the relative contribution of surface
losses to experimental measurements of stopping
power.

The electron density fluctuation generated by a swift
charged particle in 4 condensed medium has been
investigated in order to elucidate the ultimate spatial
distribution of initially unlocalized energy loss events.
Electron slowing-down-cascade spectra generated by
unitormly distributed high-energy electron sources in
various solids are being determined theoretically in a
program paralleling the experimental research being
carried out in the Radiation Physics Section. The decay
rate of volume plasmons in a nearly free-electron-like
system has been determined using many-body pertur-
bation theory techniques. The diffuse scatter and
plasmon creation probability of photons incident on a
rough bounding surtace of a free electron gas has been
studied theoretically.

Calculations were made to show the effects of jateral °
scattering on depth-dose curves for 400-MeV protons
and neutrons. Also, an estimate of the stopping power
of matter for neutrons shows that this quantity is
expected to be smaller than that for protons by a factor
of about 10°. A Monte Carlo program was completed
for the calculation of depth-dose curves from pion
beams. Good agreement was obtained between calcu-
lated and experimental curves in water. The program is
being used to study the effects of various beam
characteristics of interest for cancer radiotherapy with
negative pions.

The nature of critical electron binding by a rota-
tionally excited dipolar system has been elucidated, and
critical dipole moments have been determined for the
first four rotational states of the electron-dipole system.

Contrary to results obtained by earlier investigators,
the total scattering cross section for charged particles
scattering from a finite stationary dipolar system has
been shown to be divergent. The contradictions and the
gross underestimate in total and momentum transfer
cross sections in earlier theoretical treatment of the
problem were shown to be due to truncation errors in a
divergent series.

7. Interaction of Radiation with Liquids and Solids

The electronic response of solids to electromagnetic
radiation has been studied further by measuring the
optical properties of Rb and UN in the vacuum
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ultraviolet region of the spectrum and of In and Sn by
ellipsometric techniques in the visible region. Sott x-rav
emission of the £,3 core level ot Mg in MgO and MgF,
and the high-energy satellites in Na. Mg, Al. and Si have
been investigated. Finallv, the attenuauion length of
low-energy electrons in Al und the plasma energy in Mg
have been measured by photoelectric techmques.

8. Physics of Tissue Damage

Comparison ot the electron-slowing-down spectrum in
a semiconductor and a metal has shown very little
ditference, suggesting that biological matenals may be
approximated by low-Z metals tor studies ot this type.
The electron flux has been measured tor silicon beta
particles slowing down 1n sihicon as well as the Auger
cascade electrons trom thulium slowing down in ytter-
bium.

Optical absorption & has been obtained for several
organic liquids and silicone pump oils over the energy
region from 4.0 to 10.65 eV. These data were obtained

using a transmission cell with liquid samples as thin as
500 A.

9. Electron and Ion Collision Physics

Absolute cross sections tor the production of slow
electrons (0 to ~1 eV) upon electron impact ionization
of He, Ne, and Ar have been measured in the incident
electron energy range from 0 to 500 eV. For incident
electron energies trom 100 to 300 eV the slow electron
production cross sections tall oft in the same manner as
the total iomzation cross sections tor all of the rare
gases. The measured slow electron production cross
sections are useful in describing electron-siowing-down
spectra in gases.

Negative-ion processes were studied in the boron
halides BF; and BCl; using both electron beam and
electron swarm techniques. The thermal energy electron
attachment rate tor BF; was found to be quite small, if
not zero, and F~ was tound to occur at the anoma-
lously high incident electron energy of 11.5 eV. These
studies have been related to the operation ot BF, in
neutron dosimeters.

Electron impact excitation and negative-ion forma-
tion have been studied in a series ot carbonyl com-
pounds. New efectronic states and negative-ion states
have been discovered. The energy positions of the
negative-ion states are in agreement with the electron
withdrawing and donating effects ot the various sub-
stituents.

Electron attachment and ditfusion coetficients have
been determined tor O, in the ditficult thermal energy
range. This work is the first measurement of electron
transport properties of thermal electrons in molecular
oxygen. Previous measurements have been obscured by
attachment.

fon products trom the collisions of fast cesium atoms
with 0>, NO», and N, O have been mass-identitied from
the reaction threshold to approximately 40 eV in the
laboratory system. Accurate measurements of the
threshold for 1on pair production vield electron atfini-
ties of 0.46 £+ 005,209 +0.2. and~0*0.3 eV for 0,4,
NO,, and N, O, respectively. The experiment will be
used to determine greatly needed information on
electron atfinities ot organic molecules.

10. Atomic and Molecular Radiation Physics

A new technique has been established which allows
direct determination of electron attachment cross sec-
tions as a function of electron energy from high-
pressure electron swarm data alone. This technique has
been tested and shown to be uniquely suited for
electron attachment resonances with cross sections
increasing sharply at thermal energies. Results are
presented for a number of molecules. The results of a
study on dissociative electron attachment to halogen-
ated aliphatic hydrocarbons are presented also, and
preliminary data on electron capture by molecules
forming “moderately short-lived” negative ions under
high-gas-pressure conditions are outlined. Lifetimes 7 of
long-lived polyatomic negative ions have been measured
for 4 number ot organic molecules, and the dependence
of 7 on electron energy has been accurately determined.
The presence of =7 electrons in organic molecules has
been found to enhance the scattering of slow electrons
from such systems. Threshold electron excitation
spectra for a number of molecules have been studied
and revealed new compound negative-ion states. A
formalism of quasi-equilibrium theory of unimoiecular
decomposition based on microscopic reversibility has
been developed and applied to unimolecular dissocia-
tion of excited ions. Preliminary results of our effort to
link existing data on electron attachment in gases with
those in the liquid phase are presented. Optical emission
spectra from the second excited m-singlet state of six
organic molecules in solution have been clearly ob-
served. Photophysical studies ot organic liquids and
solutions indicate that such emissions from higher
m-singlet states of aromatic hvdrocarbons are not
uncommon.



11. Graduate Education and Vocational Training

Six AEC Fellows were trained at ORNL 1n apphed
health physics. Nineteen students were enrolled in the
health physics courses taught by the Division at
Vanderbilt University and The University of Tennessee.
Seventeen schools were visited by statf members to
discuss heaith physics research and educational activi-
uies. Twenty-one students conducted thesis research in
the Division leading to the M.S. or Ph.D. degree. A great
deal of assistance wuas given to ORAU in conducting
numerous USAEC-sponsored programs.

PART I1I. RADIATION DOSIMETRY RESEARCH

12. Dosimetry for Human Exposures
and Radiobiology

The medical apphications of *52Cf sources and the
special dosimetric problems encountered bv medical

physicists continue to be of interest in the program of

calculauing distributions of dose with depth in a
tissue-equivalent phantom. During this report period,
emphasis has been placed on culculations for gamma
rays from the source as well as secondary gammas. An
extensive evaluation and analysis of previous calcu-
lations has been completed. This analysis was intended
to reveal the reactions of importance for given neutron
energies, as well as the percentage of total dose for each
reaction. Extensive measurements of neutron and
gamma-ray dose as a function of depth in a tissue-
equivalent phantom have been compieted for radiation
fields from the HPRR and from a 14-MeV neutron
generator. Liaison with the Atomic Bomb Casualty
Commission has continued in an effort to assign dose to
the 1100 remaining individuals for whom shielding
histories exist. Studies related to the determination of
dose for persons exposed in reinforced concrete build-
ings in Japan have been intensified.

13. Applied Dosimetry Research

Major emphasis in the solid state dosimetry program
this year was placed on the role of activators in TSEE
detectors, sensitizing ceramic BeO detectors, identifying
damage mechanisms and trapping centers, and im-
proving chambers for reading out the exoelectrons. It
was found that ceramic BeO, Thermalox 995, is most
sensitive after a heat treatment at 1400°C for several
hours. Silicon, which is the major impurity in 995 BeQ,
was found to be the activator responsible for the 325°C
peak in the exoelectron distribution. It'is believed that
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Si** in place of Be®* acts as an electron trap because ot
its excess positive charge with respect to the normal
lattice sites. The effect of other parameters suchas Li”
activation and deuteron bombardment on the detectors
and their dosimetric implications were also studied.
Experiments on the properties of phosphors such as
CaS0,:Dy. CaSO,:Tm, CaF,:Dy, and LiF:MgTi as
thermoluminescence dosimeters were performed in a
tropical environment. These studies were directed at
determining sensitivity of the detectors and signal
fading under various conditions. Nuclear track etching
studies were continued with emphasis given to the
application of track detectors to personnel dosimetry,
in particular to the use of small quantities of ** 7 Np.

14. Interaction of Charged Particles with Matter

A major effort is being made to determine the energy
pathways involved when charged particles interact with
gases. A six-in-one experiment is being conducted using
the ORNL 3-MV Van de Graaff: radiation intensities as
a function of wavelength and pressure for pure noble .
gases, quenching of electromagnetic radiation by addi-
tive gases, W values for the pure gases, W values for the
gas mixture (Jesse effects), lifetimes of continuous and
resonance radiations, and absolute intensities of radia-
tion into the vacuum ultraviolet region. These studies
have led to the formation of graphic models for the
emission processes from helium and argon molecules.
The emission model for argon appears to explain the
fact that quenching of the 1250-A emission involves a
kinetic scheme which is more complicated than the
Jesse effect. Separate studies of the resolved radiation
at 1048 A, the 1100-A continuum, and the 1250-A
continuum should provide an interpretation of the
detailed ways in which quenching collisions intercept
the energy flow.

15. Spectrometry Research and Development

Much of the research in spectrometry has been
directed toward the puritication of organic scintillators.
For para-quaterphenyl purified by zone refining, most
of the impurities which limit light output were re-
moved. This purified material has about the same
emission for gammas as anthracene. Para-sexiphenyl
purification is accomplished through a process of
recrystallization. Preliminary measurements made on
the single crystals of para-sexiphenyl reveal that the
optical index of refraction lies above 1.64, that the
crystals are completely transparent to visible light, and
that the fluorescence spectrum indicated a single large




peak at 450 nm. [t is expected that for better
punfication the peak should shift to near the theo-
retical maximum of 430 nm. In the area of instrumen-
tation, a voltage-to-Irequency converter was built to
digitize the output of an electrometer so that the digital
signal could be summed with o scaler. [ntegrated
circuits are used for amplitication of input voltages, s a
variable current source tor the reluxation oscitlator, und
for output pulse shaping. It was designed to uperate in
an NIM power unit.

16. HPRR and Accelerator Operations

The HPRR was operated rouunely and without fault,
and no change has been noted in any of the systems or
core components. In May 1971, the eighth intercom-
parison of nuclear uaccident dosimetry systems was
conducted. This study was cosponsored by the Inter-
national Atomic Energy Agency. ind representatives
from 11! foreign countries partictpated. The HPRR was
used to provide three radiation tields to simulate
nuclear accidents with three different neutron spectra,
Studies of the energy pathways involved when charged
particles interact with matter were done using the 3-MV
Van de Graatf. The DOSAR Low-Energy Accelerator
was used in support of depth-dose studies in tissue-
equivalent phantoms. A new target using a Pd-Ag toil to
pass *H from a reservoir to the target area has been
tested successfully. This target was operated for 10 hr
at an average yield of 3 X 10'° neutrons/mA-sec.

PART IV. INTERNAL DOSIMETRY

The specific absorbed fraction of photon energy is
known to be much greater for younger children than
for adults: hence, the dose per unit activity to a target
organ from a photon emitter in a source organ is
correspondingly greater for individuals of younger ages.
The fact that organs in the young are closer to each
other than in the adult and the inverse square law for
variation of dose with distance are the bases for the
expected increase of dose, but quantitative data corre-
lating absorption factors with age have been lacking.
The data in the first study reported by the Internal
Dose Estimation Section are a first step toward fiiling
this gap. While the data are preliminary, they demon-
strate the expected increase of dose at younger ages as
well as a means of supplying the dose estimates for
various age groups. Such estimates are of great impor-
tance in nuclear medicine and in obtaining reliable
estimates of dose for population exposure.

The report on "*Dose to a Developing Fetus from a
Gamma Emitter in the Bladder™ is a first effort to fill
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another gap in the dosimetry of internally deposited
radionuclides. When gamma emitters are present in an
organ of the body, the fetus will be irradiated to some
extent, and the bladder is of particular importance
because it lies close to the tetus and also because many
radionuclides are excreted through the hladder. The
results reported here make it possible to obtain a
realistic estimate of dose for this case. The study has
obvious application in nuciear medicine as well as tor
estimating population exposure.

Realistic estimates of absorbed fractions of energy
have been obtained using the Monte Carlo technique
and have been published in MIRD Pamphlet No. 5.
However, there are many cases where the statistical
uncertainty of these estimates is so great that a blank
was left in the table. The gonads represent a case of
particular interest where estimates are lacking. In the
study on “‘Specitic Absorbed Fractions for [nternal
Emitters,” the Monte Carlo estimates of MIRD Pam-
phlet No. 5 are compared with estimates calculated for
an infinite homogeneous medium of tissue. The resuits
suggest that estimates obtained in this way do not differ
by more than a factor of 2 from those obtained in the
finite nonhomogeneous phantom and, on the average,
are not more than 20 to 30% in error. Since errors of
this magnitude will frequently be found due to indi-
vidual characteristics, the use of specific absorbed
fractions calculated for the infinite medium seems
appropriate for those cases where the more precise
Monte Carlo estimates are not available.

The estimation of dose to the skin and subcutaneous
tissues from an atmosphere containing a radioactive
aerosol is a problem of considerable importance for
purposes of estimation of dose to the population living
near a nuclear plant. In the past, only an estimate of
“surface dose” has been used, and this did not
adequately represent the dose to subcutaneous tissues
such as testes, lenses of the eyes, etc. Using data of
Berger (MIRD Pamphlet No. 8) on dose at a distance
from a point source, a computer code has been
developed for estimating depth dose in tissue from a
uniform “cloud™ of radioactive material present in the
air surrounding the body. The estimates can be ob-
tained either for monoenergetic electrons or for beta
rays emitted by the radionuclide.

Data from the literature have been analyzed to obtain
practical models for metabolism of 232Th. The data as
published only provide an indication of the various
“pools” or compartments and some indications of
exchange rates between these compartments. From
these indications, metabolic models are obtained which
can then be tested with other data, particularly that
relating to the naturally occurring isotope.
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JAPANESE DOSIMETRY PROGRAM
Heavy Shielding Research

The cooperative program with the Atomic Bomb
Casualty Commission (ABCC) in Japan has been con-
cerned the past year with assisting them in computing
radiation doses to the last 1100 or so of the survivors
for whom shielding histories exist. Dose values had not
previously been assigned to these cases. They constitute
principally persons in heavy shielding situations, such as
reinforced concrete buildings. The liaison representative
from ORNL worked out and checked at ABCC a
simplification of the procedure for evaluating the
shielding effect of concrete walls having variable thick-
ness, because of built-in posts, etc. The average concrete
thickness is used in such cases, and calculations show a
maximum error introduced in the final dose of only 2
to 3%. This simplification will save considerable time.

In order to refine the techniques and input data for
such heavy shielding calculations, a large collimator
which had been used in the Nevada Test Site at
Operations BREN and HENRE was brought to Qak

1. Alien guest.
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Ridge and set up on the roof of Building 7710. It will
be used to measure the angular distribution of the
scattered neutron and gamma radiations reaching the
building from the Health Physics Research Reactor
{HPRR) on the other side of a hill. From these data the
attenuation of the doses by the concrete building and
the doses inside will be calculated to check those
measured experimentally. It is expected that this work
will permit refinement of the shielding calculation

techniques used at ABCC and of civil defense calcula-
tions.

In Utero Exposure

For the correlation of specific biological responses
such as thyroid carcinoma and effects of radiation on
those who were in utero survivors in Hiroshima and
Nagasaki, a complete description of the internal dose
distributions is desirable. In 1970, results were pre-
sented for the contribution to dose from (1) the
neutron field and from (2) photons produced by
neutron interactions inside the phantom, for circular
cylinders having heights of 60 cm and radii of 6, 12,
and 15 cm, corresponding tc the neck and adult human
torsi. Dose data for the same phantoms are given here

B




for gamma ravs produced exterior to the phantoms.
The photon field, external to the phantoms. was
assumed to be isotropic, und 1ts energy spectral distri-
“ bution® is shown in Fig. | 2.1. The corresponding dose
distributions in the three phantoms are shown in Fig.
12.2. From these distributions and those presented in
1970, it appears that fetal size and directional orien-

5

2. E. A. Straker and M. L. Gritzner. .Neutron and Secondarv

Gamma-Rav [ransport in [ntinite Homogeneous Aw. ORNL-

4464 (December 1969).
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Fig. 12.1. 4nR? photon energy spectrum produced by a
distant nuclear explosion in an infinite air medium.

81

tation of the mother are relatively unimportant (except
for an extremely late stage of fetal development)
hecause the dose distribution curves are relatively flat
Jcross the fetus, ensuring a nearly constant level of
exposure. The thyroid gland is not centered in a sagittal
plane through the neck, and consequently, unlike the
fetus, is not uniformly exposed. Orientation of the
survivor is still not very important because contri-
butions to the radiation tield are nearly symmetrical
with respect to direction.

CALCULATIONS OF DOSE AND LET
DISTRIBUTIONS FOR NEUTRONS
AND GAMMA RAYS

Californium-252 — Therapeutic Sources

Distributions of dose equivalent {DE), linear energy
transfer (LET), absorbed dose trom neutron-produced
photons, and absorbed dose from neutron-produced
recoil ions from therapeutic implanted and external
sources of 252Cf were presented in 1970. The data in
Table 12.1 were computed from Barker (1969)* and
were used in a Monte Carlo sampling technique to
choose the source energies of the photons. For in-
ternally located sources of 25*Cf, the contributions to
dose and LET from photons emitted by the spon-
taneous fission of 23°Cf become quite significant.
Figure 12.3 shows dose from electrons produced by
photons emitted by the spontaneous tission of 2*2Cf as

3. 1. J. Barker (ed.), Californium-252, CONF-681032 (1969).
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Fig. 12.3. Dose from l’ission-produced7
2310 source.

function of distance from the centroid of a

Table 12.1. Probability of production of a photon having
energy £ trom the spontaneous fission of 25 2Cf

Energy (MeV) Probability

0to 0.5 0.3479
0.5 to 1.0 0.4312
1.0to 1.5 0.1286
[.5t0 2.0 0.0582
20t02.5 0.0166
251030 0.0083
30to 3.5 0.0042
35140 0.0022
40t045 0.0012
45105.0 0.0006
S50t0s.5 0.0003

$5106.0 0.00014

6.0t06.5 0.00008
Total  0.9986

a function of distance from the source to the centroid
of the volume element of interest. For internally
located therapeutic sources of ?32Cf, the contribution
from these photons is extremely important and must be
taken into account. Earlier work indicated that there is
little, if any, air-tissue interface effect on dose for
normally oriented needle-implanted sources; however,
several therapists recently became concerned about the
magnitude of the change in dose to a tumorous region
for an implanted source lying parallel to and within a
distance of about 0.5 cm of the air-tissue interface.

1148002
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Fig. 12.4. Percent of maximum dose vs depth for 52y
needles implanted parallel to the surface.

There has even been speculation that the dose to a
tumorous region may be decreased by from 4 to 25%
relative 1o the infinite medium geometry.

Figure 12.4 shows the interface effect on dose in a
30-cm cube of tissue-equivalent medium for **2Cf
needles, implanted parallel to the surface at depths of
0.125, 0.375, and 0.625 cm. Coefficients of variation
for the maximum or peak values (in units of dose) of
the three curves shown in Fig. 12.4 were less than 0.05,
while the spread of the three maximum values (in units
of dose) was only 0.08, and no explainable systematic
deviation was apparent. Thus, from these calculations
the nearness of an air-tissue interface appears to have no
significant effect on the dose from implanted 2°*Cf
needles.

Broad-Beam Neutron Exposures

A recurning problem in dosimetry is the comparison
of calculational results to experimental ones and the
determination of how closely and over what energy
range they should agree. In many exposure situations,
one can simply measure dose from either the hvdrogen
elastic or the 'H(n,y)*H reactions and account for
about 90% of the dose, but one has to know which
reactions to consider for a specified geometry and
source energy and under what conditions 1t is desirable
to consider both reactions. Usually these two reactions,
either individually or together, depending upon
phantom geometry and source energy, account for at
least 90% of the dose. At energies below about 2.5 MeV
the "*N(n,p)'*C* reactions account for most of the

sl
-

-

5
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remainder. but for higher energies the remainder is
usually broken up among several different reactions.
The whole-body countributions to dose trom
"H(n,y)*H. '*N(n,p)'*C*. und hydrogen elastic re-
actions In cylindrical tissue-equivalent phantoms cor-
responding 1n size to a rat, rabbit, and man are given in
Fig. 12.5. For low source energies (rat, £ < I ke,
rabbit, £ < 10 keV:man, £ € 100 keV), most of the
contribution to dose comes trom the 'H(ny)"H re-
actions with nearily all of the remainder trom the
"3N(n.p) *C* reactions. Structure characteristic of the
curves tor fraction of dose from 'H(n,y)"H appears to
occur al an increase in energy by about an order of
magnitude tor the comparison of rat to rabbit and
rabbit to man. Likewise, there appears to be a similar
etffect tor the hydrogen elastic reactions associated with
a decrease in energy. Sections of the curves from the

"H(n.y)*H and the '*N(n,p)' *C* reactions have been
plotted on the distributions tor the hydrogen elastic
reactions in order to illustrate which reactions need to
be considered for a given source energy and phantom
geometry. The fraction of total dose from 'H(my)*H
reactions as a tunction of penerration depth inside the
man phantom for various sour: - energies is described in
Fig. 12.6. Similar curves were .omputed for the rabbit
and rat phantoms. One must be careful in the use of a
single reaction for the description of total dose because
ot situations like the 100-keV neutron beam incident
on the man-sized phantom shown in Fig. 12.6. For this
case the 'H(n,v)*H reactions contribute about 86% of
the total dose to the phantom: however, at a pene-
tration depth of 1 cm, it contributes less than 30% of
the total local dose. Figure 1.5 indicates that the
hydrogen elastic reaction is most important for a wide

CRNL-DWG 71-6629A
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Fig. 12.6. Distribution of dose from 'H(n,v)°H reactions in a man-sized phantom exposed to a broad parallel beam of
8 P

monoenergetic neutrons.

range of source energies. Figure 12.7 shows dose as a
function of penetration depth in a man-sized cylindrical
phantom, exposed to a broad parallel beam of neutrons,
having an energy spectral distribution equal to that of
the HPRR. Table 12.2 expresses the distribution of the
energy of neutrons produced by the HPRR. Column 3
s the probability that a particular neutron is in that
specific energy range, and column 4 gives the proba-
bility that a given neutron has an energy inside of or
greater than that specific energy range. Column 4 shows
that about 89% of the neutrons emitted from the
HPRR assembly have energies greater than about 160
keV. An energy cutoff of 160 keV was used, and dose
from hydrogen elastic reactions only was recorded asa
function of depth. This was done because of the
response of the recoil proton proportional counter,
used in measuring neutron dose, which has such an
energy cutoff. It appears that 90% of the spectrum on
the high-energy end of the distribution contributes 90%
of the total dose from recoil ions, and the distribution
does not significantly change from the distribution of
the total dose. The change in the distribution of the
fraction of dose per unit LET as a function of LET is
more notable. The characteristic shape is basically the

L 14800y
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Table 12.2. Distribution of the energy of neutrons produced
by the HPRR

Energy range

Group PE, <E<E) PE = Ep)

£y - EL»
1 14.92-3.01 MeV 1.0996 0.0996
2 3.01-1.50 MeV 1179 0.279
3 1.50-0.91 MeV n{s7 0.436
4 1).91-0.41 MeV 1268 0.704
S 0.41-0.11 MeV 0.188 0.892
6 110-87 keV 00123 0.904
7 87-67 keV 0.00907 0.913
8 67-52 keV 1.00679 0.920
9 52-4] keV 1.00539 0.925
10 41-32 keV 0.00438 0.930
11 32-25keV 1.00372 0.934
12 25-19 keV 1.00321 0.937
13 19-15 keV 1.00285 0.940
14 15-7.1 keV 1.00711 0.947
15 7.1-3.4keV 1.00596 0.953
16 3.4-1.2keV 1).00669 0.959
17 1200580 eV 100433 0.964
18 580-214 eV 11.00488 0.969
19 214-101 eV .00300 0972
20 101 -48 eV 1.00309 0.975
21 48-29 eV 1).00185 0.976
22 29-18 eV 1.00176 0.978
23 18-11eV 0.00167 3.980
24 11-50eV 1.00234 0.982
25 S.0-3.1eV 0.00145 0.984
26 Jl-l.6eV 0.00185 0.986
27 1.6-1.0eV 0.00118 0.187
28 1.0-0.66 eV 0.00107 0.988
29 0.66-0.45 eV 1.000886 0.989
30 0.45-0.10 eV 0.00760 0.996
31 Thermal 1.00470 1.000

same, except that the high end of the LET distribution
is lost. In addition to this, there is a shift of dose trom
both high and low LET to the 10-to-40-keV/u region.
For a 14-MeV neutron source and an energy cutoff of
160 keV, Fig. 12.8 shows that dose from hydrogen
elastic reactions consists of about 65% of the total and
is distributed more uniformly through the phantom
than is total dose. Thus under these conditions a
dosimeter that is only sensitive to proton recoils should
not agree closely with curves for total dose. Figure 12.9
shows that there is also a significant shift toward low
LET for the distribution of dose as a function of LET,
and LET measurements should take this fact into
account.

Photon Exposures

The heterogeneous phantom discussed in ORNL-4584
(ref. 4) was assumed to be unilaterally irradiated by a

11480035
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Fig. 12.8. Dose in a man<sized cylindrical phantom exposed
to a broad parailel beam of 14-MeV neutrons.

parallel beam of monoenergetic photons limited to
incidence on the torso. It contained most of the
important organs, and the skeletal approximation in-
¢luded both red and yellow marrow. Photons which
entered the phantom were permitted to scatter into the
legs and head region and even scatter back into the
torso. The extent of the photon beam was determined
by the projected area of the torso. Photon source
energies were 50, 100, 250, and 660 keV, and 1.23, 3,
6, and 10 MeV.

Since the lower abdomen of the phantom is nearly
free of bone, except for a small section of the pelvis
which protrudes into tier 1, the results for these
irradiations closely approach the homogeneous case and
the curves for anterior irradiation. For anterior ex-
posure the nearness of the lungs (p = 0.3) and the effect
of averaging dose to part of the spine into some of the
volume elements may be seen in Fig. 12.10. Data tor
tiers 1, 2, and 3 do not show much “bone effect™ tor
photon energies above 250 keV. At higher energies the
“effect” appears to be lost due to (i) the longer mean

4. Health Phys. Div. Annu. Progr. Rep. Julv 31. [970,
ORNL-4584, p. 200.



86

o CRNL-DWS 71~ /6264 o
_— «
TT L FRONT e
b= TENTE 5 om
T REaR 29 om R
= FRONT (<480 xev: win, 2 A JNLY .
P
.'(1“.

VBT

Fig. 12.9. Fraction of dose per unit LET as a function of
LET from 14-MeV neutrons.

DOSE FER Ut

Ot OF

FRAS

© 10 108 10°
LET (ke /u)

ORNL-DWG 7' - 664BA
1078

1078 —
= PHOTONS INCIDENT ON ANTERIOR ~— PMOTONS INCIDENT ON POSTERIOR ~%
g S N 8 e ——
eo— S
o 1OMev____2
; (2__)__(,/——0—’“_"
| ° :
2 6 Mev LR
._.__.__._—-—‘ .
-9 | 3Mey Ao
—~ 10 e -
- P —— .
= - 1.25 MeV — —amm
- x .
5 = 2 5 — - - i
g - S . KR e UPPER PELVIS | =g
k=Y - € ; B
- S 1 |
5 GSOM T ! Mv
2 2 T o = -+ — 2 o —
= P— _— v
b Y250 kev 50 kev x 10 ~20em~ ‘ 250 keyov "
S 0 ~ VERTICAL SECTION OF TORSO g | 50 kev x:«[c/, = ‘
S~ —
e = =
; ~ — g HT %_—__ H_—J
5 e \\ - RIGHT LUNG 100 kev
] ile g
B NS0 kev 40cm -
»
2 — — -
[ ]
~, .
=11 — 1
10 SAGITTAL ViEW-TIER & 10
o s 10 15 20 9 5 @ I 20
DISTANCE FROM FRONT (cm: DISTANCE FHOM FRONT (cm)

Fig. 12.10. Dose from a broad parallel beam of monoenergetic photons incident unilateraily on the chest of a standard 70-k§
human.

11480056




collision path length which is inversely proportional to
the linear absorption coefficient and to (2) an increase
in the vanance of
volume element.

Tables 12.3, 12.4, and 12.5 give doses to some organs
of the human body for anterior. posterior. and left-side
irradiation. respectively. Cases where doses have coetfi-
cients ot vanation larger than U.20 should be checked

the dose contribution to a given

87

against the depth-dose data in Figs. 12.10 and 12.11
before any use is attempted. The variations of dose to
most organs generally tend to be linear with photon
energy: however, the volume of the ovaries is only 8.8
cm?®, and statistical parameters are large enough that
under no condition should the data from Tables 12.3,
12.4, and 12.5 be used without first checking them
against plotted depth-dose data.

ORNL~DWG 7¢-6621A

10

—= e — TER S —
— — —= TIER 4 7
S b - — (TIER § 1S HOMOGENEOQUS —_—
P EXCEPT FOR LOWER PELVIS) —
j
|
2 ]
g ® “
¢} \ — ‘\ 6 Mev —
— —

~— T ~—

e — - e T T r— -

P = T~ T3 Mev

\ \
-~ -~
—

e TV

2 - ~
\ \ NMeV
107"
— \
-. NE \ \
> S 5 b \\ 660 keV |
\ T \ \ \
15 N ™~
2 ‘ N
a
" 2
hel
. 2
: = e \ 250 kev
k. @ 10
P
“ g
", ‘\‘ \
5 NU e AN
. < SEA
: | \ e N
. I 100 keV
fl 2 <
~ i
~
~
-2 \ \\\N‘- \
10 — 40cm N
— N ~
— AN N
N X
L AN AN
5 L \
| L N\ 50 kev
SAGITTAL VIEW-TIER 4 )
2 \
T g -
o] 4 8 12 6 20 24 28 32 36 40

human.

1148001

PENETRATION {cm)

Fig. 12.11. Dose from a broad parallel beam of monoenergetic photons incident unilaterally on the left side of a standard 70-kg



88

St
rl

> >
z ¢
*x 2

> >
Z
Fz

>
x

e

e
>

>
I I A

WO

w M9z ¢
t 0 trrl
1 6rLl
" 6L9
t [N}
i mon
13 611
L 6y
r 6t FF
3 b9

—_———--—

1 66
o vlhee s
9 sEtl
N 6Ly
3 h 9t
by LIrg ]
& (X3!
Y LG
£ bt}
r LY
b hRE |
& LR}
0l LRI
st AL
3 69 1
R LEYE
6l hug g

LIy aEll
N 6tel

o LRI

ol LR
L LY
g oy
v LIRS
" 69
N toay )
5 L]
i b6 |
ERS tEE
« st
N e
t toto
LY
B &b
@ hbt
v L]
v aaw..
,
_

! 6L
i 6oyl
v byt
< HEL
il bRt
i A9}
Sy 6t

‘_:,.7_,_.:
Ao
L

11601 9 [ARYAY sy (7

9 0lers 1 0169 T 4] oL " 11-60¢ ol

[t LIRT ] 0 OLIRE <0 oreoz o 1789 €0 19 to AN TN} adriaae qumy gr
43 nr-i99 1 oLz o1 iz st 1ig6r 91 (191 1 st ALEL T B4
[ 601 9 0oy s H 0100¢ 14 [IR¢A 14 nstes [ 11967 usadg g7
t [IN3¥S 4 M RA Y 4 oLy 14 11§96 | Hve g i e yunnwyg g7
e nre ! [y 1 1toe 1 Here 80 trent 40 ey uoiNg 77
{ DI HE9 3 0187 7 orort ¢ [T € e 3 [4RLE ] sudg g
9 0res L s LIREN s 01 06 7 v 1169 ¢ 3 ez { 1189 ¢ arindesg g
£ 0166 ¢ € Mang H oy 4 1 z 1rogy t vy AL BN
v [T ') £ (i { ntsin i Itfas 14 Bl e e RN Md RE
11 MR TE] " (IR TNy 6 wrIng 8 1ot L se 6 1101 sraueg g
it ar sy o Ur 9 [ 9t af to 11901 L 11886 oF tor {reay 9
§ 019t 9 N [N Tare 5 [N $ 1109 s LIRzS 6 TESn A duny gy
v OF F0 6 t (LI 3 f RIINA s € tifee 4 18§ e et DRI LY BT
¥ My 1 [T t tsye t (RN [ auze 9 R4 L BT
o O1RLY [ 01 RY 7 6 CIR N [ et 4] 119ty 1”7 ert A Gupy g
R [T 9 ooy g e [T N 119s 3 1ens § ety A w1y
t OURT & { 0logy t CIRY 3 1190y £ ey 4 1090y ey ot
r R € CINTE 1 [Ny 2 [IRTE { 1oz 3 TIRE MUUOY L Pes gy g
[ YN 1 [T t negs g t Frewe 1 Ttone { 1o RLETLCANE S I
L} SR ¢ ¢ al Iwy 9 01 oe g Y 11e6s 1} e 9 e Y o g
® [T t o1 9 o 9 1€ 9 ez t ey LI ) T I
® 6ot 9 LUNFEY $ 0r1ee ’ aror ’ e 4 etz yruon g g
! ois9 | DINTE [ (IR ] 01 1197 ¢ ] 1822 L IR X4 ey oy
¢ 0y ¢ 01 82 € 9 (RN 9 fsae 9 1 egy 6 ey RELUCD B
th RIRYS £l 01 75¢ T 01807 " terce o ey 4] 1ss9 appYa
[N 0RS 6 0z LIFCES [ n-e6 | 91t s st 1R i sy Mrudpy g
) L e " toun e t v e [ tpm - Lapeny a (| Ceprny e apry

ISR o) Aoy nogy vy ror) ey o) Ajo ) T ) nogl urdiy

W AW ST RELNITTY RRERTI%S A3 (M1 AR NITY
0SI0) 24} JO IPIS )ya] ayp uo luaprouy suojoyd
Madiduzouow Jo weaq aqered peoiq e £q paeipein Apoq ueurny Y) jo suedio swos 01 3soq
! &4 T3]

6! 19 ¢ 0g Ul 9% vl nrere ol g6 b e 6 nry snny (7

L0 6001 Lo (LY 50 [LIRdRY €0 [AEIN £0 180 0 ige afeiar quniy gz
5¢ 6061 $i orney 91 0LIze K] nene 6 ItoLs ] tteos snwiyp g7
ol HREES 6 01 R 9 8 0ss 7 ¢ (BT} 9 [IRTHS t T8 uasdg gz
t 650l v [LINCAE ¢ [T TN y [N 4 Ihiyy | 1106 ¢ aunn o uyg g7
Y [T 4 arely 1 (IR TQ] ( 1186y ! Hecl 1 [IET 24 uoLS 7y
* 01399 1 01K 7 1 (N2 D] l3 1188 ¢ £ 1eng ’ 1eot aumds  (p
6 06 ¢ & [TRYN ¢ 01961 9 (N8 YA s 1sie 9 16t rnderg oz
* NEY Y oy t 01 6R 7 Y DINYE 14 e 7 [RICT4 ] AL Y|
5 urRo R s 01t ¢ [ [ Tare f 1iag I3 iteee £ et AR g
N NI 1 [ ot 01 Loy L3 [ RN 8 LI RR 6 Ier? sanuey gt
vy tong 65 [IRE RS ot LI 6 [T [%4 Hize ft et \aueay  9)
v Al 9 IS * 0o t a1 { (RS € RTY YA duny gy
9 RN 9 [IRIEEN [ [INY N t (] £ ey £ 11562 a dung oy
\ 6ot 1 ETEY m (TR Iy 0191 H4 tere z ey My g
N [HETY] | nEHY g 6 [Ny E 1Ees L L] iorg [} [4R T4 | WA Oupy g
1 0y 8 vl H 80y 6 OF RE ¢ # 1H9v g 8 Ttorg 't 11858 UL CTD BY]
v TN 9 nl9r, v ares s 3 01 st 3 114y 9 h 1y IS I
¢ LI v ar 9y t 0F € e CIRIN 4 11eg by ot ¢ MU0 P ur ey

t AT ’ MEry { ARy 7 Lo b4 1R 4 itrs RUETTS]

n hioy ] otstg ¢ "oz 9 0wz < 1179y § 1097 [ ]

s mMise ol USR] 9 0190t S [N A r ey ’ AR 7N LI ) B B T )
t LRIIN] It 01 0R S 9 oronre S or ey 13 1109 ¢ L4 tiees RALLU LI I I Y
9] 0Ly R ot [T N Y] 01ys 7 6 "o ¢ 169 L3 i1t96 ey gy
s XY 6 mMIs9 9 [N s nIr ’ 1Hees 14 1181§ Muaey g
& YT o LIS Ie| OLRE Y ] 0rge ¢ 11069 [2 ners Pppri 7
5 BRI st IS 6 1nnge 50 191y 1 11551 rt 1re 9 Mruapy g

() foue Caprn ‘i , Liprn 1 tur Lapry ) (o Caprgy ) foun | Caprsy 145} o Lapeny

Ao gl o w_..” .uw lrluw:: A 1: ) »moq) ) LTI ot AJo Eem Ao ) »roq urdin

VWS A2 vy AEE NN A3t A3y 0§

SRS

0510} 3P Jo J01IAUE 3Y) U0 YuapIdUI suojoyd

Aaduaouour jo weaq ppesed PE0IQ ¥ £q pareipein Apoq uewmny oy Jo suedio awos oy asoq ¢ 7| 3qey

1148008




89

A\l 61s ) 0

0 6981 Q0
Rl 6N ot

v (32
T XY
{ L
. & N
t N
5 X1
9 6N
: LR

» LAR}
¢ hOR
t H 59
I
L3
£
N

b6t

bR

619

" [ ©

vl LI
o [ Nure
tt bR
[ RS

[ 69 1
Q
t

ES
°

L2y L ne
N 60

>

EE I SN

&
&
&
6
6
[
[
L
&
L3
~
3
L
6
3

°
b
— e e e e e e~ w -

n

—m L om0V W e
-

LI -3

o

i
0l

amafiauaouow Jo weaq pyeied proq e Aq pajerpean Apoq uewny 3y) jo suefio awos 01 soqg ‘§7| 2Aqe],

Al 01 8R{
LA1] orers

e (A A3
L} o1 ees
f M9
4 0res
[ ov(s Yy
9 or-gr 9
t 0101 ¢
13 orer s
sl orire
er 0161 €
s oress
$ 0rs
f atirs
f Mm99
L) orize
S wLiry
S o1 rEs
14 [IRE R
L YRR R
L oreer
€ 0t o6y
9! oreit
b oL e f
LT} orexy
134 (LIS 4

¢ Kapen

[T, U

’

vo or
€07 (]
t (3]
H [d]
] [0}
t (]
s (]
{ ot
€ (1]
" "
it [i1]
1 4 ol
14 (O}
ke ol
L ot
4 (U]
14 o
£ (i1}
£ (]
L 01
L ot
R ol
L1 "
L] o
r ot
61 ol

9 wo
’ ‘O

e
LLA
09 f
st
051
mwe
1421
[1LX4
§T
Nt
13X
rZe
LI
(31
LU 4

k444

]

087
el
[T
617
197
(3 24
(42X
L1
e
€

[

A »noq)

431 N9

[N
016l
1wt
[UNAY
019t
11999
a1 91 1
oreed
olsi
01981
orery
AR LN
arscl
a ey
o1t
01 fR1
orist
ettt
oretl
oirey
are
nng
[RRIN
' [RRYA

vt
ot tsei
91 nregt

R

- B Y e I R S

prn ) ue

Al »r0q)

AIN KT

Ciprs)

[ANZ.N4
1Hors
R4
1ze
o9
196t
1rses
1ese
Vst
e
mers
11RO ¥
AR U 4
HH09Y
1nirey
1nse
11691¢
reng
Itory
196 ¥
[ARAN4
1eee
1ise
AR 7}
riovy
o et
tal TRe

R R o e T T A
- ~

g ¢ ,-
AW} rogy

21001

0s10) 341 Jo 10113)50d Y1 U0 JuIpII suojoyd

wer o Lapeny

~
= -

~

[l I B T L T TV
S =

Ll
o0l
€
4l

(4]
A0

ws o taprny

Y

et
198
ere
1059 ¢
[ANLNY
neee
1Hes e
oLz
et
[ANa ]
1
AR AN}
1oLt
1oz
sz
VRS
1619
AR AN
tIRR |
sy
(AR 78]
e
tRet
I4 NS
e
18t
vy

[
»rog)

arag

[LIEIN

aRraaar  quns}

RLIUE(TE)

uandg

qunit  uiyg

TNETRLTY

udg

srpndr g

gty

\apag

rarwey

DurAQ)

1yMs Aung

M Mungy

13817

WM upry

13 Asupry

LLLETTY

NuNUY Raulgran oy

TR (K]

LI B0 B B )

T 19

Yo 1y

3| war] )
SHUMUO )

lapprig

Mrurpy

P =N RN O DD N O
S=e-= S ZZIZIRIAIIXIZED

—~m e o~ ®

urdiqy

o
o
D
(o)
-~



90

Table 12.6. Effective Z for photon interactions in skeleton, lung. and soft tissue

Photoelectric Compton Pair production
Medium, ! - ] ]
Lottty Loty Leffi) Zeff(i) Zetriiy £ et 1) Zofi(i) Lote(iy Left(1)
Soft tissue { 6.41 1.00 .34 1.00 4.58 1.00
Lung 2 6.54 1.03 3.44 1.03 4.75 1.04
Skeleton 3 7.5% 1.1% 3.88 I.16 5.21 1.14

The variation of dose tor undateral exposure to the
lett side of the body i shown in Fig. 12.11 tor u
traverse through the lower abdomen and ua traverse
through the chest region ot the body. It may be noted
that there 1s a leveling ettect ot dose across the lungs
because of the Jow density there und the long mean
thght paths of photons. It appeured that there was u
slight increase 1n dose to tissue behind the right lung tor
several energies, and. since the lungs had an atomic
composition slightly difterent from that of sott tissue,
it was assumed that the increase was due to greater
absorption coefticient values in ussue. According to
Evans.® Compton scattering varies with atomic number,
the photoelectric eftect varies according to the tifth
power of the atomic number, and pair production varies
with the square of the atomic number. From this and
the atomic composition of the different media, effec-
tive Z's for photoelectric, Compton. and pair pro-
duction reactions in skeleton, lung, and soft tissue were
computed, with the results shown in Table 12.6.
Important reactions were Compton and photoelectric,
which contribute equal amounts tor Z = § and £ = 20
keV: for energies below about 3 MeV, pair production
is insignificant. however, effective Z’s were computed
for all reactions for the sake of completeness.

From Table 12.6, one would not expect a dose
buildup in the ussue behind the right lung; therefore,
the number of photon histories was increased by a
factor of 4 in order to decrease the coefficient of
variation by a factor of 2. The 660-keV case, the worst
oftender tas seen in Fig. 12.11), was recomputed. This
calculation indicated that the dose curve was very flat
across this region and that the previous apparent
increase was purely a statistical phenomenon. For cases
where the coefficients of variation are greater than
about 0.20, problems indicate the existence of a
nonnormal distribution because of the limited number
of contributions. This is especially true for very small
volumes such as the ovaries, where there are few
contributing photon interactions.

S. R. D. Evans, The Atomic Nucleus, McGraw-Hill, New
York, 1955. .
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Table 12.7 contains doses to red and yellow marrow
in the human torso for the three exposure situations.
Ribs of the skeletal approximation are closed and
symmetrical; hence, doses to marrow of this region for
anterior and posterior exposure are nearly identical. A
depth-dose value equal to that for a penetration depth
of S ¢m i1s commonly used by therapists for the dose to
red marrow. Table 12.8 compares this assumption with
the exposure situations from these calculations, and the
assumption does not seem to be acceptable according to
these results.

MEASUREMENTS OF DOSE DISTRIBUTIONS

Dose as a Function of Depth in a Tissue-Equivalent
Phantom

A study was made of the dose deposited by fast
neutrons at various depths in a tissue-equivalent
phantom 30 ¢m in diameter and 60 ¢cm high to simulate
the human body. These measurements were intended to
overcome several shortcomings in previous work as
outlined by Hubbell and Auxier.®

The radiation sources used were the HPRR and a
14-MeV neutron generator. Doses due to recoil ions
from neutron interactions and to gamma rays were
measured separately. The gamma-ray doses measured
for 14-MeV neutrons incident were those produced by
neutron interactions in the phantom. For the HPRR
case, the gamma-ray doses measured were due to
neutron interactions 1n the phantom plus gamma rays
from fission in the reactor core. In.both cases, the doses
due to neutrons and gamma rays scattered into the
phantom from the surroundings were separately meas-
ured and subtracted. A gamma-ray dosimeter’ having
low neutron sensitivity was used, and the neutron
detector was a small cyclopropane-filled proportional
counter® of special design. Curves were plotted of the

6. H. H. Hubbell, J1., and J. A. Auxier, “Review of Neutron
Depth Dose Theory and Experiments,” Health Physics Annual
Meeting. Pitisburgh, Pennsylvania, June 1969.

7. E. B. Wagner and G. S. Hurst, Health Phys. 5, 20 (1961).
8. W. A. Mills and G. S. Hurst, Nucleonics 12(8), 33 (1954).
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Fig. 12.12. Comparison of experimental depth-dose distri-

butions for 14-MeV neutrons with calculations of T. D. Jones.

Table 12.8. Ratio of dose at a depth of 5 cm to average
red marrow dose

Energy Anterior Postenor Left side
6 MeV 1.3 ~1 1.3
1.25 MeV 1.6 0.7 .
250 keV 2.0 0.5 2.0
50 keV 23 0.1 3.0

dose as a function of depth along the center line of the
phantom perpendicular to its axis. The experimental
data were analyzed by the “least-squares” method and
fitted to an empirical equation of the form

DO :D(r)rZB—X/L
(r+X)?

where D(X) is the dose rate at a depth of X centimeters
in the phantom, D(r) is the dose rate in air at the front
surface of the phantom, r centimeters from the source,
X is the depth in centimeters in the phantom measured
from the front surface, B is the dose buildup at the
surface of the phantom, that is, the ratio of the dose
measurement at the front surface of the phantom to the

1148012
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Fig. 12.13. Comparison of experimental depth-dose distri-
bution for HPRR neutrons with calculations of T. D. Jones.

measurement in air at that point without the phantom,
and L is the relaxation length in centimeters. For the
HPRR fission neutrons, the value of B was found to be
1.60, and the value of L was found to be 7.27 cm. For
14-MeV neutrons, B was found to be 1.88, and L was
found to be 1597 cm. The experimental results were
compared with dose distribution curves which were
calculated by the Monte Carlo statistical method.® The
experimental results agreed with calculations within the
standard deviations of either method (see Figs. 12.12
and 12.13).

Dose Distributions at Bone-Tissue Interfaces

Detectors' ® which facilitate the measurement of dose
distributions at subcutaneous bone-tissue interfaces in a
tissue-equivalent phantom have been described. The
detectors rely upon the extrapolation ionization prin-
ciple suggested by Failla.'' These detectors have been

9. J. A. Auxier et al., Health Phys. Div. Annu. Progr. Rep.
Julv 31. 1965. ORNL-3849 p. 171.

10. J. W. Poston et al., Health Phvs. Div. Annu. Progr. Rep.
July 31. 1970, ORNL-4584, pp. 152-55.

11. G. Failla. Radiology 29, 202-15 (1937).
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Fig. 12.14. Dose distribution in bone: dose distribution in tissue.

employed for measurement of dose distributions at
bone-tissue interfaces due to incident tission neutrons
from the HPRR.'? The use of these detectors has been
extended to measurements ot distributions due to
14-MeV neutrons.

The DOSAR Low Energy Acceierator (DLEA) was
the source of monoenergetic 14-MeV neutrons tor this
study. The experimental arrangement consisted of a
standard'? 30<m cubical phantom filled with tissue-
equivalent liquid'® and located 0.50 m from the
accelerator target. The center line of the phantom and
the target were 0.96 m above the building floor. A
Lucite tube, 5 c¢m in inside diameter with 0.635-cm-
thick walls, was located along the center line of the
phantom. This tube, which passes through the two
parallel faces of the phantom, allows the movement of
the ionization chambers through the phantom while
isolating the detector from the liquid. Space in the tube
not occupied by the detector is filled with tissue-
equivalent material. Measurements were made only with
the interface located at a depth of S cm. The interface
was formed by use of tissue- und bone-equivalent
plastics,' !5

Dose distributions near the intertace resulting from a
14-MeV monoenergetic neutron source are shown in
Fig. 12.14. These results are essentially as expected;
there is an increase in the dose as the interface is

1148013

crossed from bone into tissue. The buildup is about
50% at a depth of 9 to 10 mm in the tissue. In the bone
environment, there is a reduction of about 20% at a
depth of 20 mm. These distributions actually represent
a summation of the neutron and gamma dose distri-
butions near the interface since the ionization chambers
have essentially equal sensitivity to both radiations.
Comparison of these resuits to calculated neutron dose
distributions will not be possible until the components
of the distribution can be separated.

Initial Nuclear Radiation

Over the past decade the Radiation Shielding Sub-
committee of the National Academy of Sciences’
Advisory Committee on Civil Detense has developed
extensive criteria and engineering methods for pro-
tection against fallout radiations. However. for the
initial radiations, both neutrons and gamma rays, such

12. “Clinical Dosimetry,” Vat!. Bur. Stand. (U.S.) Handb. 87,
U.S. Department of Commerce. 1963.

13. H. H. Rosst and G. Failla, Nucleonics 14, 32-37 (1956).

14. F. R. Shonka. J. E. Rose. and G. Failla. “Conducting
Plastic Equivalent to Tissue, Air, and Polystyrene.” pp. 160-66
in Progr. Nucl. Energv, Ser. XII, vol. |, Pergamon, New York,
1959.

15. C. L. Wingate. W. Gross. and G. Failla, Radiology 79,
984-99 (1962).



criteria have been delayed because of the complexities
of the problem and the lack of some important input
data. Now it appears that the problem is manageable it
the criteria are chosen properly. Two statt members ot
the Radiation Dosimetry Research Section were
members of a “working group” picked by the sub-
committee and given the responsibility of writing the
critena to be used as input in shielding calculations for
the ininal radiations from nuclear weapons.

A report of this study 1s published elsewhere' ® and is
intended primarily tor persons who are concerned with
shielding for civil defense purposes and who are
assumed to have a high degree of familianity with this
field. Typical of the recommendations and criteria given
are:

16. J. A. Auxier, Z. G. Burson. R. L. French, F. F. Havwoad.,
L. G. Mooney. and E. A. Straker. Recommended Standard
Free-Field Environment for initial Radiation Shielding Calcula-
tions, ORNL-TM-3396¢ (1o be published).
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I. A fission to fusion yield (energy) ratio of 50/50.

2. A ““typieal” intermediate thermonuclear neutron
spectrum leaking from the weapon.

3. Because the direction to the detonation cannot be
known in advance. the detonation is assumed to
have occurred in a ring around the observer (equal
probabilities in ali directions).

4. The angulac distribution ot radiation at the shield be
chosen such that the source would appear at an
angle of elevation of 45° above the horizontal plane.

5. A source-detector distance of 1200 m n an infinite
medium of air.

Information presented included source leakage spectra
(neutron), neutron and gamma-ray spectra incident at
the shield, energy and angular distributions and in-
tensity relationships such as dose as a function of
distance and source height, and peak overpressure as a
function of weapon yield, height of burst, and distance.
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