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Summary

PART [ RADIATION PHYSICS
1. Theoretical Radiation Physics

A theoretical study has been made of the energy
deposited in water spheres and cylinders of various sizes
around the site at which an oxygen or carbon nucleus
captures a stopped negative pion. A review has been
made of methods for calculating the spectra of delta
rays produced by heavy ions and electrons, with a view
toward their incorporation into microdosimetry theory.
Calculations have been made of electron-slowing-down
spectra in semiconductors based on the use of model
cross sections for the valence band in a semiconductor
and classical cross sections for excitations from inner
fevels. Interesting new formulas have been obtained for
the innershell excitation of atoms by slow heavy
charged particles, using the perturbed stationary state
formalism of Mott. An extensive theoretical study of
the effects of dipolar forces on charged-particle
scattering phenomena has been made. Use has been
made of Feshbuch’s elegant and powerful technique for
determining elastic and total scattering cross sections
under multichannel scattering conditions in an appli-
cation to atomic scattering of electrons above the
ionization potential of the target. Very satislactory
results for elastic and total scattering cross sections have
been obtained for electrons on hydrogen. The mean
free path of an electron in a nearly free electron gas has
been investigated, yielding a result which predicts an
appreciable probability for plasmon excitation by an
incident electron with energy well below the threshold
predicted by the usual zero-damping theory. A general
review has been made of some of the interesting

properties of plasmons and their manifestations ig,

experimental physics. We have obtained analytical
expressions which may be used to relate the damping of
long-wavelength plasma waves to experimentally deter-
mined values of the complex dielectric permittivity of a
medium. We have shown that the classical image
potential outside a metal may be considered to
originate in the shifted zero-point eniergy of the surface
plasmon field and that cetardation correction to this
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potential gives a more rapid falloff with the distance
than predicted by the classical theory at distances
which are of the order of tens to hundeeds of angstroms
from the surface, depending upon the quantum plasma
energy of the metal.

2. Interaction of Radiation with
Solids and Liquids

Meuasurements of the optical properties of a medium
can yield information about the modes of energy
deposition occurring when high-energy charged particles
or electromagnetic radiation interact with the medium.
Thus we have a continuing program to measure and
interpret the optical properties of materials of basic
importance. During this year the optical constants of K
have been measured above the plasma energy and the
results compared with those obtained previously for Na,
Rb, and Cs. The most plausible explanation for the
strong absorption seen above the plasma energies in all
these alkali metals is that of plasmon-assisted interband
transitions. The vptical properties of glassy carbon have
been obtained up to 82 eV and interpreted, by
comparison with graphite, in terms of 7 and o single-

electron transitions and collective oscillations. In
addition, work function changes during oxygen
chemisorption on fresh Mg surfuces have been

correlated with the observed exoelectron emission. A
method has been developed for obtaining extinction
coefficients from critical angle measurements which
gives greater accuracy than the usual method of fitting
Fresnel’s equations for reflectance as a function of
angle of incidence. A technigue has also been developed
for revitalizing vacuum ultraviolet diffraction gratings.

3. Physics of Tissue Damage

The experimental investigation of the electron-
slowing-down spectra in semiconductors was completed
with a study of silicon. The shape of the spectrum was
similar to that of germanium and of those conductors
studied earlier, but did show some evidence of dis-
continuities near the silicon L- and K-shell energies.



These are attributed to electron-induced ionizations of
the shells.

Electron slowing-down studies have been extended to
include insulating materials. Preliminary data have been
obtained using aluminum oxide doped with a small
amount of dysprosium, which served as the electron
source. Electron fluxes were found to be generally
higher than those for a typical conductor.

A series of studies was initiated on the influence of
source thickness on the slowing-down spectra in an
effort to explain the present discrepancy between
theory and experiment. In the thinner sources a
pronounced peak in the electron flux was observed at
the LMM Auger range. This represents a new source
which can contribute to the electron flux at lower
energies and may be, in part, responsible for the poor
agreement between theory and experiment at the lower
energies.

Experimental studies of the optical properties of
organic liguids was continued with investigations of
several commonly used solvents. The measurements
were made using a newly developed transmission cell
which enables studies to be carried out on samples as
thin as 500 A.

An experimental investigation of the optical and
dielectric properties of the nucleic acid bases has been
initiated. Preliminary data have been obtained for
guanine at energies up to 80 eV which, in general, show
good agreement with the results of the electron-
energy-loss studies obtained by scanning electron micro-
scope techniques.

4. Electron and Ion Collision Physics

The first experimental values for thermal and near-
thermal electron transport coetficients have been deter-
mined for oxygen and water vapor with a time-of-flight
electron swarm experiment using the drift-dwell-drift
technique. Comparison with theory where available is
good. Studies of the interaction of low-energy electrons
with a series of organic and organometallic compounds
in the gas phase have elucidated a number of new
electron-molecule  reaction mechanisms. Electron
collisions with a series of anhydride molecules produced
metastable CO{’!< ions, and the lifetime of this ion was
measured for the first time. Also, metastable ions of the
form CXH‘,CO[* were found to dissociate after elec-
tron detachment into energetic CxHy and CO, mole-
cules. The formation of positive and negative ions in the
organometallic “sandwich” compounds ferrocene, co-
baltocene, nickelocene, and magnesocene have been

studied by high-resolution electron impact mass
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spectrometry techniques. The electron affinities of a
number of organic and inorganic molecules have been
determined by the cesium collisional ionization tech-
nique. A number of positive-ion condensation reactions
in the benzene system have been examined in a
time-of-flight mass spectrometer. lon-pair production
by chemi-ionizing collisions of exicted rare-gas atoms
with molecules have been studied and show extremely
large cross sections. In short, a number of gas collision
problems of direct interest to radiation chemistry have
been studied.

5. Atomic and Molecular
Radiation Physics

Intermediate phase studies for understanding radia-
tion interaction with condensed media and for
developing a coherent picture of radiation interaction
with matter are discussed with emphasis on electron
attachment and drift through low- and high-pressure
gases and liquids. Highlights of our studies on long-lived
polyatomic negative ions, moderately short-lived nega-
tive ions, compound negative-ion resonance states,
threshold-electron excitation of polyatomic molecules,
and thermal electron scattering by molecules are out-
lined. The emphasis in these studies is on key groups of
organic molecules including Q- and NO,-containing
organic  molecules, A-heterocyclic benzene and
naphthalene derivatives, and saturated and aromatic
hydrocarbons. Reactions of molecular Rydberg states
and emission spectra from higher excited 7-singlet states
of aromatic hydrocarbons in solution are also discussed.

6. Graduate Education and Vocational
Training

The health physics training program included
fellowship students from the University of Kentucky,
the University of Michigun, Georgia Institute of Tech-
nology, and Purdue University. These reported to
ORNL for summer on-the-job instruction in applied and
research health physics.

Division personnel visited eight colleges and uni-
versities to give seminars on various research problems
of current interest and also to help recruit qualified
students in the fellowship program.

The Health Physics Division provided research
facilities and advisors for 13 Oak Ridge Graduate
Fellows, AEC Fellows, and USPHS Fellows who were
conducting thesis research.

Teaching assistance was given to The University of
Tennessee for its program in radiation physics. Lectures



and tours were given for several university groups
visiting ORNL.

Assistance and consultation were given to six schools
that were interested in establishing health physics
courses or programs in their science departinents.

The Division cooperated  with ORAU in  the
presentation of a ten-week course in applied heaith
physics and in the screening of applicants for AEC
Fellowships.

PART Ii. RADIATION DOSIMETRY RESEARCH

7. Dosimetry for Human Exposures
and Radiobiology

Caleulations of dose distributions in human-size
tissue-equivalent phantoms for a wide variety of radi-
ation sources continues to be a major objective in this
rescarch. During this report period, emphasis was again
placed on distributions from **?Cf, monoenergetic
neutrons incident at 45° with the axis of the phantom,
and monoenergetic photons incident unifaterally on a
heterogeneous phantom. Local dose distributions for
implanted 25200 sources were determined, and tables
of exposure values were prepared for regions close 10
the source. Neutron isodose curves in tissue were also
prepared. An absolute comparison of measured dose
distributions (reported in ORNL-4720) was made with
calculations. The agreement was found to be within the
probable errors of measurement and calculation. Values
of neutron and gamma-ray dose were measured in the
vicinity of a 2°2Cf source facility within the Biology
Division. This was done to determine the exposure
conditions for specimens irradiated at that facility.
Liazison with the Atomic Bomb Casualty Commission
has continued. Studies of particular importance include
dosimetry for “heavy shielding” cases, determinations
of organ doses, and a pilot study of the histories of
survivors who were exposed to the radioactive “‘black
rain.

8. Applied Dosimetry Research

Major emphasis in the solid-state dosimetry program
continues be in the area of detector research.
Exoeclectron eruission studies were centered around the
role and nature of activators in the ceramic BeQ
detectors, reproducibility of TSEE readout, stability of
stored signals, effects on TSEE response such as
atmospheric, temperature, light, etc., and the develop-
ment of TSEE readers. TSEE activators such as sodium,
lithinm, magnesium, and aluminum were added to
-eramic BeO before firing to 1600°C. None of these

to
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samples exhibited a glow curve different from that of
Be() 995, which has a natural content of silicon of 2000
ppm. These activaiors seem to promote exoelectron
emnission which is already inirinsic to the ceramic BeQ
by increasing the efficiency of exoelectron release. A
significant fading study was made of a variety of new
solid-state detectors as well as several tilm dosimeters. It
was found that latent unetched fission fragment tracks
in 10-um polycarbonate foil are stable for at least three
months at 30°C and 95% relative humidity. Radio-
photoluminescent {RPL) and thermoluminescent (TLD)
detectors as well as common dosimeter films were
included in this study. Three different RPL dosimeters
showed Jess than 15% deviation in readings between one
day and three months after exposure if stored at 30°C
and 95% relative humidity. Of various TL detectors,
fading in Ca$0, Dy was barely detectable, while
CaF;:Dy showed pronounced fading under the same
conditions. Studies associated with developing an al-
ternative detector (to photographic film) for personnel
neutron monitoring have continued and were centered
on the registration of charged particles in plastic.

9. Interaction of Charged
Particles with Matter

The specific- objective of this research program con-
tinues to be directed at determining energy pathways
after swift charged particles interact with gases. During
this report period studies have centered on the inter-
action of 2-MeV protons with helium at pressures
between 107% and 10® torr. The dominating (2'P)
state was studied by observing the time behavior of a
resonance line resulting from 27 2.1 § transitions at S84
A. Comparing these data with the intensity and time
behavior of the continuous emission, it was concluded
that the atomic state 2" is converted io two different
excited molecular states in helium by three-body
collisions. The energy pathways model developed: in
these studies suggests that the Jesse effect originates
from a metastable molecule rather than from an atomic
state, as previously believed. An operational rationale
for radiation protection is being developed which is not
encumbered by such concepts as “permissible levels”
measured in terms of absorbed dose or its myriad of
factors. The radiation field is defined by specifying
every variable which could considerably affect the
biological probabilities. Two approaches to the problem
are being pursued. ln the first approach an operational
relationship between radiation and cffect is expressed
by assuming that an operator exists which transforms
the radiation field directly into probabilities of ob-



serving effects. The second approach embodies an
operational relationship implied in the first approach
and prompted by the observation that there are no
“radiation diseases.” The objective here is to discover
the operator O(N) which changes the natural rate of
incidence to that which occurs as a result of radiation
(N). A joint program with the Biology Division is under
way in which an attempt is being made to find the
operator O(N) for the case of mouse cataract incidence.

10. HPRR Accelerator Operations

The HPRR continues to provide a reliable and
versatile irradiation facility. During this report period it
was opearated without fault in support of a dozen
different types of experiments for representatives of
foreign countries, many colleges and universities,
Federal contractors and licensees, and other agencies. In
July 1972, the ninth in a series of intercomparisons of
nuclear accident dosimeters was conducted. Participants
included ALC contractors and companies holding
licenses for handling large quantities of fissile material.

In support of the program in nuclear safety, an
extensive calculation of the HPRR’s neutron energy
spectra under three different conditions was made. A
comparison of these calculations with previous measure-
ments has been completed. The close agreement pro-
motes a feeling of confidence in the calculations. The
3-MV Van de Graaff was operated throughout this
report period in support of the energy pathways
studies. Dosimetry studies and the determination of
detector responses were performed using the DOSAR
Low-Energy Accelerator,

11. Spectrometry Research
and Development

New applications of previously developed techniques
highlighted the work in spectrometry research. For
example, the cuapabilities developed for the zone re-
fining of organic scintillators were applied to other
organic compounds being studied by mass spectroscopy
in the Radiation Physics Section. Instrument develop-
ment produced a stable source of light pulses for use as
a standard in the organic scintillator studies and a
paper-tape-to-typewriter translator that rejects non-
significant zeros to aid in the clarity of a digital
readout. Two different fast-neutron detectors with high
sensitivity were developed. The first was for use with
the Aerial Radiological Measuring Surveys system
operated for the Atomic Energy Commission by the Las
Vegas Division of EG&G, Inc. The second was u
fast-neutron spectrometer for measuring neutrons with

energies above 200 keV as a function of incident angle
on the roof of the DOSAR Control Building during
HPRR operations. These data are part of a program to
evaluate the doses received by survivors in heavy-
shielding buildings at Hiroshima and Nagasaki. An
increasing commitment to studying radiation in the
environment was expressed by the development of a
computer program to calculate possible isotope con-
centrations produced in the environment by the
operation of a power reactor. High-resolution gamma-
ray and alpha-particle spectrometers were obtained and
put into use for rieasuring natural radioactivity, partic-
ularly in situations where it is higher than average. A
new program was begun to measure the distribution of
stopping of low-energy protons in tissue-constituent
elements, data that are of general value for dosimetry
calculations.

PART Iil. INTERNAL DOSIMETRY
(Chapters 12--16)

Estimation of absorbed fractions of photon energy
per gram of target organ is of great importance, since
dose is proportional to this quantity and for many
organs of the body, particularly the gonads, the direct
Monte Carlo calculation is inaccurate. The accuracy of
the estimates obtained in the report “Estimates of
Absorbed Fractions for Photon Emitters within the
Body” are generally well within the range expected of
most dose estimates, particularly when the organ
involved receives only a small fraction of the dose to
the critical organ or tissue. It is hoped that this method
of using the buildup factor in obtaining estimates of
dose will come into general use.

The second report on ““Estimates of Dose to Infants
and Children from a Photon Emitted in the Lungs” is
likewise an extension of previous work. It appears that
the dose to the child per photon is frequently higher
than for an adult, the difference being one to two
orders of magnitude. The extension of these results to
other source organs poses problems of great interest for
clinical use of nuclear energy as well as for estimates of
dose due to exposure of the population.

The study of the metabolism of magnesium and its
dosimetry is one example arnong many of the models
constructed for estimation of dose needed for the
revision of ICRP Publication 2. It will be circulated for
review by the ICRP.

The remaining reports on blood volume in lungs and
on excretion of plutonium are examples of the con-
tinuing need for metabolic data on the behavior of
radionuclides in the body and of their importance for
estimation of dose.



PART IV. ENVIRONMENTAL STUDIES

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

Research continued on development of the CUEX
methodology for assessing radiation exposures of hu-
man populations via all important exposure pathways
for environmental releases of radioactivity. Methods
developed under this activity were used to complete
radiological sectivns of environmental impact state-
meants (utility-owned nuclear power stations) prepared
at ORNL for the AEC to meet the requirements of the
National Environmental Policy Act ot 1969. Dose
estimates were made for all significant exposure path-
ways following 2 careful study of the nuclear power
station and its environment. Radiation doses, both to
indviduals and to total population within 50 miles of
the station, were estimated. Comparisons were made of
the estimated doses with the appropriate radiation
safety guides and the doses due to natural background
radiation.

The radicactivity release experience of light-water
power reactors was analyzed in a number of ways to
identify critical aquatic exposure pathways and critical
radionuclides. This work was a supporting effort to the
above-mentioned application of CUEX methodology.
The radionuclides given consideration in the analysis
were those which satisfied several criteria thought to be
indicative of possible environmental impact. The work
provided a standard list of radionuclides which should
be considered in estimating the environmental impact
of radivactivity released in the liquid effluent of current
light-water power reactors.

xi

Work on dose estimations related to the Gasbuggy
project, the first experiment performed to demonstrate
the feasibility of using nuclewr explosives 1o increase
production of natural gas, was completed with the
preparation of three topical reports. Tritium behavior in
a natural gas processing plant was studied as a part of
the evaluation of consumer products from Project
Gashuggy. Data obtained during the study experiment
indicate that the projected whole-body doses to plant
workers, attributable tritium during
processing of nuclearly stimulated gus, would be less
than 1% of the dose from natural background radiation.
The observed distribution of frifium among plant
products confirmed theoretical calculations, lending
confidence in our ability to predict the quantities of
radioactivity in gas and liquid products leaving a plant
that processes gas from nuclearly stimulated wells,

to releases

The first phase of Rulison (the second experiment
performed to demonstrate the feasibility of using
nuclear explosives to increase production of natural gas)
dose estimations considered the radiological impact of
hypothetical introduction of gas from the Rulison well
into the distribution systems of two small gas trans-
mission systems located near the well site. [nhalation
and skin absorption of tritium dispersed in the at-
mosphere gave doses less than 1 millitem per year, but
home exposure to unvented combustion products from
kitchen ranges, the critical exposure pathway, could
have given a dose of 3.0 millirerns per year in ong
system and up to 20 milliremns per year in the system
that provided very little dilution of the Rulison gas.
Computer programs were developed to aid estimation
and control of doses from natural gas produced in a
nuclearly stimulated well field.
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PION BEAM DOSIMETRY 4 R
: - OXYGEN ~ ]
Some modifications were made in the program for 30 L L roral) B0
computing pion-beam depth-dose curves in water. The % L e ]
changes allow for charge exchange and for possible = % CAREON -~ ::j:; z=
future extension of the code abeve its present energy %oxv@m
limit of 125 MeV. A description of the code and [ O = ' H Hr : i
experimental physical data programmed into it is in o S”-‘;VJT:%T | il LUl H
press.® Good agreement is obtained between pion-beam 000 fole] o 10 10

depth-dose curves calculated with the program and
curves measured at the European Organization for
Nuclear Research (CERN). Our collaboration with the
CERN Health Physics Group is continuing. Ducing this
year an exchange of one staff member from each group
took place.

A theoretical study has been made of the energy
deposited in water spheres and cylinders of various sizes

1. Graduate student.

2. On loan from Mathematics Division, ORNL.

3. New York University.

4. Consultant.

5. CERN, Geneva, Switzeriand.

6. 1. E. Turner, J. Dutrannois, H. A. Wright, R. N. Hamm, J.
Baaili, A. H. Sullivan, M. J. Berger, and S. M. Seltzer, “The
Computation of Pion Depth-Dose Cugves in Water and Com-
parison with Experiment,” submitted to Radiation Research.
Calculations of the dose resuliing from electrons, which
contaminate pion beams, and from subsequent electron-photon
cascades were done at the National Bureau of Standards.

A (cm)

Fig. 1.1. Energy deposition in water spheres by high-LET
(>>170 MeV/cm in H,0) particles produced from = ~ capture by
oxygen (solid curve} and carbon {dashed curve). Additional
contribution of high-LET recoils from neutrons produced from
capture by oxygen is also shown (totat).

around the site at which an oxygen or carbon nucleus
captures a stopped negative pion.” Figure 1.1 shows the
mean energy £ deposited by high-LET (>170 MeV/cm
in water) particles produced direcily as a result of
capture as a function of the distance R from the
capture site. [n the case of pion capture by oxygen the
added dose due to neutrons resulting from the capture
is also shown. Practically all of this high-LET dose is
deposited within a spherce of radius 2 mm.

7. 1. R. Dutrannois, R. N. Hamm, J. E. Turner, and H. A,
Wright, “Amnalysis of Energy Deposmon in Water around the
Site of Capture of a Negative Pion by an Oxygen or Carbon
Nucleus,” submitted to Physics in Medicine and Biology.



STATUS OF THE THEORY OF
DELTA-RAY PRODUCTION

The characterization of secondary electrons underlies
a basic physical understanding of the action of radiation
on matter. A review has been made of methods for
calculating the spectra of delta rays produced by heavy
ions and electrons, with a view toward their incorpora-
tion into microdosimetry theory. The broad shapes of
secondary electron spectra in materials of low atomic
number can be predicted by using a simple binary-
encounter theory, suitably scaled. The energy spectra of
ejected electrons, integrated over all angles, are repro-
duced rather well both by the binary encounters and by
use of the Born approximation. Figure 1.2 shows
calculated and measured (circles) spectra from the
impact of 100-keV protons on helium. A report of this
review was presented at the Third Symposium on
Microdosimetry .

8. James E. Turner and Cornelius E. Klots, “Status of the
Theory of Delta-Ray Production,” pp. 31--65 in Proceedings of
the Third Symposium on Microdosimetry, Stresa, Italy, October
18--22, 1971 (Euratom).
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Fig. 1.2. Secondary-electron energy (7;) spectium from
impact of 100-keV protons on helium. Circles show experi-
mental data of Crooks and Rudd, Phys. Rev. A3, 1628 (1971).

ELECTRON-SLOWING-DOWN SPECTRA
IN SEMICONDUCTORS

A theoretical program paralleling that in the Physics
of Tissue Pdamage Group has been established to study
the spectrum of slowing-down electrons in semicon-
ductors containing beta-emitting nuclides. Progress in
this effort requires detailed estimates of differential
inelastic cross sections for excitation of valence- to
higher-band transitions and for transitions from inner
levels by inciderit electrons having energies ranging from
afew eV to ~10° eV.

Spencer and Fano and Spencer and Attix have given
theoretical treatments of electron-slowing-down spectra
at energies high enough that detailed electronic struc-
ture of the material is not important. Calculations at
energies comparable with transition energies from inner
levels require not only detailed cross sections which
account for binding effects but also require a different
approach to the solution of the Boltzmann equation.
The Spencer-Fano method is predicated upon the
approximate validity of the continuous-slowing-down
approximation; this approximation is suspect in this
range of energies where the probability of large frac-
tional energy losses in a single interaction becomes
appreciable.

The work reported here has involved the use of (1)
the Callaway-Tosatti model of a semiconductor to
generate cross sections for excitation from the valence
band, (2) classical cross sections for excitations from
inner levels, and (3) the Kane cross sections for electron
interaction with the phonon field. We thereby include
the effects of plasmon creation and electron-hole
produciion in the valence band and the excitation of
electrons from inner levels. We have decided to use
classical binary collision cross seciions to represent
excitations from ail inner levels in the case of metals
and semiconductors. Our reasons for using the classical
model are (1) the guite reliable results which one
obtains for the few cases in which experimental or Born
approximation cross sections are available, (2) the
convenient scaling properties possessed by cross sec-
tions which emerge from the model, (3) the relatively
simple analytical forms possessed by such cross sec-
tions, and (4) the ease with which one may constrain
these cross sections so that sum rules and high-energy
stopping-power requirements are satisfied.

These cross sections have been prepared in a form
suitable for use in a Monte Carlo code which was
designed and written by us for another application. This
code has been used to compute slowing-down spectra in
neutron-activated silicon. Figure 1.3 shows the resulting
fluxes presented in histogiam form in the energy range
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Fig. 1.3. Electron-slowing-down spectrum in silicon. The
points represent experimental duta cosrected to the interior of
the sumple. The smooth curve shows the tesults of calculations
using the Spencer-Attix theory. The histogram gives results
using a Monte Carlo approach.

from 10 to 10* eV. The flux spectrum obtained
experimentally is shown as the solid points, while
results of a calculation using the Spencer-Attix method
are shown as a solid line. Reasons for the discrepancy
between theory and experiment are being sought.

INNER-SHELL EXCITATION OF ATOMS BY
SLOW HEAVY CHARGED PARTICLES

Much effort has gone into the study of x-ray
generation due to the filling of inner-shell vacancies in
atomic systems. Theoretical cross sections for produc-
tion of such vacancies by heavy charged particles have
been much studied in the Born approximation, usually
employing Coulombic wave functions to describe initial
and final states. It is of interest to investigate theoreti-
cally cross sections for production of inner-shell vacan-
cies by particles having velocities low compared with
those of electrons in the shell considered. Considerable
data have been accumulated in this regime.

We have obtained interesting new formulas for K-shell
excitation using the perturbed stationary state for-
malism of Mott.® His approach yields an exact expres-
sion for the probability amplitude that the s#th ionized
or excited state in an atomic system is reached in an s-

9. N. F. Mott, Proc. Cambridge Phil. Soc. 27, 553 (1931).

to s-wave transition when a slowly moving charged
particle is incident on the system with impact param-
eter b relative to the nucleus. This expression is exact
for limiting small velocity. For a charged particle with
velocity v and charge £, ¢, incident with straight-line
trajectory along the £ axis, the probability amplitude
for excitation of the nth excited state is

R o ejk()nz
a, =(fiv1) 1 f dZ*‘%;)‘ “““““
- ¥}

A

) 7, e : .
>d%%w%ﬂ05(§§ﬁ>%mk)(w

if the atormic system is initially in the state Q. This
expression is approprate to a one-electron atom but
may be generalized immediately to apply to a many-
electron atom. The basis set Y, (r, R} consists of the
exact, orthonormal solutions of Schroedinger’s equa-
tion for the electron in the Coulomb field of the two
nuclei when held stationary at a distance |R| apart. Z is
the z coordinate of the incident charge if the atom is
situated at the origin and if v, is parallel with the z axis.
The wave number k,, = (W, — W, )/lv, and W, (R) is
the energy of the electron in the mth excited state at
separation |R|. This rather complicated expression may
be simplified greatly using the following trick.

If the term |r — R/ is expressed as a Fourier integral,
Eq. (1) may be written

- s S4B 7 4z
a, Cfd q g . dz iy,

X e*enZG (4, R), (2)

and
Gp(q, R) = (e'9°7), .
Making the change of variable
q; — ke, (R)=0Q,
this expression becomes

- 2 iqp R
ay=C fdrq, duiR

X f__:dQ f : dZe7eF g



where

, (Q*kop)
F =
a &, (&9 konlpy® +(Q+kyp)?]

X eiql.[l ei(Q+k0n)Z no (4)

and the vectors q, R, and r bave been resolved into
components perpendicular (1) and parailel with the z
axis.

If # is expanded in a Taylor series in the variable Q
and if the resulting terrns are integrated by parts in the
variable Z, it is found that

-9 “q Ry | g 19
a, =2aC [dg e 1{1(0,0)+2! AR

Designating the jth term in this series by @, (), it may
be shown that

4,0 =2mC [ry,*@. R, 0K,
X [kon@®)Ir, — R 1] e%0nZy (r, R, 0), (5)

where ko(x) is the zerc-order modified Bessel function
of the second kind and v, *(r, R, 0) designates the
electron eigenfunction evaluated at the position of
closest approach of the incident charge. The remaining
terms in this series may be shown to be negligible by
comparison with a,(!) in the case of small v,. The
expression for a,(1) above is comparable in form to the
Born approximation-theoretic result of Bang and
Hansteen.'® However, the interpretation of the various
quantities in Eq. (5) is quite different. Bang and
Hansteen work in the large v, regime; the eigenfunc-
tions which they employ correspond to those of the
unperturbed atom, while the eigenfunctions appearing
in Eq. (5) are perturbed strongly by the incident
particle. The wave number kg, is different from the
corresponding wave number of Bang and Hansteen and
is evaluated at the distance of closest approach.

Equation (5) yields a cross section for ionization
which is quite similar to one which has been obtained
by a plausible but empirical procedure applied to the
Bang-Hansteen high-velocity formulas. This procedure
consists of shifting the binding energy of the ground
state by a stationary state perturbation energy corre-
sponding to the distance of closest approach of the
perturbing particle.

10. J. Bang and J. M. Hansteen, Kgl. Dan. Vidensk. Selsk.,
Mat.-Fys. Medd. 31(13), 1 (1959).

This recipe has yielded theoreiical cross sections in
good agreement with experiment in the small v, regime.
Equation (5) puts this proceduie on a sound theoretical
basis and may lead to improvements, for example,
through the use of variationally determined W, (R) and
¥,, (r, R) in establishing cross sections.

This work was done in collaboration with Prof.
Werner Brandt of New York University.

LOW.-ENERGY ELECTRON SCATTERING
BY PCLAR MOLECULES

An extensive theoretical siudy of low-energy electron
scattering by dipolar target systems has been concluded.
This was the culmination of a long-range program to
obtain detailed theoretical knowledge of the effects of
dipolar forces on charged-particle scattering phenom-
ena. The present study is complementary to earlier
theoretical investigations! '™ 3 of the critical binding
properties of dipolar fields and to experimental investi-
gations’ ' 7 of momentum transfer cross sections for
thermal electrons in polar gases.

We limit our considerations to the energy range in
which the relevant experimental data are available, and
in this region {~0.03 eV) rotational excitations are the
only open inelastic channels. If we designate the
projectile coordinate by r measured from the center of
mass, then the Schroedinger equation can be written as

[H,op — V,% + V(r, 9] ¥(r,5)=EY(x,35), (6)

where H,,; is the rotational Hamiltonian of the target
system and W(x,s) is the total electron-molecule inter-
action potential. The orientation of the molecule is
designated by §, and the target rotational eigenfunctions
are the spherical harmonics Yj"’i(§). We have chosen
Rydberg atomic units, where h = 1, m, =4, €2 = 2.
The units of energy and distance are 13.6 eV and the
Bohr radius ag, respectively.

If the orbital angnlar momentum of the incident
electron is designated by the quantuin number / with
projection m; and the total angular momentum J is

11. J. E. Turner and K. Fox, Phys. Lett. 23,547 (1966).

12. W. R, Garieit, Chem. Phys. Lett. 5,393 (1970).

13. W. R. Garreit, Phys. Rev. A 3,961 (1971).

14. L. G. Christophorou, G. S. Hurst, and W. G. Hendrick, J.
Chem. Phys 45,1081 (1966).

15. J. A. D. Stockdale, L. G. Christophorou, J. E. Tumer,
and V. E. Anderson, Phys. Lett. 254,510 (1967).

16. L. G. Christophorou and A. A. Christodoulides, J. Phays.
B (At Mol Phys.) 2,71 (1969).

17. L. G. Christophorou and D. Fiitman, J. Phys. B {At. Mol
Phys. ) 3,1252 (1970).



formed from ¥ = j +1, then the usual coupled spherical
harmonics | "M(,5) are eigenfunctions of J? and J,.
The total wave function W;/ for the system having
total angular momeatum J can be written in terms of
these functions through an expansion of the form

0,8 = B LY MES U ol ()
i

Through use of expression {7), Eq. 6) is converted
into a set of coupled radial equations for the functions
(]]"FJ}!(Y}.

& I+ ) .
[‘EF bty | Uy M)

+LE G0yt D Upp ) =0, (8)
-

where k;;» is the wave vector for the scattered electrons.
Solutions of Eq. (8) yleld the scattering matrix $
through the asymptotic relation

l]]_,l,-’il(r) -~ 6”' 8”' €Xp [*‘l-(k]]'r — ITT/2)]

ki\ 112 G 1 ) ,
% GL 7Ty exp [ikypr ~ Tn[D} . (9)

Numerical solutions to Eq. (8) have been determined
for a large number of dipolar systems, some of which
we describe below. The S matrix was obtained from
these solutions, and both momentum transfer and total
scattering cross sections were obtained by carrying out
the proper sums over elements of the scattering matrix.

One of the primary objectives of this investigation
was to determine whether the critical binding proper-
ties of the pure dipole field are reflected in the
theoretical behavior of momentum traosfer cross sec-
tions for polar molecules. For this purpose a model
electron-molecule interaction potential was adopted
which would allow an investigation of the individual
and collective effects of separate terms in this inter-
action potential on the resultant cross sections. For this
purpose we have adopted a model electron-molecule
interaction potential of the form

Ze#

o) =20 %ﬁ: ar P (- F) — O0)

g (o t20) ey —e)
X l:-—j' r4 "3’ r4 P2(S l') 5 (10)

where O(r) = 1 — e 7 ® is a cutoff function which
removes the strong singularity at 7 = 0. In this molecular

model, Z is an effective nuclear charge for the monopole
term, and § is an effective screening parameter for the
Coulomb field. The terms in brackeis represent an
induced dipole interaction where ay and a; are the
parallel and perpendicular polaizabilities of a linear
target system. The term containing D is the dipole
potential due to the permanent dipole moment D of the
target molecule. With this function one can very
conveniently study the effects of individual com-
ponents of the interaction potential on the resulting
scattering cross sections.

Some of the results of this systematic study are
shown in the five curves of Fig. 1.4. The figure shows a
bewildering amount of data and is somewhat hard io
read, but an important conclusion can best be reached
from this composite display of the results.

First, note that in Fig. 1.4 the pure dipolar casc is
labeled oy = 0,2 = 0.0. («, is always chosen to be a/2,
thus it is not necessary to list both.) When a small
polarizability term, o, = 2.0ao*, is added, the result
labeled o = 2.0, Z = 0.0 is obtained. Here the maxima
and minima in the elastic cross section {0, 0) occur
at lower values of D. This is to be expected, since the
strength of the interaction is increased by the presence
of an induced dipole term. However, not so readily
anticipated is the magnitude of the shift. This result
indicates that even a small induced dipole term has a
significant effect on the elastic cross section.

The effect of a monopole term is shown in the curve
labeled Z = 6.0, o = 0. The first maximum in o{0, 0) is
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Fig. 1.4. J = 0 component of the elastic cross sections as a
function of dipole moment for 0.03-eV electzons on a linear
polar molecule. Data are for five different choices of effective
charge Z and polarizabilities o and o). ap = a”/ 2 in every case;
thus only o is listed.



shifted all the way down to D = 0, and the second
maximum now appears at D == 1.5eay. If, in addition,
an induced dipole term of magnitude o = 7.5a0° is
added in with the monopole term, the curve labeled o
= 7.5, Z = 6.0 is obtained. Here the first maximum has
shifted below D = 0.0, and the second maximum now
occurs at D = 1.2ea,. Finally, if the strength of the
polarizability term is increased to 20uq>, the result is
that shown by the fifth curve, labeled o = 20.0, Z =
6.0. Here the second maximum has shifted down to D =
0.4eay, and a third maximum has appeared at D =
1.8ea,.

From these and other results'® we can make at least
three general comments concerning momentum transfer
cross sections for thenmal energy electrons on polar
molecules. (1) In the context of electron-molecule
interactions there is little significance to the critical
binding property of the pure dipolar field.!® (2) The
Born approximation forms a very inadequate descrip-
tion of the total momentum transfer cross section for
polar molecules over the entire range of dipole magni-
tude, and it adequately describes the O 1 rotational
excitation channel only in the case of very small D.'®
(3) If the Born result for a pure dipole rotator is used as
a basis for comparing thermal energy values of o, for
real molecules,”*? 7 the present results would indicate
that observed values should be greater than o, # for
molecules whose dipole moments range from 0 to
~0.6ea, and tend toward values smaller than the Born
result for molecules of large D(D 2 1.2ea,), with a
possible fluctuation as large as w/k* in the observed
values for different molecules possessing any particular
value of D. These points are well illusirated by the
results shown in Fig. 1.5. Here the total momentum
transfer cross sections for 0.03-eV electrons on a model
system having a screened Coulomb field represented by
Z =6.0,8=17a,"" and with three different values for
the polarizabilities oy = 0.0, 10.0a0°, and 20.02,> are
shown. The cross section for a pure dipole target (Z = C,
o, = 0) and the Born cross section for a pure dipole are
also shown for reference.

Finally, we consider the question of whether the
conclusions reached in the present study are consistent
with experimental data or, to the contrary, whether the
data support earlier claims'*™*7-2%:2! a5 to a demon-

18. W. R. Gairett, accepted for publication in Molecular
Physics.

19. The importance of critical binding is reduced to the very
weak assertion that the possibility of a stable negative ion is
assured if D > D qjtical for a particular molecular system. See
W. R. Gairett, Phys. Rev. A3,961 (1961).
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Fig. 1.5. Total momentuin transfer cross sections as a
function of dipele moment D for 0.03-eV electrons on a model
polar molecular system. Valnes obtained for a pure dipole
rotator in the present calculation and in the Boin approxi-
mation are also shown. Moment of inertia / = 5.8 X 10* mgy2.

strable effect of the critical binding property of dipolar
fields on electron scattering by polar molecules. When
all the recent data are accumulated and displayed in
toto, the result is as shown in Fig. 1.6. There is a greater
density of data for molecules whose dipole moments lie
between 1.5 and 2.1 esu-cm and a peculiar scarcity of
data for those whose dipole moments lie between ~2.1
and 2.7 esu-cm. This nonuniformity in the distribution
in D of molecules studied experimentally was probably
brought about by great interest in molecules with D ~
1.625 esu-cm, which is the critical moment for electron
binding to a stationary dipole. However, there appears
to be no particular region in the range of D covered by
these experiments where the cross section displays
anomalous behavior which could be associated with
binding properties of the dipolar field.

The thermally averaged momentum transfer cross
section obtained from the Born approximation for a
point dipole is plotted as the solid line in Fig. 1.6. We
note that the general trend in the data is similar to that
obtained in the present analysis; that is, the values of
(0,,,) tend to be significantly greater than <o, #) for low
D and to fall below the Born result for very high D.
This behavior is very clearly indicated in the most
recent data for strongly polar molecules.'

20. K. Takayangi and Y. Itikawa, J. Phys. Soc. Jap. 24, 160
(1968).

21. J. M. Levy-Leblond and J. M. Provost, Phys. Lett. 268,
104 (1267). :
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UTILIZATION OF COMPLEX POTENTIAL
OPERATOR FORMALISM IN ELECTRON
SCATTERING PROBLEMS

The theoretical determination of scattering cross
sections for all atomic and molecular species is ex-
tremely complicated in the energy region above the
ionization potential due to the presence of a large
(usually infinite) number of open scattering channels.
Thus, in order to obtain an accurate description of
scattering phenomena for charged particles of modest
energy (below the region where the simple Born
approximation may be utilized), one must include
effects due to various inelastic processes which may
occur. In the usual practice of expanding the total wave
functions in terms of a set of target eigenfunctions, one
is led to an infinite set of coupled differential equations
which describe the scattering probabilities for elastic
and inelastic processes. The difficulties associated with
such large coupled sets of equations preclude accurate
solutions for all but a very limited range of projectile
energies.

Feshbach?? has developed a very elegant and very
powerful technique for determining elastic and total
scattering cross sections under multichannel scattering
conditions. In his projection operator approach the
elastic channel is projected out of the total Schroe-
dinger equation, and all other channels are included in a
complex nonlocal “optical potential” operator. The
difficulties associated with a large set of coupled
equations are transformed into a new set of com-
plexities associated with the optical potential. However,
the formalism is amenable to a number of different
approximations which offer some distinct advantages
over other methods of calculating cross sections in a
difficult energy region.

We have utilized Feshbach’s technique in an applica-
tion to atomic scattering of electrons above the
ionization potential of the target. In our analysis we
define a projection operator £ which selects the elastic
channel from the total wave function. The remaining
part of the wave function, which contains the descrip-
tion of all inelastic processes, is given by operation with
a projection operator § which is the complement of P.
Thatis,0=1-P.

The Schroedinger equation for the interacting system
is expressed as

(£ Hy=0, (11)

22. H. Feshbach, Ann. Phys. 5,357 (1958).

where f and £ are the total Hamiltonian and energy,
respectively, for the system. By using the idempotent
properties of the P and @ projection operators we can
transformm Eq. (11) into the following two coupled
equations:

(E — PHP)PY = (PHQYOV (12)
and

(£ — QHQ)Q = (QHP)PY . (13)
Formally, we may solve for Qy in Eq. (13)

Qy =(E* — QHQ)™ QHPY (14)

and substitute this expression for Qy in Eq. (12). This
gives the Feshbach equation

[PHP + PHQ(E* — QHQ)™* QHP — E]1Py = 0. (15)

This is an integre-differential equation for the elastic
scattering component P of the total wave function y
for the systems. The term PHQ(E™ - QHQ) ' QHP is
referred to as the “optical potential” though it is in
general a nonlocal operator with both real and complex
parts. In the Green’s function (£* — QHQ) ™! the term
E* = F +in, where 7 is a positive infinitesimal to ensure
outgoing wave boundary conditions in the continuum.

Partial wave decomposition of Eq. (15) leads to a set
of phase shifts which contain real and imaginary
components, from which the elastic and total reaction
cross sections may be obtained. However, before this
can be accomplished one must be able to evaluate the
Green’s function.

The Green’s function G(R, R') is defined through the
inverse operator in Eq. (16)

(QHQ - E) GR,R") =S8R — R) . (16)

We have investigated an approximation in which the
interaction terms between target and projectile are
neglected in evaluating G(R, R') but are included
elsewhere in Eq. (15). In order to gain some insight into
the practicality of the optical potential for atomic
scattering problems, we have applied the formalism to
electron scattering by atomic hydrogen. In this case the
Green’s funciion may be evaluated analytically, in the
approximation just mentioned, and numerical solutions
for both the discrete and continuum state contributions
to the optical potential may be included in the
calculation,
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Fig. 1.7. Elastic scattering cross section for electroms on hydsogen, Experimental results are those of Neynaber et al. (ref. 23) and

Brackmann et al. (ref. 24).

Very satisfactory results for elastic and total scat-
teriag cross sections have been obtained for electrons
on hydrogen. These tesults are shown in Figs. 1.7, 1.8,
and 1.9. The experimental data are from Neynaber et
al.,?? Brackmann, Fite, and Neynaber,?* and Gilbody
et al.2® [n the region where experimental data are
available, the agreement with experiment is very good.

Investigations are continuing in the use of this very
powerful technique for obtaining electron scatterng
cross sections. Other approximations in the form of the
optical potential and application to other atomic and
molecular systems are under investigation.

INFLUENCE OF PLASMON DAMPING
ON THE MEAN FREE PATH FOR
PLASMON EXCITATION

The mean free path of an electron in a neady free
electron gas, including the effect of damping of the
plasmon states of the system, has been investigated. The
results of this calculation indicate an appreciable
probability for plasmon excitation by an incident

23. R. Neynaber, L. Marino, E. Rothe, and 8. Trujillo, Phys.
Rev. 124,135 (1961). ‘

24. R. Brackmann, W. Fite, and R. Neynaber, Phys. Rev.
112, 1457 (1958).

25. H. Gilbody, R. Stebbings, and W. Fite, Phys. Rev. 121,
794 (1951).

electron with energy below the threshold predicted by
the zero-damping theory.

Many-body theory shows that the plasmon contri-
bution to the self-energy of an electron in an slectron
gas is given by

. i
wor i pd'q

M("
P nd @y

2
p-afq Pq>

where q is the four vector (g, w) and G, is the
electron Green function. 22, is the plasmon propagator
given by

_ 2Loq
Dy =Dy, =i

PN
W Wy +ryq

where vy, is the plasmon damping rate. The quantity
ng is given by

o= 4rre*
q T 2 ’
q (aeq’w/aw)w:wq
where ¢ is the dielectric function for the electron

q,«
gas. The w,’s are the values of w for which €5 , = C.

L]

The inverse mean free path of an electron for plasmon
excitation is given by

PL
o o2ImE
o Vo >
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where vy is the speed of the incident electron. For a
noninteracting electron gas we find

1 2p ) (/m)(2pq-q*)
- fo qdqg,” N, fo

-1 E) = — o
)\P ( ) 2712hv02

2wq )\q

X deo O(E — Ef - ),
(wz . wq2)2 + ,.’q2

10

where p =mvo, £ ="% mvo®, E; is the Fermi energy of
the electron gas, and 8(x)=(0,x < 0; 1,x > 0). Nyisa
“normalization factor” included to ensure that sum-rule
requirements are not violated.

This inverse mean free path has been evaluated for an
electron gas density corresponding to the conduction
band in aluminum. The values for the damping Vg Were
taken from the experimental work of Festenberg?®
These new results are shown in Fig. 1.10. For compari-
son we show the results calculated using Quinn’s
formula,2”? in which damping of the plasmon states is
not included. The effect of damping is to make plasmon
excitation possible for incident particle energies lower
than the threshold value predicted by Quinn. This
calculation may be important in assessing the energy-
loss mechanisms for low-energy charged particles in
maitter.

FLASMONS IN SOLIDS

Collective electron effects in solids are increasingly
important in the characterization of matter in its
condensed state. A review has been made of some of
the salicnt properties of plasmons and their manifesta-
tions, for example, in measurements of electron energy
loss, optical reflectance, photoemission, low-energy
electron diffraction, electron tunneling, etc. Significant
progress has been made in the systematic use of the
plasmon as a diagnostic tool to study matter in the bulk
and at surfaces. This review has been published in the
Froceedings of the NATO Advanced Study Institute,
Istanbul, Turkey, August 1627, 1971.

THE DAMPING OF PLASMA WAVES
IN CONDENSED MATTER

We have obtained analytical expressions which may
be used to relate the damping of long-wavelength
plasma waves to experimentally determined values of
the complex dieleciric permittivity ¢(w) = €,(w) +
ie;(w) of the medium which supports the waves. This
permittivity is obtainable from measurements of, for
example, the reflectance or absorptance of the medium.
Our results are obtained by two methods: (1) from
energetic considerations involving the use of an expres-
sion first derived by von Laue for the energy stored in a
dispersive medium which is weakly absorbing and (2)
from manipulation of the basic dispersion relations.

26. C. von Festenberg, Phys. Lett. 23,293 (1966).
27. 1. J. Quinm, Phys. Rev. 126, 1453 (1962).
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We find that the damping rate of a volume plasma
wave is given by

we{w)
e1{w) +{w/2)de, fdw)’

7vp(w) =

and for a surface plasma wave

€z (w)
e fe; + 1)+ (w/2¥de, fdw)

Ysp{w) =

These expressions are valid when the damping rates
given are small compared with the eigenfrequencies of
the respective waves. This work has been published in
Surface Science 34, 178 (1972).

SURFACE PLASMONS AND THE
IMAGE FORCE

It has been shown recently by Van Kampen and
co-workers that van der Waals forces between two
semi-in{inite solids separated by a planar gap may be
regarded as arising from interactions between polariza
tion waves on the two surfaces. They applied this idea
in a specific calculation of the force in such a system,
neglecting retardation effects.

It is an interesting logical extension of this concept to
regard the well-known image potential, which exists
when a point classical charge is placed at a fixed
distance from a solid surface, as having its origin in the
interaction between this charge and the surface plasmon
field existing in the neighbothood of the interface.
Since the image potential is important in a number of
physical processes such as the Schottky effect, electron
tunneling in metal-insulator-metal (M-I-M) junctions,



and other phenomena in metals, it is important to
investigate the consequences of this extension.

We have shown that the classical image potential may
be considered to originate in the shifted zero-point
energy of the surface plasmon field. The retardation
correction to the image potential may be studied
conveniently using the electron gas model. We find that
the potential becomes appreciably smaller than that

12

predicted by classical theory at distances from the
interface of the order of ¢/w,,, where w,, is the plasma
frequency of the electron gas and ¢ is the speed of light.

An account of this work has been published in
FPhysics Letters.?®

28. R. H. Ritchie, Phys. Lett. 28A, 189 (1972).
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Interaction of Radiation with Liquids and Solids

E. T. Arakawa
R. D. Birkhoff . J. A. Harter
T. A. Callcott! . B. L. Sowers?
Ada E. Carter U. 8. Whang?
J.T.Cox C. E. Wheeler, Jr.2

L. C. Emerson

OPTICAL PROPERTIES OF K BETWEEN 4
AND 10.7 eV AND COMPARISON
WITH Na, Rb, AND Cs

As a continuation of our studies on the alkali metals,?
the optical and dielectric constants of K have been
determined from reflectance and transmission measure-
ments for photons of energy between 4.0 and 10.7 eV.
Reflectance measurements were made as a function of
incident angle at a K-MgF, interface in an ultrahigh
vacuum system. The refractive index (n) was deter-
mined from the critical angle for total internal reflec-
tion, and the absorption coefficient (k) was determined
from the slope of the reflectance curve at the critical
angle? and from transmission measurements. The values
of n and k obtained are shown in Fig. 2.1. Figure 2.2
shows a plot of e,, the real part of the diclectric
consiant, vs the wavelength squared. The solid triangles
are points calculated from the smooth curves for 7 and
k of Fig. 2.1, using the relation €, = n*> — k2. Except
for the open circles the other points plotted are taken
from the data of other workers 58 as indicated in the

1. Consultant.

2. Graduate student.

3. E. T. Arakawa et al., Health Phys. Div. Arru. Progr. Rep.
July 31, 1971, ORNL-4720, pp. 4243,

4. Sec article entitled “A Slope Method for Determining
Extinction Coefficienis,” this section.

$. 5. C. Sutherland and E. T. Arakawa, J. Opt. Soc. Amer. §7,
645 (1967); 58, 1080 (1968); J. C. Sutherland, R. N. Hamm,
and E. T. Arakawa, J. Opt. Soc. Amer. 59, 1581 (1969).

6. S. Yamaguchi and T. Hanyu, /. Phys. Soc. Jap. 31, 1431
(19713

7. R. E. Palmer and 8. E. Schnattexly, Phys. Rev. 4, 2329
(1974,

8. N. V. Smith, Phys. Reyv. 183, 634 (1969); B2, 2840
(1970).

Mary W. Williams
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figure caption. Figure 2.3 shows the optical con-
ductivity ¢ = we, [4n, where €, = 2nk is the imaginary
part of the dielectric constant. Also shown are optical
conductivities obtained previously for other alkali
metals. For all four metals the solid lines at high
energies have been obtained at ORNL.?> The dashed
curves at low energies are from the work of Smith.®
The dash-dot curve for Na is a smooth extrapolation
between the high- and low-energy data.

The analysis of the data in Figs. 2.2 and 2.3 follows
that presented previously for the other alkali metals.?
The open circles in Fig. 2.2 show the values of ¢,
obtained when Se¢;, the contribution to €, due to
processes not included in the neady free-electron
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transmission measurements. Solid lines give the smoothed
average values of the data.
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Fig. 2.2. Real part of the complex dielectric constant of K vs
the square of photon wavelength. Solid triangles are the points
obtained from the smooth curves of #n and k values. Data points
are taken from Sutherland et al. (#), Yamaguchi and Hanyu (o),
Palmer and Schnatterly (o), and Smith (®). Open circles are a
plot of ¢; — 5¢,, the free carrier contribution to €.

model, is subtracted from the experimental value of €;.
The value of 8e;(A) was calculated by a Kramers-
Kronig analysis of the experimentally observed devia-
tion of o from the free carrier part characterized by a
damping constant 27yh= 0.018 eV and a plasma energy
of 3.9 eV. The straight line in Fig. 2.2 gives the best fit
of (¢, — 8€,) vs A? to the nearly free-electron theory.
This yields an optical effective mass of 1.01 £ 0.01 and
an ion core polarization of 0.15 + 0.01. The plasma
energy obtained by setting €, = 0 is found to be 3.85
eV. In Fig. 2.3, Smith’s o data for K, obtained from
ellipsometry measurements, most clearly show the
absorption peak centered at 2 eV that may be attrib-
uted to direct interband transitions and the rise in o
below 1 eV due to free carrier absorption. The
dominant feature of the o curve in the region of our
measurements is a broad strong peak centered at 8 eV
and extending from about 5 to 11 eV. Its interpretation
will now be discussed along with similar structure
observed for the other alkali metals above their plasma
energies.

Cur measurements clearly show the existence of an
absorption process in all of the alkali metals at energies
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above the plasma frequency. In each case the absorp-
tion is strong, being comparable in magnitude to the
interband transition absorption at lower energies. The
broad absoirption peaks are found to become stronger
and more to lower energies for alkali metals of larger
atomnic number. Finally, in each imaterial the high-
energy peak is found about 1.5k, above the interband
peak, where hwp is the plasma energy. In Fig. 2.3, the
separations are approximately 8, 6, 5, and 4 ¢V for Na
through Cs. Values of l.Shwp for these materials are
8.4, 6.0, 5.1, and 4.3 eV, respectively. The question of
interest is whether this absorption can be understood in
terms of one-electron theory or whether it must be
explained in terms of the excitation of collective modes
of the solid.

Except for Cs, present calculations indicate that,
insofar as energy separation is concerned, transitions to
d- or f-like states could account for the observed
high-energy peaks. We do not believe, however, that
such transitions can be responsible for the observed
absorption. In Cs, where the absorption is strongest, the
observed peak falls at the wrong energy. In all of the
materials, if this absorption is due to an interband
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Fig. 2.3. Optical conductivity vs photon energy of Na, K, Rb,
and Cs. The solid lines have been obtained at ORNL., the two
solid lines for Na being from Sutherland’s data with different
films, The dash-dotted ling is calculated fiom » and k values
obtained by a sraooth interpolation between Smith’s (~ - - --)
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transition, it is very difficult to undesstand the large
relative magnitude of the high-energy peak as compared
with the interband peak for the same material. An
interpretation in ferms of plasmon-assisted interband
transitions” seems the most plausible, but this has not
been conclusively proved. The experimental observation
that the peaks in question are about 1.5hw,, above an
interband transition in the same metal is in agreement
with this theory of plasmon-assisted transitions. How-
ever, the magnitude of the observed absorption is not in
such good agreement with this theory.

OPTICAL PROPERTIES OF GLASSY CARBON
FROM 0 TO 82 &V ”

Glassy carbon'® is a relatively new form of hard,
nongraphitizing carbon, which resembles a black glass
with an exiremely nonporous, smooth surface. X-ray-
diffraction studies!® suggest that the structure is
essentially that of a turbostratic curtbon? ! of very small
crystallite size. The optical properties of a sample of
glassy carbon, the surface of which had been mechani-
cally polished, have been obtained from reflectance
measurements up to 82 eV, The values of £; and ey,
the real and imaginary parts of the complex dielectric
cornstant, are shown in Fig. 2.4.

If glassy carbon has turbostratic structure its
properties should show some similarities with those of

d

9 8. L Lundgvist and C. Lydén, in Proceedings of the
Electronic Density of States Symposium, National Bureau of
Standards, U.5. Govt. Printing Office, Washington, D.C., 1969,
p. 50; B. L. Lundqgvist, Ph.D. thesis, Chalmers Tekniska
Hogskola, Goteberg, Sweden (1969).

10. 3. C. Lewis, B. Redfern, and F. C. Cowlard, Solid-Srate
Electeon. 6,251 (1963).

11. D. B. Fischbach, p. 1 in Chemistry and Physics of
Carbon, vol. 7, ed. by . L. Walker, Marcel Dekker, New York,
1971.
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graphile. Optical absorptions caused by single-electron
trangitions are identified by relative peaks in the optical
conductivity. Thus, the conductivity Fe, /2, plotted in
Fig. 2.5 as a function of incident photon energy £,
indicates strong interband (or single-electron) transi-
tions at 4.7 and 13.6 eV and weaker transitions
between O and 4 eV. The structure in €;, and hence in
the conductivity, is in fact similar to that for graphite,
suggesting an interpretation in terms of 7 and ¢ eleciron
excitations. From sum-rule caleulations it was found
that in glassy carbon, if there are both 7 and o electrons
associated with boaoding, their relative participation is
more complicated than in graphite. In the energy region
up 0 9 eV, nomnally associated with w electron
excitation, considerably less than the one w electron per
carbon atom is involved in optical transitinns. This may
be because of the turbostratic structure. The n electrons
oceur on either side of the planes of carbon atoms in
giaphite, and, since the graphitic odentation between
the planes does not occur in the turbostratic structure,
the n electron participation may be modified. However,
by 80 eV neady all of the four electrons { n + o) per
cartbon atom are involved in optical transitions. Thus,
it seerns reasonable to inierpret the data for glassy
carbon by analogy with that for graphite.

Thus the weak structure in the conductivity at about
0.9 ¢V (Fig. 2.5) can be identified with the onset of
transitions between K, and X,” in the hand structure
of three-dimensional grapbite, corresponding to the
point X3~ of the two.dimensional graphite band stnc-
ture. The sharp structure at 4.7 eV can be identified
with an allowed transition of the 7 electrons and that at
13.6 2V with an allowed transition of the o electrons,
both for the electdc vector perpendicular to the O axis.
The energy-oss function -Im 1/e calcntated from the
dielectric constants of Fig. 2.4 is plotted in Fig. . 2.6.
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Strong structure is seen at 5.6 and at 20.4 ¢V. The
structure at 5.6 eV coriesponds to a minimum in €,
and is associated with a collective oscillation, in this
case a hybrid resonance involving both collective and
single-electron effects. The structure at 20.4 eV is
associated with a pure collective oscillation presumably
involving both 7 and o electrons.

A SLOPE METHOD FOR DETERMINING
EXTINCTION COEFFICIENTS

Many factors, such as imperfections in the optical
system or on the surface of the sample, result in
inaccuracies in the measured reflectance R at a surface
as a function of the angle of incidence § so that the
optical constants # and k, obtained from the best {it of
the data to Fresnel’s equations, may not be the true
constanis for the bulk material under investigation. It is
well known that for nonabsorbing media with # < 1,
the critical angle for total internal reflection, 8, gives a
precise value of n through the relation »n = sin 0.
Hunter!? has extended the critical angle method to
yield accurate n values for slightly absorbing media (k <
0.2). An approximate value of # is obtained from the
angle 0, at which the slope of R vs # is a maximum,
and then a correction is applied depending on the values
of k£ and P, the polarization of the incident light. We
have found that k may be obtained from the magnitude
of the slope of R vs § at 8,,. This quantity is sensitive
to the value of k but relatively insensitive 1o surface
imperfections and to the values of # and P.

12. W. K. Hunter, J. Opi. Soc. Amer. 54, 15 (1964);J. Phys.
25, 154 (1964).
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In general we may write R, ,(0) = c(8) R(0). Here
R(®) is the reflectance for an ideal interface, R pe,4(9)
is the experimentally measured reflectance, and c(8) is a
factor which may involve both instrumental uncertain-
ties and those due to surface imperfections. For the
slope we have

dR(e)meas =
de

dR(8)

dc(8)
dé ’

db

c(6) +R(0)

In this method we are concerned with the case where
the slope dR{9)/d8 is very large. Then, to a good
approximation, it is possible to neglect the second term
on the right side of the equation in comparison with the
first. Thus, where the critical angle method can be used
and ¢(8,,) can be evaluated, values of n and k
determined from 8, and the slope at §,, are more
reliable than those obtained by fitting the entice R vs 0
curve. The slope dR(8,,)/d0 has been calculated by
differentiating Fresnel’s equations for the reflectance.
Figure 2.7 shows calculated values of dR(8,,)/d6
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plotted a3 a function of & for a given value of n and
several values of P. It is seen that the measured slope at
f,, is more sensitive to the value of & for the smaller
values of k. A whole family of such curves can be
plotted and used in conjunction with Hunter’s method
for getting # from 6, in order to obtain values of &
limited in accuracy only by the uncertainty in ¢(6,,). In
actual practice, we have found the optical constants
from the theoretical expression for dR(8,,)/d0 by an
iterative process carried out by means of a computer
program written to fit 2 to the observed 4, and £ to
the observed slope at 6, for a known value of £, *

We have found this method to be very useful in
measuring the optical properties of the alkali metals at
photon energies above their plasma energies, where they
become relatively transparent.*3

WORK FUNCTION CHANGES DURING OXYGEN
CHEMISORPTION ON FRESH
MAGNESIUM SURFACES

Measurements have been made previously!4 of exo-
electron emission during oxygen and water vapor
chemisorption on fresh magnesium surfaces. At that
time, preliminary measurements of the photoelectric
work function indicated that some connection exists
between the work function and exoelectron emission
for a given surface. For a given partial pressure of
oxygen, the work function changes with time after
abrasion of the surface, exhibiting minima in associa-
tion with maxima in the exoelectron emission. We have
now obtained photoelectric data showing this phenome-
non, and also show that the exoelectron emission isa
maximum for an approximately monolayer coverage of
OXygen on magnesium.

Figure 2.8 shows data for an oxygen pressure of
approximately 7 X 107 torr. The top curve shows the
work function, as determined by the onset of photo-
exnission, as a function of time, while the lower curves
show the photoemission for a photon energy of (1.93
0.05) eV and the exoelectron emission, both as func-
tions of time. The work function goes through two
minima corresponding directly to the two maxima in
the photoemission and closely connected with the two

13. See article entitled “Optical Properties of K between 4
and 10.7 eV and Comparison with Na, Rb, and (s, this
section.

14. T. F. Gesell, E. T. Arakawa, and T. A. Calicott, Surface
Sei 20, 174 (1970).
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Fig. 2.8. Time development of the work function, the
exoelectron emission, and the photoemission (hv = 1,93 £ 0.05
eV) from a fresh magnesium surface.

maxima in the exoelectron emission. The work function
is seen to vary between 3.3 and 1.8 ¢V, as compared
with previously published!® values for evaporated
magnesium films, which range from 3.6 to 2.2 eV.

The first maximum which occurs in the exoelectron
emission with time after abrasion is very close to the
monolayer fommation time calculated assuming a unit
sticking coefficient. This is shown in Fig. 2.9, whichis a
plot of the calculated monolaysr formation time for
oxygen as a function of pressure together with data
which show the position in time of the first peak in'the
oxygen exoelectron emission curve as a function of
pressure. The solid points are the actual data, and the
open points were obtained by assuming a background
partial pressure of oxygen amounting to 2 X 107° torr.
For the actual data points the oxygen pressure was
recorded as the increase in total pressure on admitting
the oxygen into the system. For the open points:the
estimated background oxygen pressure was added to
the measured partial pressure of oxygen. In either case
the higher-pressure points follow the shape of the
monolayer line very well.

15, R. J. Cashman and W. S, Huxford, Phys Rev. 48, 734
{1935).
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A TECHNIQUE FOR REVITALIZATION
Or VACUUM ULTRAVIOLET DIFFRACTION
GRATINGS

A technique has been developed for revitalizing
replica gratings used in the vacuum ultraviolet region.
Epoxy replica gratings overcoated with a suitable metal
are usuaily more efficient than the originals when they
are new. However, after exposure to the atmosphere
and to radiation and contaminants in the vacuum
system, all gratings become less efficient and tend to
have more scattered light.

Revitalization has been achieved by replacing the
metal overcoating on the grating. So far two gratings
have been treated, both of which were originally
overcoated with Al First the Al was dissolved using a
dilute solution of NaOH, and then the grating was
cleaned in a Freon bath. They were then recoated by
vacuum evaporation, one with Au and the other with
Al In this whole procedure care had to be taken not to

18

ORNL—- DWG 72— 92122

& 1
o Ep (HYDROGEN)
® Ep (AIR)
2.0 | 5 E£s (HYDROGEN)
4 Es (AIR) .
A
—~ ad e A} i -
E s arheat. 20 Ap b
: ad "y s
Pet f Al [ ]
>4 4 LI »
i} ah 00 @ °
5] ot (A S 2 ® [o3e]
E 1.0 AAA ® ovo
| 9 a [e]
®
£ "o
Y
0.5 e g %8
40 "o
A A
° [¢]
0
900 #00 1300 1500 {700 1900 2100 2300

WAVELENGTH (R)

Fig. 2.10. Efficiency curves for a revitalized aluminum-coated
diffraction grating.

damage the rulings in the epoxy layer of the grating.
The efficiencies of the freshly overcoated gratings were
then found as a function of wavelength using the
grating calibrator described by Hammer!® for both s-
and p-polarized radiation.

Figure 2.10 shows the measured efficiencies for both
s- and p-polarized radiation for the epoxy replica
grating overcoated with approximately 760 A of Al
Measurements were obtained for both air and hydrogen
discharge light sources. The results shown are represen-
tative for this grating. Eadier measurements showed
slightly higher efficiencies, but some decrease in effi-
ciency was observed due to repeated exposure to the
atmosphere.

In general it was found that the gratings were around
10 to 20% as efficient as a new grating but with much
decreased scattered light intensity. Improvements in
technique should produce revitalized gratings more
nearly approaching the efficiency of a new graiing.

16. D. C. Hammer, E. T. Arakawa, and R. D. Birkhoff, Appl.
Opt. 3,79 (1964).



3. Physics of Tissue Damage
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ELECTRON-SLOWING-DOWN STUDIES?

The extensive series of studies previously carried out
here on electron-slowing-down spectra® in a wide
variety of metals was recently extended to include the
semiconducting materials germanium and silicon.’ The
preliminary data for silicon had indicated some evi-
dence of structure in the experimentally measured flux
at %0 eV and at 2 keV. This structure took the form of
discontinuities in the data very near the £- and K-shell
energies in silicon and was thought to arise from
electron-induced ionizations of these shells. Since this
process, if true, represents a possible breakdown in the
continuous slowing-down model, we made a more
careful exploration of the slowing-down spectrum in
silicon using 4 finer energy mesh and a stronger electron
source.

Two single crystals of extremely high-purity (impuri-
ties <l ppb) silicon were irradiated in the High-Flux
[sutope Reactor to near saturation in a thermal flux of
3 X 10'® neutrons cm™® sec”'. The resulting activity
was sufficiently high to enable us to obtain several very
reproducible measurements of the electron spectrum up
to 32 keV. Particular attention was paid to the region in
the vicinity of the K- and L- shell binding energies. The

1. Graduate student.

2. Consultant.

3. The research reported in this section was sponsored in part
by the Air Force Cambridge Research Laboratorsies, Office of
Aerospace Research, under Contract ‘No. Y72-923, but the
report does not necessarily reflect endorsement by the sponsor.

4 W. 1. McConnell, H. H. Hubbell, R. N. Hamm, R. H.
Ritchie, and R. D, Birkhoft, Phys. Rev. 138A, 1377 (1963).

5. E. T. Awakawa et al.,, Health Phys. Div. Annu. Progr. Rep.
July 31, 1970, ORNL-4584, pp. 87-88; July 31, 1974,
ORNL-4720, pp. 51--52.

results of one measured spectrum are shown in Fig. 3.1
along with the spectrum calculated from the Spencer-
Fano theory. Agreement between theory and experi-
ment at the higher energies is excellent, but, as in
previous comparisons, the magnitude of the measured
flux exceeds that predicted by theory at lower energies.
Not shown on the graph are the high densities of data
points taken near the shell binding energies. The
discontinuity in the data at these energies is not as
pronounced as that seen earlier, but there is a distinct
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Fig. 3.1, Slowing-down spectrum of electrons in single-crystal
silicon.

19



change in slope just under 100 eV and near 2 keV. On
the basis of the reproducibility of these features and, in
particular, because of the excellent statistics afforded
by the high source strength, we believe that some
inner-shell ionizing events occur. These processes, while
not affecting the gross features of the slowing-down
spectrum, do represent a perturbation to the con-
tinuous slowing-down model.

In addition to the work on metals and semicon-
ductors we have extended our studies to insulators to
provide a comparison of existing data with that from
wide-band-gap materials. Preliminary data have been
obtained for a polycrystalline sample of aluminum
oxide. Because of the impossibility of producing a
measurable activity in pure Al,0j;, it was necessary to
introduce an impurity which could be activated by
neutron irradiation. Normal isotopic dysprosium was
chosen because of its convenient half-life, its clean
decay spectrum, and its high activation cross section.
Because of this latter feature we were able to secure
sufficient electron currents with a doping level of only
0.5 wt % dysprosium. The measured slowing-down
spectrum shown in Fig. 3.2 is characteristic of that of
both metals and semiconductors in that the flux
exhibits a minimum at the high-energy 'end, where the
primary flux is falling faster than the secondary flux is
building up, and a rise at lower energies, reaching the
familiar 1/£ region in the vicinity of 400 eV. On an
absolute basis the electron flux is generally higher than
that seen for a typical metal. For example, when
corrected for the differences in stopping power and
densities in the two materials, the ratio of the flux in
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Al; O3 to that in the metal aluminum varies between
about 3 and 7, with the higher ratio occurring at the
lower energies. These are preliminary data, particularly -
in the case of the electron flux inside the aluminum
oxide, for which the details of the band gap and the
work function are poorly known.

We have continued our investigations concerning the
long-standing disagreement between theory and experi-
ment at the lower energies in a material for which
comparison is possible. The possibility of the existence
of a low-energy photon cascade, suggested by an earlier
work,® was experimentally checked last year by com-
paring the slowing-down spectrum from a “thin” source
with that from a “thick” source. Both sources were
thick compared with the beta range, but the thicker
source was also thick with respect to the 1/£ attenu-
ation length of the bremsstrahlung corresponding to the
highest-energy beta ray. The comparison did show a
higher flux at low energies, but the increase was well
within the experimental error associated with the
measurements, and thus the experiment was incon-
clusive. Additionally, the thin source was thin for only
the high-energy photons, when, in actuality, there may
be a much larger number of photons with energies of
tens or hundreds of electron volts.

We have decided to repeat this experiment using a
more extensive application of the same technique. Our
plan is to measure the slowing-down spectrum from a
series of sources ranging in thickness from that equal to
the beta range down to the thinnest source for which
we can obtain data. Gold has been chosen for the
source material because of its relatively large activation
cross section and because it can be obtained in the form
of very thin films.

So far data have been obtained from the first four
sources in this series. The sources ranged in thickness
from 780 A to 5 mils. The two thicker sources were
obtained from commercial suppliers, while the two
thinner sources were prepared by vacuum evaporation.
The slowing-down spectra, shown in Fig. 3.3, are similar
insofar as the overall shape is concerned but differ in
detail. The most outstanding characteristic is the
pronounced rise in the flux near 7 keV in the thinnest
source. This structure can also be seen in the thicker
sources, although in the thickest source it is barely
discernible. This energy is almost exactly the LMM
Auger energy, and it seems cerfain that the peak is due
to Auger clectrons augmented to some cxtent by
photcelectrons from absorption and characteristic L x
rays. In gold the L-shell fluorescent yield is only about

6. G. E. Edwards and M. L. Poole, Phys. Rev. 69, 549 (1946).
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Fig. 3.3. Variation of electron flux with source thickness.

0.4, so strong Auger emission would be expected
following £-shell ionizations. The broad rise near 1 to 5
keV in the thinnest source is probably due to MNNV
Auger electrons. The flux depression near 100 eV in the
11,700-A source is unexplained and may be due to
surface contamination. We plan to obtain more data in
this region along with additional spectra from both
thicker and thinner sources.

OPTICAL PROPERTIES OF
ORGANIC LIQUIDS

The study’ of the optical properties of liquids in the
vacuum ultraviolet has been continued. Since there is a
high percentage of liquid in living matter, optical data
which enable determination of the energy-loss mecha-
nisms experienced by both electromagnetic radiation
and high-energy charged particles incident on the liquid

7. E. T. Arakawa et al., Health Phys. Div. Annu. Progr. Rep.

July 31, 1971, ORNL-4720, pp. 52-55.

can be of fundamental importance in the study of
radiation damage in living matter.

A transmission cell”’ had been built which enabled
samples as thin as SO0 A to be obtained, but difficaliy '
was experienced in determining the sample thickness, so
absorption spectra had to be normalized to values
obtained from reflectance measurernsnts. Techniques
have now been developed for obtaining the cell thick-
ness from interference paiterns in the near-normal
incidence reflectance as a function of wavelength from
1700 to SO00 A. As the liquid fills the space between
the cell walls the interference. fringes in the unfilled
portions ate nbserved to remain the same, so apparently
the forces associated with the surface tension and vapor
pressure of the liquid do not change the cell thickness.
However, thickness changes are noted if extreme care is
not exercised in handling the cell. Since the transmis-
sion 7, the sample thickness x, and the wavelength A are
known, the imaginary part of the complex index of
refraction k is readily calculated from the Beer-Lambert
law

I =1y exp (~dmkx/N\).

The k values obtained from this method were accurate
to within the experimental error of approximately 6%.
To compare the absorption of the liquid and vapor
phases of these molecules, the cross section for photon
attenuation per molecule, g, was calculated using the
expression

I =fg exp (-ongx),

where 7y is the number of moelecules per cubic
centbmeter and x is the sample thickness.

Measurements are reported here on three frequently
used solvents: carbon tetrachloride {(CCly), liguid «-
hexane (CgH, 4), and cyclohexane (CgHy ). The mole-
cules are simple in structure, especially carbon tetra-
chloride, which has tetrahedral symmetry. Thus, it is
hoped that knowledge of their optical properties in the
liquid state will help in the fomulation of a theory for
the liquid state.

The absorption cross section psr molecule, o, is
shown for the three liquids in Figs. 3.4--3.6 together
with the vapor data over the regions where such data
were available.

In Fig. 3.4 for CCl; the weak structure at 6.9 eV
corresponds to the vapor peak at 7.1 &V, which has
been attributed to an n -+ o* fransition of the
nonbonding chlorine electrons.® This excitation in the

8. H. Tiubomura, K. Kimusa. ¥. ¥aya, J. Tanaks, and 5.
Nagakura, Bull. Chem. Soc. Jap. 37,417 (1964).
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liquid is shifted to lower energies and is larger in
magnitude than that for the vapor. Strong absorption
begins at 7.3 eV in the liquid. The two peaks centered
at 9.0 and 9.7 eV are probably a result of ¢ — o*
transitions, as will be seen in the following discussion of
CeHis and C¢H, 5.

Figure 3.5 shows the cross section curves of liquid
and vapor n-hexane from the absorption edge at 7.4 eV
up to 10.65 and 11.0 eV, respectively. Since the
molecule is saturated, containing only o bonds, this
absorption has been identified as the onset of o0 —~ o*
transitions of the C—H or C—~C bonding electrons.”'°
For this higher-energy structure the cross section of the
liquid is lower than that for the vapor, but the
difference is within the experimental error of the two
CUTVES.

The cross sections of C¢H,, liquid and vapor arve
shown in Fig. 3.6 from the onset of absorption at 7.1

9. B. A. Lombos, P. Sanvageau, and C. Sandoify, J. Mol
Spectry. 24,253 (1967).

10. J. W. Raymonda and W. T. Simpson, J. Chem. Phys. 47,
430 (1967).
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Fig. 3.5. Absorption cross section o of n-hexane liguid and
vapor as a function of photon energy.

eV up to 10.65 and 11.0 ¢V, respectively. The CsH, ,
cross section is very similar to that of C¢H, 4 except for
the double resonance at 8.5 and 10.4 €V in the vapor
data. This structure has been attribuied to a resonance
effect caused by the ring structure of the CiH,
molecule.!® Again the molecular excitations have been
identified as ¢ — o* iransitions. As for CgH 4, the
liquid and vapor cross sections for C¢H, , in this energy
region are nearly equal; however, the two peaks are less
pronounced in the liquid than in the vapor due to the
increased damping experienced by the molecules in the
liquid state.

The data presented here show that the electronic
properties of these liquids are very similar to those of
the vapor in the energy region from 2 to 11 eV. More
data are needed for the CCly vapor in the higher-energy
region to compare with the liquid data.

Absorption spectra measured by transmission are
more reliable than those obtained from reflectance
measurements when k is small. We, in fact, get
differences in k by the two methods which are not
within the calculaied experimental errors. The reason
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for this is not understood and indicates the need for
further investigation.

RADIATION INTERACTIONS WITH
NUCLEIC ACID BASES

An experimental investigation of the optical and
dielectric properties of the nucleic acid bases has been
initiated. The studies are carried out by measuring the
opiical reflectivity of the bases in the form of a smooth
film as a function of the angle of incidence and then
using an iterative procedure involving Fresnel’s equa-
tions to extract the optical constants. For the reflec-
tivity measurements it is necessary to have a specularly
reflecting surface. The films are prepared by a gentle
sublimation within a vacoum environment onto a
suitably flat substrate of either glass or quartz.

Preliminary data have been cobtained for guanine at
photon energies up to 82 eV. The dielectric constants
€, and e, are shown in Fig. 3.7 at energies above 14 eV,
The broad minimum in €, near 22 eV coupled with
decreasing values for €, gives rise to a broad maximum

in the energy-loss function shown in Fig. 3.8. These
data are in general agreement with the work of
Johnson,'' who obtained direct measurements of the
electron energy loss using a scanning electron rnicro-
scope. Preliminary data which show structure in the
energy-loss function have been obtained at energies
below 14 eV. Modifications to the experimental appa-
ratus are expected to result in a signifidant improve-
ment in the resolution at these lower energies, allowing
comparison with the electron-oss data.

11. D. £. Johnson, Radiat. Rez 49, 63 (1972).
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Data of these types are important in that they provide
a supplement to the electron beam work and perhaps
afford an independent measurernent of the dielectric
properties of nucleoproteins with less danger of radia-
tion damage to the molecules. The ultimate application,
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of couise, is reading the nucleic acid-base sequence in
DNA; that is, complete knowledge of the dielectric
“fingerprint” of each base may well be the key to its
identification.
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METASTABLE ANIONS OF CO,

According tc the Walsh rules, CO,;” with 17 valence
elecirons should be bent in its ground state, whereas
CO, is linear. Experimental evidence from electron-spin
resonance and infrared studies of €0O,” in solids shows
that the bond angle is 134°, and the CO bond distance
of 1.25 A is consistent with an analysis of the molecular
infrared bands. Electron impact studies of gaseous CO;,
have failed to produce CO;  ions which could be
observed in a ‘mass spectrometer. We have observed
CO;” ions in the gas phase as direct products of
collisions of either electrons or cesiumm atoms with
organic molecules which contain “bent” CQO, as a basic
unit. Figure 4.1 shows the dissociative attachment cross
section for production of CO,” from two such mole-
cules, succinic anhydride (I) and maleic anhydride (if).
In all cases the CO,” ions were found to be metastable
with respect to autodetachment, and the lifetimes wete
measured using a time-of-flight fechnique.® Lifetime
measurements for CO,™* from the different dissociative
reactions are listed in Table 4.1. Dissociative electron
attachment to I produced CO,™* with a lifetime (26 £'5
usec) which differs from that observed from If (605
usec). However, within experimental error the lifetime
of CO;™* observed from the cesium collisional ioniza-
tion reaction is the same for 1 and I and agrees with the

1. On loan from Mathematics Division.

2. Consultant (sabbatical leave from University of Georgia to
ORNL for 1971 --72).

3. Onloan to Environmental Impact Studies.

4. Radiological Health Physics Fellow, University of Ten-
nessee,

S. W. T. Naff, C. D. Cooper, and R. N. Compton, J. Chem.
Phys. 49, 2784 (1968).
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Fig. 4.1. COy™® ion currenis as a function of incident
electron enetgy from succinic anhydride (1) and maleic anhy-
dride ({I). Automatic retarding potential difference method
afforded energy resolution of 0.15 eV, and the energy scale was
calibrated with the krypion energy loss peak at 10.0 eV.

values observed for I1 in the above experiment. In each
case, the lifetime of CG, * was not dependent on the
energy of the bombarding particle. The fact that stable
CQ,” was not observed in the Cs collision experiment
supports a negative electron affinity for CO,. If the
electron affinity is negative and the ground state 4, of
CO,” is metastable, the minimum in the >4, potential
curve for CO,” at 134° bond angle must lie below the
ground-state potential curve for neutral CO, at 134°
but above the minimum for CQ, at 180°. According to
the energetics of the above experiment, the minimum
for the CO,” curve should not be more than 0.5 &V
above the ground state of CO,.



26

‘Tabie 4.1. Mean lifetimes of CO, * produced by dissociative electron attachment
and collisional ionization

The lifetimes are independent of both the incident election energy and incideni cesium atom energy.

7 (usec
Parent molecule (a2 OTC_O angle
Electron impact Cs collision 1n parent
Succinic anhydride () 265 71 +10 119° = 1°4
Deuterated succinic anhydride 30+5
Maleic anhydride (1) 60+ 5 62+ 10 121° & 1°%
g-Propiolactone 26+ 5 123° + §°€

M. Ehrenberg, Acta Crystallogr. 19, 698 (1965).

bR. E. Massh, E. Uhell, and H. E. Wilcox, Acta Crystallogr. 15, 35 (1962).
€J. Bergman and S. H. Bauer, J. Amer. Chern. Soc. 77, 1955 (1955).

Our observation of metastable CO, - ions prompted
Krauss and Neumann® of NBS to make an ab initio
calculation of the potential curve for the 24, state of
CO,". Using a CO bond distance of 1.16 A [same asin
CO, (*4,)], they find that the minimum for the 24,
state of CO,~ falls below the CO, (*A,) curve at the
134° bond angle, but this minimum is still about 1.7 eV
above the ground state of linear CO,. In addition, one
point on the potential curve was computed for a bond
angle of 130° and a bond distance of 1.27 A and found
to be only 0.3 eV above the ground state of linear CO,.
A potential curve through this point, similar to the one
computed for the 1.16-A bond distance, would satisfy
the experimental evidence which places the curve below
0.5 eV and permit a plausible explanation of the
lifetime data. According to such a curve, CO, * could
vibrate between 152 and 122° with up to 0.45 eV of
energy and still be metastable, with the lifetimes
depending on the Franck-Ceondon overlap integrals
between the ionic and neutral states, It may be
fortuitous, but the 122° angle is approximately the
same as the O—C--O bond angle in ¥ and II (Table 4.1).
If a bombarding electron or Cs atom does increase the
bond-bending energy of CO;™ and thereby decrease the
bond angle below about 119°, the autodetachment
would be much faster because of the greatly increased
Franck-Condon overlap above the crossing in the
potential curves, and the lifetimes would probably be
too short to permit mass spectrometric obscrvation.
Thus the lifetime observed in the mass spectrometer
should not be dependent upon the energy of the
incident particle.

The observation of two distinct lifetimes of CO;™*
can be explained if CO,™* observed from I (shorter
lifetime) possesses a higher vibrational excitation than

6. M. Krauss and D. Neumann, Chem. FPhys. Leit. 14, 25
(1972).

CO,™* observed from IL. In this case, since the radiation
lifetime between vibrational states is longer than the
observed autodetachraent lifetimes, autodetachment
will occur primarily from the initial state, and the
probability of electron ejection will depend on the
different Franck-Condon-overlap integrals for the two
vibrational states. The complexities of the dissociative
process involved prevent a determination of the source
of the higher vibrational excitation; however, it may
arise from the fact that the O—C--0O bond angle in I
(119°) is farther from the equilibium angle in
CO,™ (®A4,) than is the angle in 11 (121°).

In summary, a long-lived metastable state of CO,™*
exists which lies about 0.5 eV above the ground state of
CO;. These experimental results support the ab initio
calculations by Krauss and Neumann,? which show that
the minimum in the 24, state of CO," lies below the
ground state of CO, for a bond angle of 134°. It is
proposed that the two observed lifetimes of CO,™* are
related to different Franck-Condon-overlap integrals
between two vibrational states of CO,™* and the
vibrational states of CO,. Furthermore, for practical
purposes, maleic anhydride is a readily available source
of metastable CO,~ or neutral beams of CO, of known
translational energy which may be used in beam-
collision experimentis. In addition, the fact that CO,™ is
bent and will probably be in an excited vibrational state
following autodetachment may be of importance in
CO, laser technology. Stable CO,™ ions are produced in
solutions or solids by radiation interactions, and it is
hoped that future studies will elucidate the stabilizing
effects of the enviromment on the metastable CO,™ ion.

IONIZATION PHENQMENA IN
SEVERAL METALLCCEMES

The formation of positive and negative ions in the
organometallic “sandwich’compounds ferrocene, cobal-



tocene, nickelocene, and magnesocene has been studied
by electron impact—mass spectrometer techniques.
Positive-ion appearance potentials have been deter
mined for the products (CyoH;oM)*, (CsHsM), and
M*, where M refers to Fe, Ni, or Mg, Figure 4.2 shows
typical ion yields for magnesocene where krypton was
added to establish the electron energy scale. The
ionization potentials are derived from the onsets, and
the values compare favorably with recent photoelectron
data. In all cases cyclopentadienyl anions (CsHs™) were
produced at low electron energies; however, their cross
sections of formation differ by orders of magnitude.
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The SF4 scavenger technique was used to delect an
intense temporary negative-ion resonance in ferrocene
at about 0.6 eV. The cyclopentadienyl anion current
also peaked at this energy; however, its cross section
was small (3.5 X 102! cm?). The most striking feature
of the negative-ion studies was the obscrvation of a
long-lived (lifetime >100 usec) parent negative ion of
nickelocene at thermal electron energies and a second
broader resonance centered at about 1 eV, Figure 4.3
shows these two resonances along with the SF¢™ ion
current for reference and the weaker €5 Hs™ ion current
peak. The lifetime of the second C; ¢H, o Ni~ resonance
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Fig. 4.2. Positive-ion yields as a function of electron energy for electron impact ionization of magnesocene. The krypton ion
(Kr™) is recorded to calibrate the electron energy scale and to indicate electron energy resolution.

ORNL~DWG 72 -3118

#0 f ] ] 1 1 ] ] 1
32
,;T“
(o)
N)(
524
=
(&3
E'}J 16 -
@ 1.
w
1%
O
508 ~
) (SFg)
{arbitrary
scale)
o ; ! | | | [

-0.2 0 .2 0.4

0.6

08

ELECTRON ENERGY (eV)

Fig. 4.3. Cross sections for production of parent negative ions (C;oH;oNi 7) and cyclopentadienyl negative ions (CsHs ) by

electron impact upon nickelocene.



28

ORNML-DWG 72-309A

70

CygHyoNi

{ microseconds)

AUTODETACHMENT LIFETIME OF {CgHyNi) ™

20 A ‘m.,“;_ﬂ .......
10
0.5 1.0 1.5 20

ELECTRON ENERGY (eV)

Fig. 4.4. Autodetachment lifetime of CyoH;oNi * as a
function of electron energy. CyoH;oNi™* is produced by
unimolecular electron attachment to nickelocene.

decreased with increasing clectron energy as shown in
Fig. 4.4. Assuming that the incident electron is trapped
by vibrational excitation of the ions and that unfavor-
able Franck-Condon factors account for the long
lifetime, this marked variation in autodetachment life-
times is being scrutinized by our previous theoretical
model” of long-lived negative ions. This work was done
in collaboration with H. M. Begun of the ORNL
Chemistry Division.

ELECTRON ATTACHMENT TO
ORGANIC MOLECULES

An investigation of electron attachment to several
cyclic anhydrides has led to three very interesting
discoveries. First, metastable negative ions have been
observed which “explode” following the loss of an
electron through autodetachment. Second, both parent
and fragment negative ions have been observed whose
lifetimes depend upon the energy of the bombarding
electron. Third, cross sections for dissociative clectron
attachment have been observed which are as large as the
attachment cross section of SFg (~10 1% cm?).

The cyclic anhydrides which have been studied are
succinic, perfluorosuccinic, maleic, glutaric, perfluoro-
glutaric, phthalic, pyromellitic, and cis-1,2-cyclobutane-

7. R. N.Compion ct al., J. Chen. Phys. 45, 4634 (1966).

dicarboxylic anhydride. All of these molecules contain
the

-0
-C

>0
group as part of a five- or six-member ring which may
be attached to other rings. Parent negative ions were
observed through the attachment of therimal electrons
to maleic (284 usec), phihalic (313 usec), and pyro-
mellitic anhydride (>8 X 10* uwsec). The figure in
parentheses is the lifetime of the preceding parent
negative ions as measured at the peak of the cross
section. The lifetimes of C4H,03  (maleic) and
CgHqO,5 (phthalic) were found to decrease with an
increase in the energy of the attaching electron.

The most abundant negative-ion fragments produced
throngh dissociative electron attachment of several of
the cyclic anhydrides are those in which CO is ejected
from the parent molecule. Thus, C; H,CO,™ (succinic),
C,F4CO,;  (perfluorosuccinic), C,H,CO,;  (imaleic),
C3HeCO, ™ (glutaric), C3F¢CO,” (perfluoroglutaric),
and C4Hg CO, ™ (cyclobutanedicarboxylic) ions were the
most abundant negative ions observed from the anhy-
drides indicated in the parentheses. Cross sections for
their production tange from 107'* cm?® for the
perfluoro compounds to 8 X 107*% cm? for maleic
anhydride. These ions are composed of CQ, and either
a hydrocarbon or a fluorocarbon. Lifetimes of the ions
have been found to range from 58 usec for C,H,CO,
to more than 5000 usec for C,F403™. Studies of these
ions are not complete, but additional data are included
here on C;H, €O,

The lifetime of metastable C,11,CQ," varies with the
encrgy of the bombarding electron as shown in Fig. 4.5,
In making these lifetime rneasurements, a time-of-flight
mass spectrometer was used to separate the time-of-
arrival pulses for neutral and charged components.
Using this technique it was noticed that the neutral
peak was rnuch broader than the ion peak (see Fig. 4.6).
The relative intensities of the two peaks are not
pressure-dependent, thereby indicating that collisional
detachment is not involved. The only plausible explana-
tion is that autodetachment occurs in the flight tube
and that the C,H,CO, fragment dissociates inio two
neutral rnolecules, C;Hy and CO,, which have suffi-
cient kinetic energy to broaden the time-of-arrival
pulse. Theoretical analyses of the shapes of the neutral
peaks are used to determine the kinetic energies of the
dissociation fragments. These dissociation energies are
around ‘0.3 e¢VY. Thus, the above electron attachment-
detachment process is one in which a slow electron can
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Fig. 4.5. Autodetachment lifetime for C,H4C0O, from suc-
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Fig. 4.6. Time-of-flight distributions of metastable negative
ions (C30,Hy™%) and neutral (C,H4° + C0O,%) beams produced
by dissociative electron attachment to succinic anhydride.

cause a molecule to explode into the fragments CO,
CO,, and a hydrocarbon. Table 4.2 summarizes some of
the results of electron attachment to this series of
anhydrides.

CHEMI-IONIZING COLLISIONS

Longlived highly excited states (Rydberg states) of
the rare-gas atoms have been shown to react with
molecules with extremely high cross sections of the

29

order of 1072 cm?®.® The general form of the reaction
is

X*+AB-~X"+AB™, 1)

(D

with possible variants involving products such as XA~
and/or free electrons. In both radiation chemistry and

" plasma physics, electron-ion recombination into high

Rydberg states is probable, and the collisions of these
ionizing species may be of great importance.
Figure 4.7 shows the progress in tire of the reaction
Ar¥ + CHyNO, - CHa NG, + AR” (23
observed using a puised electron beam io form Ar*
coupled to a time-of-flight mass spectrometer.” For the
CH;3NQ, pressure used, the process is saturated (ie.,
addition of further CH;NQ, does not result inn a higher
CH;3NO,™ level), indicating that all, or almost all, of the
excited Ar atoms are colliding and have reacted with
CH;NO, by the time the curve reaches its plateau
value. On the assumption that this plateau value repre-
sents the original Ar* level, we obtain an exiremely
high rate constani for the process of the order of 107¢
molecule’ ¢m® sec™'. Even if the rate constant were
an order of magnitude smaller the importance of this
type of process can bardly be overemphasized. Figure
4.8 shows the dependence of the observed CH3NO,™
current on Ar pressure over a range of electron energies
and indicates that for sufficiently high argon pressures
the CH,NO,™ current again approaches a constant level.
This appears: to be related to loss of Ar* through a
self-quenching process, indicating that the rate constant
above should be regarded as an upper lmit.
Similar studies have been made of Ar* collisions with
CH;iI, G H,, CHLCL N, 0, and CH, Br. In the case of
CH, 1, U7 is produced through the reaction

Ar*+CHyI 1" +(CH, + Ac%),

again with a rate constant in the 107 to 1077
molecule™ em® sec™ region. A study of reaction (2)
with krypton replacing argon was also made.

it would clearly be extremely important in radiation
physics and chemistry if resctions of this sort occurred
quite generally between molecules. Some study of this

8. H. Hotiop and A, Nichaus, J. Chem Fhys. 47, 2406
(1967); T. Sugiuta and K. Arakawa, froceedings of the
International Conference on Mass Spectromeiry, Kyoio, 1969,
University Park, 1969, p. 8438,

9. J. A. D. Stockdale, R. N. Compten, and P. W. Reinhardt,
Phys. Rev. 184, 81 (1969).
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Table 4.2. Prominent negative ions produced by slectron attachment 10 selectsd cyclic anhydsides

Negative Maxima Lifetime at .;‘)eak Approxun.ate
Compound Structure ion ositions cross section cioss section
posttions (usec) (x1018)
Succinic anhydride Y C3H4COL” 1.1eV 1507 d 29
Also deuterated sample 0 C,D4C04 1.1ev 1504 d
QA
0
Maleic anhydride 0 C405H, OeV 248% p 33
1 N C,H,CO,” 2.3eV 58d 0.8
e C,H,CO™ 28eV 404d 0.3
Glutartic anhydride 2 C3HCO, 09eV 8407 65
o
< .
0
cis-1,2-Cyclobutanedicarboxylic anhydride 0 C4HgCO, 1.5eV 275%4d 11
’7'—' AN
0
I —
W
0
Phihalic anhydride ,,,4,0 CgHa 05 OeV 313%p
0
©~-J\\O CeHaCOy” 29eV Very weak
Pyromellitic anhydride Q P C1oH,04 0eVv 8x 10° p
{ O \\0 CgH,03C0O, Very weak
o o

4Lifetime depends on cnergy of bombarding electron; p — parent
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Fig. 4.7. Recorder trace showing the progress im time of the
izaction Ar* + CH3NO;» CH3NQC,” + Ar*. An NO, trace
[from the ion-pairing process e + CH3NQ,™ -» (CH3") + NO,7)
is included for comparison with the rising CH3NO,~ product.
The data shown are for a 0.4-usec electron gate pulse width and
were taken at an electron energy of 19 eV. The CH3NO,
pressure was 0.8 X 10™* torr; the Ax pressure, 3.0 X 1074 torr.

ion; d — ion dissociates following autodetachment,

possibility has been made. Collisions of H, 0%, cyclo-
hexane*, and CH4* with both CH3NQ, and CH;CN
have been investigated. Here complicating factors arise
from the presence of negative ions (produced through
ion pairing} which may charge-exchange with CH3;NO,
and CH3;CN, and from the presence of certain dissoci-
ative electron attachment rescnances which may scav-
enge electrons which have lost some of their energy
through molecular excitation. Nevertheless, evidence
has been obtained which indicates that this process is
probably of general occurrence. In the case of
H, O-CH3NO,; mixtures, for instance, both CH,NO,~
and CH3;NO,™ jons are obscrved in the vicinity of and
above the ionization potential of H, Q. Water has two
dissociative electron attachment tesonances producing
H™ (at 6.5 and 8.6 eV), and both CH,NO, and
Ctl3NO,” are observed to be produced through H-
collisions at these energies. Further, they appear to be
produced in the same ratio at the two H™ resonances,
but at higher energies (above the ionization potential)
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CH;3;NQ,™ is produced at a relatively faster rate than
CH,NO,", indicating that an additional production
mechanism is operating here. Other evidence indicates
that this is not due to a difference in O~ reaction rates,
The observation of Sugiura and Arakawa® that
CH,CMN ™ may be produced through the reaction

CH,CN* + CH,CN - CH,CN ™ + ..

has been confirmed,

ION CONDENSATION REACTIONS
IN BENZENE VAPOR

Studies of the rates of formation and decay of the
condensation products AB* in ceactions of the type

A* +B=AB* »C* +D

are of considerable interest in chemical kinetics. Fre-
quently such activated complexes have lifetimes too
short for observation by present methods, but in a
number of cases complexes do last long enough for
information to be obtained.

The pulsed electron source time-of-flight mass spec-
trometer method® has been used to siudy thermal
energy condensation reactions of CgHg", CeHy', and
CcHy" with the benzene molecule. Rate constants for
formation of the condensation products Cp.H;,",
CioHy ", and €y, Hy " have been measured for several
electron impact energies (see Table 4.3). Ao upper Jimit
of 150 usec has been obtained for the lifetime agaiost
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Table 4.3. Thermal-energy ion condensation xeactions in benzene vapor

Rate constant & (molecutes ™' cm? sec ™)

Reaction

E,=20eV . E,=30eV

Lifshitz and Field, Hamiet,

£,=50eV

Reuben? and Libby?
CeHg™ + CeHg — CyoHypt 7x1807'% - 2x107 13x 107t Mot observed 7% 10742
CgHs" + CaHg = CyaHy ' 43x 107" 30x107'" 39% 107 17w
CgHs™ + CgHg > CraHy 1 = CppMp™+H,  75x 10780 47x 107! 79x 07" 437x 1671
CgHg" + CgHg > CyaHys > CroHo' + CoHy 9.8 X 10711 1.6x107%Y 24 x107°  365% 107!
Coly + CgHg —~ C o Hy g 1.2x107° 47%107% 32w 127x 107t
Celly' + CgHg = C2H g ~ CraHg' + Hy 8.0 x 107! 13x 267 143x 107

“C. Lifshitz and B. G. Reuben, J. Chem Phys. 50, 951 (1969).

UF_H. Field, P. Hamlet, and W. F. Libby, J. Amer. Chem Soc. 89, 6035 (1967).



dissociation of C;,H,*. Rate consianis for formation
of Ci,Hy" and C,oHs* (dissociation products of
C,,H, %) were also obtained. The rate constants shown
in Table 4.3 and the reaction sequences observed are
substantially in agicement with those obtained by
Lifshitz and Reuben,'® who, howsver, did not observe
the formation of C,,H;," from thermal energy CHg".

COLLISIONAL IONIZATION OF CESIUM
BY MOLECULES: DETERMINATION
OF ELECTRON AFFINITIES

Studies of chemi-ionizing collisions beiween fast
cesium beams and molecules are yielding important new
information on molecular electron affinities and stric-
tures of negative ions. The experiment consists of
accurately determining the threshold energy (center-of-
mass system) for production of a positive- and nega-
tive-ion pair, that is, Cs + M - Cs" + M~. Electron
affinities for O,, NO, NO,, and N, have been
determined o be 0.46 £ $.05, 0.1 £0.1,23 0.1, and
2-0.2 ¢V, respectively. Because of the activation
energy required to bend N,O to form N,O0° the
electron affinity deternined for N, O is expected to be
only a lower limit. The technique has more recently
been used to siudy a series of complex molecules:
succinic anhydride, maleic anhydride, sulfur hexa-
fluoride, and telluriumn hexafluoride. Preliminary elec-
tron affinities for SFy, TeFq, and maleic anhydride
have been determined to be 0.4 + 0.2, 34 £ 0.2, and
1.5 £ 0.3 eV, respectively.

Figure 4.9 shows the relative cross section for
production of SF¢™, SF5™, and F~. Collisions of neutral
cesium with maleic anhydride produced C4H,0,",
C3H;0,7, C3H,07, and CO,* Correspondingly,
C3H,0,” and CO,™* were observed from succinic
anhydride. The cross sections at thresholds for nega-
tive-ion production appear to be a step function for
some but not all ions. Figure 4.10 illustrates this for
succinic anhydride. In general, the thresholds are within
0.2 eV of those observed for the same negative ions
obtained by dissociative electron attachment. Parent
negative ions of malgic anhydride were observed to be
stable, and a preliminaty measurement of the threshold
gives the electron affinity of maleic anhydride to be
~1.5 eV. The mean lifetime of CO,™* was measured to
be the same (60 t 10 usec) when produced by cesium
collision with either maleic or succinic anhydride or by
electron collision with maleic anhydride.

10. C. Lifshitz and B. G. Reuben, J Cher Phys. 50, 951
(1969).
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Fig. 4.10. Negative{jon production by collisional ionization
of cesium by succinic anhydride.

LONGITUDINAL ELECTRON DIFFUSION
COEFFICIENT AND ELECTRON DRIFT
VELOCITY MEASUREMENTS IN
WATER VAPOR

There have been no reliable measurements of electron
diffusion and electron drift velocities in water vapor
below an &/P =20 V cm™ torr™'. The longitudinal
diffusion coefficient D, in most gases is usually less
than the transverse diffusion coefficient Dj. For
example, in H,, He, N,, and CO, the ratio of the
transverse to the longitudinal diffusion coefficient is
approximately a factor of 2, and in Ar the ratio is 7.}
For water vapor, however, recent theoretical predic-

11. E. B. Wagnei, F. J. Davis, and G, S. Hursi, J. Chem Phys.
47,3138 (1967).
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Fig. 4.11. Measurements of the longitudinal diffusion coeffi-
cients of electrons in water vapor compared with the theoretical
calculations of Lowke and Parker,

tions'? indicate that the longitudinal diffusion coeffi
cient is larger than the transverse. The measurements of
D, and drift velocity w were made using the time-of-
flight method described earlier.!’ Qur experimental
values of D, are compared with the theoretical values
of Lowke and Parker'? in Fig. 4.11. The experimental
values of w compared with theoretical values of Lowke
and Packer'? are shown in Fig. 4.12 to be in very good
agreement.

THERMAL AND NEAR-THERMAL ELECTRON
TRANSPORT COEFFICIENTS IN O,
DETERMINED WITH A TIME-OF-FLIGHT
SWARM EXPERIMENT USING A
DRIFT-DWELL-DRIFT TECHNIQUE

The drift-dwell-drift (DDD) or: pulsing technique has
been successfully applied 1o the study of low-energy

electron transport coefficients in oxygen in spite of

significant attachment at these energies. A thermal
value of the electron diffusion coefficient times pres-

12. 1. Y. Lowke and §. H. Parker, Phys. Rev. 181, 302 (1969).
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Fig. 4.12. Measurements of electron deift velovity in water
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sure DP = 1.20 + 011 cm? usec™ torr was determined.
This DP value comesponds to a momentum-transfer
cross section @, = 0.82 X 107" 6 cxn® at an energy € =
0.0258 eV if it i3 assumed that ¢, , « ¢!/, This thermal
value of @, is about 40% lower than the lowest values
reported from cther technigues.

CHLORINE GAS EVOLUTION FROM
IRRADIATED ROCK BALT

One question concerning the storage of radioactive
wastes in salt mine repositores has to do with the
generation of chlorine gas by gamma irradiation of
NaCl. An experiment is in progress to search for gas
evolution from irradiated rock salt, A quadrupole mass
spectrometer capable of detecting 107'° mm Hg
residual gas pressures is pumped by a 200-liter/sec
Vac-lon punip to pressures below 1 X 107% torr. Salt
samples are sealed into Pyrex ampules at pressures of
1 X 1077 torr and irradiated by 2-MeV electrons from
an electron accelerator to total doses of 2 X 10'° rads.
The glass ampules are smashed under high vacuum, and
the mase peaks at *5C1*, 37C1Y, 230151t 25CP7 L,



and 37CI*7Cl* are monitored. No increases in these
mass peaks were observed over those noted for unirra-
diated samples. These preliminary results are taken to
indicate that no appreciabie Cl, gas is evolved from the
irradiated salt. Similar experiments using salt which has
been irradiated by gamma rays from spent fuel cells
from the High-Flux Isotope Reactor are in progress.
Experiments are also under way to determine quanti-
tatively the amount of chlorine atom sputtering from
salt samiples irradiated by electron impact under high
vacuunm.

13. J. G. Skofronick, I. P. Aldridge, D. B, Greene, and R. N.
Compton, Bull. Amer. Phys. Soc. 17(2), 202 (1972).

FLORIDA STATY UNIVERSITY -
OAK RIDGE NATIONAL LABORATORY
CHEMICAL ACCELERATOR

An accelerator for producing fast (500 eV to 10 keV)
neutral beams of a class of large molecules has been
constructed at Florida State University in a cooperative
effort with ORNL. The machine has successfully
produced neutral beams of SF¢, C;F;,, CO,, and
others with energy resolution (AE/E) of better than
1/100. Energy-loss processes are being studied by a
time-of-flight method using a 4-m flight path, and a
mass spectrometer is now being installed in the inter-
action region to examine reaction products. A prelim-
inary report on the machine has been presented.!?
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INTERMEDIATE PHASE STUDIES
FOR UNDERSTANDING RADIATION INTERACTION
WITH CONDENSED MEDIA:
THE ELECTRON ATTACHMENT PROCESS

Intermediate phase studies, namely, studies of radia-
tion processes and effects as well as physicochemical
reactions at densities between those corresponding to
low-pressure gases and liquids, are fundamentally neces-
sary for the development of a coherent understanding
of radiation interaction with matter. There is a need for
uniting our knowledge on radiation processes occurring
in low-pressure gases with those in the condensed phase.

QOur effort to bridge the existing gap beiween our
knowledge on eleciron-molecule interaction processes
in gases and liquids continued. A comprehensive study
has been completed® where existing gaseous data on
electron attachment have been successfully related to
hydrated-electron-molecule reaction rates. Oa the basis
of the current knowledge of electron attachment
processes in gases, reaction rates for a number of
molecules with the hydrated electron have been pre-
dicted.®

in an effort to further link together knowledge on
electron attachment processes occurring in low-pressure
gases with those in the condensed phase, a special

1. On loan from:Mathematics Division, ORNL..

2. Consultant.

3. USAEC Fellow in Radiation Science.

4. Graduate Student, University of Tennessee.

5. Posidoctoral Fellow from the University of Tennessee.

6. L. G. Christophorou and R. P. Blaunstein, Chemn. Phys.
Lert. 12(1), 173 (1971).

A. Hadjiantonion®
J. A Harter

P. D. Kidd4

C. E. Klots

D. L. McCorkle®
M. N. Pisanias*

D. Pittman

apparatus has been designed and built. This apparatus is
presently in operation and allows electron attachment
studies to be performed in the pressure range 0.5 to
~80 atm, thus bridging the density gap between
low-pressure gases and liquids. The first experimental
data of this nature have been obtained. Electron
attachment to 0, molecules in Oy-N, mixtures has
been studied as a function of N, pressure in the range
300 to 10,000 torrs. In Fig. 5.1 the mte of electron
attachment to Oy in 0,-N, mixtures is plotted as a
function of the mean electron energy {e) for O,
pressures P, > 0 and for Ny pressures Py, as
indicated in the figure. The attachment rates are seen to
increase constantly with increasing Py,. Using the
actual experimental data points (solid circles in Fig.
5.1) or the smoothed-out data {broken curves in Fig
5.1), the attachment cross sections shown in Figs. 5.2
and 5.3 as closed and open circles, respectively, were
obtained” by making use of the analytical methods we
have described recently.® The continuous and gradual
shift of the cross section functions toward thermal
energies and the pronounced increase in their sharpness
at near zero energics seen in Figs. 5.2 and 5.3 suggest
that as the N, density increases, electron attuchment to
{0, cannot be described solely by a three-body process
where N, acts simply as a stabilizing third body in
“distant” collisions. The observed changes in «,{€) seem
to suggest that N, seriously perturbs the O,  potential

7. D. L. McCorkle, L. G. Christophorou, awd V. E. Anderson,
J. Phys. B (At. Mol. Phys.j (in press).

8. L. G. Christophorou, D. L. McCortkle, and V. E. Andetson,
J. Phys. B (At. Mol. Phys) 4, 1163 (1971).
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Fig. 5.1. Attachment rates (aw)g, extrapolated to zero O,

pressuse, as a function of mean electron engrgy for various Ny
pressures.

energy curves during capture with a net downward shift
in what may be called “hard” or “sticky” collisions, the
effect becoming more dominant the higher the N,
density. This brings to mind the familiar effect of
solvation, which apparently seems to be important from
these densities and above.

The data have been analyzed® on the assumption that
electron attachment to O, in O,-N, mixtures proceeds
via the following two mechanisms:

k3
02—* + Ny >0, + N, +energy

ks
—0,; tN, +e
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and
ks
(ii) e+ 0y + Ny [0,7"—N, |

ke
[0 NpJ—>0, +N; te

ks
[0:7 Ny ] + Ny —=> 0"+ 2N,

+ energy {[(NO ™+ NO or N0, ) +N,]?}

kg
'""”"'02 +2N2 te.

The main difference between mechanisms i and ii is
this: in mechanism i N, is assumed to act simply as a
stabilizing third body in ‘“‘distant” collisions, not
affecting the O,  potential energy curves, while in
mechanism ii N, is assumed to be involved in “hard,”
“sticky” collisions which result in a serious perturba-
tion of the O,  potential energy curves during capture,
with a possible formation of a transient complex [O™*
—N, ] which can be destroyed by autoionization (or
collision) or lead to O,  upon collision with a second
N, molecule. At low pressures, mechanism i could, of
course, be viewed as a one-step three-body attachment
process involving “distant” collisions.

If mechanisms i and ii are taken to be plausible, the
fate of change of the electron density due to electron
capture by O, can be expressed as

on, . k3nn,
—= =y n,= k\ng, R
ot a"e 170, "% (ks +k4)nN2 +ky

k';i’iN2
(k'; +k3)7IN2 + k6 '

(1)

— ks noanzne

In Eq. (1) v, is the overall attachment frequency, n,,
10, and ny, are the number densities for electrons,
oxygen, and nitrogen molecules, respectively, and &, ...
ke are the rate constants for the processes considered
in mechanisms i and ii. From Eq. (1) we have

(aw)o kiks kskann,

= + . ()
iy (s e, th (ke g

9. L. G. Christophorou, J. Phys. Chem. (in press).
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If we now iurn our attention to Fig. 5.4, where
(Ozw)o/PN2 is plotted as a function ofPN2 , we see that
the experimental data can be represented by

(aw)o
------------- =A4+8Py, ,

(3)
Py,

where A and B are constants. Considering that N, &

Py, Eq. (3) is consistent with Eq. (2) when

(k3 1+ k4)nN2 < k2

and

(ko + kg)nN2 <ks . (C)

If we now assume that the cross section for O, *-N,
collisions is given by the Langevin expression for
spiraling collisions, we obtain for the average time
between O, *-N, collisions at 7000 torrs (T = 298°K)
the value of ~4 X 107'? sec. Hence, we have for the

autoionization lifetime 7,(0,™") of 0,

(02 ) =ky ! <[(k5 + kalny, | o

~4X 1072 sec. (5)
This value lies within the limits established by McCorkle,
Christophorou, and Anderson.”

Similarly, from the second inequality (4) an upper
limit to the autoionization lifetime of [0, *-N;] can
be estimated which is of the same order of magnitude as
that for 7,(0,7*).

From a least-squares fitting to the data in Fig. 5.4 we
have

(aw)o

=88.3 +0.025Py, . (6)

kik
L2 883 sec™ torr 2
kq
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=3

and

ksk,

— 2 0.025 sec ™" torr ™3 .
6

if it is assumed that Eqgs. (2) and (3) hold over all N,
densities up to that (0.81 g/em®) of liquid N, , from Eq.
(6) we find that

{aw)ole = 0.04 V)= 0.74 X 10sec™ torr™

for O, in liquid N,. This value compares well with the
value (1.11 X 10'? sec™ torr™) one obtains from
nx?, where A = %/2r is the de Broglie wavelength for a
0.04-eV electron. This is an interesting observation and
may indicate that mechanisms i and ii describe reason-
ably well the process of electron capture by O, in the
presence of N, throughout the ‘whole range of N,
densities up to that of the liquid. Efforts are in progress
{0 investigate this by finding out the range of Py , over
which a plot such as in Fig. 5.4 holds.

Studies of high-pressure electron attachment (elec-
tron-molecule interaction processes in general) are
experimentally very difficult, the detailed analyses are
obscured by the complexities of high densities and
the lack of direct information ‘as to the products
formed, and any generalizations have to take careful
account of the effects of many specific environments
on a given process; still, such studies are important in
efforts to relate and unite our knowledge on radiation
interactions with low-pressure gases and with condensed
media.
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STRUCTURE IN THE CROSS SECTION
FOR CAPTURE OF SLOW (<0.5 eV) ELECTRONS
BY O, TO FORM O,

As can be seen from Fig. 5.2 the absolute cross
section for the formation of 0, from O, as a function
of electron energy from % &7 to about 0.5 eV exhibits
distinct structure. The two distinct peaks in the cross
section function observed for the two lowest values of
Py, (300 and 500 torrs) at 0.05 and 0.24 eV are
interpreted,”-® respectively, as being due to the pro-
cesses

e(e = 0.05 eV) + 0,(X°F, ., v=0)

=07 (X, v=4) (7)
and
e(e =024 eV) + 0, (XY, v =0)

> Qin* (X2 Hgs V': Sj ) (8)

that is, capture of the electron into the fourth and fifth
vibrational ievels of O, from the v= 0 vibrational level
of O,, with asubsequent stabilization of O, " by an N,
molecule, namely,

0, + N, >0, + N, +energy, (9N
where the N, molecule acis simply as an agent for
removing excess energy.

LIFETIMES OF LONG-LIVED
POLYATOMIC NEGATIVE IONS

Systematic time-of-flight mass spectrometric studies
have been made of key groups of organic molecules
directly involved in biological reactions (e.g., NO, - and
O-containing aromatic molecules, amino acids, alde-
hydes, and quinones). For all ruolecules investigated the
cross section for parent negative-ion formation peaked
at about 0.0 eV. For quite 2 number of them, such as
o-nitrophenol (see Fig. 5.5) and o-nitroaniline, the
parent negative-ion lifetime has been found to decrease
drastically with increasing electron energy above % k7.
The measured lifetimes are being related to the molecu-
lar structures involved, and the techniques are being
used to locate the site (“electrophore”) of electron
capture in a polyatomic molecule.
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UNIMOLECULAR DECOMPOSITIONS

The consequences of a recent reformulation of
unimolecular decomposition theory have been pursued
further. Especially simple formulas for calculating the
rates of decomposition reactions and excess-energy
disposal in the products have been obtained.1® One of
the most remarkable features to emerge is the effect of
long-range forces on the number of bound states
available to a molecular ion. The number of these states
increases enormously near a dissociation threshold, as
illustrated in Fig. 5.6, and serves to retard greatly the
rate of an incipient reaction. Mass spectrometric data in
the literature corroborate this effect.

MOBILITIES OF THERMAL ELECTRONS
IN GASES AND LIQUIDS

As part of our effort to relate studies on slow-elec-
tron—molecule interaction processes in low-pressure

10. C. E. Klots, Z. Naturforsch. (in press).

40

ORNL-DWG 72-9134

. ‘ {
I
4 |—— 4 B — —- O
Vs 2
/4 ,12
7 3 i I N R
' fwy 44 8 (36)8(2u)"
I
o3l | .
3
i
2 B
2 1
i
p e
=
i J .
0 Ol 02 03 04 05 06 07 08 09 10
E/0,

Fig. 5.6. Number of bound states of an anharmonic oscil-
latozr, normalized to that of a harmonic oscillator, as a function
of energy measured from the potential minimum.

gases with studies on the same processes in condensed
media, we have measured thermal (~298°K) electron
mobilities in a number of organic vapors for which
sirnilar measurements have been made by others in the
liquid phase. '

The variation of the electron drift velocity w with the
pressure-reduced electric field E/P,q5 is presented in
Fig. 5.7 for three groups of organic molecules: linear,
cyclic, and branched hydrocarbons. These measure-
ments were confined to the indicated low £/P regions
for which w varies linearly with £/P, 45, and thus the
electron energy distribution function is Maxwellian.
From a least-squares fit to the data in Fig. 5.7, the
slopes

w

S
E/P

were determined and are given in Table 5.1. In Table
5.1 similar data are presented for the rare gases. Also, in
Table 5.1 besides the dipole moment D and the static
polarizability « the following quantities are listed:

(i) The electron mobility u; in the corresponding
liquid, measured at the indicated temperature T.

(ii) The quantity

Ntorr
NL

g =8 (10

where § = uP, u = w/E, P is the gas pressure in torss at
T, Ny is the number of molecules per cubic centi-
meter per torr at the specified gas temperature, and N
is the number density of the corresponding liquid at the
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Table 5.1. Data on electron mobilities in gases and liquids

. D ax 10%* u = SN, [N
Moleaule Formula (debyes)? (em)® com? V“{‘ welye ) o (c?nz V_llv;rrC -;I;d uylug
{em” torr V © sec )"
Linesr hydrocarbons
Methane CH, 0 2.60 300(120°K)¢ 93x 10°7 ~19.3 155
A-Butans CH3(CH,),CH4 <0.05 8.12 0.4 33.1% 10° 17.9 0.022
n-Peatane CH;3(CH,)3CH; <0.05 9.95 0.16%;0.07" 25.3 % 10° 15.7 0.010¢
n-Hexane CH3(CH)4CH; 0 11.8 0.098; 0.07" 20.6 X 10° 145 0.006/
Cyclic hydrocarbons
Cyclopentane CsHyp o 118 1.9 x 10° 75 0.186
Cyclohexane CeHyy 0;0.61 109 0.35% 14.7 x 10% 8.5 6041
Benzene CeHg 0 10.3 0.6" 52x 10% 25 0.24
Totuene CgH5CHy 0.37 2.3 0.54% 3.6 x 10° 2.1 0.26
Branched hydrocarbons

2Methylpropane (CH3)3CH 0;0.13 se 18.8 % 10° 98 0513

(isobutane)
2-Methylbutene-2 (CH3},CoCHCH, 3.6h 1.1% 10° 0.6 6.1
2,2-Dismeihylpropane C(CH3), <0.05 T0K; 558; 40° 8.3% 10° 5.3 104!

(neopentane)
22-Dimethylbutane CH3CH,C(CH3), 108 11.6 x 10% 83 1.2

(nechexang)
2,2,4-Trimethylpentane (CH3),CHCH,C(CH3 )y o 7% 5.6x 10° 4.9 1.42

{ispoctane)
Helium He 0.21 ~3X 107HFKM 161 X 105 (7K 90.3 13% 107
Atgon Ar 1.63 450(80°K)P 177 X 105 (77°R)™© “104 ~4.3
Krypton Kr 2.48 1310(200°K)? 36 X 10°(195°K)™° ~11 ~119
Xenon Xe 4.01 2200(163°K)? 9.7 x 105(195°K)" 2 ~3 ~733

5. L. McClellan, Tables of Experimental Dipole Moments, W, H. Froeman and Company, San Francisco, 1963.

b4, H. Landolt and R. Bomstein, Tables of Chemical Data, Zahlenwerte und Funktionen (Springer-Verlag, Berlin), vol. 1, part 3, 1951, pp. 511--12 ({or molecules); vol.
1, part 1, 1950, p. 401 (for atams).

“All measurements were takon at ~298°K unless otherwise indicated.

Gee text.

£P. ;. Fuochi and G, R, Freeman, J. Chem Phys. 56, 2333(1972).

J€. 1. Davis and D. R. Nelson ( private communication).

EW. F. Schmidt and A. (. Allen, /. Chem. Phys. §2, 4788 (1970).

AR. M. Minday, L. D. Schmidt, and H. T. Davis, J. Chem Phys. 54, 3112(1971).
Taking uy =0.16 em? V7 sec™t,

fraking uy =0.09 em? V7T gect,

g oM. Minday, L. D. Schmidt, and H. T. Davis, /. Phys. Chem 76,442 (1972}.

Making g = 55 ca? V7 gec™L.

L Meyer, H. T. Davis, S. A, Rice, and R. I. Donnelly, Phys. Rey. 126, 1927 (1962). .

A3 L. Pack, R. E. Voshall, and A. V. Phelps, Phys. Rev. 127, 2084 (1962); Westinghouse Research 1.abs, Scientific Paper: 62, 928-113-P1.
©Obtained using the measured values of w for the lowest three values of E/P reported in ref. n.

PH. Schnyders, 8. A. Rice, and L. Meyer, Phys. Rev. 150, 127 (1966).

94.. 8. Miller, S. Howe, and W. E, Spear, Phys. Rev. 166, 871 (1968).
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temperature of the liquid. u, may be regarded as the
gaseous electron mobility adjusted for the change in
density between the gas and the liquid.

(iii) The ratio y; /us.

The data in Table 5.1 offer a direct comparison
between the measured values of t, and y,; for thermal
electrons which allows deduction of the following
conclusions:

(1) Contrary to previous reports in the literature that
the mobilities of thermal electrons in hydrocarbon
vapors of the kind listed in Table 5.1 arc of similar
magnitude, the data in Table 5.1 show that u varies
considerably (0.6 < p; < 19 cm® V sec™) from one
hydrocarbon molecule (linear, cyclic, or branched) to
another.

(2) For the linear hydrocarbon molecules listed in
Table 5.1 except methane, u, < ug and p; [y is small
(0.006 to 0.022).
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(3) For the cyclic aromatic and nonaromatic hydro-
carbons listed in Table 5.1, 4, <, but u, fu is now
much larger (0.041 to 0.26) than for the linear
hydrocarbons in Table 5.1.

(4) In sharp contradistinction to conclusions {2) and
(3) above, the branched hydrocarbons listed in Table
5.1, with the exception of isobutane, have y; >y, the
ratio u,; /i, attaining as high a value as 10.4 for
neopentane. For these molecules, then, on the basis of
the ratio y; fu thermal electrons are more mobile in
the liquid than in the corresponding gas.

(5) In spite of the limitations which arise from the
fact that u; and . for the rare gases listed in Table 5.1
have not been measured at the same temperature, it is
seen that for all rare-gas atoms but He (and Ne?) u, >
U, the ratio y; /u. increasing greatly with increasing
atomic number Z. On the basis of the ratio u; fug,
thermal electrons are seen to be ~4.3, ~119, and ~733
times more mobile in liquid Ar, Kr, and Xe, respec-
tively, than in the respective gases. It is observed that
while p. for Ar, Kr, and Xe decreases, u; increases
with increasing Z. The decrease in u,, with Z for Ar, Kr,
and Xe is due to the increase in 0,,(v)!! below the
Ramsaver-Townsend minimum with increasing Z, while
the increase in y; with Z may be associated with a
decrease in o,,(v) with increasing Z due to a shifting of
the Ramsauver-Townsend minimum to lower energies in
the liquid phase.

(6) Concomitant with observation (2) above is the
finding that CH, is the only molecule known to show
the Ramsauer-Townsend effect in the gas phase due to
its high symmetry and, hence, compact structure.!!
Methane is also the only molecule for which u has been
found to increase with gas density.!? For all other
molecules (or atoms) for which u has been measured as
a function of gas pressure, i has been found to decrease
with increasing gas density (He;'3 H,;14.15 N, ;14
CO,;16 C,Hg;17:18 C3Hg 18).

Similarly, concomitant with observation (5) above is
the finding that He (and Ne) is the only rare-gas atom
for which the Ramsauer-Townsend effect is not ob-
served. For He, u decreases!3 with increasing gas

11. L. G. Christophorou, Atomic and Molecular Radiation
Physics, Chap. 4, Wiley-Interscience, London, 1971.

12. H. Lehning, Phys. Lett. 29A, 719 (1969).

13. R. Griinbesg, Z. Naturforsch. 242, 1838 (1969).

14. R. Giiinberg, Z. Naturforsch. 23a, 1994 (1968); Z. Phys.
204, 12 (1967).

15. A. Rartels, Phys. Rev. Lerr. 28, 213 (1972).

16. H. Lehning, Phys. Lett. 284, 103 (1968).

17. B. Huber, Z. Naturforsch. 23a, 1228 (1968).

18. B. Huber, Z. Naturforsch. 24a, 578 (1969).



pressure (8000 torrs). The above findings were
discussed!? in relation to theories on electron transport
through low- and high-pressure gases and liquids. It was
concluded!® that no direct relation between g, and i
is suggested by the data. Two sets of mechanisms with
opposite effects seem to affect y; : (1) those which
decrease y;, such as electron capture, electron trap-
ping, and additional inelastic scattering processes char-
actenstic of the liquid phase, and (2) those which
increase u;, such as the reduction in the effective
electron mass in the liquid, coherent and forward
scattering, and possibly, for spherically symmetric
molecules, scattering by potentials characteristic of
Ramsauer-Townsend effect conditions. For any given
liquid most probably more than one of the above
mechanisms is involved in determining , /u. Which
mechapism is most influential in determining the
magnitude of uL/uG appears to- be intimately con-
nected to both the molecular and the liquid structure,

SCATTERING OF SLOW ELECTRONS
BY n-ELECTRON-CONTAINING
ORGANIC MOLECULES

A quantitative investigation of the role of 7 electrons
in slow-electron scattering has been made for three
classes of m-electron-containing organic molecules: aro-
matic, linear nonaromatic, and cyclic nonaromatic. The
results indicated that at thermal energies the scattering
cross section increases greatly (a sixfold increase was
observed when the number of 7 electrons was increased
from 0 to 10) with increasing number of n orbitals.
These studies indicated also that molecular scattering of
slow electrons is not only affected strongly by a large
macroscopic permanent electric dipole moment,2® but
also by certain microscopic molecular characteristic
features such as the highly polarizable 7 orbitals which
give rise to large induced moments. They also indicate
that double-bonded systems may efficiently thermalize
slow electrons.

COMPOUND NEGATIVE-ION RESONANCES
AND THRESHOLD-ELECTRON EXCITATION
SPECTRA OF QUINOLINE AND ISOQUINOLINE?!

Compound negative-ion resonances (CNIR) are of
unique physical and chemical interest. Such resonances
also constitute very efficient ways for thermalizing
subexcitation electrons via the processes of indirect
vibrational and rotational excitation of molecules. They
are of general occurrence in molecules, both small and
large and organic and inorganic.!?

ORNL - DWG 71~ 11487RA

... QUINOLINE
o
1

e

fﬂ/
\:
"

B tt {1 o et

3 5 & 7 8 9 10
ELECTRON ENERGY (eV)

TRAPPED ELECTRON CURRENT {arbitrary uniis}

<
n3

Fig. 5.8. Threshold-electron excitation specttum of quino-
line. The electron trap is 0.05 V. IP denotes the photoionization
value of the ionization potential. ‘

Two such CNI resonances have been found in the
N-heterocyclic molecules of quinoline {Q) and isoquino-
line (IQ) and the w-isoclectronic molecule of naphtha-
lene (N). The two resonances showed maxima at 0.6
and 1.30 eV for Q and at 0.75 and 1.3 eV for N. For
1Q, maxima were observed at 042, 0.55, 0.76 eV and
1.25, 1.67 eV, indicating the presence of vibrational
structure in the two CNI resonances for this molecule.

Figure 5.8 shows a representative threshold-electron
excitation (TEE) spectrum for quinoline. The arrows
above the spectrum indicate the positions of the
maxima in the TEE spectrum. The arrows shown below
the spectrum in Fig. 5.8 indicate the 0-0 transitions in
the optical spectra, which, both for transitions below
and above the ionization potential, agree well with the
onsets in the present TEE spectra.

A summary of the electronic transitions in Q and IQ,
the possible types of transition, the assignment, and the
multiplicity of the states involved has been given in ref.,
21.

The TEE spectra of Q and {Q indicated the presence
of an energy-loss process below the position of the first

19. L. G. Christophorou, R. P. Blaunsiein, and D. Pittman,
Chem. Phys. Lett. (in press).

20. L. G. Christophorou, A. A. Christodoulides, and D.
Pittman, J. Phys. B (Ar. Mol Phys) 2, 71 (1969); 3, 1252
(1970).

21. M. N. Pisanias, L. G. Christophorou, and J. G. Carter,
Chem. Phys. Lett. 13,433 (1972).



n-triplet state 7(7 —~ n*), which was identified as the
lowest excited electronic state of Q and 1Q, namely, the
first triplet n — 7* transition at ~2.45 eV.

The most striking feature in the TEE spectrum of Q,
1Q, and N is the presence of the two strong resonances
below =2 eV which were attributed to the formation of
two compound negative-ion states in each of these
molecules.

ENERGY-LOSS SPECTRA OF N-HETEROCYCLIC
BENZENE DERIVATIVES

The energy-loss spectra of pyridazine, pyrimidine, and
pyrazine have been investigated using the trapped
electron method and have been compared with photo-
absorption data. Figure 5.9 shows the TEE spectrum of
pyrimidine. Besides the location of low-lying w - n¥®
and n — 7% triplet states, the most striking feature of
the threshold-electron-excitation spectra for all these
molecules was the presence of two intense energy-loss
processes below 2 eV attributed to two compound
negative-ion resonance states. The positions of these
resonances (0.70 and 1.44; 0.80 and 1.90; 1.10 and
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1.53 eV for pyridazine, pyrimidine, and pyrazine,
respectively) have been related to a simpler molecuiar
orbital theory and to the electronic structure of the
parent benzene molecule, for which only one com-
pound negative-ion resonance is observed at ~1.6 eV.

THRESHOLD-ELECTRON EXCITATION
AND COMPOQUND NEGATIVE-ION FORMATION
IN METHANE, ETHANE, AND PROPANE

The threshold-electron excitation spectra (TEES) of
methane, ethane, and propane have been studied and
compared with photoabsorption (PA) and energy-loss
spectra (ELS). Distinct differences between TEES and
PA or ELS exist, and these are attributed to optically
forbidden transitions and/or to compound negative-ion
states which are distinctly favored in TEES but are
absent in PA or ELS. A compound negative-ion
resonance has been clearly observed in methane (in the
range 1.8 to 3.15 eV with a maximum at 2.5 eV) and in
ethane (in the range 1.5 to 3.0 eV with a maximum at
2.25 eV). At higher energics the TEES of methane
begins at 7.45 and shows a shoulder at 8.8 eV, a broad
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negative-ion resonance at 2.3 eV.

peak in the range 9.9 to 10.2 eV, a shoulder at 11.05
eV and peaks at 11.72, 12.00, 12.28, 12.52, 13.8, and
14.3 ¢V. The TEES of ethane begins at 7.15 eV and
shows peaks at 8.65, 9.0, 9.25, 9.65, 10.28, 10.98,
16.4, and 19.1 eV, The TEES of propane resembles that
of ethane. Figure 5.10 gives the TEES of ethane.

REACTIONS OF MOLECULAR RYDBERG STATES

The charge-transfer reactions of rare-gas atoms in
Rydberg states with acceptor molecules, for example,

Ar* + SF, - Ar* + SF, ™,

have been known for some time. We have found that
molecules such as H,O and cyclohexane, excited to
their Rydberg states by electrons or photons, can react
similarly. This shows that these states are rather
long-lived and upsets considerably conventional models
of radiation-induced ionization in liquids and gases.

PHOTOPHYSICAL STUDIES OF ORGANIC LIQUIDS
AND SOLUTIONS; EMISSION SPECTRA
FROM HIGHER EXCITED #-SINGLET STATES
OF AROMATIC HYDROCARBONS iIN SOLUTION

Qur studies in this area have continued and showed
that fluorescence emission from the second excited
7-singlet states of aromatic molecules in solution is not
uncommon. Detailed studies have been made of the
emission spectra from the first, .§,, and second, S,,
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Fig. §.11. Integrated fluorescence quaniwm ingensities of
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excited m-singlet states and also of the dependence of
these light emissions on temperature 7. Figure 5.11
shows the integrated fluorescence quantum intensily as
a function of T for the S, 5 > 8y, and S, > 8
radiative transitions. Similar data were obiained for
3A-benzpyrene and 1,2-benzathracene. A reasonable
theoretical understanding of the radiative and nonradia-



tive processes involved has been achieved.?? For 1,12-
benzperylene it was concluded:

(1) The fluorescence quantum yield from S, is
primarily due to an indirect fluorescence originating
from thermal repopulation of S, from S, .

(2) The activation energy determined for the thermal
repopulation of S, from S, is 690 cm™ . This value is
significantly less than the actual energy separation of
1400 em™ between S, o and S, o, that is, between the
0-0 absorption bands for §, and §,. This may indicate
that S, , in addition to bemg repopulated from §; 4 is
also repopulated from vibrationally excited §, (1 e.,
820 7 Sin ™ Sz, n > 0), or possibly from an
optu,ally forbidden ‘state located between S, o and
$2.0°

22. C. E. Easterly, L. G. Christophorou, and J. G. Cartes, J.
Phys. Chem. (submitted).
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(3) The internal conversion process cannot be con-
sidered as being completely irreversible.

It has been generally concluded from these studies
that fluorescence from the second excited w-singlet
state of aromatic molecules in solution does not appear
to be as uncommon as has been thought in the past.
Such emissions, depending on the temperature, affect
strongly the overall spectral characteristics of organic
molecules. Additionally, the persistence of the excita-
tion energy between S, o and S, , should be of
importance in energy transfer from such excited mole-
cules and warrants investigation,

LOW-ENERGY ELECTRON INTERACTIONS
WITH LIQUIDS

Recognizing the need for physical studies on low-
energy electron interactions with liquids we have
developed a method for direct physical studies of
low-energy electron interactions with liquids. The nec-
essary equipment is in the final stages of construction.
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The demands for education in health physics have
continued to rise on all levels. Education to the Ph.D.
level is required to provide personnel for positions of
leadership in industrial, academic, and medical insti-
tutions. Training at the master’s level is needed to
provide the leaders in the applied health physics field
emphasizing instrumentation and procedures. The needs
of the reactor and other nuclear-related professions
must be met by large numbers of technicians at the B.S.
level,

The field training program at ORNL during the
summer months is open to all AEC Fellowship students
who have completed their first academic school year
under the fellowship program. The tield training con-
sists of two major phases, applied health physics and
research health physics. The university program cannot,
in itself, produce the desired product. The summer
training program is absolutely essential in the education
of a health physicist.

Six Fellows participated in the summer training
program at ORNL during July and August 1971 — two
trom the University of Kentucky, one from the
University of Michigan, one from the University of
Kansas, one trom Georgia Institute of Technology, and
one from Purdue University. Seven Fellows were in
training during May and June 1972.

The summer training began with a three-day orienta-
tion program, which was followed by five weeks with
the applied health physics group and five weeks with
the research health physics groups. One week was spent
at the Special Training Division (ORAU) doing health
physics experiments. Numerous seminars were held
throughout the summer, highlighting recent advances in
health physics and closely allied fields. Many of the
seminar speakers were from laboratories and universities
from around the world.
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W. R. Garrett

R. H. Ritchie

H. C. Schweinler
J.E. Turner

In the applied health physics training, the student
gains practical experience in many phases of radiation
protection under the supervision of a senior health
physicist.

In health physics research the students are first given
a brief summary of all the research projects in progress
in the Division. They then choose the group in which
they remain for a five-week petiod. They become part
of the team and are truly engaged in doing health
physics research under senior scientist supervision.

The summer program gives the student sufficient
experience in applied health physics to enable him:to
take a position in this field, where with only a little
additional experience he will soon quualify for a position
of responsibility in radiation protection. Also, he learns
of the tremendous breadth in research health physics
and is made aware of the diverse problems available for
thesis work should he decide to continue his education
for the M.S. or the Ph.D. degree.

Twelve students were enrolled in the General Health
Physics undergraduate course (Physics 4710-20-30)
taught by a member of the Division at the University of
Tennessee. This was a three-quarter course which met 3
hr/week.

The Division provided assistance to the staff of the
University of Tennessee in updating and teaching its
graduate curriculum in health physics. This included
courses in General Health Physics, Radiation Chemical
Physics, Physics of Polyatomic Molecules, Interaction
of Electrons with Gases, Interaction of Electrons with
Solids, and Interaction of Radiation with Matter. This
curriculum has attracted Fellows who desire education
to the master’s level and also those who wish to pursue
the Ph.D. degree. Help was provided to the University
of Tennessee in conducting the co-op program with
ORNL leading to the B.8. degree in health physies. This



type of assistance and consuliation is available to any
school desiring to set up a health physics program or
institute courses in this field. For example, queries have
been received from Georgia Institute of Technology,
Southern Technical Institute, Auburn University, Okla-
homa State University, Duquesne University, and Wake
Forest University with regard to setting up courses in
health physics. Assistance was given the University of
Tennessee in the preparation of qualifying examinations
in health physics. A visit to ORNL with lectures and
tours was provided for students in health physics from
the University of Arkansas. A series of lectures were
given at the University of North Carolina. Eight
universities were visited at which ORNL health physics
research and educational activities were discussed.

There were a number of Oak Ridge Graduate Fellows,
AEC Fellows, USPHS students, and others working on
theses for advanced degrees under the supervision of
Radiation Physics staff. Their thesis titles and univer-
sities are listed below:

1. G. D. Alton, *“Optical Model Studies of Low-
Energy Electron Interactions with Simple Atoms
and Molecules”(UT)

. 1. L. Blankenship, “Gamma-Ray Damage and
Annealing in Ultra-High Purity Germanium™(UT)

3. M. D. Brown, “Interaction of Uranium in

Solids”(UT)

C. E. Easterly, “Study of Aromatic Hydrocarbons

in Relation to Carcinogenesis”(UT)

5. J. M. Elson, ““The Interaction of Photons at Rough

Dielectric Surfaces” (Univ. Ky.)

R. E. Goans, “Dissociative Electron Attachment to

Polyatomic Molecules”(UT)

7. A. Hadjiantoniou, “Electron Attachment to and
Autoionization of Long-Lived Negative lons of
Polyatomic Molecules”(UT)

. W. F. Hanson, “Soft X-Ray Studies of the Satellites

of Na, Mg, Al, and Si and the Optical Properties of

MgO and MgF, ”(UT)

P. D. Kidd, ‘“Electron Capture and Drift in Organic

Liquids”(UT)

D. L. McCorkle, “Low-Energy Electron Attach-

ment to Molecules at High Densities” (UT)

M. N. Pisanias, “Threshold-Electron Excitation and

Compound Negative lon Formation in Polyatomic

Molecules”(UT)

10.

11.
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12. B. L. Sowers, “Optical Properties of Liquid CCl,,
CeHy4,C6H;2,CsHyp, Cs Hy, and CgHy in the
Vacuum Ultraviolet”(UT)

[-Lan Tang, “Optical Properties of Nucleic Acid
Bases”(UT)

R. B. Vora, ‘“Studies of Electron Transfer in
Atomic Collisions with Molecules”(UT)

J. F. Wilson, “Mass Analysis of lons Formed in
Electron Swarm Experiments”(UT)

U. S. Whang, “Optical Properties of Potassium,
Rubidium, and Cesium in the Vacuum Ultra-
violet”’(UT)

C. E. Wheeler, Jr., “Experimental and Theoretical
Investigations of the Smith-Purcell Effect”’(UT)

Assistance was given to ORAU in the presentation of
a ten-week course in health physics.

Three student trainees and two faculty members
spent the summer (1971) in the Division as research
participants sponsored by ORAU. Two student trainees
spent the summer of 1972 in the Division.

Several staff members of the Radiation Physics
Section of the Health Physics Division worked with the
University of Tennessee faculty in preparing pre-
liminary examinations for the Ph.D. degree and in
grading the examinations. Four of our staff hold IFord
Foundation appointments at the University and in this
capacity participated in student advising on matters of
curricula and research. They were also active on the
University Committee on Graduate Education. Our
staff took part in the faculty meetings of the UT
Physics Staff.

A proposal for a cooperative training program for
health physics technologists was accepted by the
USAEC. This program will be open to students who
have completed the sophomore year at one of a number
of participating colleges and who are majoring in one of
the sciences, mathematics, or engineering. They will
receive 20 weeks of on-the-job training at ORNL in
coordination with their on-campus academic program.
Ten weeks of specialized training will be given at a
reactor site or hospital depending upon the student’s
main field of interest.

The Division is currently investigating the possibility
of setting up a postdoctoral program in health physics.
This would infuse new ideas into the research programs
and hopefully serve as a source of new senior health
physicisis.

13.

14.

15.

16.

17.
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JAPANESE DOSIMETRY PROGRAM

Liaison with the Atomic Bomb
Casualty Commission

One ORNL representative visited the Atomic Bomb
Casualty Commission (ABCC) in Hiroshima, Japan, for
six weeks during August and September 1971. At this
time, two ABCC shielding technicians were assigned to
ORNL to help develop and verify a dose estimation
technique to be used to predict accurately radiation
doses to those survivors who were inside “heavy-
shielding” structures, such as reinforced concrete build-
ings. These classes of survivors are of special interest

because they were subjected to a minimum amount of

blast, shock, and thermal trauma; thus, for these
survivors it is more nearly possible to isolate effects
whose increases above normal incidence were induced
entirely by radiation. There were 1030 survivors (379 in
Hiroshima, 651 in Nagasaki) in structures which pro-
vided heavy shielding. Of these, 340 were in concrete or
reinforced concrete buildings, and no estimates of dose
have been made, but as pointed out earlier, these
represent a very important saraple of the survivors.

1. Consultant, Atomic Bomb Casualty Commission.
2. Alien guest.
3. On loan from Mathematics Division.
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Except for 6 additional cases, the 340 survivors in
concrete buildings represent the total number of sur-
vivors at distances less than 1400 m for which ABCC
has not already calculated or sssigned radiation doses.

Extensive information stored on magnetic tape was
sent to ORNL and will be extremely valuable when the
ABCC commences a study of the effects of radiation
quality.

Calculations which permit the assignment of radiation
depth doses to many organs, such as the thyroid of a
survivor or to children who were in utero at the time of
exposure, have been completed. These calculations
should be extremely useful in studies of various
radiation-inducible effects such as thyroid carcinoma,
cancer of the cervix, or any of the various biological
defects of children who were in utero at the time of
exposure. A complete description of these calculations,
the intended uses, and method of application is being
written and will soon be transmitted to ABCC.

A pilot study of the histories of the survivors who
were exposed to the radinactive “black ain,” which fell
soon after the bombings, is presently under way. The
studies are still incomplete, but as expected appear to
indicate that very few persons who were in the black
rain and were exposed to extremely low levels of
“prompt radiation” from the bombs showed significant
radiation-induced symptoms.



Heavy Shielding Research

The large collimator (15° opening and rotatable
around two axes) was mounted on top of the Health
Physics Research Reactor (HPRR) Control Building and
used to measure the angular distribution of scattered
neutron and gamma doses received at that point from
the HPRR on the other side of a hill. The results are
shown in Figs. 7.1 and 7.2. A Hurst recoil proton
proportional counter measured the doses due to neu-
trons, and a “Phil” G-M counter (insensitive to neu-
trons) measured gamma-ray doses received in the
collimators. Comparison counters of the same types
measured the free air doses simultaneously for normali-
Zation.

Also plotted in the figures are the angular distri-
butions previously derived from weapons tests and from
QOperation BREN using the HPRR. The neutron dose
distribution is similar to the earlier result, except that
the peak around 30° seems high, probably because the
curves are normalized to unit area and the forward
directions are blocked by a hill. The gamma-ray
distribution is quite different, indicating that most of
the dose arises from neutron interactions and garama
scattering in the sky overhiead, probably fairly close to
the detector (~1 relaxation length). For these plots the
measured curves of dose per steradian have been
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included.

multiplied by the solid angle per colatitude zone,
assuming that the pole of coordinates was pointing at
the reactor. As in weapons tests, the doses received are
nearly independent of longitude angle above the hori-
zon. :

MEASUREMENTS OF DOSE DISTRIBUTIONS

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

The study reported last year® was completed by
calculating the absolute doses per neutron per square
centimeter incident on a 30-cm-diam by 60-cm cylin-
drical tissue-equivalent phantom for neutrons from the
HPRR and from 14-MeV (d,T) neutrons. The results are
shown in Figs. 7.3, 7.4, and 7.5 and compared with T.
D. Jones’ Monte Carlo calculations® for the same
incident neutron spectra and with a 160-keV low-
energy cutoff of recoil proton dose, corresponding to
the cutoff of the proportional counter used. The
agreement is within the probable errors of measurement
and calculation.

4. Health Phys. Div. Annu. Progr. Rep. July 31, 1971,
ORNL-4720, p. 90.

S. Health Phys. Div. Annu. Progr. Rep. July 31, 1971,
CRNL-4720, p. 84.
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DOSE AND LET CALCULATIONS

Local Dose from Neutron-Produced Recoil fons
in the Region of a Therapeutic *°*Cf Needle

Many radiotherapists now claim® that it is possible to
detect a local biological change due to a 10% variation
of therapeutic radiation dose. The response of a
malignant neoplasm to such slight variations in the local
dose is extremely critical in therapeutic uses of im-
planted sources of 2* 2Cf because dose decreases rapidly
as distance from the source is increased. For example,
the dose from ?°2?Cf neutron-produced recoil ions is
less by about two orders of magnitude at a distance of 4
cem from the source as compared ‘with dose near the
source. Californium-252 appears to bave great potential
therapeutic value, yet the spread of estimates of local
dose to a small tumorous region is about 25%;
therefore, techniques from previous calculations’ were

6. Personal communication, meeting at New York University
Medical Center, July 16, 1971.

7. T. D. Jones and J. A. Auxier, Phys: Med. Biol. 17(2),
20617 (1972).
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applied to determine dose distributions sufficiently
accurate to satisty the needs of most radiotherapists.
Dose distributions for 2°*Cf implants determined
experimentally or calculationally by most investigators
are probably sufficiently accurate for distances greater
than 4 cm; however, precision and accuracy of the local
dose are extremely difficult to obtain within £5%.
Experimentalists are confronted with & variety of errors
which influence the estimation of dose. These errorsg
include positioning errors of both the source and
detector, variations in background radiation, and sensi-
tivity of instruments. {In fact, a dosimeter has not yet
been developed that can accurately measure local dose
in a small volume without signiticantly perturbing the
radiation field.) The basic calculational models are
based on discrete ordinate and Monte Carlo transport
techniques. Some limitations of using a discrete ordi-
nate method to solve numerically the Boltzmann
transport equation are: {1) the substitution of group
theory for a continuous energy spectrum by groups of
particles having discrete monoenergies, (2) inexactness
due to oscillations in Legendre’ polynomials used to
describe particle scattering (often observed as negaiive
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values of fluence or dose at a well-shielded position),
(3) lack of an estimate of the statistical variance
(usually replaced by apparent convergence or significant
previous experience with discrete ordinate calculations),
and (4) inaccurate approximations of angular quad-
rature (usually most notable at larger distances and for
rays emanating from a point source).

Monte Carlo methods have the distinct advantages of
permitting duplication of exact histories of particles
and providing an estimate of the variance by standard
statistical procedures. The statistical variation in a
specific volume element can be decreased by the
incorporation of variance-reduction techniques such as
particle splitting, Russian roulette, and importance
sampling; however, Monte Carlo calculations still re-
quire an extremely large number of particle histories
and resulting interactions to accurately describe the
effect of the particles on a small volume.

In these calculations, the areas shown in Table 7.1,
which are drawn to scale, were revolved about the
horizontal center line to create volumes of revolution
about the needle source. Horizontal grid divisions and
radial increments of the cylindrical shells were both
taken as 0.5 cm.
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Slight variations in atomic composition may account
for significant deviations when the objective is an
estimate accurate to within 10% (£5%), so the three
corupositions of tissue media shown in Table 7.2 were
used to investigate this effect. Composition 1 corre-
sponds to standard soft tissue, composition 2 corre-
sponds to whole-body average, and composition 3
corresponds to skeletal muscle tissue. Dose from
neutron-produced recoil ions for each of these compo-
sitiops is shown in Table 7.1. Ratios of dose from
neutron-produced recoil ions to kerma from a small
volume of tissue in free space were averaged to obtain
an estimate for an average tissue composition, and this
value was assumed to represent the value at the centroid
of revolution. Exponential interpolations were done in
two dimensions to produce the isodose curves shown in
Fig. 7.6. The objective of combining kerma curves for
the production of isodose curves is to reduce the
coefficients of variation due to statistical fluctuations
by /3. Because the distribution of dose about the
source is changing so rapidly, and on the basis of
experience in analyzing these and previous data, it is
felt that isodose curves are of little significance if values
of local dose are known with less than 5% precision.

Coefficients of variation ranged from 1 to 3.5% for
this mean tissue, so the isodose curves were extremely
well determined. This family of curves has a shape
which differs slightly from those in previous publica-
tions,2 ™! but the difference is thought to be due to the

8. R. G. Fairchild, Sources of Fission Neutrons and Their
Dosimetry, BNL-12452 and CONF-680420-2 (1968).

9. F. T. Cross, personal communication with Lowell Ander-
son.

10. G. D. Oliver, Ir.,
143-47 (1969).

and C. N. Wright, Radiology 92.
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.814-3 2.7 ,690-3 2.8 .477-3 3.5 .323-3 4,3 ,221-3 5.0 .185-3 5.4
.5
.351-2 2.3 .295-2 2.5 .123-2 3,7 .618-3 5.0 .529-3 6.0 .395-3 6.4
332-2 2.3 295-2 2.4 .119-2 3.8 578-3 5,2 .510-3 5.7 .393-3 6.0
2520+ NEEDLE 323-2 2.3 271-2 2.5 | .121-2 3.9 | .641-3 5,0 | .487-3 5.7 | .374-3 5.5
15 2.5

Table 7.1. Dose from recoil ions produced by neutrons from a 20-mm 2> 2Cf needle source
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unusual degree of accuracy believed to be associated
with the calculations reported here.

Slant Beam

A broad beam of neutrons was programmed to
impinge at an angle to the axis of a cylindrical
phantom. Previous results'! included broad beams of
neutrons at energies of 10 keV, 1 MeV, and 7 MeV
which were incident at angles of 30° with the axis of
the cylinder. The results were normalized to a beam
intensity of 1 neutron/cm?. Of course, this would not

11. Health Phys. Div. Annu. Progr. Rep. July 31, 1967,
CRNL-4168, p. 220.
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be equivalent to neutrons crossing this lateral surface at
a rate of 1 neutron/cm?. In fact, the ‘“‘surface fluence”
is not constant because of the different angles of entry
at different points of the curved surface. If the
monodirectional beam of neutrons, with paths parallel
to the base of the cylinder, has a fluence of 1
neutron/cm?, there will be a total of 30 X 60 = 1800
neutrons impinging on the surface of the cylinder. Now
the beam remains unchanged, but the cylinder is tilted
so the paths of the neutrons make an angle § with the
axis of the cylinder. The neutrons crossing the lateral
surface are now decreased to (1800) (sin @) neutrons,
but we also have (7) (15%) (cos 8) neutrons crossing one
base of the cylinder. In Figs. 7.7—7.10 the dose and

Table 7.2. Compositions of tissue media nsed in these calculations

Composition 1

Composition 2

Composition 3

X 1022 atoms/g Percent? X 1022 atoms/g Percent? X 1022 atoms/g Percent?
Hydrogen 6.266 10.5 6.169 10.3 5975 10.0
Carbon 0.944 18.8 1.258 25.1 0.602 12.1
Nitrogen 0.133 3.1 0.107 2.5 0.172 4.0
Oxygen 2.549 67.6 2.333 62.1 2.748 73.8

9percent of weight.
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Fig. 7.7. Dose and dose equivalent in a tissue cylinder irradiated by slant beams of neutrons of encigy 0.025 eV.
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Fig. 7.10. Dose and dose equivalent in a tissue cylinder irradiated by slant beams of neutrons of energy 7 MeV.

dose equivalent are shown for neutron energies of 0.025
eV (thermal), 10 keV, 1 MeV, and 7 MeV, but now the
beam makes an angle of 45° with the axis of the
cylinder. The close study of the behavior of dose in the
various tiers emphasizes the differences of dose in the
several tiers due to neutrons entering the top of the
cylinder.

In a recent paper, Keyrim-Markus et a reported
some calculations of dose due to neutron beams

112

incident at various angles on a tissue phantom. They
offer a number of rules for assessing maximum dose in
the human body for slant beams or for other source
types. They correctly point out that few neutrons
traverse the body, and, consequently, for neutrons of
the fission spectrum the contribution to maximum dose

12. 1. B. Keyrim-Markus et al., Health Phys. 22(2), 187
(1972).



is largely due to neutrons which have entered the
phantom near the site of the maximum on the dose -~
or dose equivalent — curve. However, their analysis does
not indicate fully the complexity of the geometry of
the body. Consider, for example, dose distributions as
calculated for a beam of neutrons impinging on the
phantom at an angle with the axis of the cylinder. The
phantom geometry is indicated on the figures, and you
will note that in tier | the dose is almost constant. This
is due to neutrons which enter through the top of the
phantom. The dose in the other tiers is much smaller
than in tier 1. Actually this is still a simplified phantom.
In actuality, the presence of the head would have an
effect on dose. In fact, the peak dose in the body
should be almost independent of the direction of the
beam for neutron energies at which the peak dose is
Jargely due to the neutrons undergoing their first
collisions. On the human body; there will always be
areas where the beam is almost perpendicular to the
surface, and here the peak dose will be almost the same
as that of the normal beam on the slab. Of course, this
is not true for neutrons of all energies but only for
those for which the “first collision” dose is a major
contributor to the peak value, say, for neutrons of 0.5
to 10 MeV, which comprise much of the fission
spectrum. For energies such thai photons make a
significant contribution to the peak dose, this will not
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apply, and in any case it seems to apply only to the
peak dose; that is, the dose from the slant beam, except
at the peak, will generally be less at comparable
positions than for the normal beam, as Keyrim-Markus
points out, but “comparable’” must be interpreted to
apply to distance from the nearest irradiated surface.

Photon Exposures

The heterogeneous phantoms shown in Fig. 7.11 were
assumed to be unilaterally irradiated by a parallel beam
of monoenergetic photons limited to incidence on the
torso for calculational efficiency. Figures and tables of
dose distributions within the phantoms were presented
in ORNL-4720.

The increase in dose along some depth-dose curves
was the result of averaging dose to part of the spine into
some of the volume elements, for antedor exposure to
photons having source energies equal to or less than 250
keV. The statistical deviations of the points for photon
source energies below 1.25 MeV were computed to be 2
to 5%, and the “increase” appeared to be due to
absorption coefficients which were larger for bone than
for soft tissue. The increase was only prominent for low
energies, where the photoelectric process predominated,
as shown in Fig. 7.12. Figure 7.12 also illustrates that
relative changes in the absorption coefficients are neatly

ORNL—-DWG. 7i~6624
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Fig. 7.12. Attenuation coefficients for skeletal, lung, and soft
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independent of energy. Thus, for higher energies the
effect is lost due to:

1. the convergence of the photon absorption coeffi-
cients of the three media;

the longer mean collision path length, which is
inversely proportional to the linear absorption coef-
ficient;

an increase in the variance of the dose contribution
to a given volume element.

A. R.Jones'? has made measurements of dose on and
within a human-sized phantom from point sources of
photons. Comparison of Jones’ results for a hetero-
geneous phantom to results for homogeneous phantoms

13. A. R. Jones, Measurement of the Dose Absorbed in
Various Organs as a Function of the External Gamma Ray
Exposure, AECL-2240 (October 1964).
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or to our heterogeneous results (presented in ORNL.-
4720) was difficult because his results were expressed as
ratios of:

1. absorbed dose at a detector location normalized to
the exposure in free air;

absorbed dose at a detector location normalized to
the exposure at the site of a personnel dosimeter.

The agreement of our work with Jones’ did not appear
to be good; however, limits of uncertainty were large,
and the exposure situations were not identical. The
results of our calculations of dose to the skin for
unilateral anterior exposure are shown in Table 7.3.
Snyder'* computed ratios of the maximum to the
minicoum dose to skin for a homogeneous phantom and
illustrated that Jones’ results tended to produce sepa-
rate curves for anterior and posterior exposure. These
ratios for anterior and posterior exposure were recom-
puted for our heterogeneous phantom, and the vari-
ances of the ratios Y,;/X; werc computed according to:

2
Var (1) =2 Var () +}12— Var (7).

The results shown in columns 1 and 2 of Table 7.4
appear to illustrate that there is no detectable differ-
ence in the ratios of the maximum to the minimum
dose to skin for anterior and posterior irradiation
except for minor statistical fluctuations. Instead, this
“virtual” difference tends to illustrate the magnitude of
the experimental and calculational errors and how
errors of negative or opposing magnitudes can influence
the results of a ratio. This point should be worth
keeping in mind because experimental results are
usually normalized to some other value of varying but
usually known reliability.

A depth-dose value equal to that for a penetration
depth of 5 cm as read from a depth-dose curve is
commonly used by therapists for the dose to red
marrow. Table 7.5 compares this assumption with the
exposure situations from these calculations. The first
column shows the source energy, and the second, third,
and fourth columns give doses at penetration depths of
S cmr noimalized to the average red marrow dose for
anterior, posterior, and left-side irradiation. For the
“rule” to be very accurate, the ratios should be near
unity, and, as seen in this table, onc should not expect

14. W. S. Snyder, *“Variation of Dose in Man from Exposure
to a Point Source of Gamma Rays,” in Congre$ International
sur la Radioprotection dans I'Utilisation Industrielle des Radio-
elements, Paris, Decemnber 1315, 1965, Le Vesinet (1967).
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Table 7.3. Dose to the skin from a broad parallel beam of photons, unilaterally incident
on the anterior of the torso of a standard 70-kg human

Photon Dose (1072 rads photon™ cm?) Photon Dose (1079 rads photon™ ¢cm?)
energy  Tier - - energy  Tier - - -
(keV) Anterior Posterior Side (MeV) Anterior Posterior Side
50 5 0.0471 0.00442 0.0182 1.25 S 0.616 0.249 0.539
4 0.0483 0.00595 0.0304 4 0.664 0.393 0.655
3 0.0474 0.00295 0.0293 3 0.747 0.271 0.500
2 0.0472 0.00365 0.0315 2 0.464 0.185 0.602
1 0.0479 0.00468 0.0314 1 0.578 0.241 0.536
CVé=6% CV=15-20% CV=6% CV=13-16% CV=16--23% CV=12-14%
100 5 0.0514 (.00881 0.0360 3 S 1.30 0.495 0.873
4 0.0615 0.0143 0.0400 4 1.19 0.676 0975
3 0.0587 0.0105 0.0394 3 0.943 0.544 1.22
2 0.0595 0.00796 0.0401 2 0.945 0.792 1.10
1 0.0538 0.00678 0.0395 1 1.08 0.499 0.840
CV=7-8% CV=15-20% CV=7-8% CV=17-19% (CV=20-25% (CV=14-16%
250 5 0.146 0.0437 0.112 6 5 2.62 0.525% 1.74
4 0.170 0.0613 0.122 4 1.71 1.25 1.32
3 0.135 0.0367 - 0.106 3 1.68 1.01 1.51
2 0.140 0.0514 0.114 2 1.68 1.38 1.50
1 0.146 0.0393 0.115 1 1.97 0.838 1.80
CY=9-10% CV=15-20% CV=9% CV=18--22% CV=23-29% CV=16-19%
660 5 0.302 0.111 0.292 10 s 2.70 2.04 2.85
4 0.380 0.208 0.345 4 2.47 2.26 2.35
3 0.375 0.156 0.348 3 2.86 2.30 2.49
2 0.395 0.124 0.328 2 2.36 1.17 2.78
1 0.355 0.158 0.333 i 2.48 1.21 2.60
Cv=12% CV=16-20% CV=10~11% CV=22-24% CV=24-31% (V=18-20%

4Coefficient of variation in percent.
5T his single number had a CV = 36%.

Table 7.4. Ratios of entrance to exit dose for monoenergetic photons

Ratio

Normalized to free air Normalized to film

£ (keV) Beam on Beam on hadge site Snyder,
anterior posterior A. R. Jones, A. R. Jones, A. R. Jones, A. R. Jones, homogeneous
beam on beam on beam on beam on phantom
anterior posterior anterior posterior
38 15.6 1.7 15.8 11.1
50 16.1 £ 3.1 17.1+ 3.4
60 10.6 10.6 11.0 10.5
70 9.0
75 59 8.0 6.0 7.3
100 56«11 5.4+090 3.6 6.2 3.6 6.1
125 34 5.2 34 53
165 75116 4.7 + 0.83 29 52 3.0 5.1 4.8
240 2.9 59 29 59
250 3.7+0.76 3.9+ 0.75
400 1.9 2.8 1.8 2.8
500 3.3
£60 24+052 3.7+£098 1.8 2.2 1.8 2.1
1,000 2.4
1,250 2.8+ 067 1.9+ 0.46 1.9 2.2 1.7 2.2
3,000 1.7+ 0.49 1.1 +0.30
6,000 1.7+ 0.55 1.4+043

19,000 1.2+ 0.39 2.5+0.88




Table 7.5. Ratio of dose at a depth of 5 cm
to average red mamow dose

Ratio
Energy Anterior Posterior Left-side
irradiation irradiation irradiation
6 MeV 1.3 1 1.3
1.25 MeV 1.6 0.7 1.8
250 keV 2.0 0.5 2.0
50 keV 2.5 0.1 3.0

this rule to be more accurate than a factor of 2, and in
many cases it may be even less accurate.

MEASUREMENTS AT THE BIOLOGY DIVISION
252Cf IRRADIATION FACILITY

The ORNL Biology Division operates a 2*2Cf irradi-
ation facility as part of a study to evaluate in mice some
effects of high-dose-rate vs low-dose-rate protracted
exposure to fission neutrons and gamma rays. The
high-dose-rate exposures are performed at the HPRR.
To allow comparison of exposures at both facilities, the
Radiation Dosimetry Section was requested to perform
the necessary dosimetry experiments at the 2°2Cf
facility.

The facility consists of a ?*2Cf source (0.8 mg,
nominal when installed) which when removed from the
shield is positioned at the center of a 15.3-cm-diam
depleted uranium sphere. The sphere is positioned
directly above the ?°2Cf storage well on a pipe
stanchion. The source height during exposure is 117 cm
above the concrete floor. Animals are exposed in cages
placed on aluminum shelves and positioned on an arc
around the source. Design of the experiment called for
the animals to be exposed to 1 rad/day of fast neutrons
when positioned at a distance of 2 m from the source.
The study at the facility included:

1. measurement of neutron and gamma-ray dose as a
function of distance from the source (see Fig. 7.13),

2. measurement of scattered to total neutron dose,

3. measurement of neutron and gamma-ray dose with
and without the depleted > *® U sphere,

4. measurement of the effects of the shelves and anirmal
cages on the free-field dose,

5. measurement of the symmetry of the neutron and
gamma-ray dose on an arc around the source (see
Fig. 7.14).

6. measurement of the neutron spectrum with and
without the depleted U sphere,

7. measurement of proton recoil spectra to allow the
calculation of LET distributions for the exposure
configuration.

Neutron dose was measured with the Hurst propor-
tional counter, while gamma-ray dose was measured
with the “Phil” dosimeter. All measurements were
monitored with a modified long counter. Proton recoil
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spectra were measured with the Hurst counter and a
Rossi LET spherical detector. The fission-foil track etch
technique was employed to measure the source spectra.

Evaluation of initial results indicated that the source
strength was below optimum (consequently, the source
was replaced). Figure 7.15 shows a plot of dose vs
distance from the source for distances which were to be
used. The detector heights correspond to the heights of
two of the shelves. Table 7.6 gives the results of

scattered to total neutron dose measured using the
shadow-cone technique. No measurements of scattered
gamma dose were made.

15. D. R. Johnson and J. W. Poston, Radiation Dosimetry
Studies at the Health Physics Research Reactor, QRNL4113
(June 1967).
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symmetry measurements around the source. Variations 200
in the dose around the arc are within the errors typical
of such experiments."® Table 7.7 shows the ratio of
A
100 [ \\
B— \‘;\\
Table 7.6. Positional dependence of dose around 2 2Cf source ~ W“ \‘«
< - NEUTRON \\ rrrrrrr
2.0 m from the source g o |- ® Hy= M7 om \I‘\ o
£ S50 0 M =54 cm
Detector Neutron Gamma o ° P%%IT,: N \\\ -
Position height dose rate dose rate Y . . HGﬁN::\Aﬁcm ’ “
cere K o o [l
(cm) (millirads/hr) {millirads/hr) W 5 Ho=54 cm )
ol
1 117 43.4 18.8 =
54 39.2 14.7
2 117 42.5 18.5 20 foree T
54 36.9 i4.4
3 117 439 19.7
54 38.2 15.2
4 117 42.9 19.3 o |
54 376 14.7 0 0.5 10 15 2.0
s 117 42.3 18.0 DISTANCE FROM SOURCE (m)
54 1 .
38 138 Fig. 7.15. Dose rate vs distance from source.
Table 7.7. Measurement of scattered to total dose
Neutron dose rate ) Gamma dosce rate
Position Source (millirads/ ) Ratio of scattered (millirads/hr)
condition . to total
Total Scattered Total Scattered
1 U ball 43.4 18.8 0.433 18.8
Bare 62.9 26.1 0.415 374
3 U ball 439 18.5 0.421 19.7
Barc 63.1 25.4 0.403 37.8




8. Applied Dosimetry Research

Klaus Becker
J.S. Cheka M. H. Lee?
K. W. Crase' J.S. Nagpal®
R.B. Gammage M. Sohrabi®

THE ROLE AND NATURE OF
ACTIVATORS IN TSEE

A systematic review of the existing information on
thermally stimulated exoelectron emission (TSEE) from
various materials,® detailed discussions with other
investigators on discrepancies in the results, and ex-
tensive experimental studies led to a reshaping of ideas
concerning the role of activators in exoelectron emis-
sion, It has been demonstrated that heat treatment,
impregnation with silicon dioxide* or lithium,® and
preirradiation with charged particles® result in pro-
nounced qualitative and quantitative changes in the
TSEE characteristics of ceramic BeO (Brush Thermalox
995). These changes werc tentatively attributed to the
creation or destruction of electron traps which are
directly contributing to the exoelectron emission
process.

1t appears now that the situation is more complex.
Activators seem to fall into one or both of two
categories. They may perform in a traditional manner,
providing the electron trap from which the exoelectron
cmerges. Alternately, they may act in an indirect
manner, promoting the release of detrapped electrons as
exoelectrons.

Exoelectron emission (EE) appears to occur only
from specific surface regions and to depend strongly on
a sufficient electrical surface conductivity without
which local buildup of residual charge prevents further
emission. Some of the “activators” which have been

1. Public Health Service Radiological Health Fellow.

2. Alien guest.

3. K. Becker, Crit. Rev. Solid-State Sci. 3, 39 (1972).

4. R. B. Gammage, K. W. Crase, and K. Becker, Health Phys.
22,57 (1972).

5. R. B. Gammage, K. Becker, K. W. Crase, and A. Moreno y
Moreno. Proceedings of Third International Conference on
Luminescence Dosimetry, October 11 thru 14, 1971, Riso
Report No. 249, Part 1I, p. 573, 1972.
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studied during the last 20 years in numerous labora-
tories may influence TSEE indirectly by modifying
such parameters as surface conductivity, work function,
or irregularities of the crystal surface. Indeed, prelim-
inary results of conductivity measurements show that
the poorly emitting Thermalox 998 is less conductive
by a factor of 10 than the excellent emitter Thermalox
995 (10" ® © compared with 10" §2 at 20°C).

Silicon and lithiura activators® provide two examples
of the importance of compound formation to the EE
process. Substitutionally incorporated silicon in single-
crystal BeQ is usually less than 100 ppm,” but
Thermalox 995 and 998 have silicon contents of 2000
and 81 ppm, respectively. The excess silicon, which is
concentrated at grain boundaries in the form of
phenacite (2Be0-Si0,), produced in a heat treatment
at 1400°C, helps to optimize TSEE.* The TSEE peaks,
however, are intrinsic to the ceramic BeO and not to
the phenacite, as shown in experiments with a natural
phenacite powder (Fig. 8.1).

With lithium activation, sensitization of the EE is
linked to the formation of a compound of suspected
composition Li;Be0,.® This compound is unstable
above its melting point of approximately 950°C, and
with its decomposition the EE becomes desensitized
(see also Regulla et al®). A BeO powder activated with
sodium (Matsushita, Osaka), after calcination at
1400°C, exhibits a TSEE curve which is similar to that

6. K. W. Crase, K, Becker, and R. B. Gammage, Parameters
Affecting the Radiation-Induced Thermally Stimulated Exo-
electron Emission from Ceramic Beryllium Oxide, ORNL-TM-
3572 (November 1971).

7. D. T. Livey, “Beryllium Oxide,” in High Temperature
Oxides, Part 111, Acadeniic, 1970.

8. R. Hendricks, Jr., U.S. Patent 3,529,046 (1970).

9. D. F. Regulla, G. Drexler, and L. Boros, Proceedings of
Third International Conference on Luminescence Dosimetry,
October 11 thru 14, 1971, Riso Report No. 249, Part II, p. 601,
1972. .
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Fig. 8.1. TSEE of powdered naiural Brazilian phenacite
{Be,8104) and powdered ceramic BeQ (Brush Thermalox 995)
mixed with graphite powder and plated on graphite cxrrier disk.

of Be0 995 (Fig. 8.2). Thus, lithium and sodium appear
to be performing similar roles for TSEE.

The eutectic temperature for BEO + Ti0Q, is
1670°C.1% After heating the titanium-irmpregnated sur-
face of the poor emitter BeQ 998 at 1400°C, no
substantial changes in the TSEE characteristics oc-
curred. At 1600°C, however, which is closer to the
eutectic, the TSEE curve begins to look remarkably
similar to that of BeO 99S5. The same effect was
observed after diffusing silicon into silicon-depleted
ceramic BeQ. Apparently cach of these activators is
promoting EE which is already intrinsic to the ceramic
BeO by increasing the efficiency of exoelectron release.

Other activators, however, resulted in the appearance
of naw EE peaks.’ ' This group of activators, therefore,
seems to provide new trapping sites. In Fig. 8.3 boron
can be seen to have introduced some new TSEE peaks
in Thermalox 998 after a diffusion treatment at
1400°C. Because of its small ionic radius (0.20 A
compared with 0.31 A for Be?), B* will substitu-
tionally displace Be** in amounts up to 0.25% with no
evidence of segregation” and has the potential to act as
an electron frap. For BeO + Ca0 the eutectic tempera-
ture is 1384°C.'? Heating Thermalox 998 impregnated
with Ca(OH), at close to this temperature {1400°C)
resulted in the TSEE spectrum of Fig. 8.4. Activation

10. S. M. Lang, C. L. Fillmore, and L. H. Maxwell, J. Res.
Nat. Bur. Stand. 48(4), 300 (1952).

11. A. Moreno y Moreno, I. §. Cheka, J. S. Nagpal, R. B.
Gammage, and K. Becker, Further Studies on TSEE Activators
in B20, ORNL-TM-3668 (March 1972).

12. R. A. Potter and L. A. Harrxis, /. dmer. Ceram. Soc.
45(12), 615 {1962).
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with manganese at 1200°C also showed evidence for
new TSEE peaks.

Cold-pressed pellets of intimately mixed high-purity
beryllia powder (<20 ppm impurities) and Cabosil silica
powder were prepared with silica contents up to 1% by
weight (as can be seen in Fig. 8.5, an Si0; addition of
about 6% would result in a minimum inherent energy
dependence for photons). The pellets were fired in air
at 1600°C. Preliminary results indicate that there is an
increase in TSEE sensitivity with increasing SiO,

ORNL~DOWG 71--1335¢

300 (- l
B8e0 998 + Cal
1.7 °C/sec
200
v
o
&
%)
[FE)
»
4
|
100 |
| !
|
O |
300 400 500 600
7 (°C)
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content. The TSEE spectra were similar to those seen
with BeQO 995.

A number of ceramic BeO’s containing varying
amounts of MgQ, Si0,, Ca0, and Al, 05 added before
firing at 1600°C were also studied. None of these
saraples exhibited a glow curve (after heating at
1400°C) different from that of BeO 995. Samples with
1% by weight 5Al;03-5S5i0,+5Mg0O-Ca0 and Ther-
malox 995 at 1% additive level exhibit a sensitivity
comparable to that of BeQ 995. Heating for 4 hr at
1600°C did not change the peak locations but enhanced
the sensitivity considerably. Heat-treatment experi-
ments will be extended in the near future up to
2500°C.

TSEE READER DEVELOPMENT

It was previously established that BeO ceramic has
many desirable characterisiics as a TSEE radiation
detector. Before practical application of such detectors
can be considered, a counting system is required
wherein reproducible conditions are maintained over
hundreds of readouts.

In the previously used TSEE reader, samples were not
readily and rapidly interchangeable. A new routine
counter, whose essential features are shown in Fig. 8.6,
permits such rapid loading in a reproducible manner. A
plate of Vycor glass has a central Y% -in. hole lined with
a grounded platinum strip against which the !4-in. BeO
disk is pressed during readout. The BeO disk sits in a
gold cap above the heater unit which can be raised or
lowered on a weighted lever arm. Some movement in
three dimensions is permitted to allow for correction of
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any geometric irregularity in a BeO disk which might
otherwise prevent proper seating against the platinum
strip. The Y%-in.-thick glass appears to be close to the
optimum for mechanical strength, minimum well depth
through which the excelectrons must pass, and thermal
insulation to minimize temperature gradients in the
BeQ and keep the counter cool.

The performance that the instrument is capable of is
shown in Fig. 8.7. Over a period of two days and after
exposure of the disk to a constant radiation dose, 15
consecutive readouts of the same BeO disk gave
responses with a standard deviation of 2.6%. The first
rcadout on each day, bowever, gave a significantly
higher response than the mean, a phenomenon that is
discussed later in this report. '

It is important that variations in counter character-
istics remain small while variations intrinsic to the BeO
are being studied. Two types of counter characteristics
are of particular interest: the long-term stability in the
count rate obtained from a standard external source,
and the daily variations that might arise from a cold or
moisture-contaminated Geiger tube. Over g period of
two months the response to a small ®°Co scurce
showed a spread of 5%. The short-term stability was

by
2
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tested with a beta emitter (UO,) placed at the position
normally reserved for the BeQ and heated to 450°C.
Readings taken with the counter, either cold or warm,
were constant to approximately 1%. The stability of the
counter is judged to be quite adequate, provided that
the counter components and the operating condition
are held constant.

Certain limitations must be recognized, however, in
the usec of external or internal emitters of gamma or
beta radiation for the calibration of TSEE counters
because of the large energy differences compared with
exoelectrons. For example, the excellent plateau which
is observed with an external ®°Co source (Fig. 8.8) is
replaced by a completely different slope of 20% per
100 V when actual exoelectron emitters are used in the
same G-M counter.

An “‘ionization chamber” type of TSEE reader for
high dose measurements’® has been further modified
and improved to include a voltage-to-frequency con-
verter for integral current measuremenis. Introduction

13. K. W. Crase, R. B. Gammage, and K. Becker, Health Fhys.
22,402 (1972).
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of air into the helium-isobutane counting gas was
observed to increase the sensitivity substantially, and
the effect of various gases is presently being studied.

REPRODUCIBILITY AND STABILITY
OF TSEE DETECTORS

The new routine counter has been used to investigate
sensitization and stabilization processes in ceramic BeQ
995 disks purchased on separate dates. In a batch of 15
detectors the response was almost doubled by in-
creasing the time of sensitization from 4 to 64 hr, and
the spread in detector response (standard deviation) was
reduced from 48 to 11%. The additional sensitization,
however, is unstable during extended storage in an
unmodified laboratory atmosphere. After about two
months, the detectors had reached a stable “plateau”
(Fig. 8.9). Other series of detectors were sensitized for
different times and stabilized in liquid water or water
vapor at 80% relative humidity. Table 8.1 shows the
effects of these treatments on the mean response to 100
mR and the standard deviation. Evidently the mean
response of each group settles to a level of about
20,000 counts per 100 mR for each stabilization
treatment. Such results, however, have not always becn
confirmed by successive experiments. In one test, for
example, a batch of 15 disks was heated at 1400°C for
264 hr. As Table 8.2 shows, the sensitivity of approxi-
mately 30,000 counts per 100 mR was maintained
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throughout a variety of attempted “stabilization” treat-
ments.

Another complication is an apparent “memory”
effect. With increasing time after a previous readout, an
increase is usually observed in the sensitivity of the
dosimeter. Figure 8.7 illustrates this effect for a waiting
period of one month before the first readout. Another
sample (stabilized by water treatment) exhibits a nearly
linear increase with time, the increase being about 25%
after approximately one week (Fig. 8.10).

The effect of storage conditions (air of O to 100%
relative humnidity, temperatures of 20 and 120°C) on
this memory effect has been studied. The first readouts
were higher than the second and subsequent readouts
under all conditions, and no clearly resolved influence
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Table 8.1. TSEE response of Thermalox BeQ with varying heat sensitization and stabilization treatments

Mean response Standard

N‘,)' of Heat Stabilization treatment (net counts between deviation
disks treatment 200 and 400°C) )
5 64 hr at 1400°C 3 months in air 21,551 10.3
15 120 hr at 1400°C 400 hr in liquid H, O before drying at 600°C 20,469 89
5 10 hr at 1400°C 18 months in air at 80% relative humidity 18,806 4.8

Table 8.2. Invariant TSEE response of Thermalox BeO
after an initial heat sensitization of 1400°C for 264 hx

Standard

Mean response deviation (%)

Treatment

Stored at 120°C and 31,839 1.5
read out immediately

Storage in air at 29,992 7.9
80% relative humidity
for 40 days

Heated in air at 600°C 31,818 10.4

of the storage conditions was observed. Apparently it
depends principally on time. A pretreatment such as
drying at 120°C just prior to readout for removal of
absorbed humidity has no influence (on 12 occasions
involving a whole spectrum of storage conditions, a
single sample gave mean responses of 22,400 for the
first readouts and 18,200 counts for immediately
following second readouts, with a standard deviation of
10%).

However, there have been instances where the mem-
ory effect has worked in reverse (second readout
higher). The rate of cooling of the samples from high
temperatures apparently is significant for this effect.
After the liquid water treatment, batches of samples
were heated to 600°C and cooled either slowly or
quickly. After rapid cooling the first readout proved to
be high by a mean value of 20%, and after slow cooling,
low by a mean value of 10%. Readout in the routine
counter to 500°C includes fast cooling, which wipes out
the effects of any prior slow cooling treatments.

Evidently, the dosimetric characteristics of ceramic
TSEE detectors based on BeO are more complex than
originally assumed, and several problems remain unre-
solved. By putting an accelerating potential on the gold
cap in the reader, it is hoped to overcome some of the
problems related to exoelectron “‘extraction.” Also,
sealed G-M tubes with bodies made of ceramic BeO,
which are expected to simplify the use of TSEE
dosimeters, are under development.

ATMOSPHERIC, TEMPERATURE, AND OTHER
EFFECTS ON TSEE

Having previously identified several parameters which
can change the TSEE response of BeO 995, some
experiments have been conducted under more closely
controlled conditions. To eliminate inconsistencies re-
lated to the removal of samples from the readout
instrument, they have been inserted and left undis-
turbed during repetitive irradiations and readouts.
Particular care has been exercised to ensure constancy
of counter characteristics, and attention has also been
paid to gas flow effects (Fig. 8.11).

Irradiations in air at elevated temperatures, contrary
to expectations, resulted in-a significant reduction in
the integral counts for the main peak (Fig. 8.12); a
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reduction of about 20% occurs between room tempera-
ture and 150°C.

To siudy the effect of the gaseous environment
during irradiation, exposures were carried out in bottled
(dry) breathing air, oxygen, nitrogen, and the helium-
isobutane counting gas. Some TSEE curves for the
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irradiations and readouts in helium-isobutane are shown
in Fig. 8.13. A smaller but significant increase in
response is seen when a nitrogen atmosphere is used,
but a decrease in response occurs in an oxygen
environment. In dry air the response remains constant.
A possible explanation for the observed changes is that
outgassing of the suiface of the BeQ takes place, with
subsequent changes in the emission characteristics.

In the case of breathing air with added water vapor, a
30-min exposure prior to irradiation and readout
produced a 6% reduction in the net counts. A similar
effect was seen for moisture-containing helium-
isobutane, the magnitude of the reduction being related
to the amount of water present. It seems, therefore,
that differences in the apparent sensitivity occur be-
tween well-outgassed surfaces and those covered with
adsorbed water. The results for the oxygen atmosphere
indicate that adsorbed oxygen also has a detrimental
effect on the counting rate. (Under practical conditions,
the oxygen effect, of course, can be ignored.)

If the detector is exposed to artificial room light prior
to irradiation, there is also a reduction of the observed
TSEE. The changes in the net counts are listed in Table
8.3. Obviously, the drop in response is greater for the
combined exposure to light and air than for air alone. [t
can be concluded that several parameters may have to
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Table 8.3. Effect of exposure to light and atmosphere
on the TSEE response of Thermalox 995

No. of Preirradiation treatment Net counts
readout ’ (200-450°C)
1 Maintained in breathing air without 8,817
exposure to light or atmosphere

2 Maintained in breathing air without 10,057
exposure to light or atmosphere

3 Maintained in breathing air without 10,675
exposure 1o light or atmosphere

4 Maintained in breathing air without 10,793
exposure to light or atmosphere

§ Maintained in breathing air without 11,163
exposure to light or atinosphere

6 Exposed in light and atmosphese 8,332

7 Exposed in light and atmosphere 8,655

§ Exposed to the atmosphere under dark 9,710
conditions

9 Exposed to the atmosphere under dark 9,696

conditions

be considered during irradiation, emission, and readout
processes if high accuracy and/or reproducibility of the
detectors is desirable,

FADING STABILITY OF SOLID-STATE
AND FILM DOSIMETERS

Although much scattered information is available on
the storage stability of radiation effects in various
integrating detectors, the conditions under which their
fading kinetics have been measured vary substantially,
and few reliable data concerning the long-term exposure
to higher temperatures and humidities are available.
Therefore, fading experiments with some of the more
interesting detector systems have been carried out
under actual and simulated “tropical” climate condi-
tions. Only a few of the results’* can be given here.

Latent, unetched fission fragment tracks in 10-um
polycarbonate (Kimfol) foil are stable for at least three
months at 30°C and 95% relative humidity (Fig. 8.14).
At 60°C and the same humidity, 25% fading was
observed during three weeks after etching and spark
counting. Three radiophotoluminescence (old and new
Toshiba glass, C.E.C. glass) dosimeters also showed less
than 15% deviation in their readings between one day
and three months after exposure, if stored at 30°C and

14. K. Becker, J. 8. Cheka, J. S. Nagpal, and M. Sohrabi, an
ORNL-TM report in preparation.
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95% relative humidity (Fig. 8.15). Of various thermo-
luminescent detectors, CaSO,:Dy exhibited a barely
detectable  fading; LiF:MgTi (TLD-100) and
CaS0,4:Tm comparable fading rates {Table 8.4); and
CaF,:Dy a rather pronounced fading under the same
conditions.

The results of the tests involving common Kodak
dosimeter films were very discouraging, in particular
when the films had been equilibrated with the ambient
humidity prior to exposure (humidity requires some
time to penetrate the film wrapping). The sensitive
emulsion in the Kodak type 2 Personnel Monitoring
films, as well as many of the NTA films, was completely
destroyed after three months at 30°C and 95% relative
humidity. The more tesistant, insensitive emulsion of
the type 2 film exhibited a large increase in fog density
as well as pronounced fading (Fig. 8.16).
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Table 8.4, Sensitivity and stability of some TLD phosphors

Relative sensitivity Fading during
Material Harshaw Teledyne six weeks
2000 7710 Sméﬂge
reader reader at 32°C (%)
LiF (TLD-100) 1 1 10
CuSQ4:Dy 25 30.5 1.5
(Harshaw)
CaSO4:Tm 23 38 12.5
(Matsushita)
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was totally destroyed.

A long-term stability study with three types of RPL
glasses (Bausch and Lomb High-Z, Bausch and Lomb
Low-Z, and Toshiba FD-1),'® which was started in
1962. has been concluded. Considering the background
buildup, the readings agreed within the accuracy limits
of the reader with those taken four years ago. The
Toshiba FD-1 glass read within £6% in the time interval
between one day and ten years after exposure. Only in
glasses which had been exposed to doses exceeding 10
R, fading of the radiation-induced absorption band
simulated a further buildup of RPL.

THERMOLUMINESCENCE DOSIMETRY

Work in this field was limited to some studies on the
practical use of more recent phosphors in environ-
mental dosimetry’® and on the TL properties of some
materials which had been prepared for TSEE activation

studies.
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As there is only a small contribution of low-energy
photons to the total external dose, energy inde-
pendence of the detectors is not important for most
applications (in various background radiation measure-
ments, no difference was observed in the reading of
low-Z and unshielded high-Z detectors' 7). It is essen-
tial, however, to use detectors which are sufficiently
sensitive, reliable, stable, and easily available.
CaS0,4:Dy powder, which exceeds the sensitivity of
LiF:Mg Ti (TLD-100) by a factor of about 30 (Table
8.4). is highly stable, can be easily prepared with
minimal equipment and costs, and is, therefore, well
suited for such measurements.

Naturally, the performance of the system will also
depend on the quality of the reader and readout
procedure. With one of the better commercial instru-
ments such as the Harshaw 2000 or the Teledyne/
Isotopes 7710, an optimized heating cycle, and a
constant flow of clean nitrogen, gamma radiation doses
as low as 0.3 millirad can be detected. Doses in the 1- to

10-millirad range are measured with a precision of 0.3

15. J. S. Cheka, Health Phys. 10, 303 (1964); 15, 363

(1968).

16. K. Becker, Nucl. Instrum. Methods (in press).

17. K. Becker, R. Lu, and P. §. Weng, Proceedings of the
Third International Conference on Luminescence Dovimetry,
October 11 thru 14, 1971, Ris6 Report No. 249, Part Ili,

960, 1972.
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millirad for one standard deviation, which becomes
about 4% at 10 millirads and 2% at doses exceeding 20
millirads. '

Preliminary results indicate that a comparable sensi-
tivity may be obtainable also with low-Z detector
materials. Certain ceramic BeO samples are very sensi-
tive if evaluated in a wvv-sensitive TL reader and
sensitized by proper pretreatment. [t is interesting to
note that heating for extended periods to 1400°C,
which increases the TSEE sensitivity, also has a marked
effect on the TL response (Fig. 8.17).

TRACK ETCHING

Research continued on the possibilities of replacing
the unsatisfactory method of recoil proton registration
for photographic fast-neutron persoonel dosimetry by
etching techniques. Two approaches have been studied
in some detail.

The hazards involved in the use of a combination of
thin polycarbonate foils {to be spark counted after
etching) and a thin layer of ?>7Np which is plated on
the surface of an inert cacrier had to be reduced. The
best results so far have been obtained by “burning in”
several layers of evaporated organic solutions of neptu-
nium nitrate into a metal disk at high temperatures,
resulting in a well-sticking neptunium oxide layer. The
237Np layer is additionally protected from potential
rub-oft of alpha activity by sealing into a 2-um
polycarbonate foil.'® This results in a sensitivity drop
of about 20%. However, the sensitivity range of a
combination containing about 8 mg of 237Np still
covers well the desirable dose range from about 1

18. M. Sohrabi and K. Becker, Some Studies on the Applica-
tion of Track Etching in Personnel Fast Neutron Dosimetry,
ORNL-TM-3605 (December 1971) and Health Phys. (in press).
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millirad (six sparks, no background sparks in the
unexposed foil) to about 10 rads (Fig. 8.18) of HPRR
fission spectrum neutrons. Higher doses can be evalu-
ated by microscopic track counting. Reduction of the
237Np content or replacement of the neptunium by
thorium leads to a decrease in sensitivity.

The visibility of small tracks should be improved with
the parpose of simplifying the counting of fast-neutron-
induced recoil particle tracks in polymers. One tech-
nique consisted in the etching of transparent holes into
thin, intensely red-dyed cellulose nitrate layers which
are coated on a thicker and less-sensitive polyester
carrier (Kodak Pathé LR 115). The optical density
reduction of such foils is a linear function of the alpha
particle or fission fragment track density after opti-
mized etching, However, this method lacks reproduci-
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bility and sensitivity. Another technique is based on
locally heating the etchant by the conductive energy
loss in tracks caused by application of a high-frequency
electrical field during etching.!® The foils were placed
between two plastic containers which are filled with the
etchant, and a field of 200 V and 1 kHz was applied. In
thick acetobulyrate foils, such as the MTA film backing,
fission fragments as well as recoil nuclei tracks could
thus be amplified to visibility with the unaided eye
{Fig. 8.19). Counting can be done by projecting
“electroetched” foils onto the screen of a microfilm
reader.

19. L. Tommasino, Proceedings Seventh International Collo-
guium on Track Detectors, Barcelons, 1970,



9. Interaction of Charged Particles with Matter

G. S. Hurst

D. M. Bartelt*
T. E. Bortner?

E. B.

PROTON INTERACTIONS WITH HELIUM

The interaction of a swift charged particle with
helium gas is perhaps the most elementary example
which nature provides of the interaction of radiation
with matter, a subject of intensive study since the
discovery of x rays and of radioactivity. Yet the work
reported here during the past year has shown many
surprising energy pathways following the interaction of
2-MeV protons with helium gas at modest pressure
(1073 t0 10° torr).

Theory can be used to determine the number of
excited states and jon pairs which are “‘optically”
excited by the primary particle, and even to follow the
secondary electrons as they ionize and excite states
until they fall into the subexcitation electron category.
Such an energy degradation scheme for the primary
particle and the secondary clectrons is shown in Fig. 9.1
and Table 9.1.

The time behavior of the dominating excited state
(2! P) was studied by doing lifetime studies at 584 A (a

W. R. Garrett®
J. E. Talmage!

Wagner

resonance line resulting from 2! P-11S transitions). The
strong pressure dependence of the decay rate of this
radiation (Fig. 9.2) shows that collisional processes
convert the atomic state to some other species at a very
high rate. Combining the above results with studies of
the intensity and the time behavior of the continuous
emission (around 675 A and around 825 A), we con-
cluded that the main energy pathways are those shown
in Fig. 9.3. From the diagram one sees that the atomic
state 2! P is converted to two different excited molecu-
lar states in helium by three-body collisions, One of
these (the D molecular state) radiates a fast component
of the vacuum ultraviolet continuum, while the B state
is metastable and is collisionally converted to a radi-
ating A4 state. The latter indirect process accounts for a
slow component in the vacuum ultraviolet continuum.

1. Qak Ridge Graduate Fellow, University of Kentucky.
2. Consultant.
3. Radiation Physics Section.
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Fig. 9.1. Energy degradation in helium, based on theoretical calculation.
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Table 9.1. The resulting species and relative yields of excited
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Fig. 9.3. Energy pathways model suggested to explain continuum formation and Jesse effects in helium.



Interestingly, the energy pathways model suggests
that the Jesse effect originates from a metastable
molecule, that is,

He, (B‘IIg)’rXY-"’ He+ He + (XY)* +e”

rather than from an atomic state, as previously believed.
A complete report on this work is available as a
dissertation.?

TRANSPORT OF RESONANCE RADIATION

In energy pathways models which attempt to inter-
pret the interaction of fast charged particles with
matter, resonance states play important roles because of
their large oscillator strengths which couple them to the
time-dependent electric field of the moving charged
particle. Thus, in argon the resonance 'P; (1048 A)
state is crucial because it is strongly excited, and its fate
in the gaseous system determines to a large extent the
ensuing energy pathways. Theoretical studies of the
transport of resonance radiation involve approximations
and, particularly, assumptions about the line shape in
the region of pressure broadening.

We are involved in a fundamental experimental study
of this problem in which use is made of a proton beam
to excite resonance states initially confined to a small
region around the axis of a cylindrical emission cell.
These studies involve (1) measuring the escape rate of
resonance radiation following excitation which lasts
about 1 nsec, (2) measuring the intensity of resonance
radiation as a function of pressure, and (3) measuring
the intensity and time evolution of continuous emission
characteristic of molecules formed when the atom is
collisionally converted.

We find in argon evidence for the destruction of
resonance states by three processes: (1) transport to the
walls of the apparatus, (2) two-body conversion to
slightly longer wavelengths (1048 A) in a Franck-
Condon process, and (3) conversion to argon molecules
in three-body collisions. Our data should provide the
first critical test of resonance radiation transport theory
under the following necessary conditions: (1) good
experimental geometry, (2) measuremeints of several
features over wide pressure ranges, for example, 1075
to 10° torr, and (3) explicit corrections for the
two-body and three-body sink terms.

Since we are also interested in the role which
resonance states play in producing Jesse effects, we
have arranged a companion ionization cell to have the

4. D. M. Bartell, Ph.D. thesis, University of Kentucky.
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same geometry as the emission cell. Measurements of
the ionization produced in the cell filled with a mixture
of gases (such that Jesse effects are occurring) as a
function of the total gas pressure can then be combined
with measurements of the decay rate of resonance
states to provide verification of the role of resonance
states in producing the Jesse effect. Additionally, the
rate constants for producing these effects in various
impurities can be obtained.

AN OPERATIONAL RATIONALE FOR
RADIATION PROTECTION

The processes in which radiation interacts with man
are so complex that one must accept an operational
basis for correlating radiation ficlds with bioclogical
effects. We are seeking an operational rationale which is
not encumbered by such concepts as ‘“‘permissible
levels” measured in terms of absorbed dose or its
modification by a myriad of factors. The premise on
which we base a formulation is the following. If the
changes brought about in a biological system are
governed by the ordinary laws of physics and proba-
bility, then specification of the radiation field during
the life of the system determines the probability that
changes have occurred or will occur in that system due
to radiation.

We will define the radiation field by specifying every
variable which could conceivably affect the biological
probabilities. Thus, the radiation field N (E, ¢, 1, ¢) is
defined such that

N(E, ¢,5,0)dEd¢ d’r dt

is the number of particles of type k lying in the energy
range between £ and £ + dF in the solid angle d¢, in the
volume element d>r, and in the time interval dr. ‘The
operational premise can be stated in a symbolic form if
one chooses to specify the state of a biological system
with respect to effect / in species j through a quantity
S;;- Thus, we can write an operator equation

G {N(r), Si{e) } =Py(t > 7). (N
Here P;j(¢+ > 1) is the probability as a function of time
that effect i will be observed in species j at any future
time ¢ > 7 after the radiation N(7), and G is an
operator which yields a transformation of the syster
from its initial state to the rth biological end point {for

convenience we have suppressed the arguments F, r,
etc.). :



The idea expressed in Eq. (1) serves only as a logical
framework within which a more explicit operational
approach may be sought. We are pursuing two different
approaches to the problem, each of which offers a
degree of conceptual and mathematical beauty without
total sacrifice of utilitazian purposefulness.

In the first approach, which might be described as a
biological operator formulation, we express an opera-
tional relationship between radiation and effect by
assuming that an operator exists which transforms the
radiation field directly into probabilities of observing
effects. Thus

Oy N8, 6,1, ) = Pylt > 1), )
where Oy is an operator which leads to effect i in
species / as a result of a radiation field V. The operator
obviously would include integration over the multi-
dimensional coordinate space of N. In actual measure-
ments the readings obtained by a detector in a radiation
field would yield a set of numbers which are indirectly
related to &V, say R (e, ¢, 1, 7). Then if the instrument is
adequately designed, it is possibie to learn the real
nature of the field through a transformation of the
readings of R. Thus

Ode(E, ¢,I‘, T)sz(E, ¢, r, T) y (3)
where O is an operator characteristic of the “detector”
which allows one to transform the readings into
knowledge of the field. Thus if O, exists, then from Eq.
)

01] Ode(E, ¢, T, T)

=0 Rle, o, 0, 1) =Pyt >71), (4)
and one can transform the instrument response directly
into a table of probabilities; that is, unfolding R to
obtain /V is unnecessary.

A second mathematical expression of the operational
relationship implied by Eq. (1) has been prompted by
the observation that there are no “radiation diseases.”
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That is, radiation only enhances the rate of incidence of
certain maladies which occur naturally with proba-
bilities B,{¢) (i.e., effect / in species j). With this in
mind one is led to an operational relationship between
radiation and effect which can be expressed in a form

O(N) B, (1) = Py(t > 7), (5)
where O(N) is an operator which has some as yet
unspecified functional dependence on the radiation
field V. (P;; is now the total probability of occurrence,
including the natural rate; thus if & = 0, ¢ = 1). The
objective here is to “discover” the operators O(N)
which change the natural rate of incidence to that
which occurs as a result of radiation N Operators
independent of i and j are probably outside the realm of
possibility, but if it should happen that O = O,, that is,
the operator is specific to effect / but independent of
species, then one could easily extend biological data to
humans. This would be tantamount to the discovery of
a macroscopic “law” of radiation effects. If one is
unable to find operators of this degree of generality,
that is, if both i and j have to be specified, the
formalism, though still very useful, would require
human data.

Even now it is clear that research in physical
instrumentation should inceeasingly involve spectro-
scopic approaches and multiparameter computer stor-
age technology in contrast to simpler devices which can
only provide a single parameter indication.

A joint program with the Biology Division is under
way in which we are attempting to find the operator
(), Eq. (5), for the case of mouse cataract incidence.
The data B;;(r) are available, and so are £y{(r) for some
radiation fields. Additional experiments will be per
formed as the effort to find operators suggests them.
While the present formalism leads quite naturally to
suggestions on new directionts for physical instrumen-
tation and on new experimental approaches to radiation
biology, the more immediate benefits to be gained from
the present investigation come in the nature of pro-
vocative and conceptual values.



10. HPRR and Accelerator Operations
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HEALTH PHYSICS RESEARCH
REACTOR OPERATIONS

The HPRR has continued to be used as a source of
fission neutrons for health physics and radiobiological
research activities. The reactor was employed, not only
by the Health Physics Division, but by other Labora-
tory divisions (e.g., Biology and Environmental
Sciences), representatives of several foreign countries,
many colleges and universities, and other Federal
contractors and agencies. Typical experiments per-
formed during this period include:

1. long-term effects of acute nonlethal doses of fission
neutrons in mice;

study of crypt cell survival in the intestine of
laboratory mice;

. radiation-induced cancer in mammary glands of
Sprague-Dawley rats;

radiosensitivity and mutation induction in agricul-
tural and ornaruental plants and seeds;

5. nuclear radiation pumping of a gas laser;

effects of fission neutrons in producing chromo-
some aberiations in the peripheral blood of swine;

. the effectiveness of radioprotectants applied in vivo
to laboratory mice;

angular distribution of neutron and gamma-ray
dose incident on HPRR control building;

. intercomparison and calibration of radiation de-
tectors and accident dosimetry systems;

. training for graduate nuclear engineering students.

1. On loan from Neutron Physics Division.
2. On loan from Instrumentation and Controls Division.
3. National Science Foundation Presidential Intern.
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No major modifications or changes in the reactor have
been made in the past year. The annual inspection of
the fuel and associated equipment showed no signifi-
cant change in the condition of the reactor com-
ponents.

CALCULATION OF THE HPRR NEUTRON
SPECTRUM FOR SIMULATED NUCLEAR
ACCIDENT CONDITIONS

Since 1964, the Health Physics Research Reactor at
the Oak Ridge National Laboratory has been used to
simulate nuclear excursions to allow intercomparisons
of accident dosimetry systems.*”!2 Generally, activa-
tion foils or threshold-activation foils are used to
measure the neutron fluence. Data from these detectors
are used to provide the neutron dose and some general
shape to the neutron energy spectrum. However, some
participants have calculated a spectral distribution to fit

4. 1. A. Auxier, “Multi-Laboratory Intercomparisons and
Standardization: Nuclear Accident Dosimetry Systems,” in
Nuclear Accident Dosimetry Systems, STI/PUB/241, 1AEA,
Vienna, 1970.

5. 1. A. Auxier et al., Health Phys. Div.
July 31, 1965, ORNL-3849, pp. 172-73.

6. J. A. Auxier et al., Health Phys. Div.
July 31, 1966, ORNL-4007, pp. 192-95.

7. J. A. Auxier et al., Health Phys. Diy.
July 31, 1967, ORNL-4168, pp. 208-13.

8. J. A. Auxier et al., Health Phys. Div.
July 31, 1968, ORNL4316, pp. 238—44.

9. J. A. Auxier et al., Health Phys. Div.
July 31, 1969, ORNL 4446, pp. 271-77.

10. J. A. Auxier et al., Health Phys. Diy.
July 31, 1970, ORNL4584, pp. 191-97.

11. J. A. Auxier et al., Health Phys. Div.
July 31, 1971, ORNL-4720, pp. 112-13.

12. ¥. F. Haywood, 1970 Intercomparison of Nuclear Acci-
dent Dosimeiry Systems at the Oak Ridge National Laboratory,
ORNL-TM-3551 (February 1972).

Annu. Progr. Rep.

Annu. Frogr. Rep.

Annu. Progr. Rep.

Annu. Progr. Rep.

Annu. Progr. Rep.

Annu. Progr. Rep.

Annu. Progr. Rep.



the experimental results.!*>'* Specirum measurements
by other methods (e.g., a "Li-sandwich detector)
provide spectral information over only a portion of the
neutron energy range. Since the entire neutron energy
spectrum IS necessary, a calculational study was begun
to provide the HPRR neutron spectrum for three
typical accident exposure conditions.

Calculations of the HPRR spectrum were performed
using the DOT'® two-dimensional transport code. The
cross sections used in the calculations were obtained
from several sources.!® All materials except calcium
and the hydrogen thermal data were obtained from the
ENDF/B version 1i data fies. The calcium data are
those given in the data files for the GAM 11'7 code, and
the thermal data for hydrogen are derived from the
Nelkin thermal model for bound hydrogen. The many-
group {93 fast groups and 30 thermal groups) data were
reduced to 33 fast groups and a single thermal group
using the spectral weighting code XSDRN.1'® Since the
calcium data consisied of 99 fast groups, these were
reduced to 33 groups; the thermal group data were
added using values from BNL-325."® The DOT calcula-
tions were then performed using the 34-group set in the
F, approximation.

Two calculations were made for each shielding con-
figuration in an effort to minimize “ray effects.”*® The
first was done in the $6 (30 discrete angles) approxi-
mation. The scalar fluxes from this run were used as a
starting tlux for the subsequent case, which was for a
total of 328 discrete angles. The use of this number of
angles reduced the ray effect to a level consistent with
the accuracy limitations of the other discrete param-
eters.

13. P. Candes and J. Lambericus, “Dosimetry in Nuclear
Accidents,” in  Nucleer Accident Dosimetry  Systems,
STI/PUB/241, IAEA, Vienna, 1970.

14. J. C. Bailey, 4 New Newtron Dosimeter and Neutron
Spectrum Model for Nuclear Accident Dosimetry, XK-1763 (Oct.
2, 1969).

15. F. R. Mynatt et al., Development of Two Dimensional
Discrete Ordinates Transport Theory for Radiation Shielding,
CTC-INF-952 (August 1969).

16. 1. L. Lucius et al., The INDE X Data System: dn index of
Nuclear Data Librasies Available ar ORNL, ORNL-TM-3334
(March 1971). .

17. G. D. Joanon and 1. S. Dudek, GAM i{, 4 83 Code for
the Calculation of Fast-Neutron Spectra and Associated Multi-
group Constants, GA-4265 (September 1963).

18. N. M. Green and C. W. Craven, XSDRN: A Discrete
Ordinates Spectral Averaging Code, ORNL-TM-2500 (July
1969).

19. John R. Stehn et al., Neutron Cross Sections, BNL-325,
2d ed. (May 1964).

20. K. 1x Lathrop, Nucl Sci. £ng. 32, 357 (1968).
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For purposes of the calculation, the center of the
reactor was placed 150 cm above a3 30-cm-thick
concrete slab, which extended to'a radius of 3 m from
the reactor center line. Shielding configurations were
calculated with no shield, a Lucite shield 12 cm thick
and rising to 282 cm above the concrete, and a steel
shield 13 cm thick and rising to 213 cm above the
concrete. These shields were at 200 ¢m from the reactor
center. Due to limitations of ithe DOT code, these flat
shields were represented for calculations as cylindrical
annuli located as described above. Figure 10.1 shows
the idealized model of the core, having cylindrical
symmetry, which was used in this calculation. Rather
than attermpt to describe the equipment and instru-
ments located above the reactor, only three stainless
steel plates and two polyethylene slabs wete included in
the model. The neutron energy spectrum was divided
into 34 energy groups ranging from thermal to 14 MeV.

ORNL -- OWG 71~ 435534
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Fig. 10.1. Calculational model of the HPRR.



The energy grouping is given in Table 10.1. In addition
to neutron spectrum, the calculation also provided
neutron dose at each position in the grid. Fluence-to-
dose conversion factors were those of Auxier, Snyder,
and Jones.?!

The calculated HPRR neutron spectra for the three
conditions described above (i.e., bare, steel, and Lucite
shields) are shown in Fig. 10.2. The effects of the two
shields on the bare spectrum are obvious. For the
Lucite shield, the spectrum appears to be about 1/E up
to 100 keV. Neutron dose in tissue as a function of
distance is given in Fig. 10.3. For comparison, the
figure also includes threshold detector results from the
1971 intercomparison study. The agreement between
the calculated and measured values at a distance of 3 m
adds some confidence to the calculations.

21. J. A. Auxier, W. S. Snyder, and T. D. Jones, “Neutron
Interactions and Penetration in Tissue,” in Radiation Dosim-
etry, vol. 1, ed. by Attix and Roesch, Academic, New York,
1968.
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Table 10.1. Energy groups for HPRR spectium calculations

Group No. Uppe.r e.nexgy Group No. Uppc.r elnergy
limit limit

1 14.9 MeV 18 7.10 keV
2 10.0 19 3.35
3 6.7 20 1.23
4 4.97 21 583 eV
5 3.01 22 214
6 1.50 23 101
7 907 keV 24 479
8 408 25 29.0
9 111 26 17.6

10 86.5 27 10.7

11 67.4 28 5.04

12 525 29 3.06

13 40.9 30 1.56

14 31.8 31 1.00

15 24.8 32 0.65

16 19.3 33 0.45

17 15.0 34 0.10

ORNL-DWG 71-9332R

q 1
0 \\
o3
D \\ \
1010
~3—
i
10° \\ ‘%j\
. =
10 “’XNK
»\ X
107 N T T
RS \%
R0
ok
W 106 Q\"\”X*
I Sxses
Q \ T{\
2 o5 N e TS
SN 1§
X{ /e K:O—
i AN
4 o
10 o NV o
103 2\
\h
(3
102 \
@ 12cm LUCITE SHIELD \
10! o NO SHIELD |
» 13cm STEEL SHIELD S
0 L
1072 1071 100 10! 102 103 104 108 108 107 108

ENERGY (eV)

Fig. 10.2. Calculated HPRR leakage specttum at 3.0 m from the center line of the core.



NEUTRON DOSE FOR 10'7 #ISSIONS (rad}

81

ORNL-DWG 71-8976

s CALCULATED DISTRIBUTION (NO SHIELD)
* CALCULATED DISTRIBUTION (STEEL)  —|
o CALCULATED DISTRIBUTION (LUCITE)

~ 8 MEASURED (> 1 keV) LUCITE SHIELD
" = MEASURED (> 1 keV) STEEL SHIELD
& MEASURED (> 1 ke¥) MO SHIELD

Fig. 10.3, Neutron dose vs distance from HPRR.

S
w
/
>
-
Lo

POTUUOUAR SN S vy

13-cm STEEL SHIELD AT 2.0 meters =3
12-cm LUCITE SHIELD AT 2.0 meters -

" GALCULATED DISTRIBUTION -
g oo SHIELD
10? -
5 777777777 i - ] “*uj
) 05 10 1.5 20 25 3.0

DISTANCE FROM REACTOR CENTERLINE (m)



11.

Spectrometry Research and Development

J. H. Thorngate

J. A. Auxier
G. D. Kerr

NEUTRON DETECTOR

The Aerial Radiological Measuring Surveys (ARMS)
system is operated for the Atomic Energy Commission
by the Las Vegas Division of EG&G, Inc. A package of
fourteen 4 X 4 in. Nal(Tl) crystals is used in a light
two-engine aircraft to measure the terrestrial radiation
signature of large areas. With the increase in the number
of nuclear power stations, some ability to detect
neutrons is also desirable. The first unit used was a
single 12-in.-long BF; proportional counter. Next, an
array of long BF3 counters was tried. In support of this
program the Spectrometry Group has studied the
available neutron detectors. The requirements for light
weight, ruggedness, and sensitivity led to the evaluation
of a detector composed of a 5-in.-diam by %-in.-thick
glass scintillator coupled with a 5-in. photomuitiplier
tube. To provide neutron sensitivity the glass contains
7.5% by weight of lithium enriched in ®Li to 95%,
which is adequate to make it black for thermal
neutrons. Actual efficiency is 0.997 at 0.025 eV,
decreasing to 0.028 at 1 keV. This results in a
sensitivity of 125 counts cm? neutron™ at thermal
energies, which is roughly three times that obtained
from the BF; counter. The particular glass chosen also
has pulse-shape characteristics that allow electronic
rejection of gamma-ray-produced pulses if necessary.

A series of runs were made using an AmB neutron
source at a fixed distance from the glass detector and
varying the thickness of a polyethylene moderator in
front of the glass in “-in. steps. The maximum
sensitivity obtained was 6.2 counts cm? neutron™' for
this neutron spectrum with 2.5 in. of polyethylene. A
similar run for PuBe neutrons gave 7.7 counts cm?
neutron~' for a 2.25-in. moderator thickness. These
results were encouraging enough to warrant further
investigation by the EG&G staff in Las Vegas.

1. Alien guest.
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P. T. Perdue
M. M. Abd-El Razek!

LIGHT PULSER

Experiments using photomultipliers often require a
standard source of light for calibration. An example is
the pulse measurements made in conjunction with
studies of the purification and development of organic
scintillators.?>®> A light pulser has been used that
consists of a small amount of 2**Am in an Nal crystal
of about 1-cm dimensions, but the light output of this
source cannot be controlled easily, and it has limited
resolution. Therefore, a light pulser was designed that
uses low-cost gallium arsenide phosphide light-emitting
diodes. The spectrum of light produced by these diodes’
makes their use more suitable with photomultiplier
tubes with an S-20 response than with S-11 response
tubes, although such applications are still possible. This
light source is variable and can be turned on or off at
will. [t also yields pulse distributions with good
resolution, typically less than 3%.

A major problem with light-emitting diode light
sources is instability caused by temperature fluctua-
tions. The light produced by a light-emitting diode is
proportional to the forward current through the diode
and is a reasonably linear function of current except at
the limits of low and high current. Temperature changes
affect the voltage-current characteristics of the diode,
so voltage control provides inadequate stability. By
using integrated circuits and regulating the diode
current rather than voltage, stability of 0.5% was
achieved. To achieve maximum stability the diode
should be selected. Pulse height and length are variable
over a wide range, and the pulses may be turned on and
off reproducibly.

2. P. T. Perdue and M. D. Brown, Nucl. Instrum. Methods 71,
113-16 (1969).

3. J. H. Thorngate et al., Health Phys. Div. Annu. Progr. Rep.
July 31, 1971, ORNL-4720, p. 110.



CONTRIBUTIONS TO ENVIRONMENTAL
IMPACT STATEMENTS

As part of a three-fourths man-year effort devoted to
this project by the Spectrometry Group, a computer
program was developed to convert source term data
given as radionuclide concentrations in water to esti-
mates of dose to man. It is being used in the assessment
of radiological impact on man from aquatic releases of
radionuclides. Estimates of the dose to man in millirerns
from the individual radionuclides and the total dose
from all the radionuclides in water can be made for
both external and internal pathways of exposure to
man. The pathways included in the program are
external exposure of man by submersion in contami-
nated water and by standing above 2 shore contami-
nated by sedimentation of radionuclides from the
water, and internal exposure of man by drinking
contaminated water or by eating fish or shelifish living
in the water. Dose to the total body from penetrating
radiation is calculated for external exposures, and the
dose to the total body, bone, thyroid, kidneys, liver,
and gastrointestinal tract is calculated for internal
exposures.

DEVELOPMENT OF A HIGH-SENSITIVITY
FAST-NEUTRON SPECTROMETER

in the past the use of a single organic scintillator to
measure fast-neutron spectra has not been adopted for
measurements related to radioprotection around the
HPRR due to the extreme difficuity of reducing the
data. This type of detector, usually an NE-213 liquid
scintillator, has received wide use for physical measure-
ments where the delay involved in the computer
reduction of data is not a problem.*’® There are also
certain applications in radioprotection where the delay
in data reduction does not cause a problem.® Such a
problem was encountered in conjunction with the study
of the effects of heavy shielding on the survivors at
Hiroshima and Nagasaki. Because angular distribution
of the fast-neutron spectrum incident on the roof of the
DOSAR Control Building was desired, a 2 X 2 in.
cylindrical NE-213 scintillator was obtained to provide
adequate sensitivity.

4. V. V. Verbinski et al., Nucl. Instrum. Methods 65, 8--25
(1968). ‘

S. W. R. Bums and V. V. Veghinski, Nucl. Instrum. Methods
87, 181-96 (1969).

6. . Burger, W. Eckl, and H. Gredel, Advances in Physical
and Biological Radiation Detectors, Proceedings of a Sympo-
sium, Vienna, November 23-27, 1970, pp. 467--74, 1AEA,
Vienua, 1971.
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A number of preliminary measurements were required
to obtain the response function of this detector.
Published values of light output vs proton energy were
inadequate. In fact, there is some evidence that ihis
varies significantly for every detector.” A method of
comparing the measured response to 3- and 15-MeV
neutrons to a proton energy distribation calculated
with a Monte Carlo code in order to obtain the light
response has been worked out but is not finished dus to
a delay in obtaining the calculated data. When these
data become available and the light vs proton energy
response is obtained, the data will be reduced by a
modification of the technique developed by Tumer et
al. for unfolding LET spectra from pulse-height data.®

A simplified technique of pulse-shape discrimination
to separate electron and proton pulses was developed
for use in this experiment. 1t uses commercially
available NIM compatible equipment throughout and
requires only the anode signal from the photomulti-
plier. One requirement of this ‘technique is that the
photomultiplier output signal be integrated by the
preamplifier. Commercially available istegrating
{chatge-sensitive} preamplifiers were found o have an
insufficient dynamic range for this application, so a
simple preamplifier was designed that has performed
well with good dynamic range and low noise. Iis
simplicity allows it to be constructed in a small size and
mounted directly to the photomultiplier tube base
assembly. The resulting short input leads optimize the
output pulse rise time.

A DEVICE FOR LISTING PUNCHED PAPER
TAPE DIRECTLY ON A TYPEWRITER

Using punched paper tape to read out digital data
from multichannel analyzers has two distinct advan-
tages when a limited number of channels are to be read
out. First, the tape punch runs faster than the mechan-
ical printing devices commonly used for the readout of
digital data; second, the data are computer compatible
if the tape punches the data in the standard ASC Il
format. Analyzers that do not use this format can
usually be adapted to do so with a translator.” Data in
this form can subsequently be listed on any Teletype
having a tape reader.

7. A. Bertin, A. Vitale, and A. Placti, Nucl Instrum Methods
91, 64952 (1971).

8. 1. E. Turner et al., Health Phys 18, 15-24 (1970).

9 P. T. Perdue and J. H. Thomngate, Conversion of the
Nuclear Data 1304 Pulse-Height Analyzer 1o ASC I Paper Tape
with Manugl Entry for Data Hdentification, ORNL-TM-2936
(May 1270). :



A circuit was designed to operate with a tape reader
and an electric typewriter of the sort normally used to
read out multichannel analyzers. This arrangement
provides a central facility for analyzer users who need
to list numerical data previously put on paper tape. A
feature of this circuit is that it omits insignificant zeros,
thus making the typed data much easier to read.
Maxima in the data are particularly easy to identify
with such a format. To perform this function the circuit
is set by the space command to ignore zeros until some
nonzero number has occurred. Since some channels
contain nothing but zeros, the circuit also counts
leading zeros and resets to type just the last zero in a
channel to provide a marker. Insignificant zeros are
interpreted as spaces, so that the data are kept in even
columns. A detailed description of the circuit and its
functioning is available.'® The unit uses integrated
circuits as much as possible to increase reliability.

DISTRIBUTION OF CHARGED
PARTICLE STOPPING

A knowledge of the energy loss per unit track length
by a charged particle is basic for dosimetry, While good
values of the stopping power have been measured for
many charged particles in tissue-constituent elements,
little knowledge is available on the distribution of the
energy losses. Because most of the energy lost by a
charged particle is imparted to the electrons of the
target nuclei in a random manner, no single value of
energy loss but some distribution with energy will be
obtained for a given charged particle at a specific energy
incident on a particular target. For a thin target and
incident protons, the energy distribution of the emerg-
ing protons will not be symmetric.

At low proton energics there is ample evidence that
Bragg’s additivity rule does not hold for certain types of
molecules.'' A program has been begun to relate the
stopping distribution with this lack of additivity. To
that end two electrostatic analyzers have been con-
structed that have energy resolutions just under 0.1%.
One analyzer will be used as a proton monochromator
over the energy range 50 to 200 keV so that a precisely
known proton energy with a narrow energy spread can
be used as the input to the stopping material. The
second analyzer will be used to measure the energy

10. P. T. Perdue and J. H. Thorngate, 4 Paper lape o
Typewriter Translator That Suppresses Insignificant Zeros,
ORNL-TM-3692 (March 1972).

11. J. T. Park and E. J. Zimmerman, Phys. Rev. 131,
161118 (1963).
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distribution of the proton beam after it emerges from
the stopping media.

Because the present plans call for the measurement of
the distribution of stopping for the major tissue
constituents H, C, D, O, and simple two-element
compounds of these materials, provisions for handling
both gaseous and solid targets must be made. Therefore,
a differentially pumped gas cell is under construction as
well as a simple chamber to hold thin foil targets.

One additional piece of information may possibly be
inferred from these data, namely, the distribution in
energy of the secondary electrons produced by the
interactions with the incident protons. These distri-
butions can be measured directly for very thin gaseous
targets, but no solid target can be made thin enough for
an adequate measurement. Some relation between the
measured distribution of secondary electrons and
proton stopping in thin gaseous targets may be obtained
that would allow deductions about the secondary
electron distributions from solid targets to be made
from the stopping distributions measured.

ZONE REFINING OF ORGANIC COMFOUNDS

Often the particular expertise developed to solve
problems in spectrometry proves to be of value for
other projects. For example, the electronics expertise
that had to be developed to solve spectrometry prob-
lems has been repeatedly applied to other dosimetry
problems within the section. More recently the zone
refining capability established as part of the studies into
organic scintillators has been applied to the purification
of samples used in the negative-ion research conducted
by the Radiation Physics Section. The mass-spectro-
metric techniques used for these studies can produce
ambiguities unless the sample is extremely pure. For
example, purification of maleic anhydride and phthalic
anhydride by zone refining has removed questionable
impurities and allowed unambiguous’ results to be
obtained.

THE NATURAL RADIATION ENVIRONMENT
AND MAN’S INFLUENCE ON IT

Because of proposed changes to 10 CFR 50 and the
generally increased pressures to lower radiation ex-
posuies of the population, the need for a better
understanding of the natural radiation environment has
increased markedly. It has been assumed rather gen-
erally that there is not much that can be done to
decrease the exposures to the natural environment
without, for example, having people move away from



high altitudes or out of areas having higher than average
concentrations of U, Th, or K. However, some modi-
fying factors introduced by man, such as using yranium-
bearing aggregate for roads and buildings, may be
significant and may be controllable to some extent,
Roadways and sidewalks in some areas of Florida have
sufficient U, Th, and/or K to cause doses greater than
1000 mR/year for continuous exposure; for genetically
significant dose it is assumed that it makes no differ-
ence whether one person receives a given dose or two
persons each receive half of the same given dose, etc.
Further, Gabrysh and Davis' ? pointed out in 1955 that
uranium-bearing concrete used in some areas might
result in high radon levels in buildings. To measure low
levels of contaminating radionuclides in the environ-
ment, the use of high-resolution spectrometers appears
necessary. To interpret measurements with such
devices, notably Ge(Li), a detailed knowledge of the
spectra of the natural environment as a function of
several variables, including the concentrations of the

12. A. F. Gabrysh and F. J. Davis, NMucleonics 13(1), 50
(1955).
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radionuclides of the U and Th series, terrain features,
soil and rock types, etc., will be required in order to
account for their contribution to the total response of
the detector.

A mobile laboratory used for research at the DOSAR
Facility was modified slightly to use for suwveys of the
natural environment outside ORML. It cardes the
gamma-ray spectrometry system, air sampling equip-
ment, and alpha spectrometers for the air samples (filter
paper).

Preliminary measurements and calculations have
shown that a 50-cm?® detector of Ge(Li) is adequate for
measurements of the natural gamma-radiation environ-
ment and of gamma-emitting nuclides to levels of the
order of | to 15 mR/year, depending on the energy and
half-life of the contaminant. They have shown also that
the U and/or Th concentrations in the huge slag and
slate dumps of the coal fields are sufficient to warrant
detailed study for both the direct gamma-ray exposure
and the radon progeny-produced dose to the lungs. The
initial results for some roadways in Florida and Georgia
are surprisingly high, that is, several times the average
“natural” dose when measured inside an automobile or
truck.



Part II1.

Internal Dosimetry

W. S. Snyder

12.

Estimates of Absorbed Fractions for

Photon Emitters within the Body

W.S. Snyder

This report extends the preliminary study reported
last year for obtaining reliable estimates of specific
absorbed fractions at energies where the corresponding
Monte Carlo estimates have a large coefficient of
variation.

Introduction

The authors have published absorbed fractions com-
puted by the Monte Carlo method for a variety of
organs of an anthropomorphic phantom.? The photon
source is assumed uniform in 16 different organs, and
absorbed fractions ¢ are estimated in some 22 organs
whenever the coefficient of variation for a sample of
30,000 photons is less than 50%. Unfortunately, for
many organs the coefficient of variation was greater
than 50%, and subsequent experience tends to confirm
earlier impressions that estimates with a coefficient of
variation of 50% or more may easily be inaccurate by a
factor of 2 or even more. A number of attempts to
produce estimates to supply these missing entries have
not been entirely successful.®> The present paper de-
scribes a method which is quite general, whose accuracy
is not dependent on organ size, and which, for the adult
body, appears to be accurate for organs of the trunk to
within a factor of 2, being generally within some 20 to
30% of the values reliably estimated by the Monte Carlo
calculation.

Methods

Berger® has given estimates of the buildup factor
B(px) for a point source of photons in an infinite

M. R. Ford
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medium of water or of tissue. The range on x is to 20
mean free paths, but he has later made available to the
authors prepublication results which extend the dis-
tance to 40 mean free paths. The specific absorbed
fraction ® (fraction of energy absorbed per gram) in the
infinite medium at distance x cm from the point source
of a fixed energy £ is given by:

—ux

Mg b€
2 NﬁiB(“x) 3

4nx?

Pipx) = ()

where p and p,; are the mass attenuation and mass
absorption coefficients for photons of energy F.

It is easy to adapt Eq. (1) to the case of a source and
target organ of finite size. Let S denote a source organ
of arbitrary size and shape in the medium with a source
density of one photon of a fixed energy £ per cubic
centimeter. Consider a fixed point Y of the medium.

1. Mathematics Division.

2. W. S. Snyder et al., “Estimates of Absorbed Fractions for
Monoenergetic Photon Sources Uniformly Distributed in
Various Organs of a Heterogeneous Phantom,” MIRD Pamphlet
No. 5, Suppl. No. 3,/ Nuc! Med. 10,5 (1969).

3. W.S. Snyder, “Estimation of Absorbed Fraction of Energy
from Photon Sources in Body Organs,” Medical Radionuclides:
Radiation Dose and Effects, USAEC Division of Technical
Information, Qak Ridge, June 1970, p. 33.

4. M. ]. Berger, “Energy Deposition in Water by Photons
from Point Isotropic Sources,” MIRD Pamphlet No. 2, Suppl.
No. 1,J. Nucl. Med., 15 (1968).



The specific absorbed fraction at Y due to the extended
source in S is given by:

1 “abe—MIXM vi
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- @
I

where the integration is over the source organ S, p is the
density of the medium, dX is a volume element of 5,
and the expression is independent of p. Multiplying (2)
by p dY, integrating over an arbitrary “organ” T of the
medium, and dividing by p|77, one has (by additivity of
the absorbed fraction) the specific absorbed fraction
from S to 7, which, in the notation of MIRD Pamphlet
No. 1% is:

i be~ulX~ Yl
a

4miX - Y2

1
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5. R. Loevinger and M. Berman, *A Schema for Absorbed-
Dose Calculations for Biologically Distributed Radionuclides,”
MIRD Pamphlet No. 1, Suppl. No. 1, J. Nucl. Med., 7 (1968).
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The direct integration of formula (3) is rather
forbidding, especially if the boundaries of S and T are
complicated. For this reason we resort to evaluation of
Eq. (3) by use of the Monte Cario method. it is well
known that if points (X, ¥;) are sclected randomly in
the six-dimensional subregion 8 X 7, then (3) is the
expectation of the expression

Ly Hgpe HIX i Y

N7 4nlX, - Y,
It is clear that this method is straightforward but is
subject to one difficulty — namely, if § coincides with
T or shares a common boundaty with T, expression (4)
may be unbounded. To avoid this difficulty, we replace
the term

B(uiX, - Y. (4)

Hape -ulX - Y

e B(U|X; - Y
4nlX ¥ (ulX; - Y1)

by an approximation to its average value over a small
sphere of radius ». In the practical use of (4), r will be

ORNL-~-DWG 72-2887

© =T T Ty T 1 T i U T L,P‘Tj/jsgg'
’ -
- PHOTON ENERGY 0.03 Mev A
v P
- /,.’////
1073 *L - LUNGS AS SOURCE S —
= "L ~'LUNGS AS TARGET o s E
[ *Sk - SKELETON AS SOURCE o // .
“Sic- SKELETON AS TARGET S
& _
H—J -4 // ”’ )(‘”L
< 10 ’
=z - -~ J '<$
ok S 50 .
nl , /‘/, [id 4
n Iy e
2 N
() .- 7/ .
i WL
Q. L —
D -
& ]
= -
E-j@ 5K
e |
< =
g =
& COEFFICIENT OF VARIATION ~ i
BETWEEN 30-50%
+ COEFFICIENT OF VARIATION
BETWEEN 20-30% =
-4
- ,LX/ ;L . I
ol LA ol el o) e
e - -6 -5 - -3 -2
ok 10 10 o 10 0 {0

SAF (MONTE CARLO ESTIMATES)

Fig. 12.1. Monte Carlo estimates of specific absorbed fractions compared with buildup factor estimates.



taken as 0.1 cm, although other values of » have been
used. Thus we set

e el
WT < 8)= oL X ¥, (5)
]
where
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if |X; - Y;|<r. Changing to polar coordinates and
setting B(ulX; — Y;|) = 1, one obtains
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in this latter case. This relative stability of the formula
is obtained only at the expense of a certain indefinite-
ness in the boundary. Sometimes the entire sphere with
center at X; and of radius 7 is not within the region to
be sampled, so we have preferred to keep r small. With
r = 0.1 c¢m, the maximum contribution of a term is
about 5000u,, and if NV is taken as 30,000, this yields
a contribution of p,p/6 due to this one term.

Discussion

Data on the specific absorbed fraction are plotted in
Figs. 12.1--12.7 for photons of energies 0.03, 0.05, 0.1,
0.5, 1, 1.5, and 4 MeV. The position of each point is
determined by the two estimates of ®; that is, the
abscissa represents the estimate of ® by the Monte
Carlo program used for the anthropomorphic phan-
tom,? and the ordinate represents the estimate of ® by
use of the buildup factor. When the point is on the
heavy line, the two estimates are equal. It will be noted
that (1) generally, the points lie above the heavy line as
they should (backscatter is maximal in the infinite
space of tissue or water), (2) the points lie increasingly
close to the line as the coefficient of variation of the
Monte Carlo anthropomorphic estimates is decreased,
and (3) very few poinis lie outside the two lines which
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Fig. 12.2. Monte Carlo estimates of specific absorbed frac-
tions compared with buildup factor estimates.

bound the region 0.5 < &, /®, < 2, where ®; and &,
are the two corresponding estimates.

There are a few exceptions to the above. When the
skeleton is the target organ, the point should be raised
by the factor u,?f,’”e/u;ilfsue, since the composition of
bone will produce a greater abundance of secondary
electrons than will water or soft tissue. This correction
is important mainly for the energies below 0.1 MeV.,
Also, when the lung is the source organ, it appears the
results might be multiplied by a factor of about 3,
although the cvidence is not entirely clear. In the
buildup factor calculation, the lung region has a mass of
about 3000 g, and this allows fewer photons to escape
than if the mass were about 1000 g. Probably the factor
to be used is dependent on the energy of the photon.
Similarly, when bone is the source, the result obtained
from the calculation using the buildup factor might be
multiplied by two-thirds. However, these are “‘rule-of-
thumb”” corrections which are not rigorous, but they do
generally improve the correspondence of the two
estimates. We are continuing to explore this method but
expect that the inclusion of an adjustment factor for
bone and lungs is advisable, although its value is
probably not always the reciprocal of the density.
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13. Estimates of Dose to Infants and Children from a
Photon Emitter in the Lungs

M. 1. C. Hilyer

When a monoenergetic photon source is distributed
uniformly in any organ (called the source organ §), the
dose rate to any other organ (called the target organ 7')
is proportional to the specific absorbed fraction (SAF
or ®). This SAF is simply the fraction of energy
emitted which is absorbed per gram of the target organ,
that is,

energy absorbed in T
(energy released in 8) {mass of 7 in grams)

(b(Té-S)::

In most practical situations there will be photons
emitted of a variety of energies and intensities, and the
concept of the SAF can be extended to include such
cases;? but for simplicity only the case of a mono-
energetic source is considered in this report. Values of
SAF for a “reference man™ may be obtained from the
absorbed fraction {AF) by dividing by the mass of the
target organ (7). Some AF’s for adults have been
published in MIRD Pamphlet No. 5.* These estimates
take account approximately of size, shape, location,
composition, and density of the organ or tissue.
Although similar estimates for other ages are not
believed to be available, some preliminary estimates of
the age variation of the SAF for photons were

1. Mathematics Division.

2. Robert Loevinger and Mones Berman, “A Schema for
Absorbed-Dose Calculations for Biologically Distributed Radio-
nuclides,” MIRD Pamphlet No. 1, Suppl. No. 1, J. Nucl. Med.
February 1968).

3. W. 5. Snyder et al., “Estimates of Absorbed Fractions for
Monoenergetic Photon Sonrces Uniformly Distributed in
Various Oxgans of a Heterogeneous Phantom,” MIRD Pamphlet
No. 5, Suppl. No. 3, J. Nucl. Med. (August 1969).

4. W. S. Snyder, M. J. Cook, and G. G. Warner, "‘Preliminaxy
Indications of the Age Variation of the Specific Absorbed
Fraction for Photons,” presented at Health Physics Society
Meeting, New York, July 16, 1971; published in Health Phys.
Div. Annu. Progr. Rep. July 31, 1971, ORNL-4720, pp. 116--18.
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published in ORNL-4720* for a photon emitter in the
stomach for ages 0, 1, 5, 10, 15, and adult and for six
energies: 0.2, 0.5, 1.0, 1.5, 2.0, and 4.0 MeV. This
study has been continued for a photon emitter in the
lungs using the same six ages but extending it to include
12 energies, namely, 0.01, 0.015, 0.02,0.03, 0.05, 0.1,
0.2,0.5,1.0, 1.5, 2.0, and 4.0 MeV.

On the basis of the inverse square law, for the same
source of photons in the organ of a child and of an
adult, the child will receive the greater dose rate. Data
on the total body, as well as on the various organs,
reveal that individuals of the younger age group are not
merely adults reduced proportionately by a constant
factor. However, designing phantoms for a series of ages
is a formidable task, particularly when data on certain
ages are sparse.

For this purpose, the adult phantom was reduced by
scale factors selected separately for the head section,
trunk section, and leg section of the adult phantom. All
of the organs and tissues within these sections were
reduced by the scale factors for that section. Explicit
transformation formulas were applied so that these
transformations were similitudes. Therefore, loci
(organs) which are nonintersecting in one phantom are
noninterseciing in the other phantom. The new phan-
toms obtained in this way correspond to typical
individuals of ages 0, I, 5, 19, and 15 years. These
phantoms are presented in outline in Fig. 13.1, and for
comparison the adult phantom is shown also.

Using this transformation, it is easy to adapt the
computer program for the new phantom. Whenever one
needs to determine whether a point in the transformed
phantom is in an organ of that phantom, one simply
applies the inverse transformation and tests the corre-
sponding peint in the adult phantom. Thus, the part of
the computer code concemed with recording data is not
changed, and this is advantageous, since it constitutes a
major complexity of that code.
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For the six lower energies, namely, 0.01, 0.015, 0.02,
0.03, 0.05, and 0.1 MeV, 60,000 photons were pro-
grammed for each photon energy. For the six higher
energies, namely, 0.2, 0.5, 1.0, 1.5, 2.0, and 4.0 MeV,
30,000 photons were programmed for each photon
energy. Previous calculations had shown that the
statistics were so poor for the 30,000 photons at the six
lower energies that it was decided to program the lower
energies using 60,000 photons. The statistics showed
that these results were improved and fairly reliable.

Because inhalation could be an important route of
exposure for the population, it was decided to program
the source of monoenergetic photons in the lungs. For
illustration, estimates of the SAF from lungs to lungs
which were obtained by the Monte Carlo method are
presented in Fig. 13.2. One may compare the SAF for
one energy at different ages, and one may compare the
SAF for one age at different energies. Using the lungs as
the source organ and the lungs as the target organ, the
SAF’s decrease as the age increases; thus, the newborn

always has the highest SAF. This behavior is un-

doubtedly typical and may be largely due to the inverse
square law. For example, last year we showed data on
the SAF using the stomach contents as the source organ
and stomach as the target organ, and here also the SAF
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decreases regularly as age increases. It is also instructive
to compare the ratios of the SAF at a specified age with
the SAF for an adult. It is found that this ratio
decreases rtegularly as age increases, (SAF)y g0/
(SAF),qu1- At 0.01 MeV, the factor between lungs of
the newbaom and the lungs of the adult is about 19, but
for the lungs of a five year old to the lungs of the adult,
the factor is about 4. Similarly, the SAF for different
energies at one age may be compared. For the newborn,
there is a factor of about 64 in the SAF of lungs to
fungs between 0.01- and 4-MeV values. Also, in Fig.
13.2 the SAF’s for lungs as the source vrgan and lungs
as the target organ for the six higher cnergies (0.2 to 4.0
MeV) have been plotted. They are all rather close for
each of the chosen ages; therefore, only one curve has
been used for illustration of the difference of the SAF
between the newborn (and any other age) and the
adult. However, the previous remarks still apply; that is,
the SAF decreases as age increases, and so does the ratio
of the SAF for any age to that for an aduit. However,
the values do not change much with energy, and so only
a single curveis shown.

For a second example (Fig. 13.3) the SAF’s are
shown for the lungs as the source organ to liver as the
target organ ‘for the same energies and ages. At the
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lowest energy of 0.01 MeV, the SAF for the newborn
to the adult differs by a factor of about 300. From the
previous illustration (Fig. 13.2) of lungs to lungs for the
newborn to the adult at 0.01 MeV, this factor was
about 19. This behavior seems general; that is, the ratio
(SAF); age/(SAF) 4, decreases as the age increases.
The SAF decreases as the energy increases, which is also
true at the six higher energies.

Because the [CRP has recommended lower dose limits
for blood-forming organs than for the majority of other
body organs, it is important to have an accurate
estimate of the dose to this tissue. Estimates have been
calculated for the dose to the red bone marrow for
adults for these same 12 energies when the source organ
was the lungs,® but comparable estimates for other ages
have not been available. For example, the distribution
of red bone marrow is much different for the younger
ages than for the adult. For this reason the dose to total
marrow has been examined as well as dose to the red
bone marrow and dose to the skeleton. No systematic
difference was found in these results. This does not
exclude the fact that the values may differ by a factor
of 2 in some cases. It appears that one may use dose to
skeleton as being approximately the dose to the red
bone marrow, even at younger ages. Because of the
complexity of the skeletal system, red bone marrow,
and total bone marrow, this rule is to be regarded as
approximate only. The SAF’s were calculated for these
three tissues and organs and for the same six ages and
12 energies, and the data were found always to be
within a factor of 2, but are usually much closer. In all
cases the coefficient of variation was less than 26%. The
SAF’s for the skeleton as the target organ and the lungs
as the source organ are presented in Fig. 13.4. Thus,
these values also may be used when red bone marrow
and total bone marrow are the target organs.

In a previous report® the SAF’s were presenied when
the conients of the stomach were the source organ and
the liver and lungs were the target organs for the six
higher energies, namely, 0.2 to 4.0 MeV. At that time
the SAF’s for the six lower energies were not believed
to be statistically reliable enough to present; however,
more effort has been given to studying the SAF for
these six lower energies when the source organ is the
contents of the stomach and the target organs are the
liver and lungs.

5. M. J. Cook, W. S. Snyder, and G. G. Warner, “Estimates of
Dose to Red Bone Marrow from Monoenergetic Sources of
Photons in Lungs and Other Organs,” Health Phys. Div. Annu.
Progr. Rep. July 31, 1970, ORNL-4584, pp. 200--203.
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When the source is the contents of the stomach and
the target organ is the liver, the SAF for these six lower
energies is presented in Fig. 13.5. In each case the
newborn receives the highest dose rate. In fact, for the
0.02-MeV energy, the newborn receives almost 300
times the dose for the adult. Also, for the newbom, the
liver receives 11 times greater dose from the 0.015-MeV
than from the 4-MeV photon source.
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In Fig. 13.6 with the contents of the stomach as the
source organ and the lungs as the target organ, the same
general relationship is seen that the SAF decreases as
age increases. The SAF scems to reach a maximum at
about 30 keV. Also, the ratio (SAF), age/(SAF)adult
generally decreases as the energy increases.

In these few examples, when the lungs or the
contents of the stomach were the source organ and the
target organs were the liver, skeleton, lungs, kidneys, or
small intestine plus contents, the results which might be
expected are (1) that generally the SAF will be greater

for the younger ages, (2) that, for a given age and for
the target organ being different from the source organ,
the SAF passes through a maximum which seems to
occur at 30 to 50 keV, (3) that when the source and
target organs are the same, the SAF generally increases
as energy decreases, (4) that the ratio (SAF), age/
(SAF), 4,1 seems generally to increase as energy
decreases, and (5) the published values for the absorbed
fractions for the adults should not be used for
calculating the dose rate for the newbrorn and children.



14.

W. 5. Soyder

For purposes of dosimetry, either external or internal
to the body, an ICRP (International Commission on
Radiological Protection) reference man has been estab-
lished.? Reference man has a total body weight of 70
kg, and thus the weight of all his organs, tissues, and
fluids must total 70 kg. One of the problems en-
countered in establishing reference man was deter-
mining the weight for the lungs, including a normal
amount of blood. Most anatomical textbooks and
anatomical studies do not state the conditions under
which the lung weights they report were obtained. For
example, most sources do not state whether a near
normal amount of blood is included, and seldom do
they indicate the body weights or dimensions of the
individual. The lungs may accumulate fluids after the
death of the individual, but the references seldom, if
ever, give the length of time between death and
autopsy. The lungs are a very vascular tissue, so it is
necessary for dosimetry to know the weight of the
parenchyma and blood separately, as well as the total
for parenchyma and blood. Energy from gamma rays
will be absorbed in blood as well as in the lung tissue,
but for radiation of less penetration - say, weak betas
or alpha particles - the blood in the larger vessels might
absorb little energy.

Because of these difficulties in establishing weights of
total lung, parenchyma, and lung blood, a special study
was set up with the cooperation of the Department of
Forensic Medicine, New York University, for obtaining

1. New York University.

2. Report of Committee II on Permissible Dose for Internal
Radiation (1959), Recommendations of the [nternational
Commission on Radiological Protection, ICRP Publication 2,
Pergamon, London, 1959, p. 30.

M. 1. C. Hilyer

97

Weight of the Lungs Plus Fluids for Reference Man

A. P. Stoholski’

these data from individuals whoss age, sex, total body
weight, total body height, and cause of death are
knowu.

Because fluids accumulate in the lungs after death,
these lung weights were obtained as soon as possible
after death but not longer than 24 hr. Before removing
the lungs from the body the largest veins and arteries
were tied below the bifurcation of the trachea and
severed beyond the position of the tie; so little blood
was lost from the tungs. Thus, the tissue was weighed
with a near-normal amount of pulmonary blood. In
Table 14.1 this weight is referred to as total lung weight
and represents the weight of the bronchial tree,
pulmonary lymph nodes, and arterdal, venous, and
residual blood, as well as parenchyma. After the weight
was obtained the tourniquets were cut, and the lung
was drained of all biood which could be removed by
gentle pressing and patting. The lung was reweighed.
This weight represents the weight of the above-listed
tissues except the removable blood (mostly arterial and
venous) and in Table 14.1 is referred to as drained lung
weight. Residual blood is defined here as that quantity
of blood which remains in an organ or tissue after it has
been allowed to bleed freely. This is assumed to be
equivalent to capillary blood.

Twenty cases, sixteen males and four females, have
been obtained, and the data are presented in Table
i4.1. The data have been treated statistically as (1) a
group of 20, (2) 16 males only, and (3) 4 females only.
The weight of the lungs plus blood is somewhat better
correlated with total body weight than with total body
height or surface area. Less variation was found for the
lungs plus blood as a percentage of the total body
weight than for correlation with other parameters
tested. The data obtained for the correlation with total
body weight are presented in Table 14.1.
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Table 14.1. Weights of lungs and of lung fluids for 20 adults

dard 80% range
Standar . .
Mean deviation Median Low High 10th 90th

: percentile percentile

Male (n = 16}
Age (years) 333 8.6 32 20 44 25 43
Total body weight (kg) 77.3 7.6 78 61 93 68 82
Total body height (cm) 171.4 6.8 170 160 185 165 178
Total lung weight (g) 946.3 115.4 960 730 1120 810 1090
Drained lung weight (g) 770.6 86.8 768 625 895 670 880
Drained blood weight (g) 169.4 478 173 90 240 115 225
Total lung weight (kg) -
Total body weight (kg) % 1.23 0.134 1.25 0.95 1.46 1.07 1.33
Drained blood weight (g) _, 17.60 3.37 17.93 12.33 23.83 13.69 21.43

Total lung weight (g)

Female (n = 4)
Age (years) 29 8 29 21 37
Total body weight (kg) 66 8.9 65.6 55.8 77.1
Total body height (cm) 163.2 8.4 162.6 154.9 172.7
Total lung weight (g) 879 173 845 715 1110
Drained lung weight (g) 728 132 710 595 895
Drained blood weight (g) 151 43 135 120 218
Total lung weight (kg) _
Total body weight (kg) % 1.33 0.087 1.31 1.24 1.44
Drained blood weight (g) _ 5, 17.05 273 16.67 15.47 19.37

Total lung weight (g) ' ) : ) :
Males and females (n = 20)

Age (years) 325 8.5 32 20 44 21 43
Total body weight (kg) 75.1 8.9 77.1 55.8 93.4 63.5 81.7
Total body height (cm) 170.4 71.3 170.2 154.9 185.4 160 177.8
Total lung weight (g) 932.8 129.3 937.5 715 1120 765 1090
Drained lung weight (g) 759.5 94.4 760 595 895 640 880
Drained blood weight (g) 166 46 168 90 240 115 225
Total lung weight (kg) _
Total body weight (kg) % 1.2§ 0.13 1.26 0.95 1.46 1.07 1.44
Drained blood weight (g) _ 17.49 3.06 17.91 12.33 23.83 13.69 21.43

Total lung weight (g)




15. A Metabolic Model for

Magnesium in Man and an

Estimate of Dose to Bone and Soft Tissue Resulting from

a Single Intravenous

Injection of 28Mg

S. R, Bernard

The metabolic model of Avioli and Berman,® based
on measurements of blood, urine, and feces of 13
human subjects who had been administered tracer doses
of *®MgCl, intravenously, appears in Fig. 15.1. Com-
partments 1, 2, 3, and 4 are “body” compartments,
with 1 representing blood and 2, 3, and 4 only stated to
be extravascular compartments. Avioli and Berman did
not identify the other three body compartments,
because they only had measurements on blood and
excreta. These data only yield the four eigenvalues of
the 4 X 4 matrix of rate transfer constants and some
information on the constraints on the A’s. To estimate
all 4% rate transfer constants uniquely, data are needed
on all four compartments. Further details on the
uniqueness of compartment models may be found in
the paper by Berman and Schoenfeld? The arrow
pointing down from compartment | represents excre-
tion. The starred arrow identifies the site of the initial
28Mg injection. The }\ij’s are the rate transfer constants
given by Avioli and Berman. These values appear in Fig,
15.1. Although Avioli and Berman give ranges of values
and standard deviations, the present model uses only
the means. The dashed arrow from compartment 4 to 3
indicates that this pathway connection was not ob-
served directly but was estimated from literature data
on stable Mg levels in bone and muscle and with the
tracer data.

In estimating internal dose, equations for retention in
organs and tissues and total body are needed. From the
data in Fig. 15.1, the linear differential equations for
the “body” compartments of the model of Avioli and
Berman, written in matrix form, are:

ORNL-DWG 71-83294
*

~ De1=9:5/0 Ayt 778G 7g370433/da
(2/) ) Al 0.013 —@
2p*12.7/da Ay5= 0722 4a h34°0.013940

)\01: 0.0285/da

Fig. 15.1. Berman’s compartmental model assumed for 28 Mg
analysis. Compartment 1 refers to ultrafilterable plasma Mg;
compartments 2, 3, and 4 represent extravascular compart-
ments. Compartment 4 is depicted as a2 stowly exchanging
magnesium pool postulated to exist under siendy-state condi-
tions with slow turnover rate (A3q4).

The time ¢ is-expressed in days. Here y{6) (i = 1, 2, 3,
4) corresponds to the amount present in compartment i
at time ¢, and pA¢) is the derivative dy{t)/dr. A
computer code written by J. A. Carpenter, ORNL
Mathematics Division, was used to obtain the solutions
of (1). These appear in Eq. (2), which is also in matrix
form, and apply to the case of unit intake into
compartment 1 at zero time. Here Y(¥) stands for the
column vector of yAr), 1 = 1, 2, 3, 4. Equation (3)

1. L. V. Avioli and Mones Berman, «28

J. Appl Physiol: 21(6), 1688--94 (1966).

2. M. Berman and R. Schoenfeld, “Invariants in Experimental
Data on Linear Kinetics and the Formulation of Models,” J.
Appl Phys. 27,1361 (1956).

Mg Kinetics in Man,”

SN0 178 —127  —-0722
- s (1 -9.5 12. 0.0
¥(t) = }fz( ? - 2 2.7 0

ya(t) —7.8 0.0 0.855

ya(t) -0.0 ~0.0 ~0.133

99

-0.0 »i(1)

-0.0 ya2(8) M

~0.0139 Y3(?) o
0.0139 ya(®)
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represents retention for the total body, which was
obtained from {2) by summing the rows of (2), that is,
it is the sum of all the body compartments.

0.00473 0.0709 0.310 0.614 g 0-00320¢
0.00354 0.0538 0.360 -0418 g 0-164¢
Y(r) = casas . @)
0.0544 0.787 ~0.656 —0.186 e™4-54
0.676 ~0.696 0.0193 0.000927 e 267t

R(1)=0.738¢ 70003201 + 0 216¢ 0164

+0.034¢ 45 +0.0115 72671 (3)
As a test of this model, we employ the daily intake of
Mg in reference man’s diet of 0.34 g per day® and an
absorption into blood from gut of 0.45,' as given by
Avioli and Berman. In studies by Yun et al* (the
compound was not stated) on two human subjects, the
values found are 0.53 to 0.93, higher than Avioli and
Berman’s value. Integrating over time, we obtain the
equilibrium body burden
= [7 034X 045X drR1-1) =365, (4)
which is in agreement with reference man’s burden of
29 g of Mg. Aikawa indicates that about 60% of this is
in skeleton, 20% in muscle, and the remainder in other
soft tissues. This is not a close estimate of the
distribution obtained from the model, that is, 92% in
one compartment, which might be identified with the
skeleton, 7% in a second compartment (muscle), and
only 1% in the other two compartments. It might be
preferable to regard the compartment containing 92%
of the body content as consisting not only of skeleton
but also of portions of muscle and other soft tissues,
and thus more nearly approximate the distribution of
the stable element.

Figure 15.2 shows a revised model in which the
long-term compartment is subdivided into two separate
compartments. Two of these ecach receive 50% of As3
while one receives 60%, and the flow back A;,4 is the
same for each one. This compartment model is the same

3. J. K. Aikawa, The Role of Magnesium in Biologic
Processes, C. C. Thomas, Springfield, IlL., 1963, pp. 65, 67.

4. T. K. Yun, R. Lazzara, W. C. Black, J. J. Walsh, and G. E.
Birch, ““The Turnover of Magnesium in Control Subjects and in
Patients with Idiopathic Cardiomyopathy and Congestive Heart
Failure Studies with Magnesium-28," J. Nucl. Med. 7, 177
(1966).

as Avioli and Berman’s when the two compartments 4’
and 4" are combined. Then Egs. (2) apply, and the
fourth equation corresponds to the sum of compart-
ments 4' and 4", This can be proved easily by writing
out the linear differential equations and then summing
Egs. 4" and 4”. The equations for the burden in the two
additional compartments are

Yar(t) = yar(t) = 0.50 (0.676¢ 0-00320¢
— 0.696¢70-1641 + 0,0193¢ *-34¢
+ 0.000927e726:7") = 0.50 y4(1) .

The radiation dose to the total soft tissues and skeleton
is estimated with this model and the decay scheme data
shown in Table 15.1. From the data on absorbed
fractions of photon energy, we estimate the effective
energy per disintegration to be, from Table 15.2 and
adding the electron plus beta energies from >®*Mg and
28 Al for skeleton

&sxz{

while for soft tissue

8ZST"{

0.0474 MeV for source in soft tissues

1.566 MeV for source in skeleton

1.803 MeV for source in soft tissues
0.275 MeV for source in skeleton

ORNL-DWG 72-9140

2.7

9.5

Fig. 15.2. Revised compartment model for Mg metabolism.
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In the above we assume that the shortlived 28 Al
undergoes decay in situ. Later, when more data on Al
metabolism are available, we may not have to make this
assumption.

Table 15.1. L. T. Dillman’s decay scheme data?
for 28Mg and 28 Al

. Percent per Energy
Radiation decay (MeV)
Mg T, = 0.875 day;
8, average energy = 0.1586 MeV

Yy 96.899 0.0310
internal conversion electrons 3.101 0.0294
Y2 30.00 0.4000
Y3 30.00 0.9500
4 69.999 1.3500
KA, x rays 0.171 0.0015
KLL Auger electrons 2.587 0.0014
KL X Auger electrons 0.344 0.0015
LMM Auger electrons 5.688 0.0001

AL T, = 2.3 min;
g8, average energy = 1.2392 MeV

Decay scheme data in files of Information Center for
Internal Exposure, ORNL.

From Eq. (3) we obtain the residence time of 28 Mg,
Q.. as 1.1 pCi-days for the soft tissues and 0.063
uCi-day for skeleton. Thus the dose commitment is

" _ 51
Dﬁbone - 7000(1-6Qbone + O'O‘ngsc)ft tissues)
== 0.0011 rad to bone per uCi into blood

and

S1 .
DEsoft tissues (1'8Qsoft tissues + O'BQbone)
63,000

= 0,0017 rad to soft tissues per uCi
injection into blood.

This compares favorably with the ICRP Publication 17°
value for intravenous injection of 1 uCi. The 37-kg
muscle pool receives 2.7 millirads, while it is estimated
the bone hot spots receive 2.1 millirads. :

5. Protection of the Patient in Radionuclide Investigations,
ICRP Publication 17, Pergamon, Oxford, 1971.

Table 15.2. Absorbed fractions of photon and clectron (plus beta) enexgies ¢ppu-g
and specific absorbed energies for “8Mg and 28 Al

Specific absorbed fractions

Effective energies,

Radiation i‘;}e%;’ from target < source® target — source? (MeV)
ve

PSKSK PSKTB $TBTB #TBSK &SKEK &SKST £8TSK &318T
Y1 0.031 0.7 0.19 0.78 0.85 0.021 D.00357 0.00014 0.0199
¥2 0.400 0.12 0.05 0.34 0.33 0.0144 0.00456 0.0252 0.0364
vy 0.950 0.11 0.046 0.32 0.32 0.0314 0.060998 0.0599 0.0798
Y4 1.350 0.105 0.042 0.31 0.30 0.0992 0.0293 0.19¢ 0.267
KA (X ray 0.0015 1 0 1 1 0.000003 0 ~0 0
Absorbed 0.166 0.0474 0.275 0.403

photon energy

“These values were obtained from MIRD Suppl. No. 3, Pamphlet No. 5, 1969. The following identity is used to calculate the
appropriate specific absorbed fractions ¢: TB stands for total body, SK for skeleton, and ST for soft tissues; SKTB means that the

source is the total body and the target is the skeleton.
dgKsT = 70/60 ¢k 1B ~ 10/60 5K 3K »
PSTSK ~ PTBSK — PSKSK »

_ wstst = 70/60 (1T - ¢sKTH) - 10/60 (PTBSK — PSKSK) -
In the above the masses of the skeleton (10 kg), the soft tissues (60 kg), and total body (70 kg) enter as weighting factors, for

example, 70/60, stc.

This is obtained from the data in Table 15.1 on energy emitted times the appropriate specific absorbed fraction shown in the

third column of the above table.



16. A Method of Interpreting Excretion Data Which

Allows for Statistical Fluctuation of the Data
W. S. Snyder

Personnel monitoring for plutonium and certain other
alpha emitters of similar characteristics poses one of the
most difficult problems for the health physicist. While
some methods have been developed for monitoring
these radionuclides by in vivo counting of the chest, the
activity present in the rest of the body — bone and
liver, particularly — must be inferred largely on the
basis of interpretation of data on excretion of the
nuclide. A number of methods have been developed for
interpreting excretion data to estimate what may be
called the systemic body burden, that is, the activity
which has entered the blood stream and thus been
transferred to other organs.

There are some who have doubted whether it is
important to estimate the systemic burden when the
exposure is by inhalation. The animal experience has
indicated that malignancies of the thoracic region far
outweigh malignancies due to the systemic burden.
However, there are reasons why one should not dismiss
lightly the hazard of a systemic burden. From injection
experiments, it is quite clear that a bone burden or a
liver burden does pose a considerable hazard. Although
such experiments have been designed at lower levels
than those originally contemplated, no basis has yet
been found for assuming a threshold. In fact, the results
on rodents indicate the likelihood that quite low doses
to bone may induce malignancies.

Moreover, the inhalation experiments have been at
quite high levels. In Fig. 16.1 the accumulation of dose
to lung and to bone following exposure of man to
inhaled ?3®Pu0, is indicated. The lung model of ICRP
for a Class Y aerosol (clearance half-time of 500 days)
has been used to calculate dose to lung,' and dose to
bone was calculated assuming equal deposition in liver
and bone with only 10% elimination from bone. It is

1. ICRP Task Group on Lung Dynamics, “*Deposition and
Retention Models for Internal Dosimetry of the Human
Respiratory Tract,” Health Phys 12(2), 173 (1966).
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clear that during the first five years postexposure, the
lung has a far higher dose; but if the animal survives this
period, the dose to bone will continue to accumulate
while the lung receives little more dose, and eventually
the skeleton accumulates the greater dose. It is not
suggested that bone or liver replace lung as our only
organ of concern but rather that we should be
concerned for all three and not be swayed too much by
results of animal experiments which are not representa-
tive of human exposure either in level or in the duration
of the exposure. Thus it seems important to have some
estimate of the systemic burden, and the principal
means of estimating this is by interpreting excretion
data. The dose to lung is delivered relatively soon
following exposure, and thus at high levels of exposure
the lung cancers tend to occur earlier and, if the
incidence is severe enough, will preclude the occurrence
of bone or liver cancers. At lower levels of exposure
such that mortality from lung malignancies is not high,
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Fig. 16.1. Accumulated dose equivalent to lungs and bone
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it is quite possible that bone and liver malignancies
might appear. Man, with his much longer life span, has
every likelihood of accumulating far more dose in bone
and liver than in lungs. We should not assume lightly
that extra dose will not be a hazard. Of course, there is
another reason for being interested in the systemic
burden, namely, a frequent route of exposure is by way
of a contaminated wound, and in such a case, estima-
tion of the systemic burden is a matter of the greatest
importance. '

The only plutonium excretion: data we have on
humans from carefully designed and controlled experi-
ments are those obtained by Langham and Hamilton in
1945—-1946. Urinary and fecal excretion data were
obtained on 15 terminal patients who were given
plutonium nitrate or dioxide complexed with citrate
and followed until death. These data were analyzed by
Langham et al.,? who expressed the general trend of the
urinary and fecal excretion in terms of power functions,
Later they studied the excretion of employees and
found substantially the same trend in their excretion
data for a period of about five years. These power
functions obtained by Langham by fitting the curves to
all the excretion data of the hospital patients have been
the basis for most, if not all, of the methods described
for interpretation of plutonium excretion data.

In most routine cases one has available only urinary
excretion data for evaluating an internal exposure.
Although Langham gave one power function (bt ) fit
to the urinary data of all the patients, there was
considerable vanation about this curve. {n a previous
study®* the author has obtained a power function
bt 7P fit to the data of each patient. This has been done
by several techniques of curve fitting, and the designa-
tions “point fit,” absclute deviations,” and
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area fit,
“percent deviations” on the figures identify the pro-
cedure used. However, these methods are not discussed
here, but the interested reader may consult the refer-
ences. Needless to say, there was a considerable range of

2. W. H. Langham et al., Distribution and Excretion of
Plutonium Administered [ntravenously to Man, LA-1151
(1950).

3. W. S. Sayder, M. R. Ford, and G. G. Warner, “The Use of
Excretion Data to Predict the Systemic Body Burden of
Plutonium,” p. 279 in Diagnosis and Treatment of Deposited
Radionuclides, ed. by H. A. Komberg and W. D. Norwood,
Reidel, Dordrecht, Holland, 1968.

4. W. S, Snyder, M. R. Ford, and G. G. Warner, “A Study of
Individual Variation of Excretion of Plutonium by Man and of
Its Significance in Estimating the Systemic Burden,” Proceed-
ings 13th Annual Bicassay and Analytical Chemistry Meeting,
October 12-13, 1967, Berkeley, California, CONF-671048, p.
123 (1968).

variation of the parameters b and § in the individual
cases. The power functions so obtained are shown
graphically in Fig. 16.2, When fitted to all the urinary
data, a curve {called here the “typical curve™) was
obtained, and the parameters ranged by a factor of
about 3 above and below these “typical” values. In the
case of an employee, there is no way to determine a
prori which of these power functions might best
represent his excretion.

The existence of this variation and the occurrence of
day-to-day fluctuations of the daily urinary excretion
about the power function which defines the trend of
the data are some of the complications which make
estimation of the amount of plutonium reaching blood
rather difficult. In principle, having chosen a power
function as a model for excretion, one attempts to
choose intakes to blood whose excretion by the model
will reproduce, or essentially reproduce, the excretion
data. Generally this is done sequentially. Having chosen
a first intake, perhaps with reference to a known
“incident,” which provides for the first sample excre-
tion, one then calculates by the model how well, or
poorly, this reproduces the rest of the excretion record.
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If the excretion on certain days is significantly higher,
one puts in additional intake just preceding that day to
provide for the excess. If this procedure is followed, one
will produce a pattern of intake which suffices to
produce the excretion data, or rather to overestimate it,
for clearly if one puts in intakes to reproduce all the
high excretion values and ignores the lower values, one
would expect to obtain an overestimate of intake. This
is illustrated schematically in Fig. 16.3. The solid line
suggests a power function trend of data which fluctuate
about it. The dotied line represents the hypothetical
excretion obtained by postulating an intake for the first
daily sample, a second intake for the next daily sample
which chances to lie above this line, a third intake for
the next sample exceeding the new power function, and
so on. Clearly, much of this intake is a result of
statistical fluctuations and is not required by the data if
one recognizes that the data may be expected to
fluctuate about the trend curve. The effect of the above
method can be demonstrated for the hospital patients
whose intake to blood is known. In a previous study,
the author produced estimates as described above for
the hospital patients, and the results, expressed as a
ratio to the activity of plutonium injected, are shown in
Fig. 16.4. As will be noted, these estimates tend to be
high.

The remedy is easy to find. If one examines the ratio
of actual urinary excretion to that predicted by the
model for the hospital patients, one has a measure of
the extent to which the daily urinary excretion U(¢)
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exceeds the excretion predicted by the power function.
The cumuiative distribution of these ratios is shown in
Fig. 16.5, where every line represents the cumulative
distribution of the ratio for one of the patients. It can
be noted that the ratio lies between ', and 2 for all of
the patients except for 40% of the days and between '
and 3 except for 20% of the days. Thus, while
fluctuations by a factor of 2 are not unusual, fluctua-
tions by a factor of 3 or more are fairly rare. When one
is not sure whether a high excretion level of an
employee is due to a new intake or whether it
represents a chance fluctuation, one may disregard any
fluctuation which is by less than a factor of 3 and be
rather confident that any new and significant intake to
blood is not missed. Of course, there is a 10% chance
that such a high value is due to a new and significant
intake; if this is the case, the excretion should run high
for later values as well, and thus one would expect to
find the intake required for some of the later data. This
game may be played at any level of significance one
chooses. One can easily design a computer program
which allows one to preassign a level of significance,
and only when the ratio U(r)/br ™ exceeds this level
will cne select an additional intake. When this program
was used to estimate the intake to blood of the hospital
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patients, it produced the eatimates shown ia Fig. 16.6,
where the ratio of the estimate to the jected amount
is shown. Comparison with Fig. 16.4 reveals that ihe
results do not run sysiematically high as formery. Of
course, one may make no allowance for fluctualions
and obtain a conservative estimate as before. These
cascs were programuned for the computer using the
“typical formula” fit to the data of all the patients and
not using the patients’ own formulas, since such
information would not be available in the case of an
employee.

If one has a considerable smount of excretion data,
he may hope to approximate, roughly, to something
like the particular excretion curve of the employee. The
basis for this is the fact that if the trend of the curve is
not steep enough, then there should be 2 preponderance
of points below the curve. Mow a new iniake might
make the excretion bigher than the trend curve, but
nothing can place them too low except (1} faulty
collection or analysis of sampies (and even a computer
must have good datal) or {2) chance fluctuations. 1f the
chance fluctuations are systematically loo low, then it
is likely that the curve should be steeper.

rya g E

The computer program can be modified o include
such a change in the slope of the excretion curve. In
doing this, it seems best to start with a low value of the
exponent § since, as mentioned above, new intakes
inight make excretion values be high; but it is difficult
to imagine a reason, short of faulty data, which would
cause them to be lower than the proper curve for an in-
dividual. This concept is illustrated in Fig 16.7. Begin-
ning with a power function with too low an exponent,
the computer tests and finds that the data will largely
fall below the line. It increases the exponent step by
step until the fraction of peints below does not exceed
a preset level. The excretion data of the hospital patienis
have been analyzed from this point of view, using the
starting slope of « = (.2, which is well below the
exponeni found for any of the patients. Whenever the
proportion of excretion values below the curve ex-
ceeded the highs by more than a factor of | + &, the
exponent was increased, & being a preassigned value.
The resuits are shown in Fig. 16.8, where the value of
the exponent § obtained by the curve-fitting procedures
mentioned earlier is shown tfogether with the value
produced by the computer in the course of its estimate
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of the intake to blood. No doubt these cases, which
correspond to a single intake to blood, are simpler than
one will usually find in analyzing data on exposure of
employees, but you will note that ihe computer did
rather well in approximating to the correct slope for the
individual. The results in Fig. 16.8 are the best of many
cases tried for different choices of & and the other
parameters used in the computer code. The method of
adjustment seems to do best when there is little
allowance for statistical fluctuations of the data and
when the value of & is rather small. These results seem
of interest because they demonstrate the possibility, at
least in these cases of a single intake to blood, of letting
the excretion data provide the information neceded
concerning the slope of the power function used in the
model. How well the procedure will work for more
complex patterns of exposure remains to be deter-
mined, and further exploration of cases is under way.
Bvidently, the present study is only a first attempt to
develop computer techniques which take some account
of individual differences, and it is realized that the
present method is only a demonstration of a principle.
It is clear that one must have a considerable amount of
data before one can hope to apply the method and that
cases of muliiple exposure may pose more difficulties
than are encountered here.

There seern to be only two cases of actual employee
exposures where a reasonable amount of excretion data
are available and where autopsy data on the systemic
burden were obtained later. In neither case did the
death of the subject result from his exposure to
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plutoniom. When the excretion data of these employees
are analyzed by the methods outlined above, the
predictions of the systemic body burden agree sur-
prisingly well with the estimates based on autopsy
specimens. The first case, reported by Foreman et al.,®
has been analyzed by these methods and reported
previously.® By all the methods tried, the estimate by
the computer was higher than that based on autopsy
specimens, but by a factor of less than 2. This
employee’s exposure to plutonium was sporadic but
extended over about 11 years. The second case is
reported by Lagerquist et al.,” and the urinary excre-
tion data extend over about five years. The report
indicated that the computer estimate was high by about
a factor of 5. When the methods of analysis discussed
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here are used, the computer estimates are well within a
factor of 2, and, undoubtedly, this is largely due to the
fact that allowance is made for fluctuations of the data.

5. H. Foreman, W. Moss, and W. H. Langham, *‘Plutonium
Accumulation from LongTerm Occupational Exposure,”
Health Phys. 2(4), 326 (1960).

6. W. S. Snyder, “Major Sources of Error in Interpreting
Urinalysis Data fo Estimate the Body Burden of Pu?3?: A
Preliminary Study,” Health Phys. 13(11), 1177 (1965).

7. C. R. Lagerquist et al, “Plutonium Content of Several
Internal Organs Following Occupational Exposure,” Proceed-
ings 13th Annual Bioassay and Analytical Chemistry Meeting,
October 1213, 1967, Berkeley, California, CONF-671048, p.
103 (1968).



Part IV. Environmental Studies

E. G. Struxness'

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

C.J. Barton?
R. S. Booth?
S. V. Kaye*

DEVELOPMENT OF RADIATION SAFETY
GUIDES FOR ENVIRONMENTAL RELEASES
OF RADIOACTIVITY

P.S. Rohwer  S.V.Kaye
R.S. Booth E. G. Struxness

The primary objective of this continuing research is to
develop a methodology that is reasonable, practical, and
accurate for assessing radiation exposures of human
populations via all important exposure modes for
environmental releases of radioactivity. The approach is
to develop mathematical simulations of selected envi-
ronmental systems which can be used as modules in
construction of environmental models to predict the
fraction of each released radionuclide exposing man as a
function of time at any given location. One end point
of the radiological assessment is an index identified by
the acronym CUEX, which stands for CUmulative
Exposure IndeX. The numerical value of CUEX for a
specific radionuclide release reflects the magnitude of
the estimated total dose to individuals or populations
relative to a selected dose limit. In the most recent

1. Liaison between
Physics Divisions.

2. Reactor Chemistry Division.

3. Instrumentation and Controls Division.

4. Environmental Sciences Division.

5. Formerly Health Physics Division.

Environmental Sciences and Health

M. J. Kelly?

R. E. Moore?
P.S. Rohwer?®:5
E. G. Struxness®’®
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previous annual progress report of the Health Physics
Division,® the formulations for calculating CUEX values
are detailed, and the generalized model used to quanti-
tatively predict radionuclide movement through
terrestrial food pathways is described. An aquatic food
pathway model to complement the terrestrial model is
in a preliminary stage of development.

Comprehensive demonstrations of the CUEX meth-
odology are just as important as the modeling re-
finements within the methodology. A prime area
for application of CUEX is the assessment of radio-
nuclide releases from nuclear power stations. Such
releases may range from the effluents of normal
station operation to a massive radioactivity escape
via containment breach experienced during a major
reactor accident. To preparc for a demonstration of
CUEX in this application, the potential source term
(radioactivity to be released) must be characterized in
detail. A portion of that work has been completed,’
and it is surnmarized elsewhere in this section of this
report.

Methods developed under this activity were used to
complete radiological sections of all environmental

6. Health Phys. Div. Annu. Progr. Rep. July 31, 1971,
ORNL-4720, pp. 24-28.

7. R. §, Booth, S. V. Kaye, M. 1. Kelly, and P. S. Rohwer, 4
Compendium of Radionuclides Found in Liquid Effluents of
Nuclear Power Stations, ORNL-TM-3801 (1972).



inpact statements (utility-owned nuclear power sta-
tions) prepared at ORNL, during the time period
covered by this report, for the AEC to meet the
requirements of the National Environmental Policy Act
of 1909. The radiological assessments utilized site-
specific population data, meteorological observations
for each site, hydrologic dilution data, food-chain
pathway models, etc., to predict doses to individuals
(rems) and populations (man-remg) out to 50 miles
from each power station. Participation in the in-depth
techrical analysis of radiological aspects of nuclear
power stations and writing of environunental impact
statements were valuable tests for the relevance of
techniques and skills developed under this research
activity.

UTILIZATION OF NATURAL GAS FROM
NUCLEARLY STIMULATED WELLS

C. J. Barton M. J Kelly R.E.Moore

Work on the Gashuggy project was confined to
preparation of topical reports on Phase [* and Phase I
studies® and completing the evaluation of the tritium
tracer fest described in the previous report.’® Dose
estimations related to Project Rulison are still in
progress. Computer programs are being developed to aid
dose calculations and plans to minimize doses due to
exposure Lo combustion products of natural gas from a
multiple-well field stimulated with nuclear explosives.

Rutison Dose Studies

Doses that people living in a number of small
Colorado communities might receive from the hypo-
thetical use of Rulison gas were caleulated in the first
phase of ihe Project Rulison dose estimations.’’ Two
gas transmission: systems are focated close enough to the
Rulison well to be potential recipients of its gas: the
Rocky Mountain Natural Gas Company (RMNGC) and

3. D. G. Jacobs et al., Theoretical Evaluation of Consumer
Products from Froject Gusbuggy - Final Report, Phase I:
Impact of Hypothetical Releases of Contaminated Gas in the
San Juan Basin, ORNL4646 (September 1971).

9. D. G. Jacobs et al., Theoretival Evaluation of Consumer
Products from Project Gasbuggy -~ Firal Report, Phase Ii:
Hypothetical Exposures Qutside San Juan Basin, ORNL-4748
(February 1972).

10. Health Phys. Div. Annwu. Progr. Rep. July 31, 1971,
ORNL-4720, p. 23.

11. C. J. Barton, R. E. Moore, and S, R. Hanna, Quarterly

Progress Report on Radiological Safery of Peaceful Uses of

Nuclear Explosives: Hypothetical Exposures to Rulison Gas,
ORNL-TM-3601 (Outober 1971).
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the Western Slope Gas Company, Rifle Division
(WS(GC). We assumed that one million cubic feet per
day of dry, CO,-free Rulison gas was infroduced into
either system operating under normal {1970 average)
conditions. Rulison production testing removed all but
a small fraction of the tritium originally present in the
dry cavity gas, but we estimated whole-body doses that
would have been received through inhalation and skin
absorption if the Rulison pas had been used commer-
cially instead of being flared (burned). Rulison gas was
ooly about 10% of the gas used in communities served
by the RMNGC system, and the maximum averige dose
was estimated to be 6 millirems per year from exposute
to combustion products from an unvented kitchen
range and refrigerator. Ta confirmation of results of the
Gasbuggy studies, home exposure (o combustion
products from uvnvented devices was found to be the
critical exposure pathway. In the two communities
served by the WSGC system that could hypothetically
receive Rulison gas, this source supplied either 36.8 or
68.6% of the gas used. Because of the low gas dilution
factor, the maximum average dose in homes receiving
the larger amount of Rulison gas and having both
unvented appliances was 39 millirems per year. Inhala-
tion and skin absorption of tritium dispersed in the
atmosphere gave doses estimated to be less than 1 milli-
rem per year,

1f the gas present in the well in August 1971,
following the well testing program and a period of
pressure buildup in the well, had been used under the
conditions described above, the tritium whole-body
dose would have been 0.03 millirem per year. Wuole-
body doses from ®°Kr in Rulison gas were estimated to
be about [% of the tritium doses.

Computer Programs for Estimating and Controlling
Doses from Nuclearly Stimulated Gas

The Rulison dose studies described above, as well as
the earlier Gasbuggy studies, assumed that gas was
drawn from a single ouclearly stimulated well. Larger-
scale usage requires development of a number of wells,
with the tritium concentration in the gas {rom each well
declining as a function of the volume of gas removed.
To deal with this situation, an squation was derived to
express the tritinm concentration in terms of gas
produced from a single well. Computer programs based
on this equation were developed to calculate the tritium
concentration in the gas flowing from a rmultiple-welf



field.' 2 These programs are designed to aid in sched-
uling the opening of wells so as to control the tritium
concentration and the tritium doses received by persons
exposed to gas combustion products.

One program permits the computation of the annual
whole-body dose received through inhalation and skin
absorption of combustion products of gas emitted from
the stack of a gas-fired electric generating plant. A
related program will compute the maximum tritium
concentration in the gas, averaged over a one-year
period, which could be burned in such a power plant
without exceeding a predetermined annual dose that
people living in the vicinity of the plant could receive.
Efforts to extend the usefulness of these computer
programs and to obtain better input data than are
presently available are continuing.

Tritium Behavior in a Natural Gas Processing Plant

The sample analyses required to calculate potential
doses to the operating personnel of a natural gas
processing plant using nuclearly stimulated gas, as well
as the distribution of tritium among the various plant
products, were completed and evaluated, and a final
report was issued.'® The experiment that provided
these samples, which involved the processing of 40,000
ft* of Gasbuggy gas mixed with 1.8 million ft? of field
gas through a small plant during a 12-hr period, was
described in the previous report.'©

The data obtained indicate that processing of natural
gas containing tritiated hydrocarbons at levels expected
to prevail in large-scale exploitation of the nuclear-gas-
stimulation technique will not present significant prob-
lems for plant operating personnel. No evidence of
tritium exchange between tritiated hydrocarbons and
the plant processing oil was found. Data on airborne
tritium provided by atmospheric moisture samples
taken during the experiment, extrapolated to large
plant conditions with conservative assumptions, indi-
cate that plant workers would receive tritium whole-
body doses of less than 1% of natural background from
breathing air containing combustion products resulting

12. R. I&. Moore and C. J. Barton, Progress Report on
Radiological Safety of Peaceful Uses of Nuclear Explosions:
Preliminary Equations and Computer Techniques for Estimating
and Controlling Tritium Doses from Nuclearly Stirnulated
Natural Gas, ORNL-TM-3755 (June 1972).

13. M. J. Kelly, C. I. Barton, A. §. Meyer, k. W. Chew, and C.
R. Bowman, Theoretical Evaluation of Consumer Products from
Project Gashuggy - Final Report: Tritium Behavior in a Natural
Gas Processing Plant, ORNL-4775 (July 1972).
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from in-plant usage of gas as fuel for compressors,
boilers, and generators.

The observed distribution of tritium among plant
products (gas, bulane, propane, and natural gasoline)
confirmed theoretical calculations of the relative
amounts of tritium in the various separated hydro-
carbons, lending confidence in our ability to predict the
quantities of radioactivity in gas and liquid products
leaving a plant that processes gas from nuclearly
stimulated wells.

CHARACTERIZATION OF THE RADIOACTIVITY IN
LIQUID EFFLUENTS FROM LIGHT-WATER

POWER REACTORS
R.S.Booth M. J Kelly
S. V. Kaye P. S. Rohwer

The radioactivity release experience of light-water
power reactors has been analyzed in a number of ways
to identify critical aquatic exposure pathways and
critical radionuclides. The report describing this work* ¢
is, in effect, a collection in tabular form of various
indexes of radiological impact which may be useful in
assessing the environmental impact of radionuclides
released trom power reactors in their liquid effluents.
Typical release rates under normal operation conditions
(Cifyear) from both pressurized-water reactors and
boiling-water reactors were tabulated. A concerted
effort was made to derive numerical values from
published measurements and experience, to ensure that
these values were reasonably conservative, and to
document these values with literature citations. Numer-
ical values selected for environmental parameters are
published values associated with operating power sta-
tions or power stations under construction. The radio-
nuclides given consideration in this study are those
which satisfied several criteria thought to be indicative
of possible environmental impact.

The radionuclides were ranked according to their dose
to man by the critical exposure pathway for several
environmental half times considering typical release
rates from the reactor, radioactive half-lives, concentra-
tion factors from water to aquatic biota and to
sediments, typical dietary and recreational habits for
man, and dose rate factors for ingestion and external
exposure. Tabulations are included listing typical re-
leases, concentration factors, dose rate factors, concen-

14. R. S. Booth, S. V. Kaye, M. J. Kelly, and P. S. Rohwer, 4
Compendium of Radionuclides Found in Liquid Effluents of
Nuclear Power Stations, ORNL-TM-3801 (1972).



fration in water which could result in a certain dose to
man through selected exposure pathways, and concen-
trations in water which could result in a certain dose to
the aquatic biota. Another index provided in the
raport,“‘ the conceniration factor from water to
various aquatic biofa, indicates the importance of
bicaccumulation for each radionuclide on the list ia the
assessment of its radiological impact. A tabulation of
dose rate factory for man shows the dose commitment
to man per microcurie ingested or per unit concen-
tration in the environment. A listing of the concentra-
tions in water that deliver 500 millirems per year to
standard man for each radionuclide and several ex-
posure pathways may serve as a source of radiological
significance indices and dose conversion factors. Maxi-
mum permissible concentrations (MPC),, of radio-
nuclides listed in Table 2 of 10 CFR 20 (ref. 15) are
inadequate indices of radiological significance of liquid
effluents, because they do not inclade considerations
for all of the applicable exposure pathways. The final
index, the ranking of the radionuclides for a typical
environmental situation, is the most comprehensive,
since it 15 a calculated dose to man from a typical
release rate from the power station. The specific
considerations inciuded in this index are:

1. the pathways for ingestion (drinking water; eating
tish, waterfow!, invertebrates), being exposed to
contaminated sediment, or swimming in con-
taminated water;

the radicactive half-ife;

3. the environmental half time (for example, some
elements have different residence times in freshwater
systems than'in estuaries);

the concentration factors for the various pathways
mentioned above;

5. the dose rate factor for man (millirems per micro-
curie ingested or millirems per unit concentration in
the environment for external exposures);

the expected release rate of the radionuclide from
the reactor;

. the dietary and recreational habits of the population
under study.

The work provides & standard list of radionuclides
{see Table 17.1) which should be considered in esti
mating the environmental impact of radiocactivity re-
leased in the liquid effluent of current light-water

15. Title 10, “Atomic Energy,” Part 20, “Standards for
Protection against Radiation,” Code of Federal Regulations.
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Table 17.1. List of radionuclides and decay chains
which shouid be assessed in the liquid effluent
of current light-water power reactors

3H QOY 1301

14 Iig 9lmy Sy 131, 131q, 131y
22Na 91Y 1311I
24\, 93 132, 132y
32p 957 . 95Nh 123y
3SS 95 134CS
46g. 977, 3 T7NE.2 TN 1384

S10; 990621 1360
SdMn 103Ru_l GSMRh 137CS_137mBa
551 10554 140y 14D
590, 1065, 1065y teoy
57Co “omAg-HOAg MICE
SSCO 1zsz Mac&uapr
60C0 124S 143
53 1256, 1256y 125myp, 1440, 144p,
6-1Cu IZSSb_ll’SmTe 14’7Nd_147Pm
Gszn IzsmTe MTPm
69mzn_69zn 127Sb-127mT5w127TC 182Ta
86Rb 127m-re_127Te IBS-W
BQSI 127T6 187
9OSr~90Y 129””1'&»129'[6 239Np

power reactors, be the assessment one for a single
nuclear power station or one for all such stations
contributing to the environmental radioactivity in a
given region.

ENVIRONMENTAL IMPACT STATEMENTS

D. R. Nelson
H. H. Abee M. F. Fair
R. 8. Booth S.V. Kaye
T.§. Burnett M. I Kelly
T. G. Clark . D. Kerr
P. 8. Rohwer

Radiological Impact to Man

The rising concern and quest for quality in man’s
environment reached naiional status when the United
States Congress passed the Wational Environmental
Policy Act of 1969 (NEPA). The NEPA imposed a
broad scope: of environmental responsibility upon
federal agencies. Although the acceptance of the con-
cept of the NEPA was easy, few foresaw the great
difficuities that lay ahead for federal agencies in
implementing it. Not until the federal Appeals Court
ruled on July 23, 1971, involving the Calvert Cliffs
nuclear plant on the Maryland shore of Chesapeake
Bay, was there any substantial beginning to understand
the intent of Congress in its formulation of the NEPA
or to fully appreciate the impact of judicial enforce-
ment.



Basically, the NEPA requires federal agencies to
thoroughly review the impact of all projects, to weigh
the costs and benefits of the projects, and to examine
alternatives to projects. In response to the Calvert Cliffs
decision, the Atomic Energy Commission revised its
rules for assessing the effects of nuclear power plants on
the environment with Appendix D of Title 10, Code of
Federal Regulations, Part SO (10 CFR 50) on Sep-
tember 9, 1971 [Appendix D -- Interim Statement of
General Policy and Procedure: Implementation of the
NEPA of 1969 {Public Law 91-190)].'¢ The new rules
required both the utilities and Comunission staff to
make a thorough assessment of all effects, not just
radiological. The primary result of these rules was that
the AEC would be responsible for evaluating the entire
environmental impact of nuclear plants, including
thermal, chemical, biological, etc.

In general, the comprehensive preparation of detailed
environmental statements by ORNL was well received
by the AEC. The assessment of radiological impact to
man at ORNL, in particular, set the mark after which
AEC’s detailed environmental statements are now
paiterned. 1t was early and generally conceded that
radiological effects produced by the operation of
nuclear power plants would be small compared with
other effects such as thermal impacts. This is especially
true since both utility applicants and the Commission
have sought to reduce radioactive effluent emissions to
“as low as practicable.” The cuirently used basis for
what is "“as low as practicable” is the proposed rule
making of Appendix I, 10 CFR 50 [Appendix [ —
Numerical Guides for Design Objectives and Limiting
Conditions for Operation to Meet the Criterion **As
Low as Practicable” for Radioactive Material in Light-
Water-Cooled Nuclear Power Reactor Effluents, June 9,
1971].'7 Even though this proposed Appendix I is not
yet law, there have not been any final environmental
statements for which the assessment did not indicate
that there was reasonable assurance that the proposed
numerical guides would be met. Though the estimated
radiological impacts have been small, the ORNL assess-
ments have maintained a thorough, comprehensive, and
credible approach which is intelligible to both the
layman and expert. Each nuclear power station was

16. Title 10, “Atomic Enetgy,” Part 50, “Licensing of
Production and Utilization Facilities, Code of Federal Regula-
tions.

17. Title 10, *“Atomic Energy,” Part 50, “Licensing of
Production and Utilization Facilities,” Appendix 1, “Numerical
Guides for Design Objectives and Limiting Conditions for
Cperation,” Code of Federal Regulations.
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regarded as unique and different from any other
station. ‘

One excellent example of how both the layman and
the expert might be expected to easily understand the
radiological assessment is given in Fig. 17.1. Here the
pathways for external (radiation source outside the
body) and internal (radiation source inside the body)
exposures are schematically illustrated. Immersion in
the gaseous effluent as it is diluted and dispersed could
lead to external exposure, while the deposition of
radioactive particulates on the land surface could lead
to direct external exposure and to internal exposure by
the ingestion of food products through various food
chains. Similarly, swimming in waters in which radio-
nuclides have been discharged could lead to external
exposure, while the harvest of fish from or the
utilization of these waters for drinking, irrigation, or
food preparation could lead to internal exposures.

The general development of the radiological impact to
man assessnent will be briefly given below.

After a careful study of the nuclear power station and
its environment, dose estimates are made for all
significant exposure pathways. Radiation doses, both to
individuals (in millirems) and the population (in man-
rems) within 50 miles, are estimated. The man-rem or
population dose is the sum of the total body doses to
all individuals in the population considered. Estimates
of dose to the individual are made for total body, liver,
lungs, kidneys, bone, thyroid, and gastrointestinal tract.
Where significant, the estimates of dose to organs other
than total body are discussed.

Factors for converting internal radiation exposures to
dose were obtained with models and data published by
the International Commission on Radiation Protec-
tion'® and other recognized authorities."® These
models and data have been incorporated in computer
programs??-?! to facilitate estimation of dose. Factors
for converting external radiation exposures to dose

18. International Commission on Radinlogical Protection,
Recommendations of the International Commission on Radio-
logical Protection, ICRP Publication 2, Pergamon, London,
1959.

19. G. J. Hine and G. L. Brownell, eds., Radiation Dosimetry,
Academic, 1956.

20. W. Doyle Turner, S. V. Kaye, and P. S. Rohwer, EXREM
and INREM Computer Codes for Estirmating Radiation Doses to
Populations from Construction of a Sea-Level Canal with
Nuclear Explosives, K-1759 (Sept. 16, 1968).

21. W. Doyle Turncr, The EXREM II Computer Code for
Estimating External Doses to Populations from Construction of
a Sea-Level Canal with Nuclear Expiosives, CTC-8 (July 21,
1969).
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were obtained with a computer code containing models
adapted from standard texts.!®+22

Average annual concentrations of radionuclides con-
tained in the air and deposited on the ground at
distances up to 50 miles from the plant site were
obtained from an atmospheric transport model?3:%*
for which a computer program was developed.2® The
deposition velocities used in the calculations for the
noble gases (krypton and xenon), methyl iodide
(CH;I), clemental iodine (I,), and particulates were

22. K. Z. Morgan and J. E. Tumer, eds., Principles of
Radiation Protection, Wiley, 1967.

23. D. H. Slade, ed., Meteorology and Atomic Energy 1968,
TID-24190 (July 1968).

24. W. M. Culkowski, Sixth Air Cleaning Conference, July
7-9, 1959, TID-7593.

25. M. Reeves III, P. G. Fowler, and K. E. Cowser, 4
Computer Code for Routine Atmospheric Release of Short-
Lived Radioactive Nuclides, OQORNL-TM-3613 (in preparation).

107, 1073, 1, and 1 cm/sec, respectively. In this
model, the reduction of radionuclide concentrations in
the air at ground level by radioactive decay and
deposition on the ground is taken into account.

The concentration of radionuclides in a body of water
receiving liquid effluents depends primarily on the
half-lives of the radionuclides and the effective volume
of water. The complex nature of most rivers, estuaries,
and some lakes may lead to large variations in the
estimates of radionuclide concentrations in the water,
on the bottom sediment, and in the biota. Careful
consideration was given to all the variables so that
realistic instead of grossly conservative estimates of
dose were obtained.

Finally, a summary of individual and population
doses is given in a dose assessment section. Comparisons
are made of the estimated doses with the numerical
guides of proposed Appendix 1 (10 CFR 50) and
natural background.
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Radiation Quantities and Units, Health Physics Course, University of Sao Paulo, Instituto of Atomic Energy,
September 6--24, 1971, Sao Paulo, Brazil.

The Physical Basis of Radiation Dosimetry, Health Physics Course, University of Sao Paulo, Instituto of Atomic
Energy, September 624, 1971, Sao Paulo, Brazil.

Detection and Measurement of Radiation, Health Physics Course, University of Sao Paulo, Instituto of Atomic
Energy, September 6—24, 1971, Sao Paulo, Brazil.

Mixed Radiation Dosimetry, Health Physics Course, University of Sao Paulo, Instituto of Atomic Energy,
September 6--24, 1971, Sao Paulo, Brazil.

Special Methods in Radiation Dosimetry, Health Physics Course, University of Sao Paulo, Instituto of Atomic
Energy, September 624, 1971, Sao Paulo, Brazil.

Dose from Electrons and Beta Rays, Health Physics Course, University of Sao Paulo, Instituto of Atomic Energy,
September 6--24, 1971, Sao Paulo, Brazil.

Introduction to Radiation Bioclogy, Health Physics Course, University of Sao Paulo, Instituto of Atomic Energy,
September 624, 1971, Sao Paulo, Brazil.

The Health Physics Research Reactor, Seminar, University of Sao Paulo, Instituto of Atomic Energy, September
6—24, 1971, Sao Paulo, Brazil. ‘

Operation BREN and HENRE, Seminar, University of Sao Paulo, Instituto of Atomic Energy, September 624,
1971, Sao Paulo, Brazil.

Nuclear Accident Dosimeiry Systems and Intercomparisons, Seminar, University of Sao Paulo, Instituto of
Atomic Energy, September 6—24, 1971, Sao Paulo, Brazil.

Dose Distributions at the Bone-Tissue Interface, Seminar, University of Sao Paulo, Instituto of Atomic Energy,
September 6—24, 1971, Sao Paulo, Brazil.

Recent Developments in the Radiation Dosimetry Section, Seminar, University of Sao Paulo, Instituto of
Atomic Energy, September 6—24, 1971, Sao Paulo, Brazil.

Depth Dose Distributions in Homogeneous Tissue-Equivalent Phantoms, Seminar, University of Sao Paulo,
Instituto of Atomic Energy, September 6—24, 1971, Sao Paulo, Brazil.

Intercomparison of Survey Instruments in Common Use in Health Physics, Seminar, University of Sao Paulo,
Instituto of Atomic Energy, September 624, 1971, Sao Paulo, Brazil.

Dosé-Effect Relationships Among Survivors of the Atomic Bombings in Hiroshima and Nagasaki, Seminar,
University of Sao Paulo, Instituto of Atomic Energy, September 624, 1971, Sao Paulo, Brazil.

Depth Dose Calculations, Seminar, University of Sao Paulo, Instituto of Atomic Energy, September 624, 1971,
Sao Paulo, Brazil.

R. H. Ritchie
The Theory of Plasmon Excitation by Swift Electrons, NATO Advanced Study Institute, August 1627, 1971,
Istanbul, Turkey.

The Theory of Optical Plasma Resonances in Solids, NATO Advanced Study Institute, August 16—27, 1971,
Istanbul, Turkey. The Z,® Effect in Stopping Power, Institute of Physics, Aarhus University, September 7,
1971, Aarhus, Denmaik.
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Surface Plasmons, Stevens Institute of Technology, November 17, 1971, Hoboken, New Jersey.

Surface Plasmons in Solids, University of North Carolina, February 16, 1972, Chapel Hill, North Carolina.
P. 8. Rohwer

Assessmeni of Environmental Releases of Radioactivity — Impact Statements, Invited Guest Seminar Program,
Lawrence Livermore Laboratory, January 17, 1972, Livermore, California.

H. C. Schweinler

A New Way to Ger Molecular Potential Energy Curves, University of Tennessee, October 5, 1971, Knoxville,
Tennessee.

W. S. Snyder

Historical Development of Radiation Standurds, ORAU Course on Radiation Protection and Health Physics, July
20, 1971, Gak Ridge, Tennessee.

FPresent Standards of Radiation Protection, ORAU Course on Radiation Protection and Health Physics, July 21,
1971, Gak Ridge, Tennessee.

Principles of Dosimetry of Internal Emitters; The Use of Reference Man for Estiration of Dose; General Models
for Dosimetry, Calculations of Depth Dose from External Sources of Radiation; Principles of Environmental
Monitoring; Radiological Safety Assessment of Environmental Releases; Reactor Accidents and Emergency
Planning, Radioactive Waste Management; Interpretation of an Exposure to Tritium, Moniforing of the
Individual, Vivo Counting, Excretion Analysis; Monitoring for Exposure to Plutonium, The Clinch River Stidy:
A Comprehensive Survey after 20 Years of Use for Disposal of Low Level Waste; Disposal of Radioactive Wastes
atr Oak Ridge National Laboratory by Hydraulic Fracturing; A Review of Some Accidents Involving Potenrially
Serious Exposure; Project Salt Vault: A Demonstrdtion of High-Activity Waste Storage in Sult Mines; A Study of
the Feasibility of Constructing a Sea-Level Canal with Nuclear Explosives; An Assessment of the Dose Resulting
from Uses of Natural Gas Produced from Nuclearly Stimulated Wells; Health Physics Course, University of Sao
Paulo Institute of Atomic Energy, November 1-19, 1971, Sao Paulo, Brazil. 4bsorbed Fractions of Gamma
Energy for Organs of the Human Body: A Monte Carlo Study, Department of Physics, Emory University,
January 28, 1972, Atlanta, Georgia.
E. G. Struxness

Assessing the Environmental Impact of Nuclear Power Plants, 38th Annual Meeting of Southeastern Section of
ASEE, University of Tennessee, April 5, 1972, Knoxville, Tennessee.
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