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PREFACE

The 1977 Annual Report from Pacific Northwest Laboratory (PNL) to the DOE Assistant Secre-
tary for Environment introduces a new cover. The earth-green color used on past annual reports
has been replaced by the "environmental colors," blue and green. The cover's abstract design
is not intended to represent anything specific, but we would not be unhappy if it suggests
something environmental or biological to the reader. The blue and green color pattern on the
cover is different for each part of this report to help distinguish the five parts.

The five parts of the Report are oriented to particular segments of our program. Parts 1-4
report research performed for the DOE Office of Biomedical and Environmental Research. Part 5
reports progress on all other research performed for the Assistant Secretary for Environment,
including the Office of Environmental Control Technology, Office of Technology Impact, and
Office of Operational and Environmental Safety.

Each part consists of project reports authored by scientists from several PNL research
departments, reflecting the interdisciplinary nature of the research effort. Parts 1-4 are
organized primarily by energy technology, although it is recognized that much of the research
performed at PNL is applicable to more than one energy technology.

The parts of the 1977 Annual Report are:

Part 1: Biomedical Sciences

Program Manager - W. R. Wiley R. C. Thompson, Report Coordinator
D. L. Felton, Editor

Part 2: Ecological Sciences
Program Manager - B. E. Vaughan B. E. Vaughan, Report Coordinator
J. L. Helbling, Editor
Part 3: Atmospheric Sciences
Program Manager - C. L. Simpson R. L. Drake, Report Coordinator
C. M. Gilchrist, Editor

Part 4: Physical Sciences

. Nielsen, Report Coordinator

Program Manager - J. M. Nielsen
. Garnant/L. Carson, Editors

o
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Part 5: Control Technology, Overview, Health, Safety,
and Policy Analysis

Program Managers - E. Carter

B. Cearlock

C. Fox

L. Hessel

V. Larson W. J. Bair, Report Coordinator
Marks R. W. Baalman, Editor

N
D
J.
D.
H.
S.
Activities of the scientists whose work is described in this Annual Report are broader in

scope than the articles indicate. Knowledge and experience obtained by PNL staff in carrying
out research in the Environment, Health, and Safety Research program have contributed to many
other DOE interests. These include assistance in the preparation of several Environmental

Development Plans for the Assistant Secretary for Environment, preparation of environmental

statements for which the Laboratory is responsible, key membership in several national and

international organizations, and numerous responses to the media on research projects of public
interest.

W. J. Bair, Manager
S. Marks, Associate Manager
Environment, Health, and Safety Research

Program
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FOREWORD

Part 4 of the Pacific Northwest Laboratories' Annual Report for 1977 to the Assistant
Secretary for Environment, DOE, includes those programs funded under the title "Physical and
Technological Programs." The 189 program studies reports are grouped under the most directly
applicable energy technology heading. Each energy technology section is introduced by a
divider page which indicates the 189s reported in that section. These reports only briefly
indicate progress made during 1977, so for details the reader should contact the principal
investigators named or examine the publications cited.
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® Reaction Kinetics of Combustion Processes

e In Situ Coal Gasification
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® Reaction Kinetics of Combustion Processes

The goal of the Reaction Kinetics of Combustion Processes is to determine the conditions,

mechanism, and chemical reactions which control the identity and concentrations of emissions

from coal combustion processes.

of fly ash and the development of a model for its formation.

The first two years of this program have emphasized analysis

The model successfully rationalizes

the large enrichment observed for many trace elements in fly ash emitted from coal-fired steam

plants.

Mass spectrometric techniques have been developed for the study of the high tempera-

ture kinetics relevant to coal combustion, with specific emphasis on techniques which will

allow investigation of the mechanism and rates of formation for toxic and carcinogenic organic

compounds.

Formation of Fly Ash in Coal Combustion

R. D. Smith and J. A. Campbell

It has been established that the smaller
flyash particles formed during coal combus-
tion show a significant enrichment of
several volatile trace elements. The most
reasonable mechanism for trace element
enrichment in flyash formation involves the
volatilization of these elements during
combustion, followed by condensation or
adsorption over the available matrix material
(composed primarily of the nonvolatile
oxides of Al, Mg, and Si). The larger
surface-to-volume ratio of the smaller
particles leads to a trace element con-
centration which is inversely related to the
particle diameter. We have found flyash
surfaces to be enriched in several of the
same trace elements, supporting this mechan-
ism. The smaller particles, which show the
highest concentrations of several potentially
toxic trace metals, are not efficiently
collected by pollution control devices.

These particles also have the highest
atmospheric mobilities and are deposited
preferentially in the pulmonary and bronchial
regions of the respiratory system.

In the past year we have collected flyash
from two coal-fired steam plants for separa-
tion into 9 to 17 well-defined size fractions
using a Bahco Microparticle Classifier.
Separate aliquots of each size fraction were
analyzed for 43 major, minor and trace

]

.

elements by X-ray fluorescence, atomic
absorption, and instrumental neutron activa-
tion to establish the concentration-particle
size dependence for each element. These
results show a strong dependence on particle
size for a number of elements, as expected

for volatilization and subsequent condensation.

A model to semi-quantitatively predict
the concentration versus particle size
behavior observed in these flyash samples
has been developed. The theory divides the
trace elements in coal into three fractions:
1) a component which is always volatilized
and is primarily associated with the organic
matter in coal; 2) a potentially volatile
component associated with the mineral
matter in coal for which the fraction
volatilized is controlled by diffusion-
Timited processes in the particle; and 3) a
nonvolatile component associated with the
mineral matter. Experiments are presently
in progress which are designed to test the
relationship between the organic affinity of
trace elements in coal and the enrichment
in the smaller flyash particles. Figure 1.1
shows the experimental results obtained for
Rb, Mn, As, and Se, and the fit obtained
using a simplified version of our volatiliza-
tion-condensation model. With further
theoretical advancement, fueled by experimen-
tal developments, we hope to be able to
semi-quantitatively predict such concentration
profiles given only analyses of the coal
(including concentration and organic affinity
of each element) and a knowledge of the
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FIGURE 1.1. Concentration of Four Elements in Fly Ash as a Function of
Particle Size

operating parameters and time-temperature
profile for the coal-fired plant.

Mass Spectrometric Studies of Combustion
Related Reactions

R. D. Smith

To understand the complex chemical pro-
cesses which occur in the combustion and
post-combustion region of coal-fired plants,
knowledge is required of the rate constants
for important unimolecular (pyrolysis),
bimolecular, gas-solid, and more complex
reactions. In the past year we have devel-
oped mass spectrometric techniques to per-
form experimental measurements for each
reaction type.

Unimolecular reactions of important
polynuclear aromatic compounds formed in the
pyrolysis of coal can be studied using the
very low pressure pyrolysis (VLPP) method
developed by Benson and coworkers. (1 In
these experiments, we use a high temperature
Knudsen cell capable of operation up to
3300°K and equipped with a gas inlet.
the study of rapid bimolecular (or more
complex) reactions, a flow-tube is inter-
faced with a modulated molecular beam mass
spectrometer. A flow-tube capable of opera-
tion at temperatures up to 500°C has been
constructed and a second flow-tube furnace
for operation up to 2200°C is being constructed.

1.2

For

For high pressure studies, an atmospheric
pressure flow-tube (equipped with a movable
combustion region) has been constructed and
demonstrated. This system allows extraction
of material from atmospheric pressure
through a water-cooled sampling cone and a
series of beam skimmers into the modulated
beam mass spectrometer for analysis. Very
slow reactions at elevated pressures may
also be studied using a static system from
which a small sample is continually leaked
into the mass spectrometer. This combina-
tion of techniques allows the measurement
essentially of any rate constant for gas
phase reactions. The VLPP method, of
course, also allows the study of gas-solid
pyrolysis reactions using selected surfaces.

The flexibility of the modulated beam
mass spectrometer developed for this work
has been shown in other applications. For
example, the high temperature Knudsen cell
allows the determination of thermodynamic
information, as well as identification of
species present in the vapors of high tempera-
ture systems. We have used this capability
to examine the vapors over fly ash in vacuum,
under oxidizing and reducing atmospheres, at
temperatures up to 1800°C. Other experi-
mental configurations may be readily con-
structed to meet the needs of each experi-
ment. For example, Figure 1.2 shows how a
Tow temperature (20° to 700°C) arrangement
has been used to identify species sublimed
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from fly ash over various inert and reactive
gases at pressures of 1 to 10 torr. Fig-

ure 1.3 shows the results of such a study
for fly ash heated to 500°C in an inert gas
(He). These results show that significant
guantities of SO2 and C02 are liberated at
relatively low temperatures. In addition, a
large number of organic species are liberated
with a maximum at approximately 350°C.
Analyses of the mass spectra show these

species to be primarily organic acids. This
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result is consistent with the reported gase-

ous emissions of organic acids from coal-

fired plants which have been shown to be on
the order of 10¢ greater than emissions of
polynuclear aromatics.

We are in the process of determining the

mechanisms for formation of the organic
emissions from coal-fired plants, with

particular emphasis on determining the rates

for formation and reaction of potentially

toxic and carcinogenic organic species.
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® In Situ Coal Gasification

During the Hanna III in situ coal gasification burn, the raw product gas was analyzed for

gaseous inorganic species.
and mercury were detected in the gas phase.

Characterization of Gaseous Effluents
From In Situ Coal Gasification

J. A. Campbell and M. R. Petersen

In situ coal gasification Tooks promising
as a means of recovering energy from coal
resources without extensive surface distur-
bances or undue exposure to workers. With
this technology, low grade coal or narrow
seams could yield energy in the form of low
Btu gas.

At the site in Hanna, Wyoming, the
process consists of drilling two wells, then
firing the seam at the bottom of one well
and injecting high pressure air down the
neighboring well. The flame front then
slowly migrates to the source of air in the
injection well. Once link-up has occurred,
then gas production begins by forcing large
volumes of air underground and recovering
the gas flowing from the production well.

1.0 REFERERCES

1. D. M. Golden, G. N. Spokes and S. W.
Benson, "Very Low-Pressure Pyrolysis
(VLPP); A Versatile Kinetic Tool."

Angew. Chem. Int. Ed. Engl. 12:534, 1973.
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0f the elements for which analyses were performed, only arsenic

A series of 10 sampling runs were made
over a one-month period to investigate the
volatile inorganic species in the raw pro-
duct gas. The hot gas (up to 900°F) was
drawn off the production well 1ine, filtered
to remove entrained particulates, and passed
through various impinger solutions. The
solutions were analyzed by X-ray fluorescence
and atomic absorption spectroscopy for Hg,
Pb, Br, Cd, Se, Na, K, Li, and Ce. These
elements were below the detection limits
(+10-100 ppb) or near concentrations of the
blank during every sampling run. For
increased sensitivity, selective absorption
traps were used specifically for arsenic and
mercury species. The concentration of
mercury as the element only was about
1000 ng/%, which is consistent if the
mercury in the coal was volatilized during
combustion. No arsenic species were detected.
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e Radiation Physics

The Radiation Physics project continues in the investigation of basic mechanisms of energy
deposition by fast charged particles and the subsequent transport and degradation of that
energy in leading to the formation of chemically active molecular species. Energy deposition
is studied through the measurement of interaction cross sections which, when compared to
theory, provide insight into the mechanisms of energy deposition in biologically significant
matter and which provide the data base required for energy transport studies. Our effort in
energy transport and degradation combines the use of Monte Carlo calculations to provide
detailed information on the initial formation of the particle track with theoretical investi-
gation of condensed-phase chemical kinetics to provide the Tink between initial energy deposi-
tion and the final observation of chemically active molecular species. Definitive tests of
the theoretical results are provided by time-resolved measurements of fluorescence from liquid
systems excited by irradiation with pulsed beams of fast charged particles and UV light.
Understanding the mechanisms by which energy is deposited and subsequently converted to
chemically active species is of direct value in the interpretation of dose-response relation-
ships in terms of quantifiable chemical and physical processes.

2.1






® [nitial Interaction Processes

Molecular Effects in Ionization by Fast
Protons

L. H. Toburen, W. E. Wilson,
L. E. Porter,* and T. L. Criswell**

The effects of radiation on biological
matter depend strongly on the manner in
which energy is initially deposited by the
radiation field. Determination of the
probability of interaction and quantity of
energy deposited, including the effects of
the chemical environment on these interac-
tions, provides insight into the biological
effectiveness of radiation. These inter-
action probabilities are determined from
basic interaction cross sections for molec-
ular targets under irradiation by fast
charged particles. The charged particles
are chosen to be typical of those encountered
in irradiated tissue.

The investigation of the effects of
molecular structure of electron emission
cross sections continues as an important
component of our cross section measurements.
During the past year, two studies bearing on
this problem have been completed. Cross
sections for water vapor, molecular oxygen
and molecular hydrogen were measured for
incident protons in the energy range 0.3 to
1.5 MeV. These results were analyzed in
terms of Bragg-rule additivity and were
compared for scalability with previous
measurements of molecules with constituents
of Tow atomic number. The principal findings
of this study were that both additivity and
scaling work well within this proton energy
range for double differential cross sections
for emission of electrons with energies
greater than about 100 eV. For lower elec-
tron energies, molecular structure plays an
important role in establishing the electron
energy spectra. Because of the large number
of low energy electrons ejected in ionizing

*Dept. of Physics, University of Montana,
Missoula, Montana 59812.

**Temporary assignment. Permanent address:
Bevatron Group, Lawrence Berkeley Labora-
tory, Berkeley, California 94720.
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collisions, the effects of molecular struc-
ture will be important in determining
quantities such as total ionization cross
sections and W values. Low energy electrons
are also known to play an important role in
establishing the yield of chemically active
species. Our results for proton ionization
of H20, Op, and Hp have been published in

J. Chem. Phys. 66, 5202-5213 (1977).

The degree of success in understanding
cross sections obtained for molecules of
low-Z constituents encouraged us to look for
further systematics in complex molecules and
those containing high-Z elements. Measure-
ments were conducted for ionization of SFg
and TeFg molecules by protons in the energy
range 0.3 to 1.8 MeV. Again, molecular
structure effects were observed in the low
energy portion of the ejected electron
energy spectra. Autoionization was observed
at electron energies less than 10 eV and
attributed to excitation of electrons from
“inner well" states to continuum states
which subsequently autoionize. Attempts to
scale cross sections in the manner found
successful for less complex low-Z molecules
failed. Within the proton energy range
studied, the probability for ejecting
electrons from the various inner shells is
strongly dependent on proton energy which
renders derivation of a simple scaling
parameter impractical. Any requirement of
differential ionization cross sections for
molecules involving high-Z atoms will con-
tinue to require specific measurements until
a sufficient data base has been generated to
derive the systematics needed to determine
appropriate scaling parameters. A paper
presenting this study in detail has recently
been published in Journal of Chemical Physics,
67:4212-4221 (1977).

The Radiation Physics project has also
progressed in the study of ionization by
heavy ions and by low energy protons. A
study of the ionization of argon by 5-50
keV protons was completed and published in
Phys. Rev. A 16, 508 (1977). In addition to
accumulation of data for 5 to 50 keV proton
on molecular nitrogen, we have initial data



on molecular oxygen and molecular hydrogen.
We intend to investigate water vapor soon.
These low energy data are important in
providing a complete picture of the proton
track as the particle stops.

Systematics in Electron Energy Spectra
Resulting from Proton Impact Ionization

L. H. Toburen and S. T. Manson*

Several years ago, Y.-K. Kim demonstrated
a method based on simple theoretical tech-
niques of extrapolating and/or interpolating
differential cross sections into regzons
where measurements were nonexistent.(1-3)
Although the model was originally tested for
jonization by electron impact, in principle,
the theory applies equally well for protons
of sufficiently high velocities.

During the past year, an extensive
investigation of proton ionization of He,
e, and Ar was undertaken in collaboration
with Y. -K. Kim of Argonne National Labora-
tory and S. T. Manson of Georgia State
University, to determine the applicability
of this theoretical model for proton impact.
Both experimental and theoretical cross
sections were studied using the theoretical
analysis proposed by Kim. Our findings show
that Kim's techngiue is very useful for
proton energies above a few MeV. Below
1 MeV, the proton velocity is too low for
the simple theoretical analysis used in this
analysis to be valid. Even at high energies,
the model must be used with care when atoms,
or molecules, containing multiple inner
shells are concerned. The details of this
study have recently been submitted for
publication in the Physical Review A. See
also contribution to X ICPEAC, Abstracts of
Papers, edited by M. Barat and J. Reinhardt
{Commissariat A'l'Energy Atomique, Paris,
1977), p. 988-989, 990-991.

Ionization by Helium Ions and Alpha Particles

L. H. Toburen, J. H. Miller, R. J. Popowich,**

and W. E. Wilson

An extensive investigation of ionization
by alpha particles and singly charged helium
jons was initiated during the past year.

This work was given high priority because of
the importance of understanding energy
deposition by alpha particles associated

with the decay of elements such as plutonium
which may be encountered as airborne contami-
nation at various stages of the nuclear
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reactor fuel cycle. Of particular interest
is determination of the range of applica-
bility of ZZ scaling for alpha particle
cross sections and investigation of the
effects of screening by the bound electron
for He* cross sections. Also of importance
are the atomic and molecular effects asso-
ciated with the target.

Measurements now have been completed for
incident Het and He'* ion energies of 0.3,
0.8, 1.2, 1.6, and 2.0 MeV/amu on targets of
water vapor and argon. Preliminary results
of these measurements were presented at the
Radiation Research Society meeting -- see
Radiation Research 70, 618 (1977) and

BNWL-SA-6216. For the most part, differen-
tial ionization cross sections for alpha
particles readily scale by 72 from measured
proton cross sections when the projectile
velocities are equal. Differences do exist,
however, for low energy ejected electrons.
It should also be noted that the lowest
alpha particle energy considered in this
comparison was 1.2 MeV because proton data
are not available at equivalent velocities
for lower energies.

The results shown in Figure 2.1 represent
the difference between alpha particle
results and scaled (Z2=4) proton cross
sections for jonization of argon by 0.3 and
0.5 MeV/amu particles. The dashed and solid
Tine represented expected Z3 contributions
for projectile energies of 0.3 and 0.5 MeV/amu,
respectively, based on higher order Born
terms using the model of Ashley, et al.(4)
Although this theory is in excellent agree-
ment for energy loss between 4 and 8 Ry
where small variations from 22 scaling are
observed, large discrepancies exist for
smaller energy loss where the differences
from Z¢ scaling are largest and the Z
correction appears to have the wrong sign.

It should be noted that some uncertainty
in the low energy electron measurement is to
be expected based on instrumental difficul-
ties, but one would not expect the uncer-
tainties to be large enough to encompass the
large differences observed in Figure 2.1.
Variations from Z¢ scaling observed for
energy loss in the range 10 to 17 Ry are
attributed to two factors. First, for
0.3 MeV/amu ions, charge transfer to the
continuum is expected to enhance the alpha
particle spectrum over the proton results.
This is based on discussions with A. Salin
(Laboratory d'Astrophysique, Talenc, France),
whose calculations indicate that continuum
charge transfer should depend on Z3.

Second, the region around 15 Ry 1is dominated
by Auger transitions (LMM Auger transitions
in argon) and these transitions have
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FIGURE 2.1. The Difference Between o(€) Measured
for Alpha Particles and 4 6(¢) Measured for Equal
Velocity Protons. The Solid and Dashed Lines
Represent Z3 Corrections to the Born Calculation of
o(e) Calculated According to the Theory of Ashley,
et al (Ref.4) for Particle Energies of 0.3 and 0.5 MeV/
amu, Respectively

previous]g been shown to deviate from 22
sca]ing.( ) Details of our analysis of the

73 effect have been published in the Physical

Review A 16:2478-2479 (1977).

Because an alpha particle undergoes
charge changing collisjons as it slows, it
is important to determine the effect that
electron capture has on the subsequent
secondary electron yield and spectral shape.
An example of the effect of the bound elec-
tron is shown in Figure 2.2 where the
electron ejection cross sections are com-
pared for 2.0 MeV He* and He** ionization of
argon. The quantity Y(E,T) plotted in
Figure 2.2 is simply the ratio of measured
cross sections to the corresponding Ruther-
ford cross section per target electron.
Plotted in the manner of Figure 2.2, equal
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FIGURE 2.2. The Ratio of Measured Electron Energy
Spectra o(¢) to the Corresponding Rutherford Cross
Section for 2 MeV Helium lons Plotted Against the
Reciprocal of the Energy Loss

areas under the curve contribute equally to
the total ionization cross sections, and the
relative importance of electrons of various
energies can be assessed. Note that screen-
ing by the electron bound to He' reduces the
yield of slow electrons by as much as a
factor of 4 relative to the corresponding
Het* spectra. At high energies of ejected
electrons, Het and He** give nearly iden-
tical results. The broad peak (in addition
to the Auger peak at 200 eV) at about 300 eV
is due to stripping of the bound electron
from the Het ion. An important radiological
result derived from these measurements 1is
that the mean energy of electrons ejected in
ionizing collisions by He* can be much
greater than that for alpha particles.

Since any reliable model of track structure
or dosimetric calculation must include the
probability for charge transfer as alpha
particles slow down, the widely varying
secondary electron distributions for
differing charge states of the ions must be
known if the radiation effects of alpha
particles are to be understood.







e Track Structure

Analytical Expression for Cross Section
Data

W. E. Wilson

The spatial distribution of energy along
a charged particle track determines the sub-
sequent chemical kinetics. Since energy
transport via electron collisions occurs
in an extremely short time (10-15-10-12 sec),
one cannot follow track evolution experimen-
tally. To obtain detailed information regard-
ing the spatial distribution of energy
deposited near a particle track, one must
resort to calculational techniques. Monte
Carlo codes are particularly well suited for
these calculations.

Detailed information regarding charged
particle track structure requires extensive
use of experimental input data. Of particu-
lar importance are accurate cross sections
for the energy and angular dependence of
secondary electrons. Experimental results
in the form of cross sections, however,
require too much computer memory to be used
efficiently in tabular form. For the most
efficient use, the cross sections need to
be represented in some simple analytic form.

In order to provide such an analytical
representation of the initial proton ioni-
zation process for our track structure
calculations, we have developed a semi-
empirical phenomenological model of the
double differential cross sections (DDCS)
for electron ejection from poly-atomic
molecules. Inasmuch as tissue is composed
of 85% water, we have based our model on the
DDCS for that molecule. The basic ?g roach
used has been previously described; there-
fore, only the improvements will be dis-
cussed here.

The DDCS for a given proton energy Ep,
electron energy ¢, and electron emission
angle 6, are first scaled according to the
following expression:
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4T3[ (e+1,)/4772
Y(E,e) = 27 O(Eae) (])
ﬂaoR Ne

where R is the Rydberg unit of energy
(13.606 eV), ag is the Bohr radius, Ip is
the first ionization potential of the target
molecule (12.6 eV for H20), T is the kinetic
energy of an electron having velocity equal
to that of the proton of energy Ep, and Ne
is the number of weakly bound electrons in
the molecule (Ng=8 for H20).

For a given secondary electron energy ¢,
the resulting angular distributions, Y(e,6),
are fitted in the Teast-squares sense with the
nonlinear expression,

v(e.0) = Ae ) v+ k(o) (2)
where
2(6) = [(cos(6) - Ay)/A)° (3)
and
M
K(8) = —g-[vs + vg - 2vpve cos(8)]'/2
(4)
where vy and ve are the velocities of the

proton and electron, respectively, and the
Ai are adjustable fitting parameters which
contain the e and Ep dependence of Y.
Fitting the angular distributions over the
range of values of ¢ gives the dependence of
each A5 on .

The parameterization of coefficients
Ay-Ag in Equatzons (2) and (3) have been dis-
cussed before.(6) Previously, A} required
two different representations, each valid in



a different region of electron energy . We
have discovered a single parameterization of
the coefficient A} that is sufficiently
accurate over the whole range of energy
loss. This expression, derive? grom fitting
techniques of Daniel and Wood,!7) is

A = a xb e (5)

where x is energy loss in units of 4T, and
a, b, and c are adjustable parameters con-
taining the dependence on Ep. It was
assumed that a, b, and c depend linearly on
Ep since the proton energy range covered is
small. Under this assumption, Equation (5)
then becomes the algorithm for A} and is
compared in Figure 2.3 with the coefficients
obtained from least-squares fitting the
angular distribution.

Coefficients Ag and A; obtained by fit-
ting the angular distributions are less well
behaved in their dependence on energy loss
and proton energy; however, the DDCS are not
strongly dependent on them. Therefore, the
assumption that A4 and As depend logarithmi-
cally on x was made resulting in

Ay = a+ b log x, (6)
and with a similar expression for As. In

these expressions, a and b are linear func-
tions of Ep-

Using the parameterization describe? here
coupled with that presented previously

for the five coefficients as functions of
the energy loss and proton energies, an
analytical expression has been constructed
which is being used to simulate the DDCS in
track structure calculations for jon ener-
gies less than about 2 MeV/amu. As it
presently is developed, the model returns
accurate cross sections for proton energies
from 0.3 to 1.5 MeV where fits to experi-
mental data were possible. Extension of the
phenomenological model to higher ion ener-
gies will necessarily rely on theoretical
calculations and/or experimental data for
molecules other than water vapor.

Primary Ionization Source Term for Track

Structure Calculations

W. E. Wilson

The development of an analytical repre-
sentation of experimental cross sections
discussed in the preceding report was
necessary for efficient utilization of
experimental cross section data. The model
returns cross sections which now must be
converted to probabilities which are compat-
ible with the Monte Carlo code. OQur first
efforts in this direction have been to use
the phenomenological model to provide an
algorithm for selecting the emission angle
for the secondary electron from primary
jonization.
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FIGURE 2.3. Coefficient A; as a Function of Energy Loss. Data Points

indicate the Results of Least-Squares Fitting Eq. (2) to the Experimental
Angular Distributions. Solid Lines Indicate the Result of the Phenomenological
Algorithm for A,, including an Assumed Linear Dependence on Ep, for the

Coefficients in Eq. (5)



To put the DDCS into a practical form for
use in Monte Carlo calculations, the follow-
ing integral equation is inverted to provide
cos § as the dependent variable:

coso
P(cos 6,e) = f o(e,0) dQ
+1

-1
[ ole,0) da (7)

+1

A linear interpolation scheme for inverting
Equation (7) is sufficiently accurate since
the analytical representation for o(e,0)

allows one to obtain P(cos6,e) at arbitrarily
close spaced intervals. Inversion of Equa-
tion (7) provides a table of cos(6) as a
function of probability at uniformly spaced
probability intervals. The computer
generation of a random number determines a
specific cosine value from the table.

Several typical tables of cosine values
for different secondary electron energies
generated with the model are shown in
Figure 2.4 for 1 MeV/amu protons. By com-
bining this table with a preselected elec-
tron energy, the ejection angle (cosine of
the angle) is obtained from a random number
generated by the code. We are presently
studying the results of implementing this
change in the Monte Carlo code and incor-
porating the model for the determination of
electron energy as well as emission angle.
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FIGURE 2.4. Cosine of Emission Angle for Ejection of Secondary Electrons

with Energy € by 1 MeV/amu Protons






e Energy Transport

Track Structure Effects in Radiation
Chemistry

J. H. Miller and M. L.

West

The spatial distribution of absorbed dose
influences the yield of chemically active
species in a medium exposed to radiation.
Through the study of nonhomogeneous kinetics
of radiation chemistry in simple 1iquid
systems, we will gain insight into the
chemical bases for radiation quality factors
such as Relative Biological Effectiveness
(RBE) and Oxygen Enhancement Ratio (OER).
This insight contributes to the scientific
basis for radiation protection standards and
to the effective use of radiation in medical
applications.

The diffusive motion of molecules rapidly
destroys the initial distribution of primary
species in most 1iquids. Hence, stroboscop-
ic techniques must be used to directly
observe the effects of nonhomogeneous chem-
ical kinetics. Pulsed radiolysis with
electrons has been used extensively to probe
the subnanosecond time region. However, the
application of this method to other types of
radiation, in particular, radiations with
high 1inear energy transfer (LET) is limited
by the requirement of large dose per pulse
to achieve a significant absorption signal
for the chemical species under investigation.

The use of fluorescence, rather than
absorption, to detect the presence of chem-
ical species circumvents this difficulty.
By time-resolve, emission spectroscopy, the
evolution of a small population of excited
states can be studied under varied radiation
conditions with subnanosecond time resolu-
tion. Through fluorescence quenching, the
time evolution of the concentration of
nonradiative species can also be investi-
gated.

Figure 2.5 compares time-resolved emis-
sion from benzene in cyclohexane excited by
pulsed proton irradiation at three proton
energies with the fluorescence decay observed
using ultraviolet (UV) irradiation. The
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FIGURE 2.5. Time-Resolved Singlet Emission from

Benzene in Cylohexane Excited by Pulsed Proton and
Ultraviolet Irradiation

nonexponential character of the fluorescence
decay with proton irradiation results from a
time dependent concentration of quenching
species not present under UV excitation.

We have published a detailed analysis of
this effect in J. Chem. Phys. 67, 2793
(1977). The time dependence of the quencher
concentration can be explained by the
diffusion of chemical species out of the
region of initial energy deposition. The
initial concentration of the quenching
species is proportional to the LET of the
radiation. Hence, more quenching is
observed as the energy of proton irradiation
decreases.

Analysis of the energy dependence of the
fluorescence decay in terms of the LET of
the radiation ignores the radial distribu-
tion of the initial energy deposition. This
is a good approximation over the range of



projectile energies achievable with the 2 MV
accelerator; however, with more energic
heavy ions, transport of energy away from

the track core by secondary electrons results

in a more diffuse pattern of energy deposi-
tion at equal values of LET. This differ-
ence in radial distribution of absorbed dose
modifies the RBE of the radiation.

A model is being developed to estimate
the effect of the radial distribution of
absorbed dose on the decay of fluorescence
induced by protons and alpha particles of
the same LET. The model is based on the
assumption that excited states and quenchers
are formed in spurs centered about the
initial sites of ionization of the medium.
The distribution of chemical species within
each spur }s assumed to be Gaussian with a
variance o¢(t) = r§ + 2Dt, where ro is the
initial spur radius and D is the diffusion
coefficient of quenchers and excited states.
The model predicts a fluorescence decay of
the form

1 _ >,
"N d kvt kspur (1 + <g(rst)>)
(8)

where kyy is the quenching rate observed
with UV irradiation, kspur is the rate of
quenching in isolated spurs, and

g(¥;t) = T _ exp <-<F-Fj>2/4oz<t>>

>

"7 (9)

is the prqbability that an excited state at
position r will be quenched by chemical
species from other sites of ionization. We
call this the "spur overlap."

The goal of our model calculations is to
evaluate the expectation value of the spur
overlap by Monte Carlo track simulation and
to study its relationship to the radial
distribution of absorbed dose. When radial
dispersion of the ionizatio?s is ignored,
the mean spur overlap is 2w /ZoS/w, where S
is the projectile stopping power and W is
the mean energy absorbed per ionization.
Preliminary Monte Carlo results show that
this is a good approximation when the spur
radius ZS much greater than the track core
radius.(8) If the spur radius is comparable
to the track core radius, the mean spur
overlap is significantly smaller due to the
contribution from ionization outside of the
track core. Calculations of the expected
fluorescence decay with energetic alpha
particles are in progress. The model calcu-
lations will then be tested against

measurements of the time-resolved emission
induced by alpha irradiation from the
accelerator facilities at the University of
Washington Nuclear Physics Laboratory.

Temperature Studies

M. L. West and J. H. Miller

In a recent pub]ication,(g) we attributed
proton-induced fluorescence decay to dynamic
quenching from a time dependent concentra-
tion of radiation produced radicals. 1In
addition, there is quenching by intramolecu-
lar processes thermally activated through
solvent perturbation. A study of the tempera-
ture dependence of radioluminescence provides
additional information about the dynamic
quenching and thermally activated processes.
Results of this study have been recently
submitted for publication in J. Phys. Chem.

Dilute solutions of benzene in cyclohex-
ane were irradiated with subnanosecond
pulses of protons and changes in the time-
resolved emission were studied as a function
of solvent temperature. These data were
compared to our model which predicts a time
dependence for proton-induced fluorescence
of the form

I(t) = I exp (-kt - oln (1 + t/t.))
(10)

where k is the decay rate observed for ultra-
violet excitation, o is the ratio of the
interaction radius for quenching by radicals
to the mean number of radicals per unit
track length, and tg is the time required to
reduce the concentration of radicals to one-
half its initial value due to diffusion.
Estimates of the parameters k, o, and tg
were obtained at each temperature by fitting
the proton-induced fluorescence decay. The
results are shown in Table 2.1. The
asymptotic decay rate k obtained at each
temperature from these proton data agrees
well with the decay that was measured using
ultraviolet excitation. Estimates of the
parameters o and t_ which characterize the
intratrack quenchiﬂg do not exhibit any
systematic temperature variation when the
experimental uncertainties are considered.
This suggests that the principal temperature
dependence of the proton-induced fluores-
cence is from thermally activated intra-
molecular quenching. Quenching by radicals
formed in the proton track is approximately
independent of temperature over the range
investigated.

The absence of a temperature variation in
a supports the conclusions that radicals
quench excited states on every encounter and



TABLE 2.1 Parameters of the intra-Track Quenching
Model(3)
T(°K) k(107 sec) o to (10 sec)

288 2.7 .34 3.0
290 2.8 .35 31
292 3.0 .34 27
294 3.2 .35 31
296 34 .36 3.2
300 3.8 .33 2.7
306 4.5 .34 2.8
308 4.5 .36 33
313 5.4 .38 3.5

(@) Defined by Eq. (10) of text.

that this interaction does not require
thermal activation. The principal tempera-
ture dependence of t, is embodied in the
diffusion rate of radicals. If this diffu-
sion rate obeys the Stokes-Einstein rela-
tion(10) we expect to to change by a factor
of 2 over the temperature range studied,
decreasing as the temperature increases.
The absence of such a temperature variation
may suggest that the initial track radius

increases more rapidly with temperature than

predicted through change in solvent density.
We hesitate to draw this conclusion, how-
ever, until more reliable estimates of tg
can be determined.
require a detailed investigation of the

Reliable estimates of tg

2.13

first 5 nsec of fluorescence response and
this will require improved time resolution.
Work in this direction is currently in
progress. The effects on estimates of tg

of finite formation times of excited states
and of time dependence in the quenching rate
constant are also being investigated.

Data for the experimental investigation
of temperature dependence of fluorescence
decay discussed above were taken with a
detection system limited by photomultiplier
response to about 1.5 nsec FWHM. Reliable
estimates of ty require a better time resolu-
tion and additional information about the
system response. MWe have just recently
achieved a time resolution of 0.7 nsec FWHM
by using improved electronics and a new
phototube of reduced background, less time
jitter, and minimized afterpulsing. The
absence of afterpulsing has resulted in a
more symmetric time response and has Tead to
successful unfolding of the system time
resolution function from measured fluores-
cence decay. Rapid fluorescence decay of
the 3914 A line of Np* is used for the
resolution measurements. At atmospheric
pressure, this state exhibits exponential
decay with a lifetime of about 100 psec.
A1l experimental parameters including beam
optics, electronic timing and phototube
operating characteristics have been
optimized for maximum performance. Pre-
liminary data taken with this new timing
system for proton-induced fluorescence
indicates that our earlier estimates of t,
may be too large. A complete temperature
study with this new detection system is in
progress.






o Radiation Dosimetry and Radiation Biophysics

The joint purpose of these two closely integrated programs is to explore the connections
between the primary physical events produced by radiation and their biological consequences in
cellular systems. The radiation dosimetry program includes theoretical description of the
primary events and their connection with the observable effects and experimental realization
and measurement of the physical parameters needed by the theory. The radiation biophysics
program tests or makes use of the theoretical developments and gathers information needed for
the theories by experiments on cellular systems. This year several different studies converged
and led to finding in Chlamydomonas reinhardi and in mammalian cells a recovery process faster
than the well-known Elkind-Sutton effect.

are still going on.

Experimental and theoretical studies of the process
Early theoretical results indicate it may have a great influence on how

laboratory data are extrapolated to the low doses and dose rates relevant in radiation protec-
tion. Identification of the effect is permitting interpretation of our results on the change
in radiation killing with temperature and on the absence of pool effects on recovery. Develop-

ment of synchronous, stationary populations of CHO cells for long-period dose-rate and split-

dose experiments has begun.

Dose-Rate and Fractionation Theory for
Multiple Recovery Processes

W. C. Roesch

X rays, gamma rays, and fast electrons
are major concerns in the protection of
workers and the public from the effects of
energy generation by either fission or
fusion. Experiments with them at the
low doses and dose rates relevant to pro-
tection would require such large animal
populations that they are impractical. Con-
sequently, the theory of the phenomena they
produce at higher doses and rates is impor-
tant because it enables confident extrapola-
tion to low doses and rates. We have studied
how changes in dose rate and dose fractiona-
tion affect this extrapolation because of a
recover{ ?socess discovered by Elkind and
Sutton. (1 Our studies have now led us to
find evidence for another recovery process,
one that proceeds faster than the Elkind-
Sutton process. Analysis of the new process
suggests that it too will strongly influence
how we extrapolate experimental data to
estimate radiation hazards.

2.15

Our interest in other kinds of recovery
began several years ag?1 From theoretical
studies of LET effects\!2) we deduced a
recovery might be found in synchronized
mitotic cells. An increase in RBE with
increasing LET would have signaled the
presence of such a process. Such data were
not available so we proposed the necessary
experiment. But recently, with the help of
W. K. Sinclair of Argonne National Labora-
tory, we found related evidence that indi-
cates the fast recovery may be present in
mitosis.

In unsynchronized cells the assumed fast
recovery would be present with the Elkind-
Sutton recovery. This led us to extend our
modeling to multiple recovery processes.

Our earlier model (see "Hit Theory for
Low-LET Radiation,"” Rad. Res. 51:480, 1972)
had radiation produce a single kind of
product subject to recovery; death resulted
from interaction of two of the damaged enti-
ties. To contrast with the models below, we
now call this the One-Product Model. Two
kinds of recovery can appear in at least the
following three ways:



® Two-Mode Model -- radiation kills in two
stochastically independent One-Product-
Model ways,

e Two-Product Model -- radiation produces
two kinds of products, each subject to
recovery at its own rate; death results
from interaction between one each of the
two products, and

e Two-Step Kinetic Model -- radiation
produces two kinds of products; one kind
must undergo a biochemical transformation
to become active; death results from
interaction between one of these acti-
vated products and one of the other kind
of direct product.

Combinations of these and the One-Product
Model give rise to models with three or more
recovery processes.

Formulas for the survival in single and
split-dose irradiations were derived for the
three models. Figure 2.6 shows -1n(S)/D
curves calculated for them. Part A is for a
Two-Mode Model. At very high dose rates,
-1n(S)/D is a straight line; at intermediate
rates, it becomes straight after some
initial curvature and is lower than at high
rates; at low rates, it is horizontal over
most of its length and is lower still. Part
A also serves for the Two-Product Model if
the slope approached at the intermediate

rates is one-half the slope at high rates.
Part B is for a Two-Step Kinetic Model. At
very high dose rates, -1n(S)/D is a curve
and is lower than for some lower rates. In
other words, in this dose-rate range sur-
vival increases with increasing dose rate,
the reverse of what is ordinarily expected.
At intermediate rates, -1n(S)/D is nearly a
straight T1ine; and at low rates it is
mostly horizontal.

These models were compared with the few
very high dose-rate survival curves in the
literature. Most of the data are for Hela
cells and gave nothing interpretable in
terms of the_models. On the other hand,
Todd et al.{13) used Ty cells and obtained
two curves like 1 and 2 in Figure 2.6.A.
The slope of curve 2 was close to one-half
that of curve 1. Concluding that Ty cells
behave 1ike the Two-Product Model is not yet
safe, however, because no experimental
points were obtained in the curving part at
low doses. I estimated the mean recovery
time for the fast process to be 2 min.

Our first report (W. C. Roesch, "Models
of the Radjation Sensitivity of Mammalian
Cel1s")(14) on the above models had just
beer submitted when Malcolm and Little(15)
reported to the Radiation Research Society
that split-dose experiments with plateau-
phase V79 and 10T1/2 cells showed fast
recovery with half times from 2 to 5 min in
addition to the normal Elkind-Sutton process.

-En(S}/D

FIGURE 2.6. -1n(S)/D Curves for:

(A) the Two-Mode Model (and the Two-

Product Model, in some Circumstances), and (B) the Two-Step Kinetic Model.
Curves 1 are for Very High Dose Rates, 2 for Intermediate Dose Rates, and

3 for Very Low Dose Rates



A reversed dose-rate effect such as shown
in Figure %.G.B appeared in the data of Ben
Hur et al.(16) for V79 cells at a very high
temperature, 42°C. This could be the effect
of a recovery process that is so fast at
ordinary temperatures as to have escaped
observation but that is slowed down at high
temperatures. Their result led us to extend
our split-dose experiments with
C. reinhardi(17) to higher temperatures and
shorter interfraction times. We found that
C. reinhardi does have a fast recovery in
addition to the slow recovery we have been
studying, and in the next article we will
describe our first measurements of it.

The presence of two (or more) recovery
processes may have important consequences on
how we extrapolate Taboratory data to low
doses and dose rates to choose radiation
protection limits. Typical data, on -1n(S)/D
plots such as in Figure 2.6, intercept the
vertical axis at a non-zero value, the
proper sensitivity to use at low doses.

This intercept is interpreted as due to
killing by single charged-particle events
and, therefore, as being independent of dose
rate. Curve 2 in Figure 2.6.A is a typical
result for ordinary laboratory dose rates
for two recovery processes. Further, data
on the curving portion at Tow doses may be
missing because the survival is high and
measurements consequently difficult. Then
the investigator would probably extrapolate
along the dotted line in the figure to an
intercept that is higher than the true
value. Indeed, the data of Todd et al. for
T1 suggest that the true intercept may be
nearly zero, that there may be no true
single-event Tethal process. (But, some
killing by single events will probably
“always occur. The different products in the
models above can both be produced in a
single event as well as in separate events.)
In other words, the presence of an unsus-
pected fast recovery process can lead an
observer to overestimate his system's low-
dose sensitivity. Also, his estimate would
depend on the dose rate and different
observers might disagree without recognizing
different rates as the cause.

Fast Recovery in Chlamydomonas Reinhardi

J. M. Nelson, L. A. Braby, and W. C. Roesch

During the study of how temperature
influences radiation killing in C. reinhardi
described in the next article, we had diffi-
culty analyzing data at temperatures above
25°C. In the split-dose plot (In(Sp/S) vs
t; t = interfraction time, S = survival, Sp
= survival for large t), the point for zero
interfraction time was always higher than

expected and points for small (3 min or
Tess) times were also consistently high. At
about this time, the development of the fast
recovery concept described in the last
article was going on. We hypothesized our
difficulties might stem from a fast recovery
process rather than to lack of heat tolerance
of the cells. To test the hypothesis, we
changed our irradiation technique to employ
a dose rate of 10% rad/min and repeated the
split-dose measurements, adding interfrac-
tion times of 0.25 to 5 min. They did show
a fast recovery process was present,

The upper part of Figure 2.7 shows a
typical result. For interfraction times
greater than 5 min, the points define a
straight 1ine whose slope gives a (slow)
recovery time of 23 min, which is consistent
with our measurements at Tower temperatures.
Below 5 min, the points all Tie above this
line. Subtracting the values of the slow-
recovery line from the data points gives the
plot in the lower part of the figure. We
have interpreted them as another straight
line due to a fast recovery process with a
mean recovery time of about 1 min.

li 35°C
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N
:‘r-‘~\~\-‘"‘7:-_.-_
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FIGURE 2.7. A Typical Split-Dose Experiment with
C. Reinhardi



Similar curves were obtained for tempera-
tures from 25°C to 37°C giving fast recovery
times from 1 to 3 min. The points are scat-
tered with no pattern discernible through
the errors; but a pattern presumably exists,
because the effect disappears below 25°C.

The data in Figure 2.7 are compatible
with either a Two-Mode Model or a Two-
Product Model. Indeed, the method of
analysis just described was based on the
models. A Two-Step Kinetic Model would have
had the points for small times below the
slow-recovery line instead of above. The
intercepts of the two recovery lines on the
vertical axis are about equal. They must be
equal for a Two-Product Model; they may be
for a Two-Mode Model.

Inactiviation and Recovery in Chlamydomonas
Reinhardi as a Function of Temperature

L. A. Braby, J. M. Nelson, and W. C. Roesch

Last year(]7) we began to measure how
temperature influences radiation killing of
C. reinhardi. The aim was to be able to
correct laboratory measurements and to
obtain thermodynamic data that might shed
Tight on how the cell reacts to radiation.
We found we could separate changes in
recovery rate from changes in radiosensi-
tivity. The recovery is an enzymatic pro-
cess. The lethal action is in competition
with some other process. This work was set
aside while investigating the fast recovery
reported above and a possible correction
that had been suggested to us (see next
article), since both might have influenced
our conclusions. These investigations gave

us more data and confirmed the earlier results.

Figure 2.8 shows the Arrhenius plot of the
slow recovery time for temperatures below
25°C where the fast recovery does not inter-
fere. The Xs are last year's data, obtained
at 5 krad/min; the Os this year's, at

100 krad/min. They agree within the accuracy
of the experiment and give an activation
energy of 19 kcal/mole. This happens to
agree Yith the 19.1 kcal/mole Donlon and
Norman(18) measured for the rejoining of
single-strand breaks in human 1ymphocyte
DNA. It makes attractive the hypothesis
that single-strand breaks are the major sub-
lethal damage in C. reinhardi. But the
activation energy for rejoining has not been
measured in C. reinhardi and other processes
may give deceptively similar values; there-
fore, it remains only a hypothesis for now.

Figure 2.9 shows the two-event factor, a
measure of radiosensitivity. The new data
agree with the old. We still Took on these
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FIGURE 2.8. Arrhenius Plot of the Mean Recovery
Times Measured for C. Reinhardi. X, 5 krad/min, and
®, 100 krad/min, by the Dose-Rate Method; m, by the
Split-Dose Method

FIGURE 2.9. Two-Event Factor; Same as Figure 2.8

results as indicating the presence of a
process competing with lethality and deduce
the activation energies of the two must
differ by 5 kcal/mole.

Reduced Radiation Sensitivity After

Recovery from Sublethal Damage

L. A. Braby and W. C. Roesch

On hearing of our studies with C. reinhardi
{preceding article), P. E. Bryant of London's
Hammersmith Hospital warned that an increased
radioresistance he had observed after times
following a first dose of radiation long
enough to permit recovery from sublethal
damage might be interfering with our split-
dose measurements. We confirmed his findings
but concluded the increased resistance has a
negligible effect on our results.



Following Bryant, we gave cells a dose
sufficient to kill 90% of them. Two hours
later we determined a survival curve for the
survivors of the first dose. The survivors
had a 40% Tower two-event factor. For a
conditioning dose equal to the first dose in
our split-dose experiments, enough to kill
about 50% of the cells, the two-event factor
was reduced only 20% at 25°C but the reduc-
tion increased to 40% at 30°C.

To determine the effect of the increased
resistance on our measurements, we calculated
the split-dose 1n(S,/S) curve for a Two-
Product Model having mean recovery times of
2 and 25 min and allowing for a change in
two-event factor of the size reported above.
Calculations were made both for linear and
exponential changes in the factor with time.
The heavy line in Figure 2.10 is a typical
result. The Bryant effect does not affect
the fast-recovery part of the curve. At
longer times the curve has a greater slope
than in the absence of the change in the
factor (1light 1ine): the slope (dashed
line) gives a recovery time of 20 min
instead of 25 min. At much longer times the
curve abruptly breaks away. We have observed
the break at temperatures above 25°C but not

at lower temperatures, even with interfrac-
tion times as long as 400 min. We concluded
that the error in the (slow) mean recovery
time was not worse than the other experi-
mental errors. The error in the value of
the two-event factor determined from the
extrapolated intercept on the vertical axis
is quite small, 10% or less.

Absence of Pool Effects in the Recovery
of Chlamydomonas Reinhardi

J. M. Nelson, L. A. Braby, and W. C. Roesch

Laurie et a].,(]g) following a suggestion
by E. L. Powers, hypothesized that a pool or
pools of consumable materials used in the
repair processes might exist within irra-
diated cells. Furthermore, they deduced
that recovery parameters determined by dose-
rate and split-dose experiments might
differ, one reflecting the rate of consump-
tion, the other the rate of refilling the
pool. This pool hypothesis aroused our
interest because it differs markedly from
the models we have been using (under this
189). The existence of a pool has never
been demonstrated, albeit this fact in
itself does not prove its non-existence. We
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Recovery from Sublethal Damage. Light Line, Calculated Without Such
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decided to test the model by measuring the
mean recovery times in dose-rate and split-
dose experiments to look for the difference
it predicts. We found no significant differ-
ence and, hence, cannot support the pool
hypothesis.

?11m1n3r dose-rate and split-dose
studies(? using the eukaryotic alga
Chlamydomonas reinhardi had not indicated
different mean recovery times, but differ-
ences might have gone unnoticed because of
temperature changes during the experiment.
Consequently, new experiments were made to
determine the recovery times by both methods
as a function of temperature. In protracted
irradiation, dose rates ranged from 100,000
rad/min down to 25 to 50 rad/min, giving
irradiation times from about 1 sec to more
than 7 hr. Split-dose irradiations were
generally made at 5000 rad/min or greater
with interfraction times up to 320 min.

Values for the mean recovery times and
two-event factors determined by these two
methods were shown in Figures 2.8 and 2.9.
There is no significant difference between
values determined by the split-dose and the
dose-rate methods below 25°C. Interference
by the fast recovery discussed in preceding
articles, unrecognized at the time these
measurements were made, prevented analysis
of data derived from experiments at higher
temperatures. The mean recovery time varies
from about 240 min at 5°C to a minimum of
about 20 min at 25°C.

Our data do not lend support to the pool
hypothesis and we conclude that, if a pool
or pools of consumable materials exists in
this system, the associated rate constants
must be very high and the transit times very
short, relative to the irradiation times, so
as to be unobserved by these techniques.

Plateau-Phase Chinese Hamster Ovary Cells

J. M. Nelson

For several years past, experiments done
under this project to test models or obtain
information for modeling have used the

eukaryotic green alga Chlamydomonas reinhardi.

Synchronized C. reinhardi have a period of
almost ten hours in which their radiation
sensitivity does not change. This enables
the long experiments required in the dose-
rate and split-dose methods of studying
recovery. Mammalian cells move through
their cycle to new states of sensitivity so
fast that such experiments are not possible.
However, mammalian cells can be stopped in
certain phases of their cycle. We hope to
find such synchronized, but stationary,
populations we can use as we have used
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Chlamydomonas. We have begun investigating
the use of cells in plateau phase for this
purpose, preferring them to drug-blocked
cells to avoid side effects of the drug.

We have equipped the cell culture
facility and are now carrying the Chinese
hamster ovary (CHO) cell 1ine. The CHO
cells are particularly adapted to this sort
of experimentation because they are easily
cultured by conventional techniques and
readily assayed for surviving fractions of
clonogenic cells, and they may be grown
either as monolayers or suspensions with
Tittle change of techniques. They are.
maintained in our lab by serial passage as
monolayers and are stored in liquid nitrogen
for purposes of continuity.

Our plans require the development of
techniques to stop logarithmic growth and
establish a parasynchronous, nonproliferating
or resting cell population. Resting cell
populations are generally associated with
nutritional and/or density-contact inhibi-
tion; both are phenomena characteristic of
population plateau conditions. Unfortunately,
the existence of the plateau is not in
itself evidence of resting cells or even of
greatly attenuated growth. Some systems
can maintain an equilibrium density with a
relatively high cellular turnover and near
normal renewal rate. We do not know how
the CHO cells will behave. It is neces-
sary, therefore, to assess proliferative
activity directly and correlate this with
cell population growth in order to deter-
mine the physiological status of the
population.

Preliminary experiments to determine
growth parameters of plateau-phase CHO
cells have established the existence of
resting cells although further development
of the techniques is necessary. Fiqure
2.11 shows the relationship between cell
density and DNA-synthetic activity of the
same sub-population from a typical experi-
ment. These cells have been nutritionally
inhibited.

Note that both the pulse 125I-UdR
uptake (a measure of gNA-synthetic activity)
and the continuous I-UdR uptake (a
quantity corresponding to the growth frac-
tion), fall exponentially from the 6th or
7th day through the 20th day, while the
total cell number remains relatively high
and constant. The unexplained variability
in uptake cannot be tolerated, but appears
to be dependent on the labeling technique.
Further work shouid not only confirm the
ability to maintain a population of resting
cells, but should give us better techniques
by which we can readily assess the kinetic
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status of such populations. Experiments
associated with development of this method-
ology are in progress.

Electron Van de Graaff Accelerator
Irradiations

L. A. Braby

The fast recovery process reported
above made necessary changes to our Van de
Graaff electron accelerator. Split-dose
experiments require large doses in times
short compared to the mean recovery time
and interfraction times comparable to the
recovery time. Dose-rate experiments
require control of dose rate so irradiation
times can range from very much less to very
much more than the recovery time. The slow
recovery (recovery time say 20 min) offers
no difficulty, and previous changes to the
accelerator were designed for recovery
times of the order of microseconds. But
the fast recovery, with recovery times of
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Growth Parameters of Plateau-Phase CHO Cells

about a minute, needed a new way of turning
the accelerator on and off.

S

Electron beams of 1072 to 5 x 10”
emerge from an accelerator window and
reflect from a graphite block to give dose
rates from 2 to 100,000 rad/min. The
electronics for microsecond pulsing was
changed to direct coupling and a relay
added to turn the beam current on and off
in response to a Tight signal from a Tight-
emitting diode at the base of the acceler-
ator. This system can turn the beam
current on or off in a few milliseconds.
The charge delivered to the graphite block
is measured with a digital charge integrator
whose pulses are counted by a preset:
counter set to turn the beam off when the
desired dose is reached. Single exposures
as short as 20 ms are reproducible. Hand
operation for split doses separated by as
little as 15 sec is satisfactory; for
separations as small as 10 ms we plan to
use a second preset counter driven by a
pulser.






¢ Dosimetry of Internal Emitters

Dosimetric guidance was provided to many of the radiobiology programs at Pacific Northwest
lLaboratory. In particular, organ and whole-body doses were calculated and measured in experi-

ments aimed at elucidating the dose-effect relationships from exposure to 85Kr gas, 239Pu(N03)4
aerosols and cervical implants of 252Cf and 226Ra.
Dosimetric Support of Radiobiology Studies skin, and presumably, if representative of
fur on the rest of the animal, reduces the
F. T. Cross and G. W. R. Endres dose to the whole body by 17%. These exper-
iments accounted for gas penetration amongst
Considerable effort was expended in the fur, for when the experiments were
support of the Toxicology of Tritium and the repeated with a thin film separating the fur
Noble Gases Program. Past estimates of the and the gas environment, the shielding
hazards from 85Kr indicated the surface dose effect of the fur was higher, reducing the
to the total body to be the Tlimiting factor dose by 25%.
in exposure but internal dose, especially to
the Tung, has not been adequately treated. Dosimetric guidance and support was pro-
Doses to both rats and beagle dogs have been vided to many other radiobiology programs at
calculated from assumed or measured tissue Pacific Northwest Laboratories. Dose and
concentrations and also determined from organ burden modeling along ICRP methodology
thermoluminescent (T1) dosimeter measure- was contrasted with separate digital computer
ments. There has not yet been total agree- system modeling of the early translocation
ment between the doses derived from tissue of inhaled 239Pu(N03)4 in beagle dogs.
concentrations and those measured by T1 Preliminary data of this continuing project
dosimeters. Some of the difficulty is due were reported at the July 1977 Annual Meet-
to uncertainty in the calibration of the Tl ing of the Health Physics Society. Neutron
dosimeters to 85Kr gas exposures, a problem and photon doses and associated relative
we hope to solve in the near future. Part biological effectiveness (RBE) factors to
of this effort included the determination of organ systems within swine were determined
the shielding effect of rodent fur during as part of an ongoing program to assess the
Kr exposures. Assessing biologic effect response to normal tissues from the cervical
to skin from beta emitting aerosols must implant of 226Ra and 252Cf sources. Addition-
take this factor into account as man, except ally, the data of our previous experiments
for clothes, hasn't such a protective layer to assess the health effects to the GI tract
for his skin. The fur from the back of rats from reactor effluents have been prepared
was found to additionally reduce the dose to for publication and for presentation.
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¢ Microdosimetry of Internal Sources

The purpose of this study is to develop practical methods for calculating microdosimetric

distributions for soft tissue and for lung tissue in which plutonium or other alpha-emitting

elements are deposited, particularly when deposited as particulates, to aid in correlating

and extrapolating radiation effects measured at different Tevels of exposure and in different

species.

Computational methods will be developed and tested in the Radiological Physics

Section; concurrently, the Radiological Health Section will develop cell and tissue models in

which those methods will be applied.

This year the development of a computer code for single-

event densities was completed, previous codes for using these densities were updated and

described, and a study made of moving particulates.

Calculation of Single-Event Distributions
for Point Source Alpha Emitters

W. E. Wilson

A method for calculating the single-
event distribtion in energy imparted for

point-source alpha emitters has been devised.

The need for these distributions arises as
a practical matter in the microdosimetry of
internal emitters.

The single-event distribution in energy
imparted for a point alpha source at a
distance r from a spherical volume of
radius p is

where n(Q) is the flux density, and f1(e,?)
is the energy imparted by a single track at
a distance ¥ from the volume of interest.
The volume of integration in Equation (1)
must extend over all solid angles for which
f1 is non-zero, which, because of the finite
range of the most energetic §-rays, is
slightly Targer than the site volume.

For an isotropic source of activity, N,
the problem has rotational symmetry, and
then fy does not depend on ¢, the azimuthal
coordinate. In this case Equation (1) can
be written
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(2)

| =

F1(e) = OfTT sing f1(e,r,6) ds

Furthermore, because of the rotational
symmetry, the f1(e,r,8) can be charac-
terized by f1(e,a), since all fy's having
the same impact parameter, a, are identical.

Monte Carlo techniques were used to
evaluate fy(e,a) for the range of alpha
particle energies 1-6 MeV and sites of
radii 0.1-5.0 micrometers. The calcula-
tions were made using ?omsuter codes
developed by Paretzke. 22) The results of
the calculations, as expected, indicated
that for individual alpha tracks passing
through the site, the single-event distri-
butions can be approximated by a Gaussian
function of the form

2
1 exp (172 (emA(a)y
V2no(a) o(a)(3)

A(a) is the mean and o(a) is the width of
the distribution.

f1(e,a) =

The Monte Carlo calculations indicated
that A is linearly related to the track
length inside the site. This is to be
expected because for the energies and site
sizes considered here, the energy imparted



to the site should nearly equal the energy
lost by the alpha particle in passing
through the site.

The dependence of the width of the
distribution on radial position is such
that the ratio, o/A, is constant out to
within 0.1 ym of the edge of the site, then
it increases sharply. This sharp increase
was phenomenologically approximated by an
exponential.

The contribution to Fy from tracks
passing outside the site was estimated
entirely from Monte Carlo calculations.

Single-event distributions were calcu-
lated for tracks passing up to 0.3 um
outside the site and for alpha energies
from 1 to 6 MeV and for site radii of 0.1
to 5 um. In summary, the single-event
distribution for tracks which pass totally
outside the site is not significantly
dependent on alpha energy and can be ade-
quately approximated with an algorithm
exponential in energy imparted. The ampli-
tude and the characteristic decay of the
exponential are not strong functions of p.

Numerical integration of Equation (2)
using Equation (3) and the observed depend-
ences of A and o on a is sufficient to
evaluate single-event distributions for
tracks which pass through the site. The
contribution from tracks passing outside
the site is an additive feature simulated
by the exponential algorithm described
above.

Calculations for Microdosimetry of
Internal Sources

W. C. Roesch

Last year we described computer programs
for combining single-event densities, such
as described in the preceding article, into
microdosimetric distributions for any
distribution of particulates in a homogene-
ous tissue. These programs have been
rearranged in a more orderly fashion than
they were in after the development period
so they can be understood and used by other
programmers. A laboratory report describing
the mathematical methods and approximations
used in the programs and the combinations
of programs used in typical applications is
nearing completion.
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Microdosimetry of Moving Particulates

W. C. Roesch

Last year we reported a number of examples
of microdosimetric distributions for alpha-
particle emitting particulates, but they
were all stationary particulates. Usually,
particulates move about, at least during
the early stages of their history in the
body. Consequently, we enlarged our
theoretical study to include moving particu-
lates. But, as a result, we concluded that
corrections for motion are seldom necessary.

Because of the correlation between alpha
particles emitted at different points along
the tracks of moving particulates, the
microdosimetric distribution produced in a
site by a field of moving particulates
differs from that produced by stationary
particulates whose number per unit volume
equals the time-average number of moving
particulates. This correlation, however,
is ineffective if the particulate emits
alpha particles so slowly that the chance
of a site being hit by more than one alpha
particle from a particulate is small. A
site cannot be hit by more alpha particles
than the particulate emits while within
alpha-particle range of the site. This
number is about AR/v (A = activity of
particulate, R = alpha-particle range, v =
speed of particulate). For particulates
containing 10-15 Ci of 239%u, for example,
AR is 5 cm/year. If the particulate moves
faster than this, the correlation can be
ignored; at some lower speed, it will
become significant.

To estimate this critical speed, the
computer programs for stationary particu-
lates were modified for calculations with
moving particulates. The mathematical
theory for moving ?articu1ates present
little difficulty,(23) but the computing
does. Many more calculations and much more
computer memory are generally necessary.
Fortuantely, for a uniform field of partic-
ulates moving with constant velocities, the
computer memory requirement can be relaxed
by using the same space successively for
different quantities. Figure 2.12 shows
densities in specific energy at four AR/v
values for this condition. For AR/v =1,
the density is indistinguishable from that
for a uniform stochastic distribution of
stationary particulates. For the value 10
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Densities in Specific Energy in Sites
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Constant Velocities

it is noticeably different, but the differ-
ence is not particularly important until
still higher.

In other words, in the example above,
the particulates must be slower than 0.5
cm/year before the microdosimetric distri-
bution is different from that of uniformly-
spread stationary particulates. This speed
is of the order of 10 cell diameters per
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year. A particulate is unlikely to move
that slowly. Rather, it will probably move
relatively rapidly from one position to
another where it will remain a while.
its microdosimetric effect is that of a
series of stationary particulates. The use
of the relatively difficult computer
methods for moving particulates is
unnecessary.

Then






® Real-Time Measurement of Pu in Air at Below-MPC Levels

A direct-inlet mass spectrometer is being developed for monitoring low-level airborne

plutonium on a real-time basis.
trations below the MPC Tevel.
the instrument's performance.
completed.

Direct-Inlet Mass-Spectrometer Development

J. J. Stoffels, P. J. Hof, and
T. P. Harrington

Current techniques for monitoring air-
borne plutonium are limited b¥ 5he rate of
radioactive decay which, for 3 Pu, amounts
to only one disintegration per second for
every 1012 atoms present. A new technique
using direct-inlet mass spectrometry is
being developed which will measure one ion
count for approximately every 102 atoms of

9Py present and do this on an individual
particle basis.

The direct-inlet mass spectrometric
technique(24,25) and the direct-inlet
mass spectrometer (DIMS) we have developed
are described in previous PNL Annual
Reports. (26-28) Further development of the
ion detector has improved the gain. A
minicomputer-based measurement system for
use with the detector has been completed.
Work is continuing on calibration of the
instrument to provide size measurement of
Pu0s particles. Mass spectral interference
due to hydrocarbon contamination has been
minimized. Performance of the air-sampling
direct inlet has been improved.

The gain of the ion detector was improved
by angling the target surface 20° away from
the incoming ion beam (see Figure 2.13).
This increased the yield of secondary elec-
trons about a factor of two by reducing the
angle between the incident ions and the
target surface. Calibration of the ion
detector shows the dc_channel to be linear
up to about 1.6 x 10-10 A of input ion
current (Figure 2.14). Together with the
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The instrument will be capable of measuring plutonium concen-
Developments during the year have improved several aspects of
A minicomputer-based ion-burst measurement system has been
Instrument calibration for particle size measurement is continuing.

pulse-counting channel this gives a 10
decade range in ion current measurement
capability.

A minicomputer-based ion-burst measure-
ment system (I-BMS) for use with the detector
has been put into operation. The I-BMS is
designed to measure the fast, transient
signals which result when a particle is
ionized in the DIMS. Ion bursts as short as
10 msec can be measured by accumulating ion-
pulse counts and integrating the dc current.

In order to minimize the amount of Pu02
aerosol which must be generated to test and
calibrate the DIMS, initial work is being
done with analogs. Analogs can be used to
develop techniques for generation of test
aerosols, to determine the transmission of
different size particles through the inlet,
and to determine the relative ionization
efficiency of different size particles.
Uranium dioxide and Ce02 have been selected
for this role because of their refractory
nature, density, and ionization potential
and because they also form dioxide ions in
the DIMS.

We have measured the duration of ion
signals which result at different filament
temperatures when a group of UO2 particles
enters the DIMS. As shown in Figure 2.15,
at a filament temperature of 1070°C ioniza-
tion persists for minutes so that individual
particle information cannot be obtained. At
1180°C the ion signal shows structure due to
particles striking the filament, but the
individual events still cannot be separated.
As the filament temperature is increased,
ionization proceeds more rapidly allowing
individual ion bursts to be measured.
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Cerium dioxide particles exhibit similar
behavior. Calibration measurements with
monodisperse Ce02 particles will begin
shortly.

Mass spectral interference due to hydro-
carbon contamination in the vacuum system
has been minimized in the reqion of interest
around mass 271 (corresponding to 23%pul60,).
0-rings used on the ion source chamber and
as a sliding seal to position the inlet
capillary have been replaced with teflon
gaskets. With this mo?ification and those
reported last year, 28) the hydrocarbon
background can be significantly reduced by
baking the ion source. Even with serious
contamination, the hydrocarbon spectrum
diminishes as the filament temperature is
increased. Above 1600°C the background in
the region around mass 271 is essentially
the detector background.

We are continuing work aimed at definirg
and controlling parameters which affect the
performance of the direct inlet. Although
the performance of different inlet capillary
tubes varies, we have nevertheless obtained
some excellent aerosol beams with the
present inlet. Aerosol beam deposits were
collected by placing transparent tape at the
filament position in the jon source so that
the aerosol particles impact on the adhesive
side of the tape. Figure 2.16 is a photograph
of such a deposit and shows a uniform,
sharp-edged deposit of only 0.5 mm diameter.
The aerosol used was polydisperse Fep03 with
a geometric mean diameter of about 0.1 um.
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FIGURE 2.16. Aerosol Beam Deposit Collected at the
Filament Position of the Direct-Inlet Mass
Spectrometer

Figure 2.17 shows what a 0.5 mm-diameter
deposit represents in terms of the inlet
geometry. The figure is drawn to scale in
both the axial and radial directions, but
the radial scale is expanded for clarity.

We see that the aerosol beam was not merely
collimated but focused. Although the
geometry would allow a divergence of 0.85°
measured relative to the capillary bore, the
aerosol beam diverged only 0.05°. To our
knowledge, this degree of focusing of an
aerosol beam has not previously been reported.
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® Analytical Techniques for Measurement of *Tc in Environmental Samples

A highly sensitive technique is being developed for measurement of 9

samples.

The procedure involves the addition of a known quantity of

Tc in environmental
97Tc tracer to the sample,

chemical separation and purification of the Tc fraction and mass spectrometric measurement of

the 97

Tc/gch isotopic ratio. Calibration of the mass spectrometer has recently been completed,

and preliminary measurements of environmental samples have been initiated.

Ultrasensitive Measurement of 9ch by Mass
Spectrometry

J. H. Kaye

From an environmental and hazard view-
point 99Tc is one of the most troublesome
radionuclides produced through nuclear
fission. This is due to the long half-life
(2.13 x 10° years), the volatile nature of
the heptoxide, the mobility of the per-
technetate ion in aqueous solution, the high
fission yield (over 6%) and the affinity of
several organs of the human body for this
element. Furthermore, technetium is almost
impossible to detect at very low levels by
direct counting methods since its half-life
is long and it emits only Tow-energy beta
radiation.

The purpose of this study is to develop,
by means of mass spectrometry, much more
sensitive methods for its detection than are
presently available. Currently planned
ecological studies within existing DOE
8rograms are awaiting development of the

9T¢ analytical procedures. Other programs
(e.g., waste management, environmental
monitoring) also require availability of a
sensitive analysis method for 99Tc.

The method being developed for analysis
of 99T¢c is based on isotope dilution mass
spectrometry. Current sensitivity of this
method is about 1 pg 99Tc (0.018 pCi). It
is anticipated that the sensitivity may be
improved by a factor of 10 to 100.

The basic approach of the method involves
first the addition of a kngyn quantity
(approximately 300 pg) of ?/Tc tracer to the
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sample. The sample is dissolved by ashing,
fusing with sodium peroxide and adding acid
to the melt. Sodium hydroxide is added to
the solution to precipitate the bulk of any
ruthenium which may be present. (Ruthenium
is the only stable element with a mass 99
isotope.) Further purification involves
anion exchange, cation exchange, solvent
extraction and electro-deposition of the
technetium as the dioxide onto an iridium
filament. Due to the codeposition of
molybdenum during the electrodeposition
step, it is necessary to dissolve the plated
sample and do further solvent extraction
purifications. Finally, the sample, contain-
ing about 50 u liters of Tiquid, is evapo-
rated onto a rhenium filament, reduced with
hydrogen gas at elevated temperature to con-
vert the dioxide to technetium metal, and
loaded into the mass spectrometer. The
isotopic measurement involves determining
the ion counting rates at masses 97, 98, 99
and 102. The mass 98 counting rate and the
natural abundances of molybdenum 97 and 98
are used to correct the mass 97 counting
rate for molybdenum and the mass 102 count-
ing rate may be used similarly to correct
the mass 99 counting rate for ruthenium.
However, the mass 102 counting rate has
normally been insignificant. After these
corrections are made, the 97/99 counting
rate ratio is used to determine the level of
9Tc in the sample.

A calibration curve of the 97Tc/997Tc ratio
has been run for electroplated solutions
containing 300 pg of 97Tc and either 0.01,
0.1, 1.0, 10.0 or 100 pg of 99Tc. The
ca];bration curve is Tinear for quantities
of 29Tc of one picogram or greater. For
smaller added quantities of 99Tc, the 97/99



mass ratio does not remain constant as a
function of time. Causes of this effect are
under investigation.

During the Bast year the procedure for
ggparation of 97Tc from irradiated enriched
Ru was successfully established. A pro-
cedure was also deve&oped for separation of
SMT¢ from enriched 99Mo which had been
irradiated at the Oak Ridge cyclotron.

A substantial effort during the past year
has been directed toward development of
special hardware and software for control of
the mass spectrometer via a PDP-11 computer
system. An interface was built which allows
transfer of digital data from the mass
spectrometer scaler to the computer.
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Software allows display of these data during
acquisition and generation and display of
plots of count rate versus time for each

mass after acquisition. Plots of 97/99

count rate_ratios versus time, after correc-
tion for 97Mo and 99Ru, can also be

generated. A special power supply was
constructed which allows computer control of
the current to the mass spectrometer filament.

Development of the chemical procedures
for isolation of Tc from vegetation samples
has nearly been completed. Special plants
were grown hydroponically indoors to provide
vegetation samples Tow in 29Tc. Analysis of
these and other samples is presently
underway.



e Radiation Instrumentation—Radiological Chemistry

Program efforts were concentrated in the following areas: development of low-level

radiochemical laboratory techniques, in situ monitoring techniques, and activation analysis

technology.

Cyclic Activation Analysis

N. A. Wogman and H. G. Rieck

A computer-controlled cyclic neutron
activation facility is being assembled for
routine multielement analysis of environ-
mental and geological samples. The neutron
source for irradiation consists of about 80
mg of 252Cf which is placed in a 93% 235U
enriched uranium core. The overall subcrit-
ical assembly produces a thermal flux of
~1010 n/cm2/sec.  This system is coupled to
a pneumatic rabbit system and an automatic
computer switching device which controls
irradiation, decay, counting, and data
reduction of a sample.

The radioactive isotopes produced are
primarily measured by their characteristic
gamma-ray energies with intrinsic Ge detec-
tors, dual Ge(Li) detectors, and Nal(T1)
multidimensional gamma-ray spectrometers.
High efficiency (25%), low background,
anticoincidence shielded Ge(Li) gamma-ray
detectors are used to provide the lowest
possible background yet maintaining high
peak-to-Compton ratios (1000:1).

Computer control for the system is
incorporated in a TN-11/10 analyzer which
provides direction for programming of the
cyclic activation procedure. This includes
the number of cycles, decay periods, count-
ing times, and samples to be inserted for
irradiation. This approach is particularly
useful for very short-lived radionuclides
whose half-1ives are in the ranges of
seconds to minutes. The data assembled
from cyclic activation are transferred to a
PDP-11/35 disc system for analysis of the
spectra. The data reduction by computer
involves a comparison of the standard and
unknown spectra for each element to

2.35

determine the quantity of element (ppm) in
a given matrix. Alternatively, the subcrit-
ical multiplier system is standardized for
a given element in a given matrix, and the
standardization approach allows direct
computation of the desired elements (ppm)
in a sample matrix without involving a
specific standard in the irradiation. Such
an approach is useful and is primarily used
in the cyclic activation analysis where the
number of cycles (consisting of the irradi-
ation/decay/count periods) may be as high
as 100.

Computer analysis and recording of the
cyclic activation data are required due to
the vast amounts of the information involved.
For example, in 200 seconds of elapsed
time, a one-second irradiation, one-second
count, produces 100 spectra for a single
sample. The on-Tine analysis of spectra is
required to just maintain data control.

The on-line computer/irradiation
facility has been evaluated on NBS orchard
leaf and USGS BCR-1 standards. The use of
computer analysis with the noncoincidence/
coincidence Ge(Li) counting system has
allowed the measurement of 22 elements in
orchard leaf. A 6-g sample of orchard leaf
and BCR-1 was irradiated at a total neutron
fluence of 1 x 1017 neutrons in the sub-
critical facility. Following the irradia-
tion, the samples were fused with Nap02 +
NaOH mixture and a group chemical separa-
tion scheme was performed to isolate the
rare earth elements. The solution aliquots
were counted for 300-1000 minutes on the
various counting systems to measure all the
REE. Sensitivities to part-per-billion
levels were obtained for some of the REE.

The use of a 252Cf neutron source in
a 235y enriched subcritical assembly seems




to be a straightforward and safe method of
providing a relatively inexpensive and fast
activation. The wide-scale use of these
multiplier units for developing highly
sensitive gamma-ray spectrometers requires
the use of computer control and analysis in
their expanding application, particularly
in cyclic activation.

In Situ Radiation Detection

K. K. Nielson, N. A. Wogman and
R. L. Brodzinski

A portable intrinsic germanium spectrom-
eter has been adapted to in situ analysis
of plutonium and americium X-rays and
y-rays for use in decontamination and
monitoring of contaminated laboratories.
This aystem consists of a high-efficiency,
19-cm¢ detector mounted in a rotatable (180°)
vacuum cryostat for flexible positioning,
and connected to a portable multichannel
analyzer and cassette tape deck for rapid
data accumulation and storage.

Developmental in situ counting of contami-

nated concrete floors indicated 10-min,

30 detection 1imits to be 290 d/m/cm? for

3%y and 9 d/m/cmé for 241Am, based respec-
tively on L X-rays (14,17 and 20 keV) and
the 26- and 60-keV y-ray peaks. Although
the floor contamination was observed to be
on the concrete surface, similar counts of
concrete surfaces near a contaminated hood
showed the activity to be Tocated at a depth
of several millimeters, as determined from
X-ray and y-ray intensity ratios. Although
the best detection limits are obtained
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e Heavy Metal and Noxious Gas Emissions from Geothermal

Resource Development

Although geothermal energy is generally considered a relatively clean source of power, the

high temperature processes which create the hydrothermal provinces result in the mobilization

of some undesirable constituents.

In this section, we report on a general effort underway to

characterize and compare effluents from a number of different geothermal sites. The second

report details our results from a preliminary sampling of a geopressured geothermal well.

Heavy Metal Gaseous Emissions from Geo-
thermal Power Plants

D. E. Robertson, J. S. Fruchter,
J. D. Ludwick, E. A. Crecelius,
C. L. Wilkerson, J. C. Evans

The high temperature magmatic processes
which create the hydrothermal provinces of
high geothermal energy potential also result
in the accumulation of undesirable gases and
liquids. During the tapping and utilization
of geothermal fluids for power production,
elevated levels of these naturally produced
contaminants can be released to the surround-
ing environment. We have initiated a study
to identify the quantities and chemical
forms of volatile and water soluble heavy
metals released in geothermal effluents. To
date, our studies have been conducted at
The Geysers, Cerro Prieto, Niland, East Mesa,
Raft River, Heber, and Vermilion Bay,
Louisiana geothermal sites.

0f the heavy metals studied, mercury is
the most volatile and gms/hour quantities
are released as gases from the generating
units at The Geysers and Cerro Prieto.
Mercury concentrations in effluents from
Imperial Valley geothermal wells are slightly
lower. Mercury concentrations in Raft River
steam and water are one to two orders of
magnitude Tower than at The Geysers and
Cerro Prieto. The mercury levels in gases
and hot water from the geopressured well at
Vermilion Bay, Louisiana contained extremely
lTow levels of mercury. The volatile mercury
at all locations is predominantly elemental
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Hg° vapor, a surprising observation because
of the high concentrations of H»S present.

Hydrogen sulfide was ubiquitous in the
noncondensable gases and ranged in concentra-
tion from 6% at several units at The Geysers
to several ppm at the Vermilion Bay site.
Radon gas is also present in elevated concen-
trations in the noncondensable geothermal
gases, with the highest concentrations
observed at The Geysers.

Arsenic primarily follows the liquid
phase at the hot water dominated sites and
concentrations in the geothermal waters

.ranged from 28 ug/1 in Raft River hot water

to 2250 pg/1 in the Cerro Prieto brine. At
Cerro Prieto, 2480 gm/hr of arsenic are
released to an evaporation pond. At Cerro
Prieto the arsenic in the fresh brine is
primarily in the +3 oxidation state, but
appears to oxidize rapidly to the +5 form
when exposed to the atmosphere. The arsenic
in fresh hot water from Raft River is ini-
tially present mainly in the +5 form.

The source-term chemical characterization
includes the quantitative measurement of
numerous gases, including CO5, NH3, Nz, 05,
hydrocarbons and noble gases, and the
analyses of numerous major and trace element
constituents in the hot waters. We have
also begun to examine the environs surround-
ing established geothermal power plants to
identify any accumulations of geothermal
pollutants as a result of plant operations.
Preliminary data suggest that Hg, B and
perhaps As levels have become elevated in
soils surrounding several generating units.



Measurement of Potentially Toxic Materials
in Geopressured Geothermal Fluids

J. S. Fruchter, D. E. Robertson, and
J. D. Ludwick

In previous work, we found that a number
of conventional geothermal wells emitted
certain heavy metals or noxious gases at
rates comparable to those from coal-fired
power plants. These emissions from a geo-
thermal well may be relatively serious
because the plant must be located near the
wells, leaving Tittle flexibility in the
selection of the site. The objective of
this work is to determine these same elements
and compounds in a geopressured well to see
how they compare to conventional geothermal
wells and to other energy sources. Geopres-
sured resources differ considerably from
conventional geothermal resources in that
they are located along the Texas and
Louisiana Coasts, an area which has no

3.2

apparent connection with magmatic or volcanic
activity. DOE has at this time a consider-
able commitment to development of geopres-
sured resources. The measurements reported
here were made at E1 Tigre Lagoon, Vermilion
Bay, Louisiana, which was at the time the
only operating geopressured well.

Data were obtained for the gases and
brine from the E1 Tigre Lagoon Well. The
major constituent of the gas is methane.

The gases are quite low in H2S and Hg
compared to gases from most conventional
geothermal areas. The brine is also rela-
tively Tow in F and As. Of the trace
constituents measured, B, NH3, K, Li, Mg and
Sr were found in levels typical of those
found at other geothermal areas. The high
concentration of a number of major constitu-
ents, such as Na and Ca, shows that the
brine is very concentrated compared to sea
water.
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¢ Oil Shale and Tar Sand Research

0i1 shale and tar sands are a potential supply of billions of barrels of crude oil for this
country's future use. One of the chief concerns in the development of these new industries is
to make sure that the conversion processes can be carried out in an environmentally acceptable
manner. For this reason, it is important to chemically and physically characterize the
effluents from these conversion processes at an early stage of development, preferably at the
pilot plant or semi-works stage. The complex nature of the effluents makes it necessary to
develop new sampling, analysis and chemical operation techniques. In this section, new or
improved techniques for both organic and inorganic analyses are presented, along with applica-
tions to fossil fuel research. Also described is a program for providing representative and
well-characterized fossil fuel samples for further characterization, environmental, and

health effects studies and a program of interlaboratory comparisons to ensure the accuracy of
the data.
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e QOil Shale and Tar Sand Effluent Characterization

Improved Computer Program for Neutron
Activation Analysis

C. L. Wilkerson, J. C. Laul, and V. L. Crow

Computer programs previously developed in
our laboratory for neutron activation
analysis (NAA) and Ge(Li) gamma-ray spectrom-
etry have been modified to improve analyt-
ical accuracy and to increase the processing
efficiency for large numbers of vy-ray
spectra. Our modified computer programs for
gamma-ray spectrometry do not involve
spectrum stripping, smoothing operations,
spectrum unscrambling, etc., where shaping
of a photopeak is involved. Instead, our
approach to y-ray spectrum analysis is based
on the principle of manual selection of a
photopeak area and Compton background
channels of the identified photopeaks of
interest in a spectrum. This approach to
computer analysis of Ge(Li) gamma-ray
spectra has been thoroughly tested in our
laboratory and has proven to be very appli-
cable to quantitative NAA-procedures.

In our present computer analysis system,
several Ge(Li) detectors and multichannel
analyzers are interfaced to a PDP-15/30
computer. Gamma-ray spectra are transferred
directly from a multichannel analyzer to the
PDP-15/30 computer by a transfer interface.
The 1ist of parameters which may be assigned
to each spectra has been modified and now
includes: 1) a description of the sample or
standard material; 2) spectrum seguence name
and number; 3) detector identification;

4} sample counting position or shelf number;
5) gain calibration; 6) date and time of
reactor irradiation; 7) date and time of
counting; 8) counting interval; 9) actual
elapsed time during count; 10) detector dead
time; 11) neutron flux and counting geometry
correction factors; and 12) sample weight.
These parameters and the y-ray spectra are
stored on a DEC tape by the PDP-15/30 com-
puter. Up to 50 2048 channel or 25 4096
channel spectra may be stored on a single
DEC tape.
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The output format of the analysis program
has been expanded to present a more complete
and easy-to-read record of computed data.
This modification has significantly reduced
the time spent in evaluating NAA results.
The current program computes elemental
concentrations in ppm, the associated error
(%), and other data such as gross, net and
background counts, counting errors due to
the sample and standard, decay correction
durina countina and from the end of irradia-
tion, corrected counts/min/gm, etc., that
are used in computation by the PDP-15/30
computer. The program also lists peak
channel and any peak shift, peak width, any
background channel shifts, and other identi-
fying parameters mentioned above.

We have tested very successfully our
computer program approach on five identical
syn%hetic TEST spectra_which were comprised
of 241am, 57co, 60co, 137Cs, 203Hg, and 46Sc
radionuclides. Each TEST spectra consisted
of 35 photopeaks of different intensities in
the range of 60-1600 keV. The photopeak
channels in the first TEST spectrum were
precisely calibrated (1 keV per channel) and
served as standards, wherever the photopeak
channels in the second and third TEST spectra
were shifted by two channels to the right
and left, respectively. The peak channels
in the fourth and fifth TEST spectra were
disproportionally shifted (2-6 channels) by
a small to a large gain shift. In each
TEST case, the program was able to success-
fully locate shifted photopeaks and to calcu-
late results which agree in greater than 95%
of the cases with manual calculations.

The approach of our computer program has
been further tested in the analyses of
geological and environmental matrices. We
have analyzed in duplicate the USGS standards
BCR-1, W-1, and PCC-1, IAEA Soil-5, and NBS
coal, fly ash, orchard leaf and bovine Tiver
for some 34 major, minor, and trace elements
(A1, As, Ba, Br, Ca, Ce, C1, Co, Cr, Cs, Eu,
Fe, Hf, K, La, Lu, Mg, Mn, Na, Nd, Ni, Rb,
Sb, Sc, Se, Sm, Sr, Ta, Tb, Th, Ti, V, Yb,



and Zn) by NAA-gamma-ray spectrometry. Our
results within the precision (1) in the vast
majority of cases agree very well with the
recommended reported values.

High Performance Liquid Chromatographic
Characterization of 0il Shale Retort Waters

W. D. Felix

During the production of 0il1 from oil
shale, water is produced as a byproduct.
Both environmental and process considerations
lead to interest in the evaluation of changes
in the organic content of the process water.
Analytical procedures are therefore required
which are rapid and quantitative for the
determination of organic solute alteration.
A high performance liquid chromatographic
technique was developed such that finger-
print spectra are produced. This technique
has the advantage of being extremely rapid
and sensitive. The success of this tech-
nique in the present application was in part
due to recent improvements in column packing.
An RP8, reverse phase, Tong chain hydro-
carbon bonded column of high theoretical
plate capacity (10,000-40,000 plates/meter)
was used with programmed gradient elution.
The solvent of choice was a methanol/water
mixture. A typical liquid chromatogram in
Figure 4.1 shows the detection capability
using an UV sensitive detector at 230 nm.

HPLC OF OMEGA-S RETORT WATER

ABSORBANCE

a1 39 3 [[33
3 0.1AU

2° RETORT WATLR

2.0AU

MINUTES

FIGURE 4.1. HPLC (High-Pressure Liquid
Chromatogram) of Q-9 Retort Water at
230 nm
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Compounds were identified by comparison with
standards and by selective collection of the
eluant with subsequent GC/MS analyses. The
technique was applied to investigate the
changes in retort water stored at 37° and
4°C. Significant differences were noted in
the chromatogram for peaks centered around
peak numbers 3, 4, 8, 47, 48 and 50. These
changes could presumably be ascribed to
microbial effects at 37°C. The elution
normally requires less than 1 hr with signi-
ficant resolution of over 60 compounds as
detected at wavelengths in the ultra-violet
range. Thus, it is possible to obtain
characteristic LC spectra against which
comparisons may be made of retort water
suspected to have been modified by physical
or microbial processes. This work was done
in conjunction with D. S. Farrier and R.
Poulson of the Laramie Energy Research
Center, Laramie, Wyoming.

Element Balance Studies at an 0il Shale

Research Retort

J. S. Fruchter

Potentially toxic elements are present in
raw 0il shale at various levels of concentra-
tion. The final impact of these elements
depends on their fate during the retorting
process and on the final physical and chem-
ical form in the effluents from the process.
Mass balance studies are a first step in
understanding the distribution of an element
in the process and waste streams. These
studies help to pinpoint those streams which
require further study and make sure that
significant amounts of the elements are not
escaping by unknown pathways. Once the mass
balance study is complete, the determinations
of the chemical and physical forms of the
elements of interest can be carried out.

Reported here is a preliminary mass
balance study for the S-11 run of the
125-kg simulated in-situ retort operated by
the Lawrence Livermore Laboratory. The
element balances for the elements were
calculated using the following mass flow
balance: raw shale 125.2 kg, spent shale
85.6 kg, dry shale oil 10.54 kg and retort
water 3.77 kg. The calculated balances in
percent for six elements of interest are
shown in Figure 4.2, assuming 100% starting
material. The major imbalance occurs for
the volatile element Hg. The Hg is probably
lost in the offgas stream, which was not
measured in this case. Measurements we have
made of other offgas streams do indicate
that Hg is at times present in retort off-
gases. Complete measurements of all effluent
streams to complete the balance for Hg



for other oil shale retort runs are under- such as As, Se and Sb, which Tike Hg, might

) way. Balances for the refractory elements be expected to be volatile, also remained in
Fe and Na shown in the figure, as well as a the spent shale in this case. Significant
number of other refractory elements, have amounts of As and Se were, however, found
been found to be satisfactory with most of also in the product oil and water. Studies

. the elements ending up in the spent shale as are underway to determine the physical forms
expected. The great majority of elements of these and other elements in the process

streams.
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o QOil Shale and Tar Sand Research Materials

Fossil Fuel Research Materials

J. S. Fruchter and M. R. Petersen

The objective of this program is to
prepare research materials from feedstock,
products, by-products and wastes from fossil
fuel pilot operations to be used in charac-
terization, health and environmental pro-
grams. The materials are needed so that
environmental and health studies can be
carried out on homogeneous, representative
and well documented samples. In this pro-
gram, materials from some of the more prom-
ising pilot operations as well as several
crude petroleums for reference purposes have
been 1) obtained; 2) stored in a manner
which minimizes degradation; and 3) split
into aliquots which are available for distri-
bution to DOE laboratories and others desig-
nated by DOE to conduct environmental and
health studies. The availability of samples
to laboratories for their research programs
is also contingent upon the consent of the
organization that provided the materials to
PNL.

The materials we have obtained and stored
to date are listed in Table 4.1. We have
also split samples of several of the shale
0ils and the solvent-refined coal liquids
into four fractions (acid, basic, PNA and
neutral) using the scheme described in last
year's reports. These fractions have been
provided to PNL biologists for studies of
. mutagenicity and toxicity. In addition,
samples of air particulates have been
obtained from the Paraho site. These samples
will be extracted with a battery of solvents
for use in mutagenicity tests.

Analysis of Boron in Fossil Fuel and
Geothermal Samples

J. S. Fruchter and J. C. Evans

The element boron in its various chemical
forms is of considerable interest in environ-
mental studies because of its known toxicity
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TABLE 4.1 Fossil Fuel Reference Materials (2)

1. Solvent-Refined Coal Process

Solvent-refined coal
Mineral residue
Light oil (naphtha)
Recycle solvent
Wash solvent

®Panow

2. Lawrence Livermore 125 kg Retort

a. Mahogany Zone raw shale (24 gal/ton)
b. Spent shale (Run $-11)

3. Lawrence Livermore 7 Ton Retort

a. Spent shale (Run L-1)
b. Crude shale oil (Run L-1)
c. Process water (Run L-1)

4. Geokinetics In Situ

Process water

5. Crude Petroleums

a. Wilmington (high N)
b. Gato Ridge (high metals, high N, high S)
c. Prudhoe Bay (low N, low S)

6. Paraho Semiworks Retort

Raw shale

Retorted shale

Crude shale

Product water

Raw shale crushing fines from filter baghouse
Retorted shale fines from filter baghouse

=0 onow

7. CO; Acceptor

a. Ash
b. Spent Acceptor

(a) The availability of samples is contingent upon
approval on a case-by-case basis by the organiza-
tion that made the materials available to PNL

to many plants in relatively low concentra-
tions. It is also one of the most difficult
elements to measure accurately in the complex



matrices found in fossil fuel and geothermal
materials. Many procedures reported in the
literature 1ist interferences which make
them inapplicable to these samples. After
careful consideration, two primary techniques
for boron determinations, which are really
quite independent of one another, were se-
lected. These techniques were a plasma emis-
sion spectroscopy method and the Azomethine
(H)colorometric method. Some samples were
also checked using a prompt gamma spectro-
metric method developed elsewhere. Publica-
tions on the spectrophotometric determina-
tion of low-level B(0-4 ppm) solutions,

plant and soil samples using Azomethine (H)
suggested application of the method to
several of our existing DOE related programs.
The method is selective and sensitive on
geothermal waters, sea water, shale oil and
0i1 shale process water, and suffers from
very few interferences.

The procedure for clear solutions (sea
water, geothermal fluids, etc.) is fairly
straightforward. Four ml of sample are
pipetted into a 25 ml polyethylene bottle.
It is important that polyethylene or quartz
be used throughout to avoid contamination
problems. One ml of a buffer washing solu-
tion containing ammonium acetate (pH 4.5)
and pentasodium DPTA is added followed by
one ml of Azomethine(H) indicator. After
thorough mixing, the solution is allowed to
stand for one hour. The solution's adsor-
bance at 415 nm is compared to that of stan-
dard boron solutions. A distilled water
blank is also run through the procedure.

Liquid materials such as shale oil and
shale 0il retort water which are not clear
must be treated to remove the color without
losing the boron. In cases where the color
is due to organic compounds, the sample may
be wet ashed or low-temperature ashed.
During the ashing procedure, the pH must be
kept high (8-9) to prevent volatilization of
boric acid.

The plasma emission spectroscopy method
is detailed in another section of this
report. The agreement between the two
methods is in general quite good and is
illustrated in Table 4.2 for the case of
alkaline leachates of soil samples taken
near a geothermal plant at The Geysers.

4.8

TABLE 4.2 Boron Concentrations in Alkaline
Leachates of Soils Taken Near a Geothermal
Plant at The Geysers, California

Plasma Emission

Azomethine-H Spectroscopy

Method Method
1 550 ng 580 g
2 95 1g 103 ug
3 6 ug 4.2 ug
4 14 ug 14.6 ug
5 28 ug 25.1 ug
7 135 pg 150.0 ug
9 22 ug 27.2 vg
10 40 vg 47.5 ug
Blank 0.5 ug 0.018 ug

0i1 Shale Analytical Intercomparison Studies

J. S. Fruchter, J. C. Laul, and J. C. Evans

Complex samples such as oil shale materi-
als present a considerable analytical
challenge. Therefore, it is important to
evaluate the precision and accuracy of
various analytical methods used to determine
elements and species of interest. Results
can be cross checked both by using more than
one analytical technique and by comparing
results among different laboratories.

During the past year we have been attempting
to determine each element of interest by at
least two methods and have been participating
in several interlaboratory comparisons.

Some of the results for one intercompari-
son sample are shown in Table 4.3. As can
be seen, the data were obtained by three
different laboratories using four different
analytical techniques. In most cases, the
agreement is quite good. This good agree-
ment shows that analysts using modern
techniques can achieve uniform and reliable
results. Other elements for which intercom-
parisons are available are listed at the
bottom of the table.



TABLE 4.3 Intercomparison Study - Spent Shale Livermore S-11
Analyst Technique As Ca Fe Sr Zn
LBL (NAA) 65 + 3 140 + 06  3.06 + 0.04 - -
BNW (NAA) 68 + 3 15.1 £ 1.5 3.28 + 0.05 1076 + 60 -
LBL (XRF) 56 + 3 123 + 0.1 294 + 0.04 944 + 40 116 + 4
BNW (XRF) 58 + 5 157 + 07 335 + 0.75 990 + 70 125 + 5
CSM (XRF) 60 + 2 156 + 0.5 323 + 0.25 1070 + 25 105 + 4
BNWL (AA) - 139 + 05 320 + 0.31 960 + 62 -
LBL (ZAA) - - - - 109 + 4

LBL = Lawrence Berkeley Laboratory
BNW = Battelle Northwest
CSM = Colorado School of Mines

Note:

Additional Elements for which Intercomparisons will be Available on Shale and Spent Shale
e Al Si, Sc, Ti, V, Cr, Mn, Co, Ni, Cu, Se, Mo, Cd, Sb, Cs, Ba, La, Sm, Eu, Hg and Pb

A New Procedure for Analysis of Polynuclear
Aromatic Hydrocarbons (PAH)

M. R. Petersen and P. W. Ryan

The usual analytical techniques for PAH
compounds involve a separation and precon-
centration procedure which may require sev-
eral days before the PAH's in the sample can
be determined quantitatively. One of our
efforts during the past year has been to
develop a new analytical procedure that is
faster than the more lengthy versions and at
the same time just as selective and sensitive
for PAH's.

Our technique in its present form consists
of a GC/MS analysis with selected ion moni-
toring at the desired m/e ratio; e.qg.,

m/e = 252 for benzofluoroanthenes, benzo-
pyrenes, and perylene. Further selectivity
is achieved through use of the appropriate
gas chromatography stationary phase and use
of argon as a chemical reagent gas. The use
of argon as the charge exchange agent is the
unique feature that differentiates this
technique from other reported procedures
using GC/MS. More importantly, the use of
argon increases selectivity and sensitivity
at least another order of magnitude over
other chemical fonization (CI) techniques.
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We have used a variety of liquid station-
ary phases on Chromosorb W with efficient 2-
foot packed columns. The liquid phases,
SP2100 (SE-30) and SP2250 (0OV-17), are stable
over long time periods and perform well with
temperature programming. Hence, a variety
of PAH's can be determined quantitatively.
For more sophisticated separations of the
isomeric sets such as CogHiz (mol wt 228)
CozH12 (mol wt 252), or Cp2H12 (mol wt 276),
etc., we use the high temperature liquid
crystal stationary phase N,N'-bis(p-phenyl-""
benzylidene) a,a'-bi-p-toluidine (BPhBT)
developed by researchers at NCI. Its use is
limited to isothermal runs at temperatures
above the solid nematic transition, 260°C.
The 1iquid crystal phase (3% on Chromosorb W
100-120 mesh AW-DMCS) may be stable for
several weeks.

The concentrations of some selected PAH's
were determined in the following synthetic
fuels: 4 different shale 0ils from above-
ground retorts, 3 Tight distillates, 2 middle
distillates, 3 heavy distillates, 2 solvent
refined coals from the SRC (PAMCO) process
and Prudhoe Bay crude for comparative
purposes. For a comparison of the average
benzo(a)pyrene content in these sample
types, see Figure 4.3.
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e Environmental Pollution Analysis—Instrument and

Methods Development

Assessment of energy-related pollutants at their sources and effluents transported through

the environment calls for reliable analytical instruments and methods.

Analysis methods have

been developed for measurement of the chemical forms and quantities of priority pollutant

elements, including 1) arsenic, copper, and mercury in fresh, geothermal, and sea waters by

precipitation and X-ray fluorescence; and 2) copper, lead, zinc, cadmium, selenium, chromium,

and nickel by cathodic stripping voltammetry, and differential pulse polarography.

Method

development has been completed to allow X-ray fluorescence analysis of sized coal fly ash,

urine, and hair.
70 pollutant elements.

Plasma Emission Spectroscopy Utilization
for Pollutant Analysis

J. C. Evans

A plasma emission spectrograph is being
evaluated for elemental analysis of pollutant
elements in a variety of environmental
matrices. The instrument utilizes a direct
discharge argon plasma for its excitation
source. Liquid samples are introduced into
the plasma by a peristaltic pump nebulizer
system. The argon arc of 6000°K minimizes
chemical interferences which have commonly
plagued atomic absorption analysis. About
70 elements can be measured with this tech-
nique. Some elements, such as boron, can be
analyzed more easily with greater sensiti-
vity with this system than with atomic
absorption or other techniques.

Instrument Development for the Measurement
of Organometallics from Energy Production
Which May Be Found in Environmental Materials

J. A. Campbell, W. C. Weimer, and N. A. Wogman

Molecular characterization or speciation
studies are now underway on organometallic
substances which may reside in the environ-
ment after release from energy production
sources. These toxic compounds normally are
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The use of plasma emission spectroscopy is also being evaluated for some

found at pico- to nanogram levels in the
environment. The detection and identifica-
tion of such organometallic compounds in the
environment present some challenging analyti-
cal problems in species collection, species
separation from natural matrices, and quanti-
tative identification.

Entrapment on solid adsorbents such as
iodine crystals, activated carbon, or silicon
rubbers on Chromosorb and condensation in
cold traps or baths are the primary methods
for the collection of volatile organometallic
compounds from air. Gas chromatography and
liquid chromatography, coupled with flameless
or normal atomic absorption spectrometry,
are being employed for separation and detection
of the organometallic compounds.

An investigation has also been initiated
to determine whether mass spectrometry and
gas chromatography/mass spectrometry can
identify qualitatively the organometallics
which have been separated from environmental
materials by a high precision liquid chro-
matograph column. Mass spectrometry has
been used extensively to identify and study
individual pure organometallics; however,
thus far there have been only limited appli-
cations of GC/MS for qualitative and quanti-
tative analyses of organometallic compounds
in complex mixtures normally found in environ-
mental materials.



Electrochemical Trace Analysis of Se, Cr,
and Ni Species in Environmental Samples

W. C. Weimer and J. C. Kutt

Highly sensitive electrochemical methods
are extremely valuable in environmental
sample analyses since they respond to individ-
ual chemical species. While the usefulness
of anodic stripping voltammetry for analysis
of Tow levels of Cu+?, Pbt2, Zn*2, and Cd+2
has been well demonstrated, the techniques
of cathodic stripping voltammetry and differ-
ential pulse polarography have been less
extensively investigated. We have been
examining these methods for the analysis of
Se, Cr, and Ni species in samples from
environmental systems.

Cathodic stripping voltammetry with a
hanging mercury drop electrode has been used
for the analysis of Set4 in several differ-
ent environmental waters. These include the
steam condensate from a geothermal power
plant, the seawater leachate of air filters
collected near a smelter, and the scrubber
waters from an aerosol sampling train used
around the Colstrip, Montana, coal-fired
steam plant. The detection limit for Set4
in these types of matrices is approximately
0.5 ppb for a 15 ml sample. This high
sensitivity, when combined with selective
oxidizing and reducing agents, will provide
the capability to analyze sub-ppb levels of
Se-2, Sel, Se*4, and Se*6 in environmental
samples.

Differential pulse polarography of Cr+b
and Ni*Z is also being evaluated for environ-
mental sample analyses. Our Timited work
thus far has demonstrated very good Tinear-
ity and reproducibility in the 25-100 ppb
concentration range. Present limits of
detection for these metal species are approxi-
mately 7-9 ppb.

Analysis of Copper in Sea Water by Anodic
Stripping Voltammetry (ASV)

E. A. Crecelius and J. M. Gurtisen*

Anodic Stripping Voltammetry (ASV) is an
electroanalytical technique that has been
used in our laboratory and on shipboard to
measure copper in Northwest Coastal waters.
Values for total copper and complexed copper
are being routinely measured.

*Ecosystems Department
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The sensitivity and reliability of ASV is
dependent upon the response from the working
electrode--a Mercury Film Electrode {(MFE).
The film is deposited on a glassy carbon
surface. Copper from the surrounding medium
amalgamates with mercury at a specific
potential and is subsequently released as
the potential is increased in the positive
direction. Special preparation of the
glassy carbon surface has resulted in the
dependability of ASV as an analytical tool.

Deterioration of the electrode can be
recognized when severe baseline deviations
are detectzd. A wet lapidary wheel combined
with granulated silica as an abrasive is
used to resurface the electrode. A distinct
carbon deposit becomes apparent on the disk
when buffed for one minute at 1800 RPM. A
new mercury film is applied by reducing Hg*Z
at the electrode surface from a 1mg/1 solu-
tion at -1.0 volts for 45 sec. Measurement
of copper concentrations >40 ng/1 are being
made with this electrode.

Copper concentrations in sea water were
determined after treatment to ultraviolet
Tight (U.V.), ozone and acid oxidation in
order to release bound copper. ASV is
sensitive only to free jonic or labile forms
of copper. Acid oxidations of samples at
pH 2.2 released the bound copper. No signi-
ficant increase in measurable copper was
obtained by further exposure of the oxidized
sample to either ozone or U.V. Tlight.
Independent ozone or U.V. 1ight treatments
do release some bound copper.

The ASV will not respond to added Cut2
if there is a complexing capacity in sea
water. It will respond linearly when all
complexing sites are filled. Natural pH
levels are maintained while the added copper
is allowed to age or complex. Analysis is
underway that will determine the effect of
plating voltages on complexed copper deter-
minations. Typical copper complexation
capacities for Pacific Northwest marine
waters range from 5-90 ug Cu/1.

Modification of the Arsenic Speciation
Technique Using Hydride Generation

E. A. Crecelius

Several modifications of the arsenic
speciation technique that was developed
several years ago by Braman and co-workers



have been made. Modifications include
adding three additional traps to the system.
These are: a water vapor trap, a second C0»
trap, and a HyS trap.

A major problem has been water vapor
freezing out in the arsine trap, thus
causing changes in the gas flow rate through
the system. By adding a water vapor trap
between the sample reaction chamber and the
arsine trap, this problem was eliminated.
The water vapor trap is constructed of 8 mm
glass tubing as a U-tube with 10 cm Tong
arms, and in operation, it is immersed in an
icewater/salt bath.

Samples that contain relatively high
concentrations of COp or HpS, such as wine
and geothermal waters, may require special
handling to avoid interferences from these
gases. Two approaches have been used.
Either the sample is acidified and degassed

in the reaction chamber for 5 min at 500 ml/min

to remove the H»S and CO2, or a HpS trap

and an additional COp trap are added to the
system. The lead acetate trap (8 mm x 8 cm
Tong glass tube packed with lead acetate) is
connected between the water vapor trap and
the arsine trap. The additional CO» trap

(8 mm x 8 cm glass tube packed with NaOH
beads) is connected between the water vapor
and the HpS trap.

Experimentally, it was discovered that
after the water, CO» and HpS traps were
dried and repacked, more consistent results
were obtained if the system was "sensitized".
This was accomplished by processing a high
concentration of standard (50 pg Ast3
and 100 ug DMAA) through the normal procedure
for Ast3 but not using the detector. After
this was complete, the reaction chamber was
carefully cleaned, and several reagent
blanks were run before the system was stan-
dardized. This "sensitizing" procedure
apparently saturates arsine absorption sites
in the system and decreases the number of
analyses required to obtain reproducible
calibration curves.

XRF Peak Analysis Method

K. K. Nielson

A novel method for direct analysis of
overlapping X-ray peaks has been developed
from a unique property of our direct peak
analysis method. The overlapping peak
analysis takes advantage of the cancellation
of equal positive and negative error Tobes
which result from the interfering peak in

w

the carefully chosen adjacent analysis
window. The method has been applied to
uranium determination in ores and soils
containing high concentrations of the
interfering elements Rb and Mo. The U Ly
peak was used, and was separated from Rb Ky
by 0.78 x FWHM. Detection limits of 7.8 ppm
U were obtained in the presence of over 100
ppm Rb.

XRF Analysis of Sized Coal Fly Ash

K. K. Nielson, J. A. Campbell, J. C. Laul,
and R. D. Smith

A matrix correction method recently devel-
oped at Battelle, Pacific Northwest Labora-
tories, for XRF analysis of environmental
samples was evaluated in the analysis of
29 elements in nine carefully sized fractions
of coal fly ash. Comparisons of the results
were made with replicate analyses by neutron
activation and atomic absorption.

The intercomparison permitted the first
meaningful test of the corrections for parti-
cle size effects in samples of uniform
known particle size. Particle size fractions
had mass median diameters of 0.5, 2, 4, 5,

9, 13, 16, 25 and 50 microns, and required
corrections of over 50% in concentrations of
light elements such as Si and S for particle
size effects. The results showed excellent
agreement between the various analytical
methods despite completely independent
calibration methods. The particle size
corrections were also demonstrated to be
adequate, with no significant particle size-
related error being observed.

PIXE Analysis of Fly Ash

K. K. Nielson, N. A. Wogman, J. A. Campbell,
and N. F. Mangelson*

An experiment was initiated to measure
concentration gradients as a function of
depth in coal flyash particles using proton-
induced X-ray emission (PIXE). By varying
the energy of the exciting protons, varying
depths of penetration were achieved in the
pelletized flyash samples. Proton energies
ranging from 0.4 to 2 MeV were used, and
indicated possible weak concentration
gradients for several volatile elements in
large particles. The minimum depth range
covered by this method is on the order of
several microns, much greater than tradi-
tional "surface" analytical methods such as
ESCA.

*Brigham Young University



Urine Analysis by XRF

K. K. Nielson and W. D. Felix

A method has been developed for preconcen-
tration of urine samples for multielement
analysis by XRF. The procedure consists of
an evaporation step, a drying/decomposition
step, and a pelletizing step which avoids
the potential contamination and chemical
recovery problems typical of ion-exchange
and precipitation methods.

Quantitative analysis of the resulting
pellets gives detection limits in the 10 ppb
concentration range for many important

transition metals as indicated in Figure 5.1.

The two detection limit lines resulted from
extremely different degrees of decomposition
before pelletizing. The potential rapidity,
low cost and wide scope of this mulielement
analytical approach make it excellent for

screening, diagnostic and basic research on
a scale previously impossible.

Hair Analysis by XRF

K. K. Nielson and W. D. Felix

Preliminary tests of a rapid new method
for XRF analysis of hair samples have proved
highly successful. The method will permit
direct quantitative analysis of an unweighed
mass of hair, thus eliminating the current
most costly analytical step, sample prepara-
tion. The mass of hair actually in the
X-ray beam and its self-absorption coeffi-
cients and other parameters are all estimated
from the coherent and incoherent backscatter
peaks from the exciting radiation. At least
14 elements are detectable in a single
analysis of "normal"” hair, including sulfur,
which was analyzed with excellent accuracy
relative to reported mean values of 4.1%.
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¢ Environmental Pollutant Characterization by Direct-Inlet

Mass Spectrometry (DIMS)

The utility of direct-inlet mass spectrometry for the detection, characterization and moni-

toring of important particulate airborne pollutants which arise as by-products of energy

production activities is being experimentally determined.
was the design and assembly of a direct-inlet mass spectrometer system.

FY-1977.

Characterizing Environmental Pollutants
by DIMS

C. R. Lagergren

Direct-Inlet Mass Spectrometry (DIMS) is a
new analytical technique which offers poten-
tial advantages in the detection, charac-
terization and monitoring of airborne envi-
ronmental particulate pollutants. It com-
bines the inherently high sensitivity of
surface ionization mass spectrometry with an
air sampling system which then makes possi-
ble the measurement {on a real-time basis)
of pollutant material as it exists in the
air. No sample collection or processing
procedures are required. In this technique,
air that contains particles is introduced as
a jet directly into the ion source of a
surface ionization mass spectrometer.
Particles striking the hot filament form
bursts of ions which are then mass analyzed
and measured. Burst rates are related to
particle concentration in sampled air while
the total charge per burst is a measure of
particle size.

The sensitivity of the DIMS technique has
been demonstrated(1-2) to be sufficiently
high to detect individual particles contain-
ing Li, Sr, U, Cr, and Pb as small as a few
hundredths of a micrometer in diameter. The
sensitivity is fundamentally limited by the
jonization efficiency attainable for the
material involved.

In addition to its high sensitivity, if a
characteristic spectrum can be produced from
a given material, the technique offers the

(&)

The first phase of this new program
This was completed in

Performance tests of the new instrument are in progress.

possiblity of identifying the particle
composition as well.

The purpose of this program is to deter-
mine experimentally the utility of the DIMS
technique for the detection, characteriza-
tion and monitoring of important particulate
airborne pollutants which arise as by-
products of energy generating activities.

To do this, it is necessary to determine the
nature of the ionization produced from
specific pollutant materials by surface
jonization. The ionization efficiency,
cracking patterns (ion spectrum), and time
history of signals produced are functions of
the nature and temperature of the filament
surface-as well as the molecular and physical
form of the material itself. These quanti-
ties and relationships are unknown and need
to be developed for successful application
of the technique.

The first phase of this program, and the
main objective for FY-1977, was the design
and assembly of a DIMS system suitable for
performing the needed experiments. Figure
5.2 is a schematic representation of the
system constructed. The air inlet system is
essentially the same as that developed for
the DIMS plutonium monitor(3) and provides
an adequate beam of particles directed onto
a surface ionization filament. A quadrupole
mass filter was selected as a mass analyzer
for the ions produced because of its ability
to be rapidly switched so that selectable
portions of the mass spectrum may be observed
in a nearly simultaneous fashion. It is
positioned with its axis intersecting and
perpendicular to that of the particle beam.




A vacuum barrier with a 1/16 in. diameter
hole is interposed between the surface
jonization filament and the quadrupole in
order that the pressure in which the quadru-
pole operates can be held as low as possible
in order to minimize interfering background
spectra. The ionizer of the quadrupole was
modified so as to provide efficient entrance
of fons from the surface ionization filament
and at the same time permit ionization by
electron impact of the neutral products
formed as well. Performance tests of the
assembled system are in progress.
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® Trace Constituent Analysis by Laser Excitation

A high resolution pulsed dye laser has been interfaced to a minicomputer for interactive

control and data aquisition.

for both gas phase polynuclear aromatic hydrocarbons (PNA's) and noble gases.
limits of Tow parts per trillion have been demonstrated for PNA's.

This system has been used to study and develop analytical methods

Detection
Two photon excitation

spectra of xenon have shown some isotopic hyperfine structure.

Laser Excitation Application to Trace
Constituent Analysis

B. A. Bushaw and 7. J. Whitaker
PNA Detection

One of the most difficult analytical
problems currently facing environmental
studies is the analysis of complex mixtures
of "large" molecules at trace levels. The
development of real time or near real time
methods of analysis is desirable in view of
the time involved in analysis by currently
accepted methods involving various chro-
matographic techniques. Laser excitation
techniques offer the capability of real time
analysis with high sensitivities. However,
in real time analysis, there is no opportuni-
ty for sample preparation. Thus, careful
consideration must be given to the inter-
action of the subject molecules with a
varying carrier matrix if a reliable and
reproducible method is to be developed. We
have studied the effect of sample conditions
on the laser induced fluorescence analysis
of gas phase polynuclear aromatic hydro-
carbons (PNA's) and found that emission
intensities may vary greatly with carrier
gas and temperature.

Using pyrene as a representative PNA, we
have investigated the effect of atmospheric
constituents and sample temperature on
relative fluorescence quantum yield. Both a
frequency doubled nitrogen Taser pumped dye
Taser and the fourth harmonic of a Nd:YAG
Taser (266 nm) were used as exciting sources.
Plotting the values of vapor pressure as a
function of 1/7 (a Clausius-Claperyon plot)
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gave a linear dependence indicating fluores-
cence to be exponentially dependent upon
temperature in the following way:

I =Ax10%T

We have determined the value of o for pyrene
vapor over the temperature range of 300-400°K
to be 884 = 109. This, along with the value
of A, which has been determined for our
system, allows the determination of the
concentration of the PNA in the sample.

Quenching studies have indicated that Op
is the only major atmospheric constituent
which appreciably attenuates fluorescence
intensity in pyrene vapor. Figure 5.3 shows
the Stern-Volmer plots of pyrene vapor
emission intensity as a function of the log
of the partial pressure of both 0p and Np in
the samplie. From the slope, the quenching
rate constant for

Pyrene* + 02 ~+ Pyrene + 02*

is determined to be: ki = 4.0 + 0.1 x 1010
Titer mole-1 sec-1.

Since 0p produces such strong quenching,
it would be desirable to pretreat samples by
cold trapping the PNA's and then releasing
them in a noble gas carrier to provide a
maximum sensitivity. In experiments with no
0o in the sample, we have shown that detec-
tion limits in the Tow parts per trillion
range are easily attainable. Even with 0p
present, as would be the case for real time
atmospheric analysis, detection limits of
about 10 ppb are still possible.
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FIGURE 5.3. Stern-Volmer Plots Showing Quenching
Effects of Buffer Gases on Pyrene Vapor Fluorescence
Intensity: ® O,, AN,

Two Photon Excitation of Xenon

During the last year, the efforts for
development of an isotopically selective
method of analysis for noble gases have
continued. The previously observed 1Dy - 1Sg
iwo-photon excitation of xenon has been
examined with higher resolution (Figure 5.4).
Some structure, which is attributed to iso-
topic hyperfine splitting, has now been
observed. This structure indicates that the
hyperfine splitting constants are on the
order of several gigahertz, in agreement
with earlier theoretical calculations.

Before development into an analytical pro-
cedure, further work using higher resolution
Doppler cancelling techniques to resolve the
isotopic peaks must be carried out. A system
which places the sample inside a high resolu-
tion confocal interferometer to provide
standing wave excitation is currently under
development.
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Laser Control and Data Acquisition

Computer acquisition, interface to the
laser system, and software development were
important projects for this year. We now
have a minicomputer interactively coupled to
the laser system through a versatile system
of analog-to-digital, digital-to-analog, and
special purpose interfaces. Programs which
align the many tuning elements of the laser
have allowed the spectrum in Figure 5.4 to
be taken at a resolution which was pre-
viously impossible by manual tuning of the
laser system. These programs also permit
continuous high resolution scanning over a
range Timited only by the output of the dye
used in the dye laser. The computer also is
used for rapid data acquisition, storage,
and analysis.
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FIGURE 5.4. Two Photon Fluorescence Excitation Spectra
of Xenon 1D, State Showing Partially Resolved Structure



e Applications of Holography

Holography with short laser pulses is being studied to determine its applicability to environ-

mental problems. It has been established that if a simple portable holo-camera were available

it would find use in the field and laboratory for characterizing the physical properties and

behavior of aerosols, particulates and underwater organisms. To this end we have designed and

built such a camera.

Applications of Holography to Environmental
Studies

B. P. Hildebrand

Holography, invented in 1948, is a photo-
graphic technique capable of recording a
scene in three dimensions. This record, the
hologram, can be used to reconstruct the
scene for later study. The reconstruction
is so perfect that it can be used to make
precise measurements by means of inter-
ferometry, for example. The invention of
the laser in the 1960's resulted in a rapid
expansion in research of holography and the
search for applications. The pulsed laser,
in particular, imparted a momentum in the
direction of particle holography since
transient events could be recorded and
studied in the laboratory.

Observations

Commercial pulsed ruby lasers are very
expensive and cumbersome, usually weighing
hundreds of pounds and requiring a source of
power. This is probably the major reason
that holography has not reached its full
potential in any but the most specialized
applications. During this year we succeeded
in building a small battery-powered ruby
laser starting with a Metz 402 photographer's
flash unit. We also adapted a 35 mm Pentax
camera body to hold Kodak S0-173 film on
which Gabor holograms are recorded. The
photograph on Figure 5.5 shows the flash
unit with its battery pack, and the Pentax
camera.

The laser cavity was made from 20 mm
I1.D., 50 mm long, quartz tubing silvered on

the outside and capped with flat mirrors. A
commercial 2 mm x 50 mm ruby rod, reflection
coated on both ends, was mounted along side
the flashlamps near the center of the tube.
Figure 5.6 shows the components and Figure
5.7 the completed cavity. The flash lamp is
triggered by the camera using all the existing
circuitry in the camera and flash unit. The
completed camera (in breadboard form) is
shown in Figure 5.8. The aerosol or target
to be recorded is introduced between the
camera and laser. The laser beam is, of
course, expanded to fill the aperture of the
camera. MNote also the narrow band filter in
place of a lens in the camera. This filter
blocks out all the ambient 1ight so that the
camera can be used in full sunlight.

Measurements indicate that full output of
the laser is 12-15 milli-Joules, enough to
overexpose the film. We have, therefore,
modified the flash unit to shorten the
length of the puise to provide optimum
exposure. This was done by utilizing an
existing circuit in the unit. Figure 5.9 is
an example of the image of two water droplets
(about 100 um) in a cloud of spray, taken
with this camera.

Conclusions

We have succeeded in building a light
portable ruby laser at very low cost. This
laser is adeguate for obtaining holograms of
slow moving aerosol clouds and particles (1
mm/sec). For faster motion, we will need to
build a Q-switch to shorten the pulse from
jts current 1-2 msec. This will be done
with the same goal of simplicity and
portability.




FIGURE 5.5. Flash Unit with Battery Pack and Pentax
Camera for Use in Ruby Laser System



FIGURE 5.6. The Components for the Ruby Laser
Cavity
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FIGURE 5.7. The Completed Ruby Laser Cavity



FIGURE 5.8. The Completed Camera System for
Ruby Laser Holography Use
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