Pacific Northwest Laboratory
Annual Report for 1991 to the
DOE Office of Energy Research

Part 4 Physical Sciences

L. H. Toburen and members of
the Physical and Technological
Programs Staft

April 1992

Prepared for
the U.S. Department of Energy
under Contract DE-AC06-76RLO 1830

Pacific Northwest Laboratory
Richland, Washington 99352

e W

PNL~--8000-Pt, 4
DE92 015995



Preface

This 1991 Annual Report from Pacific Northwest Laboratory (PNL) to the U.S. Department of Energy (DOE)
describes research in environment, and health conducted during fiscal year 1991, This year the report
consists of four parts, each in a separate volume,

The four parts of the repon are oriented to particular segments of the PNL program, describing research
performed for the DOE Office of Health and Environmental Research in the Office of Energy Research.
In some instances, the volumes report on research funded by other DOE components or by other govern-
mental entities under interagency agreements. Each pan consists of project reports authored by scien-
tists from several PNL research departments, reflecting the multidisciplinary nature of the research effort.

The parts of the 1991 Annual Report are:

Part 1: Biomedical Sciences
Program Manager. J. F. Park Park, Report Coordinator

J. F
S. A. Kreml, Editor

Part 2: Environmental Sciences
Program Manager:  R. E. Wildung D. A. Perez, Editor

Part 3: Atmospheric Sciences
Program Manager.  W. R. Barchet L. K. Grove, Editor

Part 4;: Physical Sciences
Program Manager: L. H. Toburen L. H. Toburen, Report Coordinator
R. C. Pedersen, Editor

Activities of the scientists whose work is described in this annual report are broader in scope than the
articles indicate. PNL staff have responded to numerous requests from DOE during the year for planning,
for service on various task groups, and for special assistance.

Credit for this annual report goes to the many scientists who performed the research and wrote the
individual project reports, to the program managers who directed the research and coordinated the
technical progress reports, to the editors who edited the individual project reports and assembled the four
parts, and to Ray Baalman, editor in chief, who directed the total effort.

T. 8. Tenforde
Health and Environmental Research Program
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Foreword

Part 4 of the Pacific Northwest Laboratory Annual Report for 1991 to the DOE Office of Energy Research
includes those programs funded under the title "Physical and Technological Research.* The Field Task
Program Studies reported in this document are grouped by budget category and each Field Task
proposal/agreement is introduced by an abstract that describes the projects reported in that section.
These reports only briefly indicate progress made during 1891. The reader should contact the principal
investigators named or examine the publications cited for more details.
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Chernobyl Database Management

The Chernobyl Database project is developing and maintaining an information system to provide
researchers with data and resource materials relating to the Chernobyl nuclear accident of April, 1986.
The system is the official United States repository for Chernobyl data. The system includes a collection
of Chernobyl-related documents, a database of bibliographic references, and a collection of radiological

measurements records.

During FY 1991, end-user software products were prepared to make the

resources more accessible and easy to use. These products include a personal-computer-based biblio-
graphic search system (ChernoLit™®) and a personal-computer-based radiological measurements

database system (ChernoDat).

Chernobyl Database

R. A. Kennedy, J. A. Mahaffey, F. Carr, Jr, and
S. K. Smith

Chernolit

In an effort to provide software tools to aid re-
searchers studying the Chernobyl accident, the
Chernobyl Bibliographic Search System (Cherno-
Lit™) was developed, documented, and tested
during FY 1991. ChernoLit provides bibliographic
data and abstracts in a usable format for research
studies relating to the Chernobyl accident.
ChernoLit is an easy-to-use software package
that includes search capabilities on bibliographic
data, The user may specify names, words, and
phrases of interest. These search criteria may be
logically compounded. The user may also spe-
cify which database fields are to be searched,
The user may interactively view the references,
including the abstracts, or may generate a report.
Reports may be directed to the screen, to the
default printer, or accumulated in a folder that is
written to a disk file.

ChernolLit will run on an IBM PS/2, AT.(b) or a fully-
IBM-compatible computer configured with either a
5-1/4-inch or 3-1/2-inch high-density floppy disk
drive and with 8 megabytes of free disk space.
An operating system of DOS 3.3 or higher is
required. For best performance, use of a mouse
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is recommended. If printed reports are desired, a
printer must be available to the computer,

ChernolLit has been implemented as a FoxProm(©
2.0 run-time application consisting of pull-down
menus, shortcut keys, text buttons, and dialog
boxes as well as the bibliographic database. This
stand-alone system is provided in compressed
format on floppy disks. An automatic install
procedure loads the application onto the user's
computer. A version that executes on the Macin-
tosh®(@ computer will be available in the future.

Over 4400 references concerning the accident,
complete with abstracts, are included with
ChernoLit. The data contained in the database
was obtained from electronic literature searches
and from requested donations from individuals
and organizations. These literature searches
interrogated the ENERGY SCIENCE AND TECH-
NOLOGY database (formerly DOE ENERGY) of
the DIALOG®® Information Retrieval Service.
ENERGY SCIENCE AND TECHNOLOGY, provid-
ed by the U.S. DOE, Washington, D.C., is a multi-
disciplinary database containing references to the
world's scientific and technical literature on
energy. All unclassified information processed at
the Technical Information Center of the U.S. DOE
is included in the database.

ChernolLit is a trademark of Battelle Memorial Institute, Columbus, OH, USA.

IBM, PS/2, and AT are trademarks of International Business Machines Corporation, Boca Raton, FL, USA.
FoxPro is a trademark of Fox Software, Inc. Perrysburg, OH, USA.

Macintosh is a registered trademark of Apple Computers, Inc., Cupertino, CA, USA.

DIALOG is a registered trademark of Dialog Information Services, Inc., Palo Alto, CA, USA.



In addition, information on many documents has
been manually added to ChernoLit. Most of this
information was obtained in response to requests
for data sent to people and/or organizations
throughout the world.

A significant effort was undertaken to increase the
readability of the bibliographic references con-
tained in ChernoLit by: 1) capitalization of titles
and acronyms, 2) standardization of radionuclide
specification, and 3) standardization of super-
scripts, subscripts, and numeric references.
Particular attention was paid to standardizing
radionuclide specification because of the
likelihood that searches would be conducted on
this information,

ChernoLit underwent a beta test within PNL in late
FY 1991. As a result of the beta test, several
software modifications and documentation
changes were made.

In cooperation with the technology transfer initia-
tive within DOE, ChernoLit will be made available
commercially by Battelle Memorial Institute.

ChernoDat

A companion software package to ChernoLit that
allows the user to interactively browse the radio-
logical measurements database is currently
undergoing development and testing. The Cher-
nobyl Radiological Measurements Information
System (ChernoDat) is a software package that
provides access to radiological measurements
collected in response to PNL requests subse-
quent to the Chernobyl accident. Data in
ChernoDat are organized into a central database
that stores data in a standardized record format,
with multiple satellite databases containing the
data in their original record formats. ChernoDat
allows the user to browse, query, and export the
radiological data from both the central and satel-
lite databases. The browsing feature allows the
user to toggle between data in the original record
and a standardized record. The query feature
allows the user to obtain a data subset and then
export the subset to an ASCI| file for analysis.

ChernoDat will run on an IBM PS/2, AT, or a fully-
IBM-compatible computer configured with a VGA
monitor, 3-1/2-inch high-density floppy disk drive,
and a hard drive with 7 megabytes of free disk
space. An operating system of DOS 3.3 or higher
is required. Performance will increase as the
amount of available RAM is increased up to a limit
of 16 megabytes.

ChernoDat is implemented as a Paradox®® Run-
time 3.5 application consisting of pop-up menus,
on-line help, and query-by-exampile filtering. The
application requires Paradox Runtime files that
are included with ChernoDat on the 3-1/2-inch
high-density diskettes. An automatic installation
program is used to install the compressed format
files. :

Currently, the central database consists of over
48,000 records that have been standardized from
five satellite databases. The data records cur-
rently included in the satellite databases have
been donated by the following agencies: State of
Washington Department of Social and Health
Services (Pickett 1986), Ministry of Agriculture,
Fisheries and Food, Welsh Office (1988), Safety
Analysis Unit, National Institute of Radiological
Sciences, Japan (1988), Chernobyl Protective
Measures Assessment Team, United States
Nuclear Regulatory Commission (1986), and
Stone & Webster Engineering Corporation (1986).

interaction with Researchers

During FY 1991, letters were written to more than
100 recearchers who prcvided us with either
radiological measurements or bibliographic data.
The letters acknowledged our appreciation of
their assistance and noted we would provide
them with ChernolLit, ChernoDat, and/or the
printed bibliography.

Publication Preparation

A paper entitled *Chernobyl Database" was
presented at a poster session of the Winter
Technical Conference of the American Statistical
Association.

(a) Paradox is a registered trademark of Borland International, Scotts Valley, CA, USA.
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A report entitled ChernoLit™ - Chernobyl Biblio-
graphic Search System User}'s Guide was pub-
lished to document use of the/ChernoLit software.

|
|

A printed bibliography of mqlpre than 4400 refer-
ences included in ChernolLit, compleie with
author index, was published. Utility software was
written that automated much of the work involved
in generating this document.

|
An abstract has been accepted to present a
poster on the Chernobyl Database at the IRFA 8 -
International Radiation Protection Association
meeting in Montreal, May 17-22, 1992. The paper
entitled *U.S. Department of Energy Chernobyl
Databases* will be published in the Conference
Proceedings of IRPAS. |

|
An abstract has been accepted for inclusion in
the "New ‘Horizons in Radiation Protection and
Shielding* American Nuclear Society Topical
Mesting to the held in Pasco, WA, April 26 -
May 1, 1992. The paper entitled “ChernoLit -
Chernobyl Bibliographic Search System* will be
published in the proceedings.

Future Efforts

Completion and distribution of products devel-
oped during FY 1991 is scheduled for early FY
1992, In addition, a major task for FY 1992 will be
to summarize data currently included in the infor-
mation system and to analyze the information
system in reiation to the overall availability of
information relating to the Chernobyl accident. If
software is available, a Macintosh version of
ChernolLit will be generated and reieased.
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Chernobyl Environmental Measurements

In 1990, the government of the USSR requested, through the auspices of the International Atomic
Energy Agency (IAEA), the assistance of member countries in helping to assess the environmental,
health, and safety aspects related to the Chernobyl accident in the inhabitated contaminated communi-
ties surrounding the Chernobyl area. As part of this assessment, a request was made to sample and
analyze soils, sediments, selected biota, and water from these regions. The purposes of these measure-
ments were to 1) verify the radiological environmental conditions established earlier by Soviet scientists,
2) determine the credibility of their results, conclusions, and recommendations, and 3) learn as much as
possible about the environmental distribution and behavior of Chernobyl-origin radionuclides in the
environs just outside of the 30-km *prohibited zone.* Pacific Northwest Laboratory (PNL) participated in
this measurement and assessment program. R. W. Perkins and D. E. Robertson served on several com-
mittees for planning and implementing the radiological measurements and assessments program, and
PNL participated in analyses of seiected environmental samples collected from the regions surrounding
Chernobyl. This report summarizes the resuits of this participation.

Radiological Measurements 100

D. E. Robertson, R. W. Perkins, E. A. Lepel,
C. W. Thomas, and R. A. Kiddy

Soil, sediment, vegetation, surface water, and air
filter samples were collected from the communi-
ties surrounding the Chernobyl area by Interna-
tional Atomic Energy Agency (IAEA) sampling
teams. A portion of these samples were sent to
Pacific Northwest Labortory (PNL) for gamma
spectrometric and radiochemical analyses. In
general, the PNL measurements confirmed the
earlier results of the Soviet scientists. Radio-
nuclide concentrations and distributions in soils
from this region were similar to the ranges
reported by the Soviets.
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FIGURE 1. Depth Distribution of '*’Cs in Four Soil Cores
Figure 1 illustrates the depth distribution of '3Cs,  Collected Near Chernobyl
the most abundant Chernobyl-origin radionuclide

in the environs, in four soil cores collected from

three communities surrounding the Chernobyl
ared, In the three undisturbed soil cores from
Bragin and Polesskoye, the radiocesium had
penetrated past a depth of 5 cm, although the
concentrations at 5 cm were over two orders of
magnitude lower than the surface values. The
soil core from Gomel showed either a faster '/Cs
penetration with depth or some disturbance
(physical mixing) of the upper layer of soil, or a
combination of both processes.

Figure 2 shows the depth distribution of the
detectible gamma emitting radionuclides in an

undisturbed soil core from Bragin. The '¥Cs,
134cs, '%Ru, and '#*Ce concentrations at a
depth of 5 cm were only about 1% of the surface
concentrations, whereas the '?*Sb and 'S*Eu
concentrations decreased only about 10% at a
depth of 5 cm. This indicates that the radio-
nuclides of cesium, ruthenium, and cerium were
more tightly bound to the soil than those of
antimony and europium. Radiochemical separa-
tions and measurements were alsc. performed on
samples of this core, and the results are shown in
Figure 3. The 9°Sr, the transuranic radionuclides
(TRUs), and the '?°| concentrations were
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FIGURE 3. Radionuclide Concentrations in Soil Core #5 from
Bragin

approximately 1, 3, and 6 orders of m 2%nnude
lower, respectively, than the '3’Cs. The '%°| mea-
surements are the first known reported measure-
ments of this radionuclide in the Chernobyl
environs.

Gamma-emitting radionuclide concentrations
were also measured in sediments from five rivers
and streams near the Chernobyl re r ion. Figure 4
shows the depth distributions of '*’Cs in four of
the sediment cores having the highest concentra-
tions. The sediment cores contained lower con-
centrations of '¥’Cs compared with most of the

soil cores sampled in this region. The cores from
the River Braginka and a small creek near Novo
Mesto showed rapid, nearly exponential
decreases of about 4 orders of magnitude in
87Cs concentrations over a sediment depths of
16 and 20 cm. The sedimentation rates for these
bodnes of water are obviously quite low, and the
87Cs attached to the sediment particles does not
migrate vertically very fast. In fact, the '3’Cs
observed below a sediment depth of several cm
is probably due to contamination of the deeper
sediments during the sampling process. The
sediment cores from the small creek/ponds near
Svjatsk and the river on the boarder of Ovruc
showed rather homogeneous mixing of the '%7Cs
down to sediment depths of 20 and 32 cm. It is
obvious that these two water bodies either have
rapid sedimentation rates or the sediments have
been turbulently mixed by physical processes.

Samples of grass and moss from the Bragin,
Daleta, Polesskoye, and Soboli areas were mea-
sured for gamma-emitting radionuclides. The
grass samples were limited in nurnber, and since
their exact sampling locations compared to the
soil samples were not known precisely, it was not
possible to determine accurate transfer coeffi-
cients for radiocesium from soil to grass.

The moss samples, because of their ability to
efficiently collect and integrate atmospheric
fallout deposition, were recounted for several



thousand minutes each to obtain more compre-
hensive analyses of gamma-emitting radio-
nuclides. In addition to radiocesnum. n was
?ossible to measure, 6"Co. %Ry, 110Mmag, 125g),

S4gu, and '°gu. The moss samples
co|lected from house roofs in the Soboll area
were paricularly high in all gamma-emitting
radionuclide concentrations. Effective decon-
tamination of houses would cenainly require
removing as much of this material as possible
from the rooftops. Moss samples A4 and A-5
were selected for radiochemical analyses of Pu
and Psr. The %sr/'%Cs and 23%24py/'37¢s
activity ratios for the moss were quite similar to
those for surface (0-4 cm) soil cores collected in
the same region, indicating no substantial bio-
logical fractionation of the Cherrobyl fallout by
the moss. ‘

Eight air fiter samples collected from six com-
munities near Chernobyl were analyzed for
gamrna-emitting radionuclides. None of the air
fiter samples contained detecticia concentrations
of radiocesium. A few samples contained detect-
able ®Co, but the counting uncenainties were so
large that it could also be considered essentially
non-detectable. The air sampling was conducted
during a period folliowing heavy rains, and resus-
pension of contaminated soil particles, which is
the major source of airborne radionuclides, was
at a minimum, Also, the air volumes sampied
were not very large.

These measurements are being used, tcgether
with the results of other IAEA member
participants, to assess the radiation dose
received by the Soviet people in the regions
surrounding Chernobyl.



DNA Adducts as Indicators of Health Risks

The objective of this program is to develop specific analytical methods for determining adducts formed in
mammals by the reaction of carcinogenic compounds with cellular DNA. DNA adducts are closely
associated with the formation of cancerous cells, and their concentrations are thought to be related to
the amount of exposure to carcinogenic chemicals. This program is developing mass spectrometric
methods to analyze adducts for studies of human exposure to carcinogens.

Analysis of DMA Adducts as the
Nucleotide: Benzo[a]pyrene-Adducted
Deoxyguanosine-5"-Monophosphate

S. D. Harvey, R. M. Bean, and H. R. Udseth

Metabolites of carcinogenic organic compounds
have the ability to bond with deoxy:ibcncleic
acids (DNA) to form DNA adducts. These species
are retained for relatively long periods of time in
the body and are thought to be associated with
the formation of cancer. Analysis of DNA for
adducts may, therefore, provide an estimate of
individual exposure to carcinogens. The methods
currently available lack sufficient sensitivity “or
environmental screening or qualitative specificity.
The objective c¢f this project is to develop
methods for analyzing DNA adducts to identify
and quantify auducted polycyclic aromatic hydro-
carbon metabolites at environmental levels. This
past year a major effort has focused on the appli-
cation of powerful microcolumn liquid chromato-
graphy techniques for the specific analysis of
adducted nucleotides.

Isolation and Characterization of
Benzo[a]pyrene-Adducted Nucleotide

To prepare adducted nucleotide material for
analytical studies, Benzo[a]pyrene diolepoxide
was reacted with calf thymus DNA as previously
described by Jannette et &l (1977) and then
hydrolyzed to nucleotides by treatment with
DNAase | and snake venom phosphodiesterase.
The adducted nucleotide fraction was isolated
from both non-adducted nucleotides and
enzymes by LH-20 chromatography as described
by Blobstein et al. (1975). The nucleotides were
sorbed on a C-18 Sep-Pak and the buffer salts
eluted with water. Subsequent washing with

75:25 methanol:water eluted the adducted
nucleotide fraction. Direct infusion electrospray
mass spectrometry of the B[a]P-adducted
nuclectide fraction gave a full scan negative ion
mass spectrum featuring the (M - H)™' ion at
648 amu. This ion indicated that our adducted
fraction consisted primarily of B[a]P-adducted
Aeoxyguanosine-5'-monophosphate
(MW = 849). This experiment was conducted on
approximately 3 ng of material and gave a
648-ion intensity of roughly 13 times the noise
level. This gives an appiroximate detection limit of
460 pg. A projected detection limit of approxi-
mately 0.5C pg (1.2 ferntomoles) could be
achieved by seiective ion manitoring.

Capiilary Zone Electrophoresis of the
Adducted Nuc'eotide

An objective of this research was to develop a
separation technique that would be fully com-
patible with electrospray ionization mass spec-
trometric detection.  Capillary zone electro-
phoresis (CZE) was chosen because of its very
high separation efficiencies and the mass flow
detection enhancement observed with it and
other microcolumn separation techniques. A
volatile ammonium carbonate buffer was chosen
as the supporting electrolyte. Figure 1 illustrates
the separation obtained at 30 kV with
30-mM-ammonium carbonate at pH of 8.8. The
separation efficiency for the B[a]P-adducted
deoxyguanosine peak was 258,000 theoretical
plates. On-column fluorescence detection was
utilized for this separation. An accurate detection
limit was not determined; however, detectability
was limiterd (approximately 1.0 - 0.1 ng) due {0
irtramolecular quenching of the adducted
nucleotide.



I I
10

FIGURE 1. Capillary Zone Electrophoretic Separation of the
Bla]P-adducted Nucleotide Fraction

Micellar Electrokinetic Caplilary
Chromatography of the Adducted Nucleotide

This separation strategy was pursued because it
offers several advantages over the CZE
approach. In comparison to CZE, micellar
electrokinetic chromatography (MECC) offers the
advantage of unique selectivity based on the
partitioning process with the micellar phase.
Additionally, an enhancement of fluorescence
intensity is often observed for fluorescent
analytes in the presence of micellar systems,
This detection enhancement is due to both the
inclusion of the analyte within the ordered
micellar environment as well as protection of the
sequestered analyte from molecular oxygen
quenching (Love and Weinburger 1983; Liu et al.
1990). Unfortunately, inclusion of surfactants in
the running buffer precludes use of mass spec-
trometric detection. The separation system
chosen incorporated sodium dodecyl sulfate
(SDS). The use of SDS surfactant has limited use
for the analysis of negatively charged analytes
because charge repulsion limits the interaction
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between micelle and analyte (Wallingford and
Ewing 1989). However, for B[a]P-adducted
deoxyguanosine-5°-monophosphate, the high
affiriity of the hydrophobic pyrene nucleus for the
hydrophobic micellar environment would be
expected to overcome charge repulsion and
partition the adducted nucleotides into the
micellar pseudostationary phase.

The separation of a concentrated adducted
nucleotide preparation performed at 30 kV is
presented in Figure 2. The running buffer chosen
for this separation was 30-mM-ammonium bicar-
bonate at pH 7.9 containing 10 mM SDS. This
electropherogram illustrates the unique selectivity
of MECC. Although the principal peak is due to
B[a]P-adducted deoxyguanosine-5"-
monophosphate, the presence of several other
fluorescent adducts are also evident. These addi-
tional peaks most likely result from B[a]P adducts
of other DNA bases. Interestingly, the CZE
electropherogram of the sarne fraction (Figure 1)
does not resolve these additional fluorescent
compounds. This difference in electrophoretic
profiles is due to the unique selectivity of the
micellar system. An injection of a more dilute
sample of the adducted nucleotide fraction
allowed calculation of the separation sfficiency
and detection limit for the B[a]P-adducted
deoxyguanosine-5'-monophosphate. The sepa-
ration efficiency was 239,000 theoretical plates.
An injection of 20 femtomoles (13 pg) gave a
signal equal to twice the baseline noise.

Netentinn T T
Time (nin) ¢

FIGURE 2. Micellar Electrokinetic Capillary Chromatographic
Separation of the B[a]P-adducted Nucleotide Fraction



This detection limit is much lower than for the
CZE separation of the same fraction. The lower
detection limit obtained during MECC separation
is due to the fluorescence enhancement dis-
cussed above.

It should be mentioned that the projected detec-
tion limit for combined CZE/electrospray ioni-
zation mass spectrcmetry compares favorably
with on-column fluorescence detection. Because
of the very selective nature of mass spectrometric
detection, this strategy should be considered dis-
tinctly advantageous. The fluorescence detection
limits reported here could be improved by
approximately two orders of magnitude by use of
laser-induced fluorescence detection. With this
approach, detection limits considerably lower
than those presently obtainable with mass spec-
trometry would be possible.

Caplllary Zone Electrophoresis of B[a]P-
tetrahydrotetrols

Another approach to analyzing DNA adducts is to
treat the DNA with acid to liberate the B[a]®-
tetrahydrotetrols. The structures of the B[a]P-
tetrahydrotetrols are given in Figure 3. The
advantage of this approach is that the B[a]P-
tetrahydrotetrols are highly fluorescent and can

ZZZI::.
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B[4]P-r-7-1-8,9,10 B(a]P-r-7-1-8,8-c-10
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B{a]P-r-7-t-8-c-9,10

B{A}P-r-7-1-8-c-9-1-10

FIGURE 2. Structures of B[{a]P-tetrahydrotetrols

be sensitively detected by fluorescence detec-
tion. The disadvantage of this approach is that
information about the specific adducted DNA
base is lost during the acid hydrolysis. As was
the case for adducted nuclectides, microcolumn
separation techniques were pursued due to the
inherent high resolution and enhanced mass fiow
detection sensitivity. Analysis of B[a]P-
tetrahydrotetrols can be readily accomplished by
microcolumn HPLC as described previously
(Bean et al. 1991). The detection limit for B[a]P-
tetrahydrotetrnls by microcolumn HPLC is
approximately 1 pg (3femtomoles). Capillary
electrophoresis was evaluated as a compli-
mentary technique for obtaining rapid separation
and sensitive detection for the tetrahydrotetrols.

Analysis of electrizally neutral species can be
facilitated by reaction of the analyte with a
reagent that can impart a charge to the molecule.
For B[a]P-tetrahydroptetrols, it should be pos-
sible to react the alcohol functionalities with
borate to form the corresponding negatively
charged borate complexes (Kuhn et al. 1991;
Wallingford and Ewing 1988). The borate reac-
tion is very specific for cis vicinal diol groups. As
such, this separation strategy has been success-
fully applied to the CZE analysis of certain carbo-
hydrates and catechols (Kuhn et al. 1991,
Wallingford and Ewing 1988). By examining the
structure of the B[a]P-tetrahydrotetrols shown in
Figure 3, it is possible to predict the stability of
the corresponding borate complexes. Borate can
form two stable complexes with B[a]P-r-7-t-8,9,10-
tetrahydrotetrol. Only one stable borate complex
can form with either B[a]P-r-7-t-8,9-c-10-
tetrahydrotetrol or Bfa]P-r-7-t-8-c-9,10-
tetrahydrotetrol. As based on the stearic inter-
action between the borate complex and the
pyrene nucleus, the B[a]P-r-7-t-8,9-c-10-
tetrahydrotetrol complex would be expected to be
more stable than that formed with B[a}P-r-7-t-8-c-
9,10-tetrahydrotetrol. Finally, due to the lack of a
cis vicinal diol group, B[a]P-r-7-t-8-c-9-t-10-
tetrahydrotetrol would not be expected to form a
borate complex.

The reaction between borate and B[a]P-
tetrahydrotetrol is an equilibrium influenced by
both borate concentration and pH. These two
variables can be manipulated to achieve the
desired separation. Complexation is readily



accomplished by incorporating borate in the run-
ning buffer. An electropherogram illustrating the
separation of B[a]P-tetrahydrotetrol standards is
given in Figure 4. The separation was performed
at 30 kV and utilized a running buffer containing
25 mM NaHPO, and 200-mM-borate at pH of 7.9.
The tetraydrotetrols elute in ascending order of
their borate complex stabilities. For example,
B[a]P-r-7-t-8,9,10-tetrahydrotetrol is most likely to
complex borate and spends a higher proportion
of time as a negatively charged ccmplex migrat-
ing countercurrent to the electroosmotic flow.
B[a]P-r-7-t-8-c-9-t-10-tetrahydrotetrol, on the
other hand, remains neutral throughout the elec-
trophoretic separation and elutes coincident with
the electroosmotic flow. The detection limit equal
to twice the baseline noise was calculated to be
1 pg (3femtomoles). The separation efficiency
for the B[a]P-r-7-t-8,9,10-tetrahydrotetrol peak
was determined to be 293,000 theoretical plates.

[~

Retention f I 1
Time (min) o 10 20

FIGURE 4. Electropherogram lllustrating the Separation of
1) [a]P-r-7-t-8-c-9-t-10-, 2) B[a]P-r-7-t-8-c-9,10-, 3) B[a]P-r-7-t-
8,9-¢-10-, tnd 4) B[a)P-r-7-t-8,9,10-tetrahydrotetrols as Their
Negatively Charged Borate Complexes
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Biological Effectiveness of Radon Alpha Particles

Environmentally relevant exposures to alpha particles from radon decay products amount to only one or
two particle tracks per cell. The consequences of these exposures, relative to the effects of the large
numbers of electron tracks required to produce the same dose, are major concerns in establishing expo-
sure limits for radon. Unfortunately, the number of particles from radioactive sources or from a charged-
particle accelerator beam interacting with individual cells is a Poisson random variable. Since the
desired mean is only one or two, the relative variance is so large that the resuits of such experiments do
not adequately test theories about the consequences of exposure. A single-particle irradiation facility,
which will provide the means to irradiate iarge numbers of cells with individually counted and controlled
charged particies, is being tested. Techniques for aligning and collimating the beam and detecting the
individual particles have been developed. The software necessary to position cells and control expo-
sures has been written. Problems with beam shutter reliability and with illuminating the cells so they can

be accurately positioned relative to the accelerator beam collimator are being resoived.

Single-Particle Irradiation System
L. A. Braby

A number of technical challenges must be met to
control charged-particle irradiation so that spe-
cified numbers of particles interact with specific
targets in each of the cells composing an experi-
mental population. The principal problems arise
in the areas of collimating the particle beam,
detecting the individual particies, positioning the
cells, stopping the irradiation, and controlling the
system. Preliminary tests, conducted before the
single-particle irradiation system was assembled,
indicated that each of these areas was manage-
able. Now that the system has been assembled,
the challenge is to ensure that the solutions to all
of these problems are compatible.

The basic spproach is illustrated in Figure 1.
Beams of particles, protons or deuterons up to
4 MeV or *He or ®He up to 6 MeV, from a tandem
electrostatic accelerator are bent to a vertical
upward path. The beam is collimated to a spot a
few micrometers square using two sets of knife
edges that can be positioned individually with
0.1-um precision. A mechanical shutter stops the
beam at the end of each irradiation. The beam
exits the accelerator vacuum system through a
thin plastic scintillator and passes directly into a
cell growing on a thin mylar-bottomed petri dish.
A photomultiplier detects the light flashes pro-
duced by each charged-particle interaction with
the scintillator, and the control system activates
the shutter when the desired number of paricle
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interactions has been reached. A microscope
with phase contrast epi illumination and an image
intensifier video camera visualize the cells on the
petri dish. A video processing system then deter-
mines the position of the cell relative to the beam
through the collimator, and a motorized stage is
used to position the cell so that the appropriate

portion is irradiated.



As discussed last year (Braby 1991), the combi-
nation of light losses in the microscope optics
and the low light yield of the plastic scintillator
necessitated using a photomulttiplier directly over
the plastic scintillator to collect the maximum
number of photons from each charged-particle
event. Figure 2 shows the pulse height distribu-
tion for 3 MeV protons passing through an 8-um-
thick plastic scintillator with the light collected by
a 1 in. diameter photomultiplier 0.5 in. above the
scintillator. This system works well, with only a
very small probability of failing to detect a proton
or mistaking noise for a particle event. The pri-
mary disadvantages are the added complexity
and time required to move the lens and photo-
multiplier back and forth.

Aluminized mylar and other reflectors have been
used to construct the vacuum window under the
plastic scintillator. Also, the plastic scintillator
itself has been aluminized to increase light-
collecting efficiency and reduce the required
scintillator thickness. However, these efforts have
exacerbated a problem in locating cells to be
irradiated. Initial tests of phase contrast imaging
with epi illumination produced high resolution
images with reasonable contrast. Several dif-
ferent backgrounds were employed to test the
effect of reflections from below the cell being
observed, but all of these backgrounds were fairly
flat. Unfortunately, when used with the actual
beam line, the vacuum caused the beam exit
window to bow in, and the resulting curved
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FIGURE 2. Pulse Height Spectrum of Scintillation Events

Produced by 3-MeV Protons Through a 8-pm-Thick Scintillator
Detected by a 2.54-cm photomultiplier 1.25 cm Away

surface reflected some of the light back into the
objective. This reflected light reduced the con-
trast of the phase image, and where the reflect-
ing surface was not uniform, produced a mottied
background that prevented recognition of many
of the cells. This problem appears to have been
corrected by using an exit window slightly larger
than the microscope field of view and covered
with transparent plastic film. In this way, thereis a
small and relatively uniform fraction of the light
reflected from all parts of the image area. The
curved surface creates an image of the illumina-
tion phase ring, but it is completely defocused
when the cells are in focus, so the image of the
cells is relatively clear. The impact of this change
on other aspects of system performance remains
to be evaluated, but problems are not expected.

Alignment of the beam collimator has become
more of a problem than initially expected, in spite
of the fact that each edge of each aperture is
independently adjustable. Initially, the procedure
by which the collimator was adjusted was based
on using the light produced by the thin plastic
scintillator to indicate the number of particles
passing through the aperture. This assumption is
valid when the beam is aligned, but if the beam is
striking the edge of the exit window, then there
can be more light produced than when the same
number of particles passes through the center of
the window. This leads to conflicting data on how
to adjust the collimator and can cause mistakes in
alignment that result in diffuse, scattered beams.
Alignment procedures have been changed to rely
on the image of the beam stopping in a thick
plastic scintillator viewed by the image intensifier
and charge-coupled device camera. The knife
edges are then adjusted so that the beam is
approximately centered in the exit window,
avoiding the extra florescence produced by
secondary particles when the beam hits the win-
dow edgé. When the beam is aligned properly,
spots as small as about 5 um can be imaged
directly with the video system, and the pixel
address of the center of the beam can be deter-
mined directly. If a smaller beam is needed, the
knife edges can be moved uniformly in from each
side and the location of the center of the beam
maintained.

The shutter that controls the beam must have a
relatively rapid response time to allow it to close



in less than the average time between particles
through the collimator. Both piezoelectric and
electromechanical mechanisms have been tested
and work satisfactoriy. Each has advantages
and disadvantages in areas of response time and
reliability; therefore, research will continue on the
design of the shutter mechanism.

The process of actually locating cells to be irradi-
ated and carrying out the sequence of operations
to perform the irradiation is complex. Individual
computer subroutines for each of the operations
were written and have been used to control

the irradiation procedure, but the process proved
exceptionally time consuming. Initial test experi-
ments required several minutes to locate and
irradiate each cell, far too long for practical
experiments. To solve this problem, new menu-
driven software was written to control the system.
Figure 3 is an illustration of the control computer
screen with the enlarged image of a cell in the
upper left box. This enlarged image allows easy
placement of the cross-hair over the portion of the
cell to be irradiated. The center box indicates the
areas within a given microscope field that have
been shown as enlarged cell images at the left. If
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there are two or more cells in a given field, each
of them is marked for irradiation before the
irradiations start. The dish is divided into nine
areas (box, right, center), and each area can be
dosed differently, helping to eliminate experi-
mental variability due to different growth con-
ditions on different dishes. The upper right panel
shows the irradiated portion of the dish. This
control screen, in combination with the video
image of the microscope field, provides an effi-
cient means to prepare and conduct experiments.
The system currently uses a personal computer
(PC) for irradiation control and the VAX 750 for
image processing. Use of the YAX results in
some delay when the magnified images are trans-
ferred to the PC, but this problem will be
eliminated when a PC-based image processor
replaces the current processor.
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Preliminary irradiation experiments are being
performed to isolate operational problems in the
system, and initial cell survival experiments are
being planned.
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Capillary Electrophoresis-Mass Spectrometry

The analysis of environmental, hazardous mixed waste, or biological mixtures is best addressed by com-
bined separation-mass spectrometry (MS) techniques. The development of these improved analytical
methods rests upon the speed, selectivity, and efficiency of the separation combined with the sensitivity
and flexibility of mass spectrometric analysis methods. This program is developing methods that are
widely applicable to nonvolatile or highly polar compounds, intractable by more conventional methods
such as gas chromatography-mass spectrometry. Currently, new methods based upon capillary
electrophoresis-mass spectrometry (CE-MS) are being investigated. The gual of this research is to
develop ultrasensitive CE-MS methods applicable at the attomole level for environmental and health-

related problems.

Development of Capillary
Electrophoresis-Mass Spectrometry

R. D. Smith, H. R. Udseth, C. J. Barinaga,
B. E. Winger, C. G. Edmonds, and J. A. Loo

The history of analytical advances in mass
spectrometry (MS) has highlighted the special
importance of the combination of separation
methods having high selectivity and resolving
power in conjunction with the high sensitivity and
specificity of mass spectrometric detection.
*Real-world" samples are invariably mixtures and
are often very complex. Any useful analytical
method must accommodate contributions from
the sample matrix, interfering substances, etc.
The dynamic combination of capillary electro-
phoresis (CE), a separnion method of high effi-
ciency, speed, and fleibility, with electrospray
ionization (ESI)-MS is thus particularly
advantageous.

The on-line combination of capillary zone
electrophoresis (CZE), one form of CE, with ESI-
MS (Olivares et al. 1987; Smith et al. 1988b) was
developed at PNL.  Subsequently, a liquid
sheath-electrode interface was developed from
which the solvent composition and flow rate of the
electrosprayed liquid could be controlled inde-
pendently of the CZE buffer (which is desirable
since high-percentage aqueous and high-ionic-
strength buffers that are useful in CZE are not
well tolerated by ESI) (Smith et al. 1988a). The
interface provides greatly improved interface sta-
bility and performance and is adaptable to other
forms of CE. Because CE relies on analyte
charge in solution and the ESI| process is nearly
universal for charged species, the CE/ESI-MS
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combination is highly complementary. Thus, the
CZE/MS approach offers previously unobtainable
separation efficiencies (for the combination with
MS) as well as detection limits that can greatly
surpass existing methods (Edmonds et al. 1989;
Loo etal. 1989a; Loo et al. 1989b; Smith et al.
1989b; Smith et al. 1990a; Smith et al. 1990d).

One reason for the current interest in CE-MS
techniques is for identification and analysis of
DNA adducts. This is an important but formidable
analytical challenge due to the "difficult* nature of
the compounds and their extremely low concen-
trations. |deally, we desire the ability not only to
detect "known" compounds, but also to determine
the structure of unknown DNA adducts with sam-
ple sizes far too small to be addressed by other
analytical methods. These desires lead to our in-
terest in CE, ESI-MS, and ESI-MS/MS. In fact, it
can be argued that the CE-MS/MS combination
obtained using the ESI| interface should provide a
near-ideal analytical approach for DNA adducts.
Potentially large segments of DNA can also be
addressed because of the unique nature of the
ESI method.

To realize the full potential of this new analytical
marriage, several problems remain to be
addressed:

« The utilization and transmission of ESI-
produced ions must be improved. Currently,
ESI losces in the interface and during trans-
mission reduce potential sensitivity by 10°
(Smith et al. 1990c).

» High-resolution separations utilizing an analyte
enrichment scheme are required to both ad-
dress the complexity of "real" samples and



obtain sufficient sensitivity with the small
volumes utilized in CE.

+ Improved MS and MS/MS sensitivity, resolu-
tion, and mass measurement accuracy are
necessary to enhance detection and allow
interpretation of mass spectra containing
muttiply-charged molecules.

We have recently shown that DNA and RNA seg-
ments having up to two million molecular weight
can be electrosprayed and the highly charged
(>1500 charges in some cases) molecular ions
efficiently detected. Currently most of our efforts
are focused on addressing the three problermis
outlined above.

Our efforts in develrpment of more efficient ESI
sources focus on the enhanced efficiency for
transport of ions into the mass spectrometer from
the atmospheric pressure source. A new
approach based upon using magnetic fields in
the moderate pressure interface region has the
potential for a 10%-10° gain in overall efficiency. A
further gain based upon a "microspray" approach

appears to offer another order-of-magnitude im-
provement in sensitivity. If these gains can, in
fact, be realized, detection limits for ESI-MS could
be reduced to under one zeptomole
(le., 10" mole).

In the second area noted above, the multidimen-
sional combination of capillary isotachophoresis
(CITP) as a first stage and CZE as the second
stage offers a significant advantage for ultra-trace
level characterization (Smith et al. 1990a). The
advantage of this combination is the ability to
utilize large sample volumes, from which
extremely low concentrations of targeted species
can be identified.

The third area is being addressed by utilizing ion
trapping mass spectrometers, both quadrupole
(Paul) traps and ion cyclotron resonance (ICR)
devices. Figure 1 shows a schematic illustration
uf a new 7-tesla ICR mass spectrometer which
has been designed to obtain the ultrahigh
vacuum conditions required for achieving high
resolution for large molecular ions. Experimental
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studies have been conducted during FY 1991 in
conjunction with Professor F. W. MclLafferty of
Cornell University which have demonstrated the
capabliity for achieving high resoiution for large
biomolecules. Figure 2 gives a high resolution
spectrum for a small protein obtained using the
Cornell 3-tesla ICR. A particular advantage of ICR
is the capability for conducting high order multi-
dimensional MS studies (i.e.,” MS"), where
detailed structural information is obtainable. This
new approach would also offer the ability to
“examine long DNA segments to determine both
the site and the identity of DNA adducts.

Related to this is our recent progress in obtaining
both an experimental (Loo et al. 1990a; Loo et al.
199Cb; Loo et al. 1991a; Loo et al. 1991b; Smith
et al. 1989a; Smith et al. 1990b; Smith and
Rarinaga 1990) and theoretical (Rockwood et al.
1991) understanding of dissociation processes
for large multiply charged biomolecules. This
capability, if we succeed, would literally lead to a
renaissance for analytical biochemical research.
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FIGURE 2. High Resolution ICR Mass Spectrum Obtained in
Conjunction with F. W. McLafferty (Cornell University) Showing
the Multiple Charge States Produced for Bovine Ubiquitin by
Electrospray lonizatior.  Sufficient resolution (>60,000) is
obtained to resolve the isotopic envelope and allow charge
state determination.
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Laser Measurements of 210pb

The radioisotope 2'%Pb is the first long-lived progeny in the decay of 22N, It has, theretore, been
suggested that the accumulation of 2'%Pb in biological tissues and the environment can be used as a
measure of long-term integrated radon exposure. The purpose of this project has been to develop an
analytical methodology capable of measuring 2'°Pb at the levels expected to be produced by radon
exposure and to use this measurement capability to study the correlation between radon exposure and
the levels of 2'%Pb in human tissues and the environment. The measurement of 2'°Pb at levels expected
in small samples is generally beyond the capabilities of nuclear decay counting. Thus, methods using
laser-induced ionization mass spectrometry have been deveioped to address these problems. In prior
years this program has demonstrated that using high-resolution continuous wave lasers for these
measurements permits the detection of 210pp at subfemtogram levels in the presence of a 10'% or
greater excess of the stable naturally occurring Pb isotopes. In the past year, measurements have beer:
performed on human tissue samples, including hair and brain sections.

Measurement of 21OPb in Biolegical where the resonance excitations (A, = 283.3 nm

Samples and A, = 420.9 nm) are accomplished with

single-frequency continuous wave (CW) dye
B. A. Bushaw and G. I. Lykken® lasers, and the infrared photons for the ionization
Laser-induced lonization step (A; = 10.6um) are provided by a 10 watt CW

CO, laser. The Pb* ions produced in this
The capabilties of laser-induced ionization for ~ manner are then electrostatically extracted into a
measuring 2'°Pb at subfemtogram levels have quadruple mass filter, which provides additional

been described previously (Bushaw and Munley ;s,?,mp“’ disc:(imin.atit')n. We previously repo Qed
1990, 1991), and the approach is only sum- Pb detection limits of 0.3 femtograms using

marized here. Aquecus solutions containing the  thiS approach. Since then, our use of pyrolytic
210pp 1o be measured are evaporated in a poatlngs on tl')e graphite crucible and our
graphite crucible, which is then placed within a  ncreased experience have lowered these detec-
vacuum system and heated electrothermally by ~ 1on limits to 0.06 femtograms, as shown in
passing a dc current through the graphite cruc- | '9ure 1A.

ible material. As the temperature increases, the

Pb salts in the sample are reduced to neutral ~ Measurement of ?1%b Content in Human Halr
metallic atoms on the graphite surface, which Samples

then vaporize and are ejected from the crucible. . .
Just above the exit aperture of the crucible, the 10 test the capabilties of this analytical

neutral metal atoms are subjected to three over- measurement techpology for “real wqud' bio-
lapped laser beams, which cause specific ioniza- Ioglgal sam’ples, hair samples were obtained from
tion of the isotope of interest via the double-  SUPJects with known bedroom radon levels, as
resonance excitation: determined by standard charcoal canister
measurements. These samples were obtained by

2an M N Dr. Glenn Lykken from persons in the Grand
6s“°Py ~' 6p7s°P, ~“ 6p16p(1/2,3/2), Forks, North Dakota, area where elevated radon
N levels in homes are known to occur. These
J=2 3pbt +e (1) samples can not be loaded directly into the

graphite crucible, but must be subjected to
(@ Dr. Lykken is a Prof { Physics t the Universfy of chemical pretreatment before the analysis is
a f. Lykken is a rroiessor o ysics a e university o
North Dakota and has worked on this program through a performed. The procedure d,eve;‘oped for these
NORCUS Summer Fellowship. samples began with wet ashing of the samples
{typically 0.3 to 0.5 grams of hair starting material)
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with nitric acnd and hydrogen peroxide. The
resulting Pb 2* jons in the resumng solution are
converted to the Pb(OH)4 anion by treatment
with concentrated ammonia solution. The Pb in
this anionic form was then purified and concen-
trated by a two-step ion-exchange procedure
using Dowex 1x4 anion-exchange resin, with the
final elution evaparated to a volume suitable for
loading into the graphite atomization crucible.
The resulting temperature evolution curve, typical
for these sampiles, is shown in Figure 1B. Com-
pared to the reference standard solutions (Fig-
ure 1A), the evolution of the Pb atoms is spread
out into several peaks. This is attributed to matrix
effecte caused by residual materials that are co-

" eluted from the ion exchange columns and delay
. the reduction of the Pb ions to the neutral atomic

form. Standard addition techniques using sam-
ples spiked with the stable isotopes showed that
ion exchange recoveries and/or lower atomization
efficiency reduced overall measurement sensi-
tivity by a factor of 2 to 3. However, the standard
additions also served as an internal calibration,
and it was still possible to obtain semiquantitative
results by integration over the multiple evolutlon
peaks. Table 1 tabulates the measured 2'°Pb
levels found in four different test hair samples and
tihe corresponding measured bedroom radon
levels.

Even with this rather limited data set, it is
apparent that there is a strong correlation
between the radon exposure levels and the 2'%Pb
concentrations. Continuing work in the area will
focus on 1) improving the chemical procedures to
reduce the matrix effects and 2) making measure-
ments on a larger number of hair samples,
particularly in the O to 20-pCi/L-expose range, to

obtain a quantitative understanding of the cor-
relation between radon exposure and 2'°pb levels
in human hair.

Measurement of 2'°Pb in Brain Sections of
Alzheimer’s Disease Victims

Although the predominant health risk associated
with radon exposure has conventionally been
thought to be an increased probability of lung
cancer, it has been postulated recently that there
may be additional risks (Henshaw et al. 1990). In
particular, because of radon's high fat solubility, it
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FIGURE 1. Laser-induced lonization Measurements of 2'°Pb.

lon counts are recorded while temperature of atomizing
crucible is increased. A) Shows the result for a reference
sample containing 4.4 femtograms 2'°Pb (solid line;,
compared to a blank containing 2 micrograms of the stable
isotopes (dotted line). Integration and comparison of the
sample and blank signals yields 30 detection limits of 0.06
femtograms. B) Shows the measurement on a chemically
processed (see text) hair sample divided into two aliquots.
The first aliquot (solid line), corresponding to 0.1 g hair
measures the 2'°Pb content. A background measurement
(dotted line) is performed with the second aliquot by detuning
the first excitation laser from the 2'°Pb resonance.

has been suggested that elevated radon expo-
sure may be a contributory factor in a number of
fatty-tissue diseases, including brain tumors,
Parkinson's disease, Alzheimer's disease, and
certain types of bone marrow-related leukemias.
We have begun testing these hypotheses by



TABLE 1. Measured 2'°Pb Concentrations in the Hair of
Persons with Known Bedroom Radon Levels

Bedroom Radon_(pCi/L) 210pp, in Hair (fg/g)®

0.3 1.2
10 5
65 22
80 18
(a) Semiquantitative measurement, estimated

uncertainty is + 30%.

performing 2'°Pb determinations on brain
sections from Alzheimer's disease victims and
comparing them to age-matched control brain
sections from unafflicted subjects. These
samples were obtained by Dr. Lykken from the
Ramsey Dementia Brain Bank in St Paul,
Minnesota. Initial chemical preparation involved
microwave digestion with mineral acid
(2to 3 grams starting material) at the Human
Nutrition Research Center at the University of
North Dakota. The resulting solutions were trans-
ported to Pacific Northwest Laboratory, where
they were freeze-dried to reduce the liquid
volume, and then subjected to the same ion-
exchange procedures described above for hair
samples.

The results of the measurements or. these sam-
g}gs are summarized in Table 2. In all cases the
Pb levels determined are extremely low, near
the detection limits of the measurement system.
Furthermore, there appears to be no significant
difference between the Alzheimer's and control
samples. Thus we conclude that we have no evi-
dence to support the hypothesis that radon expo-
sure is a contributory factor in the development of
this disease. However, it should be realized that
the limited number of samples and results very
near the detection limits are not sufficient evi-
dence to discount the hypothesis. Further efforts
in this area will concentrate on improving the
chemical procedures by using larger initial
sample sizes and extending the measuremenits to
bone marrow sections from leukemia victims.
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TABLE 2. 2'°Pb Concentrations Found in Brain Samples

Sample Type®™ 19 2'%Pb/g tissue
BR-07 N 0.12 = 0.04
BR-30 N 0.10 + 0.07
BR-13 N 0.00 + 0.02
BR-25 A 0.08 + 0.04
BR-13 A 0.03 + 0.03
BR-26 A 0.05 £ 0.04
BR-06 A 0.04 + 0.04
BR-36 B 115+ 0.10
() N: Normal brain, A: Alzheimer's

disease victim, B: Bovine liver.
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Lasers in Environmental Research

This program has historically investigated the use of continuous wave (CW) lasers for atomic
spectroscopy measurements of extremely rare isotopes. The extremely high resolution afforded by
single-frequency dye lasers permits isotopic selectivity in the excitation of atoms. This selectivity can be
combined with the selectlvuty of a mass spectrometer to unambiguously detect isotopes that occur at
abundances of less than 10°'° with respect to other isotopes of the same element. Also, these CW
fasers do not suffer the duty-cycle constraints that inherently limit the effectiveness of pulsed laser
systems for ultratrace measurements. To overcome the ionization efficiency limits of low-power CW dye
lasers, this program has developed the approach of using an auxiliary high-| powew infrared laser to
efficiently ionize atoms that have been selectively prepared in high-lying Rydberg states by double-
resonance dye laser excitation. Using this approach, detection limits in the subfemtogram range are
now rouunely achieved. During the last year, this methodology has been applied to detection of the
radionuclide %Sr, which is a significant health risk and environmental contaminant generated by nuclear
power and weapons cycles.

Detection of Strontium-90 at the intrinsic nuclear decay lifetimes, and it is possibie

Attogram Level to perform measurements in several minutes.
Although some samples may require initial chem-
B. A. Bushaw ical preparations (e.g., a one-step ion-exchange

Methods for the rapid and accurate determination purification and preconcentration), results may be
of low levels of the radioisotope 0gr are impor- obtained in less than ona hour.

tant for several reasons. The radioisotope is a

high-yield fission product in nuclear reactors (and ‘& Previously performed initial spectroscopic
weapons), with approximately 11 kg produced for measurements on the isotope shifts for Nt in
every gigawatt-year of reactor operation. It hasa  Stlected Rydberg states (Bushaw 1989). The
high potential for biological damace because it~ Shilts between ““Sr and ™Sr were found to be
can chemically substitute for caloium in bone  Very small because of a serendipitous cancella-
material and its radioactive half-life of 28.5 years 10N of normal mass shift and nuclear volume shift
is comparable to its retention time within the  Sffects. The studies were curtailed at that time
bone. However, the radioisotope is very difficut ~ Pecause optical isotopic selectivity of only ~100
to measure by conventional radiochemical ~ ¢°uld be achieved, and it appeared that there
methods because its decay mode is pure P would not be enough overall selectivity, even with

decay, without any associated gamma-ray emis- a rgas's(. specgomseterbto (;)erform ;nefglﬂemen;s
sions. Usual radiochemical methods involve a &t ' afxc groun h’ abunadances o l(res:q
chemical separation of the strontium in a sample, ~ ual from atmospheric weapons tests). In the

followed by approximately one week for ingrowth interim, improvements in overall performance of
and equilibration of the 90y progeny. Then, a the laser-induced ionization instrumentation and

amma-ray spectroscopic determination of the increased emphasis on site remediation, particu-
is performed. Even at moderately high 90g; larly the Hanford S[te wa;te .tanks, have caused
levels, one to two weeks are required after the us to resume these investigations.
acquisition of a sample before analytical results

can be delivered. The laser excitation scheme used in these
measurements was

There are a number of applications, such as moni- 3 A

toring of site-remediation activities and personnel-  5s2'S, 536p P, 2 5s16d'D, =3 Sr* + &' (1)

exposure assessment. in which rapid analyses for

951 would be most beneficial. Laser-based ioni- where the first two excitations are performed with

zation techniques are not dependent on the single-frequency continuous wave CW dye lasers

27



operating at wavelengths of 460.86 and 428.94
nm, and a 10-watt CW CO, laser is used for the
ionization step. The resulting ions were then
analyzed with a quadruple mass spectrometer.
Test sample solutions were prepared from a
National Institute of Standards and Technology
traceable radiochemical standard solution and
diluted with solutions of the stable isotopes to
produce the desired concentrations and relative
isotopic abundances of %Sr. Figure 1 shows the
measurement on a sample containing 2.7 x 107
grams of %Sr in the presence of a 1.8x10°
excess of the stable isotopes (solid line). This
was compared to a blank without %°Sr present,
but with an aquivalent amount of the stable
isotope (dashed line). Integration of the signal for
the two samples over the period of 200 to 600
seconds yields a 3¢ detection limit of 2x 1078
grams, corresponding to 14,000 atoms or one
radioactive decay every 20 hours.  Further
studies, with higher concentrations of the stable
isotopes, determined that overall isotopic
selectivity for %°Sr against ®8sr was 3 x 10°. Of
this, spectroscopic studies of the off-resonant
883r line shape showed that optical selectivity
was only ~75, and thus the remaining 4 x 10
selectivity is provided by the mass spectrometer.
While this selectivity is still not sufficient to
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FIGURE 1. Double-Resonance Laser-Induced lonization
Measurement of %St at the Attogram Level. The solid line
represents the measurement on a sample containing
27x10"7 g of ®Sr in the presence of 5x 107 g of the stable
Sr isotopes, while the dashed line is for a sample containing
only the 5 x 10°® g of the stable isotopes.
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address background-level measurements, it is
adequate for many site-remediation needs. Also,
the extreme sensitivity will allow microsampling
techniques that can be used to minimize worker
exposure to high-level radioactive wastes.

The sensitivity that has been demonstrated in
these measurements may also be sacrificed (to
some extent) to improve selectivity to the level
required for background environmental measure-
ments. Currently, optical selectivity is limited by
residual Doppler broadening resulting from close
coupling of the graphite crucible atomization
source to the ionization lasers. Increasing the
source-ionization distance by a factor of 3 will
cause a loss of an order of magnitude in sensi-
tivity but will reduce Doppler broadening by a
factor of 3. With the gaussian lineshape of
Doppler broadening and the observed isotope
shifts, this should improve the optical isotopic
selectivity by a factor of ~200. These modi-
fications are currently underway. Also, com-
prehensive, accurate measurements of isotope
shifts and lineshapes are being performed to
determine which Rydberg state will afford the
maximum selectivity.
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Radiation Physics

The spatial and temporal patterns of energy deposition by lonizing radiation play a dominant role in
determining the subsequerit chemical and biological processes leading to expression of radiation
damage in biological systems. These patterns of energy deposition are established through the pro-
duction and slowing down of secondary electrons that define the structure of charged particle tracks.
Our studies focus on characterizing the absolute cross sections for interactions involving charged par-
ticles and electrons with atomic, molecular, and condensed phase targets that determine the structure of
charged patrticle tracks in tissue-like material. Emphasis is on the study of differential ionization cross
sections, charge-transfer processes, and on the fate of the target atom or molecule that has undergone
an ionizing event. The information from these studies is then incorporated into Monte Carlo models
developed to describe the charged particle track structure and the influence of that structure on sub-
sequent chemical and biological processes.

The radiation physics studies continue to focus on understanding interactions of heavy charged par-
ticles with biologically relevant targets and implementing these data, along with more realistic target pro-
perties, into Monte Carlo simulations of energy deposition in tissue. Experimental studies have
addressed the effects of both projectile and target structure on secondary electron production by high-
and intermediate-velocity ions. Differential ionization cross sections were measured for a wide range of
projectile charge states and preliminary data were collected for condensed phase targets. Collaborative
measurements were also undertaken to determine charge transfer measurements of interest in radiation
biology. Monte Carlo code developments include new models of the angular distribution of secondary
electrons, and initial strides were made toward simulating electron emission from condensed phase
targets. This latter development is intended to provide the framework for careful evaluation of
condensed phase contributions to energy transport.

A Model of the DDCS for Ejection of 4na? .
5-Rays by Fast lons = 2 [A@, -
ys by Fast lon o(8,w) R [A(B.W) In[R] )
W. E. Wilson ‘
In ion-atom collisions, the angle at which the + BOw) + 0(T™)]

secondary electron is ejected relative to the ion , , . .
direction is @ very important quantity for deter-  1he first term in equation 1 describes the
mining the spatial extent of the ion track structure,  interactions involving small momentum transfers
For simulations, the argle of emission is obtained that arise from E:ﬂstant_ °°"'S‘.°!"S a;\nd Is often
from the doubly rciifferertial cross sections referred to as the "glancing collisions® term,

(DDCS). The algorithin for the DDCS used in the

MOCA series (Wilson et al. 1988) of positive ion 4,,32 T @)
track structure simulations is based on Bethe- (6 w) = TR In[~ | A(B,w)
Born theory (Inokuti 1971). /R AR

According to Bethe-Born theory, the doubly differ- T?}? second term is'the "halr(.j‘collisions" term,
ential cross section for electron emission can be ~ Which represents close collisions that often

expressed as (Kim 1972), g:rnt?é;eer significant momentum to the target
2
4na,

Ohc(ﬂ,w) = *77?— B(ﬂ w) ©)
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In the above equations, and throughout this dis-
cussion, the quantities a, and R have their usual
meaning of Bohr radius and Rydberg energy,
respectively. T is the kinetic energy of an electron
having a velocity equal to that of the ion. In the
present model, we ignore the higher-order terms

o@/m.
Glancing Collisions

In the optical approximation, the angular
dependent part, A(8,w), is given by (Kim 1972),

1
A(BwW) = —
( ) 4n jz
(4)
df
Ry Efpz(cos e)]
where

hi(w) = 1 5
i(w) w o+ I dw ®

is the dipole optical oscillator strength for shell |.
In equation 4, B is the photoelectron asymetry
parameter, P, is the Legendre polynomial of
second order and 'I is the ionization threshold for
shell j.

For the h(w), we use a piece-wise polynomial
representation of the Berkowitz tabulation of the
total oscillator strength (Berkowitz 1979), and
branching ratios of Tan et al. (1978), and of Blake
and Carver (1967).

The asymmetry parameter, B, is theoretically
equal to two for S states, (the 2a, orbital of
water); for other states, B, is energy dependent
(Kim 1972). We use a pﬁenomenological fit to
experimental DDCS data for water vapor
(Toburen and Wilson 1977). Empirically, B is
taken to be,
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B = max {1 _ exp(0.168 - 0.024w) =123,
0
[54 =2 (6)
Finally,
P2=§cosze—1 @)
2 2
Hard Collisions
The hard collisions component of the

experimental angular distributions (Toburen and
Wilson 1977) are well represented by a
(Gaussian) normal distribution (Wilson 1978).
Therefore, we represent this term, equation 3, by
a product of three functions,

(8)

Ohe = gw(e) Sb‘gga(w) fbea(W)

The angular dependence is described by a
normalized Gaussian function g, (8),

gw(e) =

2
1 [cos § - Cos 6] (9)
exp|-| — 2 =

/2nT r

For unbound electrons, the centroid of the binary
encounter peak is related to the energy transfer-
red, Eg, by

(See for example Evans 1955.) We find that better
agreement is achieved with the experimental data
for the bouhd electrons of water vapor if a small
energy dependent correction term, &, is added.
Then

oS0 = (1 +8) JEq (10)

where § is given by the phenomenological power
law relations,



Oe
|

exp ()
2-303 o + ﬁ log-‘o(EH)

<
"

| (1)
-2.5 + 2.27 exp(-1.066 E,, )
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he
1§

-1.25 + 0.635 exp(-1.375 E|,)

E\on IS the proton energy in MeV.

The Gaussian width parameter, T, is given by,

1/2
r- (EE2 W’W (12)
2 +

with E, = 20 eV from least-squares fitting of the
experimental data.

The amplitude of the hard collisions term is
determined primarily by the second function,
Spea(W), in equation 8. For it, we use a simple

single differential binary-encounter treatment
(Rudd and Macek 1972),
0, E<U
[ 13{1-2\ . Uslisty-AT
Stea(W) = ﬁi‘ - ]/ ) (1 3)
(Il_f} (VT TP T AT<sT AT

[UN LTy + AT

The terms in equation 13 are defined as follows:

U = binding energy of shell electrons,

E = w+ U = total energy transferred to the
electron,

E, = assumed kinetic energy of shell electrons,

T = kinetic energy of an electron with velocity
equal to that of the ion,

T, = 4T = classical maximum energy transfer
by a proton to a free electron,

AT = 4,/TE,, and

oo = 651x107% cmPeV,

To achieve better agreement with experiment, the
function f, is introduced to force the hard
collisions component, o, ., to tend to zero as w
goes to zero,
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9 -w) (15)

1 -exp (—rs‘s'
foea(w) = max |, )

Cross sections produced by this model are illus-
trated in Figure 1 for several energies of second-
ary electrons ejected by the positive ion.

For use in track structure simulations, the cross
sections as probability density functions are
integrated to give probability distributions and
then inverted numerically to provide the cosine
variate of the angle of emission.

DDCS algorithm,
1 MeV H' on water vapor
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FIGURE 1. Doubly Differential Cross Section, DDCS, for Deita-
Ray Emission as a Function of Cosine of Angle of Emission.
Angular distributions for delta-rays of 100, 500, and 1000 eV
energy are shown.
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Charge Transfer Cross Sections for
Heavy lon Impact

M. Rottmann,® L. H. Toburen, R. D. DuBois,
R. Bruch,® and C, Drexler®

As energetic charged particles undergo energy-
loss collisions and slow down, they capture and
lose electrons in Interactions with the atoniic and
molecular constituents of the medium. The num-
ber of bound electrons on a moving ion at any
instant is a stochastic varlabie, and the mean
charge state is a function of the ion velocity. The
changes in charge state produced by electron
capture and loss can have Important conse-
quences in radiological physics. In our studies of
differential ionization cross sections (see other
sections of this report) we found that bound
projectile electrons have a dramatic effect on the
energy distribution of electrons ejected in ionizing
collisions, Electronic screening of the projectile
charge by bound electrons thereby affects the
mean energy lost in collisions with the absorbing
medium and is reflected in the stopping power for
the projectile. In addition, the processes of
electron capture and loss contribute directly to

. the energy loss of charged particles.
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From a more pragmatic point of view, the change
in charge of the incident ion in collisions with
target atoms or molecules can also influence the
results of measurements intended to provide ab-
solute interaction cross sections. This occurs
because most experimenters use the transmitted
ion beam current as a measure of the number of
charged particles that pass through the target
region. The correlation of measured ion current
with number of particles through the interaction
region is based on a presumed knowledge of the
particle charge. lon beam experiments generally
rely on thin target conditions and expect

(a) University of Nevada, Reno, Nevada.
(b) Technical University, Munich, Germany.



negligible chiange in the incident charge when
correlating charge with Incident particle numbei.
However, when considering heavy ions at low
and intermediate energy, the charge transfer
cross sections may be sufficiently large so that
interactions with the target gas and with residual
‘molecules in the accelerator beam lines may be-
come significant. Unfortunately, there is little
information in the literature concerning the
charge transfer cross sections for low- and
intermediate-energy ions of
radiobiology.

In order to provide additional data on charge
transfer cross sections, we initiated a project in
collaboration -with Dr. Reinhard Bruch of the
University of Nevada to experimentally determine

cross sections of electron capture and loss rele-

vant to radiological physics. A system for mea-
suring charge transfer cross sections was initially

set up at the Pacific Northwest Laboratory (PNL)

Van de Graaff accelerator and later moved to the
University of Nevada, where the measurements
were conducted. The basic features of the sys-
tem include a differentially pumped gas target cell
and electrostatic deflection plates, which were
used to analyze the final charge states of the
transmitted beam., The charged and neutral
beam components were detected by impinging
them on metal surfaces and detecting the result-
ing secondary electrons with channel electron
multipliers, Tests indicated that the detection
system was 100% efficient for each of the beam
components, C°, C'*, and C?*, for ion energies
from 100 keV to 1500 keV. Measurements of the
charge state fractions of the transmitted beam
exiting the collision cell were made as a function
of the target pressure. Cross sections for elec-
tron capture were determined from the linear
increase in the neutral beam fractions with
increasing target pressure.

Cross section measurements for a single electron
capture have been completed for singly charged
carbon ions with energies from 100 keV to 1525
keV passing througl the gases H,, He, Ne, Ar,
N,, O, CO, CH,, NHg, C,Hg, and (CHZ) NH. In
addition, cross sections were measured for H*

interest to.

collisions with H,, He, N,, :and Ne for testing the
reliability of the system against previously
published cross sections. Within experimental
uncertainties, the proton cross sections agreed
with the recommended values given in the ORNL
compilation (Barnett et al. 1990). Uncertainties in
the present work are estimated at approximately
15% because of uncertzinties in the detection effi-
ciencies, pressure measurement, and statistical

. variations in determining the slope of the linear
.. portion of the charge fraction versus pressure
- curves.

'The only previously published data for singly

¢harged carbon ions in the energy range from
100 keV to 1500 keV are for collisions with a
molecular hydrogen target. Our results for
electron capture in collisions of C* with H, are
compared in Figure 1 to values recommended for
this energy range in the compilation of Phaneuf
et al. (1987). ' In general, the agreement is quite
good; the data point at 300 keV from our mea-
surement is somewhat lower than expected, but
the other data are well wichin the uncertainties in
the two sets of data. Cross sections for several of
the molecules studied in this experiment are
shown in Figure 2. Further analysis of these data
is currently underway.
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Differential Cross Sections for Electron
Emission in Carbon lon-Helium
Collisions

R. D. DuBois and R. Herrmann®

Fission neutrons interacting with biological tissue
produce carbon, nitrogen, and oxygen recoil ions
having energies from tens to hundreds of keV.
Information about interactions involving these
ions is important for microdosimetric descriptions
of the energy deposition that results from neutron
exposures. In contrast to interactions involving
fast, fully stripped ion impact, ionization resulting
from. slower, partially stripped ions is poorly
understood. This is because 1) the bound pro-
jectile electrons partially screen the incoming
nuclear charge, 2) loosely bound projectile elec-
trons can also be liberated during the collision,
and 3) these recoil ions have lower velocities
where electron capture processes can be
important.

(a) Institute of Nuclear Physic ., Umvershy of Frankiun,
Franktunt. Germany

To characterize collisions involving slow, partially
stripped ion impact, we Investigated electron
emission produced in 100 and 150 keV/amu car-
bon projectile-helium target collisions. Helium
was chosen as a target to emphasize projectile
ionization effects and also because single elec-
tron removal dominates the target ionization
spectra. The collision velocity was selected to
provide data in an energy regime where the Born
approximation can no longer ba expected to pro-
vide reliable information. It is, however, in a
region where the Classical Trajectory Monte Carlo
(CTMC) technique has been used successfully
(Reinhold et al. 1990).

Carbon projectile-helium target collisions were
studied systematically as a function of the charge
state of the Incoming projectile. For the collision
velocities studied thus far, a C* beam was
passed through a gas stripper cell, and the trans-
mitted beam components were electrostatically
analyzed for charge state. This provided usable
beams ranging from neutral carbon atoms to four-
times-ionized ions. In the first stage of the
experiment, absolute cross sections were mea-
sured for laboratory electron emission angles
between 20° and 150° and for electron energies
between 1 and 1500 eV.

Examples of the 100-keV/amu data for carbon
atom and triply charged carbon are shown in
Figures 1 and 2, respectively. The data demon-
strate the strong forward peaking of thc low
energy electron emission that is indicative of
these types of collisions. For neutral carbon
impact, evidence of an *electron loss peak"
centered at 55 eV is seen. This peak results from
the ionization of loosely bound projectile elec-
trons, Because the majority of the projectile
electrons are emitted with little energy in the
moving projectile frame, the peak is centered at
the projectile velocity and is strongly forward-
directed due to kinematic reasons. For C**
impact no such peak is observed because the
remaining projectile electrons are more tightly
bound. It should be noted that the data for
energies less than 10 eV are subject to larger
experimental uncertainties due to background
scattering, electron transmission and detection,
etc. This is especially important in the backward
direction since the signal rates are much smaller
than in the forward direction. Thus, it is believed
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FIGURE 1. Doubly Differential Cross Sections for Electron
Emisslon in 100 keV/amu Carbon Atom-Helium Collislons

that the bump in the cross section observed near
2 eV for the larger angles of emission is an
experimental anomaly.

One of the purposes of this experiment is to study
how the bound projectile electrons screen the
incoming nuclear charge and hence affect the tar-
get ionization spectra. In a simple picture, one
expects that for very distant collisions that pri-
marily result in low energy electron emission, the
screening should be complete and the cross sec-
tions shouid scale according to the square of the
net projectile charge. For very close collisions,
the projectile-target separation can be smaller
than the bound electron cloud, and the cross sec-
tions should scale according to the projectile
nuclear charge, which for the present experiment
is fixed. Thus, in the binary encounter region, the
cross sections should be the same for all projec-
tile charge states.

In Figure 3, 150-keV/amu 20° electron emission
data are compared for different incoming charge
states. Screening effects are clearly noticeable in
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FIGURE 2. Doubly Differential Cross Sections for Electron
Emission in 100 keV/amu C3*-Hellum Collisions

the 10 to 100 eV region where the cross sections
increase with incoming projectile charge.
However, for electron energies less than 10eV,
the 0 to 3+ cross sections tend toward a
common value at 1eV. As discussed, data at
these extremely low energies can be subject to
larger absolute uncertainties. However, we are
confident in the data shown because they were
measured under identical conditions in a short
time period. Thus, although the absolute magni-
tude of the cross sections may be subject to large
uncertainties, the relative change in the cross
section for various charge state projectiles is
believed to be accurate within 20%. Note that
charge states 0 to 3+ all tend toward a common
value near 1 eV, whereas the C** data do not.
This could be the result of long-lived metastable
components of the +4 beam. Another possibility
is that the +4 data might merge at a still lower
electron energy. This behavior is not understood,
nor is it predicted by any theoretical treatment
and thus will require additional studies to verify
these preliminary findings.
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In the binary encounter region, the simple picture
discussed above predicts that all the cross sec-
tions should be the same. But the data exhibit an
inverse g scaling effect that has been observed
previously (Richard etal. 1990; Jagutzki et al.
1991). In a following section, this behavior will be
discussed in more detail.

One last interesting feature of the data shown in
Figure 3 is that ionization resulting from carbon-
atom impact is quite similar to that produced by
singly charged carbon-ion impact. This again
demonstrates that a simple screening picture
describing distant collisions is inappropriate
because such a picture would predict a very
small cross section for distant collisions between
two atoms.

38

In a second stage of this experiment, coinci-
dences between the various outgoing charge
states of the projectile and the emitted electrons
were measured. This was done to separate the
electron emission resulting from direct target
ionization from that resulting from electron-
transferring (capture or loss) collisions. Figures 4
and 5 show typical results for carbon-atom and
c3t impact, respectively.  For carbon-atom
impact, emission resulting from single, double,
and triple ionization of the projectile plus any
target ionization is shown. For C** impact, only
the single capture and loss channels were investi-
gated. Studying other charge state projectiles at
this collision energy showed that direct target
ionization always dominates the total electron
emission spectra. The importance of the capture
channel was found to increase with increasing
projectile charge state, whereas that of electron
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loss decreased with increasing projectile charge
state. Further research is planned to gather data
on fower impact energies where electron capture
processes become increasingly more important.
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Differential Electron Emission for
0.5 MeV/amu Boron, Carbon, Oxygen,
and Fluorine lons on Helium

R. D. DuBois, O. Jagutzki,® and L. H. Toburen

Understanding how bound electrons influence
the ionization process is important in modeling
the energy deposition as heavy ions slow down in
various media. For fast, fully stripped ion impact
it is well established that the differential cross sec-
tions will scale according to z, where z is the pro-
jectile nuclear charge. This scaling will hold
unless z becomes so large that additional effects
become important (Schneider etal. 1989;
Stolterfoht et al. 1987).

The situation is more complicated for projectiles
bringing bound electrons of their own into the col-
lision. These electrons can partially screen the
nuclear charge or, if they are loosely bound, can
be ionized during the coliision. To date, an accu-
rate theoretical treatment of ionization resulting
from heavy, partially stripped ion impact does not
exist. One of the essential features of such a
theory is knowing how the bound electrons
screen the projectile nucleus.

In order to provide additional insight into partially
stripped ion-atom collisions, we measured the dif-
ferential electron emission resulting from
0.5 MeV/amu boron, carbon, oxygen, and fluorine
impact on a helium target. Neon and argon tar-
gets were also studied but only for carbon-ion
impact. The incoming charge states studied
ranged from 2+ to 5+ for boron and carbon ions
and from 3+ to 6+ for oxygen and fluorine ions.
The electron emission was measured for 10°, 15°,
30°, 45°, and 60° since our primary interest was to
investigate the inverse q scaling that has pre-
viously been observed in the binary encounter
region (Jagutzki et al. 1991; Richard et al. 1990).

Of interest in this study was the determination of
how the differential cross sections scale for

(a) Institute of Nuclear Physics, University of Frankfun,
Frankfurt, Germany.



fixed g (the incoming charge state) when z is
varied, how they scale for fixed z when q is varied,
and what is the effective projectile charge during
the ionization process. For the first case, fixed q,
absolute cross sections are required. Therefore
data were also accumulated for proton impact
under the same experimental conditions as for
the heavy ion data. By normalizing the proton
data to known cross sections (Rudd et al. 1976),
absolute cross sections can then be determined
for the heavy ion impact data.

For the second case, fixed z, and for determining
the effective projectile charge, only relative cross
sections are required. We have determined the
effective projectile charge as a function of eiec-
tron emission angle and energy by comparing the
pantally stripped projectile data with that mea-
sured for fully stripped boron, e.g., 2z,
5[DDCS.q+/DDCSg5+]. Results for g = 3 are
shown in Figure 1 for an emission angle of 45°,
Z.4 IS Shown versus the electron emission velocity
that is given in units of the projectile velocity
divided by cos(45°). Thus v = 1.4 corresponds to
the projectile velocity and is where the projectile
ionization contribution is maximum. This angle of
emission was chosen in order to minimize any
projectile ionization contributions. The binary
encounter peak is at v/cos(45°) = 2.

The data demonstrate that the effective projectile
charge is slightly smaller than the net ionic
charge, q, for electrons emitted with velocities
less than the projectile velocity. For harder
collisions, the screening of the projectile nuclear
charge is less effective and z,, increases. z.
continues to increase and eventually becomes
larger than z. Figure 2 shows similar results for
g = 5ions. It also demonstrates that in the binary
encounter region z., is larger for lower charge
state ions. This is the inverse q scaling effect
alluded to earlier.
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lonization in Fast Atom-Atom Collisions
R. D. DuBois

Doubly differential cross sections for electron
emission occurring for 0.5-MeV/amu hydrogen
and helium atom impact were measured in colla-
boration with Dr. O. Heil from the Institute for
Nuclear Physics, University of Frankfurt,
Germany. In addition, ionized projectile ion-
emitted electron coincidences were measured to
separate projectile ionization, target ionization,
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and simultaneous projectile-target ionization
events. These measurements were discussed in
detail in last year's annual report. During the past
year, some of these data were reported In
Nuclear Physics and Methods (1990) and a paper
has been submitted for publication in Physical
Review A (1991).
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Measurement of Secondary Electron
Spectra from Gases and Thin Folls

C. Drexler, @R D DuBois, and L. H. Toburen

Yery fast computers, using parallel processing,
make it possible to conduct detailed model cal-
culations of energy transport in coinplex hetero-
geneous target materials. Whet. studying
radiation-induced genetic damage, the target of
interest is DNA in a cellular environment. Several
different Monte Carlo models have been devel-
oped to study energy transport. These models
are based on either gas phase interaction cross
sections or on largely untested theoretical models
of condensed phase interactions. The main goal
of this project is to obtain experimental secondary
electron emission and transport data for inter-
actions of protons with DNA and other
condensed phase materials. Such data can strin-
gently test the validity of existing models of
electron transport.

During the past year, an ultrahigh vacuum system
was instrumented to measure the spectra of elec-
trons emitted from foil targets traversed by fast
protons. The spectra were recorded using the
Time-of-Flight (TOF) electron energy analysis

(a) Technical University, Munich, Germany.



technique. We chose TOF analysis for these
studies because differences in secondary elec-
tron production cross sections between gas
phase targets and condensed phase targets are
expected to be most important in the ejected
electron energy range below 100 eV, where TOF
techniques are most efficient. Special care was
taken to avoid any influence of the low energy
electrons by residual magnetic and electric fields.
All high voltage and signal cables were elec-
trically shielded from the interaction region;
contact potentials were minimized by applying a
carbon coating to exposed surfaces; and local
magnetic fields were reduced by using
nonmagnetic materials. The residual magnetic
field was reduced to less than 0.2 mG in the
interaction region by use of magnetic shielding
and a field-compensating current coil.

A pulsed proton beam was obtained from our
2-MV Van de Graaff accelerator by using a 2-MHz
oscillator that supplied a high voltage to vertical
and horizontal (90°-phase-shifted) electrostatic
beam deflection plates. This electrostatic beam
*chopper® created one proton pulse every 500 ns.
Geometric considerations and beam current
factors indicated that the proton pulse width was
less than 0.5 ns. Electrons ejected from the foil
by the pulse of protons traversed a flight path of
approximately 8.9 cm and were detected by
microchannel plates (MCP). With this system,
ejected electron spectra can be measured
reliably for electron energies from approximately
0.1 eV to 200 eV in an angular range of 15° to
165°,

Initial measurements of the spectra of ejected
electrons were conducted using gas targets to
test the performance of the system by comparing
results to the extensive literature of gas phase
cross sections. Preliminary resulis for ionization
of xenon by 1-MeV protons are shown in Figure 1.
This TOF spectra, plotted against the logarithm of
the ejected electron energy, clearly shows the
NOO-Auger electron spectra resulting from
de-excitation of inner shell vacancies produced in
proton-xenon collisions. The observed energies
of these lines are in excellent agreement with
published values. In addition, there is structure in
the spectrum in the 0.5t0 1 eV region resuiting
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FIGURE 1. Energy Spectra for 1-MeV Protons on Xenon Mea-
sured for Electron Ejection at 150°. Auger electron energies
from K. Siegbahn (p. 163 1969).

from decay of autoionizing states of xenon.
These autoionization lines agree well with the
published transition energies verifying the
accuracy of our energy analysis to electron
energies as low as 0.5 eV. This TOF spectrum is
converted to an energy spectrum and replotted in
Figure 2. After conversion to the energy spectra,
the Auger transitions are much less dramatic and
we see the more commonly recognized spatial
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FIGURE 2. Energy Distribution for 1-MeV Protons on Xenon
Derived from the Energy Spectrum Shown in Figure 1



shape representing electrons ejected from atomic
targets by charged particle impact. Preliminary
data for electrons emitted from a foil target are
shown in Figure 3. The primary difference in the
foil spectrum relative to the gas spectrum is the
rapid decrease in the yield of low energy elec
trons as the ejected electron energy decreases
below about 1.5 eV, Studies are underway to
explore differences in the spectra for gases and
foils as a function of electron energy and emis-
sion angle, target thickness, and target
composition,
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FIGURE 3. Energy Distribution for 1-MeV Protons on
5 ug/cm?-Carbon Foll for Secondary Electrons Emitted at 30°

Reference

Siegbahn, K. 1969. ESCA Applied to Free
Energy Molecules.  North-Holland Publishing
Company-Amsterdam.
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Radiation Dosimetry

The primary goal of the Radiation Dosimetry program is to understand the connections between the
physical events produced by the interaction of ionizing radiation with matter and the biological
consequences of those events. These consequences result from complex sequences of events
involving a variety of initial radiochemical products as well as the products of later chemical reactions
and biological responses. However, differences in responses occur when only the type of charged
particle that deposits the energy is changed. This indicates that the spatial and temporal relationships of
those initial products profoundly influence the subsequent processes.

Dosimetry research attempts to provide realistic models of the physical processes and to combine them
with information on likely chemical and biological processes to produce models for response at the cell-
ular level. The models are designed to be testable by experiment at each level of the system. Models of
energy deposition along individual charged particle tracks have been used to calculate energy deposi-
tion in small volumes. Volumes a few nanometers in diameter, as well as those a few micrometers in dia-
meter, appear to be directly relevant to the biological damage, while energy deposition in the larger vol-
umes can be measured experimentally and used to test the validity of the calculations. The impact of the
difference in energy deposition patterns in solids as compared to vapors is being investigated by calcu-
lating the spectrum of electrons ejected by collisions of ions with thin foils, a configuration which can
also be measured experimentally.

In order to determine characteristics of the energy deposition patterns of different radiations that are
relevant to the biological response, it is necessary to develop and test representative models that
depend on those characteristics. Both phenomenological and mechanistic models can be used to dis-
criminate between types of mechanisms and different dependences on initial damage patterns. As
models are developed, data from the literature or from specific experiments conducted in the Radiation
Biophysics program are used to determine if the model is applicable to a specific biological system, As
inappropriate models are rejected, those that remain converge to form an acceptable description of the
relevant damage and biological processes.

Modeling Cell Lethality and Mutation as  damage. This assumption has not generally
Consequences of the Same Type of been used in modeling because the relative bio-

logical effectiveness for a specific radiation is
Damage higher for cell mutation than it is for cell survival,
L. A. Braby and T. L. Morgan™® This has led people to consider models that

assume that ditferent types of DNA damage are
responsible for mutation and for lethality. How-
ever, most radiation-induced mutations involve
deleting a significant segment of DNA. If too
large a segment is deleted, the mutation will not
be detectable because the deletion will be lethal.
These observations show that a single type of
damage, DNA deletion, can be responsible for
both mutation and lethality. Because DNA dele-
tion will have to be included as a mechanism for
both mutation and lethality in any complete model
of cellular effects, it is important to explore the
(a) Present address, Department of Radiation Oncology, possibiity that this type of damage is the domi-

Kaiser Permanente Regional Medical Center, 4950 Sunset nant source (possibly even the only source) of
Boulevard, Los Angeles, CA 90027, these effects.

Last year we began the process of exploring
models of cell respeiise which assume that repro-
ductive death, imutation, and transformation are
different manifestations of the same type of bio-
chemical damage (Braby 1991). Because muta-
tion obviously involves DNA damage, and
because there is a great deal of evidence sug-
gesting that lethality also resuits from DNA
damage, the simplest model would assume that
both endpoints come from the same type of
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The presence of well-defined split-dose repair
and delayed-plating ' repair for cell survival
following low-linear-energy transfer (LET)
exposure, and the absence of these effects for
high-LET exposures, initially led people to believe
that the damage produced by high-LET irradi-
ation was not repairable. However, measure-
ments (Ngo et al. 1981) of the interaction of
damage produced by high- and low-LET radia-
tions show that the damage produced by high-
LET exposures is repairable. As a result, a con-
cept of variable damage severity is being devel-
oped. In general terms, it is assumed that the
more energy deposited in a limited volume, the
more chemical alterations will occur, and the less
likely that a repair system will be able to eliminate
the damage.

We have concentrated on developing a com-
prehencive understanding of the response of
Chinese hamster ovary (CHO) cells, to radiation
as a function of as many different exposure
characteristics as possible. Our studies have
shown that 1) two repair processes with different
repair rates are active in CHO cells, 2) the
radiation damage is potentially lethal, and 3) the
LPL model (Curtis 1986) describe's the response
of each type of damage as a funct.on of dose and
dose rate. Our studies of DNA deletion lengths in
HPRT mutant lines of CHO cells (Morgan «at al.
1991) have shown that there is very little, if any,
difference in deletion lengths for high- and low-
LET-induced mutations or for mutatioris produced
by low-LET with or without extensive opportunity
for repair. This suggests that the initial type of
damage or its severity does not determine the
length of the deletion. However, it may be the
length of the deletion that determines whether it
will be detected as a mutation.

One possible model for the production of lethal
and mutagenic damage from the same initial
damage begins with the production of very large
deletions by unrepaired, or misrepaired, poten-
tially lethal damage. Repair of this damage would
reduce the size of the deletion and possibly elimi-
nate it. But repair would sometimes result in a
deletion of the length that is characteristic of
observed mutations; that is, repair may occur with
poor fidelity. In this model, as in other appli-
cations of the LPL model|, it is assumed that the
cells have some opportunity to repair damage
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even when they are actively growing and the
dose is delivered at a high rate. As a result, much
of the initial damage is repaired and most muta-
tions are the result of repair with poor fidelity.

In the plateau-phase CHO cells, we observed two
repair rates that seem to be related to different
types of initial damage, and that may relate to the
two types of damage, of different severity, that
Goodhead (1987) has suggested as the origin of
the increase in Relative Biological Effectiveness
(RBE) with LET. His data for the frequency of
energy-deposition events greater than 100 eV in a
2-nm-diameter cylinder 2-nm long, and for events
greater than 350 eV in a 10-nm-diameter cylinder
5-nm long (Figure 1) show that the larger events
in the larger site increase more rapidly with LET
than do the smaller events. If both types of
damage are repaired, but damage produced pre-
dominantly by high-LET radiation is more likely to
be repaired with poor fidelity, then the RBE for
mutation will be higher than the RBE for lethality.
This model requires that the majority of the
damage produced by high-LET radiation be
repaired; it also requires that the amount repaired
not depend on dose rate or delayed plating. This
would be the case if the time for damage to be
fixed is long as compared to the repair time for
this type of damage, and if the probability of
binary misrepair is small.
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FIGURE 1. The Number of Events « Greater Than 100 eV in a
2-nm-Diameter Cylinder 2-nm Long and « Greater Than
350 eV in a 10-nm-Diameter Cylinder 5-nm Long per Cell per
Gray as a Function of LET



This model seems to be consistent with the major
features of the response of CHO cells, but many
details remain to be explored. One of the major
unknowns concerns the distribution of energy
deposition within those events that are charac-
teristic of high-LET radiation. These events may
each contain one of the 100 eV in 2 x 2-nm events
that are also produced by low-LET radiations.
This possibility, which will be investigated by
Monte Carlo calculations, may change the inter-
pretation of the two types of damage.
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Gptimum Inactivation Dose and Indices
of Radiation Response Based on the
Linear-Quadratic Survival Equation

B. S. Jacobson'@

The rationale for hyperfractionation and traditional
dose fractionation in radiotherapy is either based
on the hypothesis of different growth and repair

(a) Visiting professor, Central

Mt. Pleasant, Michigan.

Michigan University,
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kinetics between normal and tumor cells or based
on the hypothesis of different survival curve
shapes,

Following a single irradiation, the ratio between
the fraction of celis killed to the radiation dose
administered is a continuously decreasing func-
tion of dose unless the survival curve is suffi-
ciently shouldered, in which case it has a
maximum value at a finite dose. When choosing
a radiation-dose fractionation regime, it would
seem desirable to maximize that ratio for the
target cells while maintaining a low corre-
sponding ratio for adjacent cells. This is possible
if the shapes of the dose-survival curves of the
two populations are different.

Insofar as it fits the experimental data, the Ilnear-
quadratic survival equation, S = exp(-aD-pD?)
has consequences that are independent of the
interpretation of « and B. The degree of
'shoulderedness® is frequently measured by the
ratio /e cr a/p (for example, Thames 1985; Des-
chavanne and Malaise 1989; Barendsen 1990),
The values of these ratios depend on the units
chosen to measure dose. Curves with the same
shape, but showing different radiosensitivity will
yield different values of a/p. However, the ratios
e/ B (Bettega et al. 1991) or v B/(x + Vv B) used
here will not change under these conditions; they
are also independent of the choice of units and
correlate with an overall radlosensmvnty index,
o + VB, which has dimensions of (dose)™. It will
be shown that the reciprocal of this parameter is
approximately equal to the dose needed to
reduce the surviving fraction to 1/e and con-
versely that survival after receiving a dose of 1/(«
+ v B) lies between exp(-1) and exp(-3/4). The
quantity, 1/(« + vB), is also approximately equal
to the mean inactivation dose.

The linear-quadratic equation for survival can be
written in the form

(1)

where s = o + VB (the sensitivity index) and
r=vp/(a + VPB) = Vp/s ("he shape index). For
simplicity, let us choose a unit of dose so that
s=a+ VB =1.Then,L=1forD =1ifris at
either of its limits, 0 or 1. Thus, survival is equal to
i/e, or 0.368 after receiving a dose D = 1/s if

NS =L = (1-)Ds + °D%s?



either « = 0 or B = 0. Otherwise, survival Is
somewhat greater. At this dose, equation (1)
reduces to ,

(@)

which has a minimum (i. e., survival has a
maximum) at r = 1/2, where L = 3/4, S = 0.472,
and a = V¥B. Using this dose unit, the mean
inactivation dose varies between 0.88 and 1.14.

L=1-r+r

If, on the other hand, survival is held constant at
1/eorL = 1, then, for s = 1, equation (1) reduces
to

)

which defines Dj, as a function of r. Setting
dDg,/dr = 0, Dgy is found to have a maximum of
5/4 (in units of s) occurring when r = 2/5. The
minimum value of Dy, = 1 occurs at r = 0 and
r = 1. In other words, the dose needed to reduce
the surviving fraction to 1/e lies between 1/s and
1.25/s.

PDg,2 + (1-NDgy = 1

In Figure 1, a family of dose-survival curves is
plotted as a function of dose in units of s, which

cross the S = 1/e line between D 1 and
D = 1.25. As can been seen here, 1/e survival
changes little throughout the normal range of
shape index, .

In Figure 2, the ratio of fraction killed to normal-
ized dose, i.e,, (1-S)/Ds, is plotted. For a shape
index, r= v p/(a+v B), greater than 0.4, this ratio,
which is tabulated in Table 1, has a maximum or
optimum value. The maximum or optimum shown
in Figure 2 is also plotted in Figure 3 and tabu-
lated in Table 2.

Implicatlons for
Fractionation

Therapeutic Dose

Figure 3 compares the mean inactivation dose
and the 37-percent survival dose, in units of s; it
also shows the optimum or maximum value of the
ratio of fraction-inactivated to normalized dose. If
r > 0.5, in the case of various malignant and non-
malignant cells, the optimum dose approximates
the traditional radiotherapeutic fraction of 2 Gy.
For smaller values of r, the inactivation-dose ratio
is greatest for doses approaching zero. For cells
with this characteristic, very small fractions might
be more efficient. Table 2 shows optimum doses,
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FIGURE 1. Linear-Quadratic Dose-Survival Cureves Having

Different Shape Indices, Plotted Against Dose In Units of
Sensitivity Index, s. When dose is expressed in these units,
the dose for 1/e survival falls between 1.0 and 1.25 sensitivity-
index units.
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TABLE 1. Optimum Values for Shape Index, r

Shape Index, r Optimum dose in *s* Unlts
0.41 0.000
0.415 0.008
0.42 0.060
0.43 0.160
0.44 '0.243
0.45 0.323
0.46 0.396
0.47 0.463
0.48 0.524
0.49 0.581
0.50 0.632
0.525 0.744
0.55 0.833
0.575 0.906
0.60 0.964
0.625 1.010
0.65 1.048
0.675 1.077
0.70 1.099
0.75 1.129
0.80 1.144
0.85 1.147
0.90 1.143
0.95 1,133
1.00 1.121

1.50
i/e Dose (D,_+s
125 |- ( 7 )

-
o
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FIGURE 3. Normalized Optimum Dose, Mean Inactivation
Dose, and 1/e Dose, Plotted as a Function of Shape index, r

with respect to that ratio, based on various
published values of « and p. Most of these cell
lines fall in the second category.
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Summary

For any linear-quadratic dose-survival curve, the
fraction surviving a dose of 1/(a + Vp) falls
between exp(-1) and exp(-3/4). That dose is
approximately equal to the mean inactivation
dose. The dose corresponding to a surviving
fraction equal to 1/e falls between 1/(« + v'p) and
5/4(e. + v B) for all non-negative values of « and .
The sum, « + VB, easily obtainable from a least
squares fit of the data, is proposed as a radio-
sensitivity index and its reciprocal as a convenient
alternative to mean inactivation dose. The dimen-
sionless ratio v'p/(a + v'B) is proposed as a simple
index of the shape of the survival curve. Any
linear quadratic dose-survival curve of the form
S = exp(-«D+pD? can be completely described
by these two parameters.

Using these parameters, the ratic of the fraction
of cells inactivated to the dose can be determined
as a unit-independent quantity. For values of
vV B/(x+vp, greater than 0.55, this ratio has a
maximum when the dose is approximately 1/s.
However, for values of v'B/(a+v ) less than 0.4,
this ratio is greatest when the dose Is zero.
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TABLE 2. Optimum Doses Caloulated From Published Data for Various Cell Lines

Cell Type Alpha _Beta  Shape(r) Index Unit Dose(Gy) Optimum Dose(Gy)

Grp. A (Deacon, 6 cell lines)  0.779  0.0129 0.127 112 0.0
SW403 (Leith) 0.347  0.0100 0.224 2.24 0.0
SW48 (Lelth) 0.658  0.0531 0.259 1.13 0.0
Head & neck mean® 0.372  0.0250 0.298 1.89 0.0
SW1116 (Lelth) 0.337  0.0261 0.324 2,01 0.0
Ovarlan o& mean® 0.352  0.0300 0.330 1.90 0.0
Sarcoma moan® 0.438  0.0660 0.370 1.44 0.0
HT-29 (Lelth) 0.246  0.0291 0.409 2.40 0.0
Grp. E {Deacon,25 ocell lines) 0.250  0,0433 0.454 2.18 0.77
SW948 (Leith) 0.261  0.0502 0.462 2.06 0.84
LS174T (Lelth) 0.277 0.0568 0.462 1.94 0.79
Mouse lung (T ravis) @ 0.310 0.0720 0.464 1.73 0.73
HCTS8 (Leith) 0.289 00726 0.482 1.79 0.80
HCT15 (Leith) 0.266  0.0820 0.518 1.81 1.29
WIDR (Leith) 0.176  0.0421 0.538 2.62 2,07
ST3AR-21 0.259  0.0990 0.548 1.74 1.44
SW480 (Leith) 0.185  0.0644 0.578 2.28 2.08
D (Leith) 0.206 0.0810 0.580 2.04 1.87
CaCC-2 (Lelth) 0.140  0.0381 0.582 2,98 275
COLO320HSR (Leith) 0.227 0.1220 0.606 1.74 1,70
SKin(AT) (Turesson)® 0100  0.0240 0.608 3.92 3.84
HN-scC-68' 0.117  0.0410 0.634 3.13 3.20
SW620 (Leith) 0.172  0.0927 0.639 2.10 2147
Rat spinal cord (Ang)® 0.066 0.0190 0.676 4.91 5.29
STSAR-35° 0.141  0.1210 0.712 2.05 2.27
HN-sCC-201@ 0.068  0.0340 0.731 3.96 443
LoVo (Leith) 0.108  0.0844 0.733 2,52 2.82
A (Leith) 0.053  0.0961 0.854 2.76 3.17
(a) Cited in Hall (1991)
(b) Weichselbaum et al. (1989), 14 to 24 cell lines per group.
(c) Welchselbaum et al. (1989), individual cell lines.
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Foils
W. E. Wilson and J. Song®

We have adapted MOCA14 to compute the spec-
tra of low-energy electrons emitted from a thin
(simulated water) foil for fast penetrating ions.
The intent is to compare the predictions of simu-
lations based on vapor-phase cross sections with
experimental measurements of emission from
solid foils {Drexler et al. in this report).

A schematic diagram defining the quantities
scored is shown in Figure 1. The track structure
of fast positive ions is computed for ion paths

(a) Visiting scientist, from The Institute of Biophysics, The
Chinese Academy of Sciences, Beijing, China.



Dlrection of Emilted
Secondary Eleciron
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FIGURE 1. Schematic Diagram of the Solid Foil and the lon-
Path Orientation. The number of secondary electrons emitted
as a function of their energy and their direction cosine relative
to the lon path was scored.

perpendicular to and penetrating through a semi-
infinite absorber. The track structure data are
then scanned for secondary electrons (delta-rays)
that exit the foil, and their energy and Z - direction
cosine are scored; the path of the ion defines the
Z axis.

Algorithms were developed to score the two
quantities in correlation; that is, the computed
yield of secondary electrons is doubly differential
in solid angle and in energy. Because of the wide
dynamic range of the possible electron energies
and the very low production of primary high-
energy electrons by the positive ions, scoring
bins are defined on a piecewise-linear logarithmic
(base 2) scale. Each factor of two of the log-
arithmic scale is subdivided into four bins of equal
width. This manner of defining a scoring template
or scale is natural in numerical computations for
any variate in the form of a real number in binary
representation; the method is also easily imple-
mented in most high-level computer languages
frequently used in scientific computation. Equal-
width bins are used to score the Z - direction
cosine; preliminary results were obtained with
eleven bins covering 0 to 1 in cosine (90 to
0 degrees).
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The last collision experienced by the electron
before exiting the foil determines the pertinent
direction cosine and may be elastic or inelastic.
This feature of the problem means that individual
computer runs require more memory and time
than most previous track-structure calculations
because the elastic collisions must be stored for
scoring. Generally, the actual loci of the elastic
collisions are unimportant to the microscopic
distributions of ionization and energy deposition,
provided elastic scattering is included in the
simulation to produce realistic (diffusion-like)
transport of the secondary electrons. Elastic
scattering does contribute to the ultimate spatial
distribution of the energy and ionization deposi-
tion, but otherwise is not involved in the
dosimetry.

The results of a preliminary computation are
shown in Figures 2 through 4. This example is for
1-MeV protons passing through a 20-nm-thick
semi-infinite slab of simulated water (vapor). The
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FIGURE 2. Computed Angular Distributions of the Doubly-
Differential Yield of Secondary Electrons for Electron Energles
of 26 to 1664 eV. The electrons are ejected by a 1-MeV proton
passing through a simulated 20-nm-water (vapor) foll.
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FIGURE 4. Computed Angular Distributions of the Doubly-
Diffet »ntlal Yield of Secondary Electrons for Electron Energies
of 13 to 26 eV, The electrons are ejected by a 1-MeV proton
passing through a simulated 20-nm-water (vapor) foil.

i

Figures show the angular distribution of the
doubly differential yield of secondary electrons for
various secondary electron energies. For low-
energy secondaries (Figure 2), the angular distri-
butions exhibit no real structure and simply
monotonically decrease from zero degrees
toward ninety degrees, and likewise decrease
. monotonically with energy to beyond 416 eV.
This behavior is consistent with what one would
expect for multiply scattered low-energy elec-
trons. At 832 eV and above (Figures 2 and 3), the
peak yield occurs at angles greater than zero
degrees, but the peak angle shifts toward zero
with increasing energy. This dependence is a
reflection of the binary-encounter peak or Bethe-
ridge in the doubly-differential cross sections for
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the production of the primary delta rays. The
secondary structure that occurs roughly between
a cosine of 0.0 and a cosine of 0.5 (Figure 3)
probably arises from once-scattered primary
electrons.

For Figures 2 and 3, the sample size was 5 x 10°
proton tracks, and the electron cut-off energy,
below which secondaries are not followed, was
25 eV, In order to see electron emission down to
sub-ionization energy, we reduced the cut-off
energy to 12.6 eV (Figure 4). We reduced the
corresponding sample size to 2 x 10° because
the elastic scattering of the very low-energy
electrons increases the computation time by
more than a factor of two.



Radiation Biophysics

The Radiation Biophysics project conducts radiobiological studies to test specific aspects of the mathe-
matical models developed in the Radiation Dosimetry and Modeling Cellular Effects programs. These
studies, at the cellular, subcellular, and molecular levels, are designed to determine whether specific
mathematical expressions, intended to characterize the expected effects of biochemical mechanisms on
cellular response, are consistent with the behavior of selected biological systems. Mammalian cells,
cultured by special techniques and grown under conditions that minimize biological variability during
dose protraction and long-interval split-dose or dose-rate studies, are used to meet the stringent require-
ments placed on the cellular system by many of these experiments. Carefully characterized cell popu-
lations that have ceased progression through the cell cycle provide data on the extent of repair following
low doses of radiation and on the changes in the types of damage that can be repaired as the cells re-
enter the growth cycle and progress toward mitosis.

Other experiments attempt to identify the mechanisms of physical and chemical damage to DNA and to
determine the spatial distribution of DNA single-strand breaks. Particular attention is given 10 investi-
gating the influence of higher-order structure, such as supercoiling of plasmid DNA and scaffold attach-
ment, on the probability of strand scission. It appears that these structures and the resulting molecular
strain lead to local sequence-dependent areas of increased susceptibility to chemical and physical
attack.

Another significant consequence of radiation damage is mutation and transformation of mammalian
cells. Though it is well established that most radiation-induced mutations result from the deletion of a
portion of the genome, there are not enough data to characterize the processes leading from the initial
DNA damage to the subsequent deletions. Initial damage probably involves only a few base pairs at
most, but this rather innocuous lesion leads to deletions of a few hundreds or even thousands of base
pairs. Experiments to explore the characteristics of deleted regions are providing information to help
evaluate the role of higher-order chromatin structure and the repair of base damage in the productior: of
large deletions. These studies will help to identify physical and biochemical mechanisms responsible for
the observed changes and facilitate extrapolation of biological effects from the high doses and dose
rates typical in the laboratory to very low environmental levels.

Relationship Between Mutation Type radiation, a majority of these mutations are
and Growth Rates of CHO Cells accompanied by detectable DNA deletions or

. . . rearrangements at or near the HPRT locus
Cont?mlng X-Ray-Induced HPRT (Thaker 1986; Morgan et al. 1990). This study
Mutations was designed to test the hypothesis that large
B. S. Jacobson® and T. L. Morgan® deletion-type lesions frequently involve neighbor-
ing genes whose loss causes a reduction in
growth rate and consequent underrecovery of
potential mutant clones when extended expres-
sion times are used. This hypothesis implies a
broad range of growth rates among our popula-
tion of mutant clones (Morgan et al. 1990), in
S— which the slowest growing strains are those that
have large (i.e., full) deletions.

The hypoxanthine-guanine phosphoribosyl trans-
ferase (HPRT) gene is commonly empioyed in the
study of radiation-induced mutagenesis in various
mammalian cell lines (Chu et al. 1969; Cox and
Masson 1978). When induced by ionizing

(a) Visiting professor, Central Michigan University,
Mt. Pleasant, Michigan.

(o) Present address, Department of Radiation Oncology, At the TK (thymidine kinase) locus in murine
Kaiser Permanente Regional Medical Center, 4930 Sunset L5178Y cells, large chromosomal changes are
Boulevard, Los Angeles, CA 80027, associated with small colony size, i.e., slow
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growth, and vice versa (Moore et al. 1987). We
have searched for a similar effect at the HPRT
locus in CHO cells. The HPRT enzyme system is
not required for gro'sth on standard tissue culture
media; however, the possible significance of loci
closely linked to this one is unknown. We have
attampted to correlate the growth rate or gener-
ation time with the type and probable size of the
induced mutation, as determined by Southern
blot analysis of DNA from mutant cell strains.

The cells used in this study were derived from
31 mutant clones isolated previously (Morgan et
al. 1990), foliowing x-irradiation, and an unir-
radiated control clone. They had been classified
by Southern blot analysis according to mutation
type. Each mutant was classified as full deletion
if no HPRT coding sequences were detected,
alteration if only a portion of the gene remained or
if band patterns were rearranged, or no change if
no change in HPRT coding sequences was vis-
ible. Seven of the clones had been classified no
change, 13 alteration, and 11 full deletion. Two
controls, derived from the unirradiated parent
cells, were run. Each clone was grown to con-
fluence, then diluted into a uniform set of 60-mm
diameter Petri plates, and grown for 7 to 10 days.
Two plates were counted daily at 1, 2, 3, and
4 days after plating, and again at 5 to 10 days.
Growth was nearly always exponential between
days 1 and 4. Growth rates were determined by
unweighted least squares log-linear regression
using data from 1 to 4 days after plating.

Mean generation times for each class of mutant
are shown in Table 1. None of the differences
between means of mutant classes is statistically
significant by the criterion of Student's T test.
Mean doubling times for the no change mutants
and the full deletion mutants were essentially
identical. The mean for alteration mutants was

about 7 percent longer, while that for the controls
was about 4 percent shorter. Eight of the mutant
clones produced generation times slightly, but
not significantly, shorter than the non-mutant
controls.

There was no evidence of any relationship
between deletion type and growth rate.
Evidently, the maximum size of an observable
DNA deletion is limited by the presence of out-
lying genes that are indispensable. Within this
window of viability, detection of nonlethal muta-
tions depends on the presence of one or more
functional but nonessential genes. The infor-
mation lost in HPRT-containing deletions in this
system has a negligible effect on growth under
the conditions of this experiment.
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Alteration 13 141 1.6 118-16.9
Full deletion 11 13.2 1.5 116-16.7
All mutants 3 134 1.4 116-16.7
Control 2 127 126-127
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Implications of Repair Observed at Low
Doses

L. A Braby and J. M. Nelson

At the Workshop on Biophysical Modeling of
Radiation Effects, an invited paper based on
conclusions drawn from our measurements of
repair at low doses was presented as a part of the
concluding session. The abstract of this paper,
which will be published by Adam Hilger,
summarizes the conclusions we have reached
from several years’ work.

Models for the response of cells exposed to low-
LET radiation can be grouped into three general
types on the basis of assumptions about the
nature of the interaction that is produced in the
shoulder of the survival curve. The three forms of
interaction are 1) sublethal damage becoming
lethal, 2) potentially lethal damage becoming irre-
parable, and 3) potentially lethal damage satur-
ating a repair system. The effects that these
three forms of interaction would have on the
results of specific types of experiments are
investigated. Comparisons with experimental
results indicate that only the second type is sig-
nificant in determining the response of typical cul-
tured mammalian cells.

Excess Iron and Cellular Radiation
Sensitivity

J. M. Nelson and R. G. Stevens

Indirect radiation effects, instigated by radical
formation in and around the target DNA, domi-
nate the lethal and mutagenic actions of ionizing
radiation in cells. Oxygen and hydroxyl radicals

55

are probably the most abundant and reactive
species associated with this effect. Their for-
mation and moderation is affected by the ionic
composition of the milieu adjacent to the genome.
Transition metals are often associated with this
process, and iron and copper are no exception
because both catalyze radical formation of these
most active forms.

Iron is the most abundant transition metal in
mammals, and it plays a central role in meta-
bolism. The deleterious consequences of iron
deficiency are well documented, However, the
potential risks associated with excess iron have
been largely ignored; these risks are considered
only when severe iron overload occurs. Iron is
readily available, particularly in the Western diet,
and there is growing skepticism of the conven-
tional wisdom concerning the importance of iron
maintenance. This suggests that the biological
consequences of only moderately elevated cellu-
lar iron deserve serious attention.

Increased stores of available body iron may
increase the risk of radiation-induced cancer by
either or both of two possible mechanisms
reviewed by Stevens and Kalkwarf (1990). Iron
can catalyze the production of oxygen radicals
that may deplete available reducing equivalents.
This would render the cell more susceptible to the
variety of radicals produced by ionizing radia-
tions. Iron bound to DNA may aiso be particularly
effective in increasing the ability of radiation to
damage DNA at that particular site. Further, iron
may interfere with normal cellular repair pro-
cesses or even be a limiting nutrient required for
the growth and replication of transformed cells.
Exposure to ionizing radiation, whether occupa-
tionally or from environmental sources, under-
scores the need to identify tissue characteristics
that might influence an individual's risk of radia-
tion injury. Tissue iron level may be one such
characteristic.

fron concentrations vary substantially, both
day-to-day for the same individual and between
one individual and the next. The iron content in
adult human blood is around 420-560 ug/mi;
most of this is associated with the heme and is
contained in erythrocytes. Serum levels in normal
healthy adults contain 0.75-1.75 ug/ml of iron,
almost completely found in the ferric form in



transferrin.  Tissue iron content shows extreme
variations, considerably greater than those found
in serum. Normal liver tissue contains 28 to
162 pg/g; kidney, 3.3 to 10.1 pg/g; and spleen,
85to 169 ug/g. The highest levels are found in
lung and brain, where iron concentrations are
found to be around 200 pug/g and 222 to
510 ug/g, respectively.

We have cultured stationary-phase Chinese
hamster ovary (CHO) cells in a medium contain-
ing ferritin (~19% iron by weight) added in con-
centrations ranging from 0 to 128 ug/ml. One set
of cultures was unirradiated, while another set
was exposed to 4 Gy of x-rays. Clonogenic cell
survival was assessed for each set of cultures.
Preliminary experiments have shown that ferritin
(~19% iron by weight) is toxic at concentrations
above 100 ug/ml, while apoferritin (the iron-free
protein) showed no toxicity at concentrations up
to and including 1000 ug/ml, indicating that the
protein itself does not play a significant role in this
toxicity.

Results of the initial experiment are shown in
Table 1. In this experiment, ferritin doses ranging
from 0 ug/ml (control) to 32 ug/ml were used.
The adjusted survival for cells in irradiated
(ferritin) control piates (assay plates prepared
from ferritin-free cultures) was 51% when normal-
ized to 100% for cells in unirradiated control
plates. This indicates that 4 Gy, in the absence of
ferritin, killed ~49% of the population (column 2).
Assuming that ferritin killing is independent of
x-ray killing, the ratio of each set of irradiated

plates at a given ferritin concentration to their
respective unirradiated plates should then be
0.51; this ratio is given in column 3, and is shown
normalized to 1.00 in column 4, Ratios greater
than 0.51 would therefore indicate radioprotec-
tion, whereas those lower would indicate radio-
sensitization. At concentrations of 0.5, 2, and
8 ug/ml, these ratios were 0.45, 0.48, and 0.44,
respectively, showing virtually no interaction
between ferritin and x-rays (p > 0.05). However,
at 32 ug/mi ferritin, this ratio fell to 0.14
(p < 0.001) and the adjusted ratio (column 4) fell
to 0.27. This indicates a significant killing
enhancement not caused by the chemical toxicity
of ferritin, because the relative survival of
unirradiated ferritin plates was effectively the
same as unirradiated ferritin-free controls (relative
survival = 0.95; column 1), Taken together, these
results indicate that 32 ug/ml ferritin effectively
sensitizes these cells to x-rays; yet by itself, this
dose of ferritin is not toxic.

Results of this initial experiment were supported
by the results of four additional experiments, all of
which are shown in Figure 1. These subsequent
experiments confirmed the earlier findings
detailed above. In all of these experiments,
32 ug/mi of added ferritin was not toxic (relative
survivals of 0.95, 1.16, 0.82, 1.04, and 1.47),
whereas it augmented radiation killing (loss of
reproductive integrity) so that survival after
4 Gy x-rays was only 27%, 42%, 14%, 25%, and
20% (mean = 25.6%; p < 0.001 for each ratio} of
that expected if ferritin had no effect. No killing
was observed in unirradiated plates at ferritin

TABLE 1. Effect of Ferritin on X-Ray Sensitivity of Stationary-Phase CHO Cells. The column labeled “erritin* shows the survival of
cells exposed to ferritin adjusted to the cloning efficiency of ferritin-free plates; *ferritin + x-ray* shows the adjusted survival of cells
exposed to both ferritin and x-rays; *ratio® is the ratio of column 2 to column 1; and "adjusted ratio® is the ratio shown in column 3

normalized to give a 0 ug/ml ratio of 1.00.

Adjusted Survival

Ferritin Ferritin + x ray Ratio Adjusted Ratio
0 ug/mi 1.00 0.51 0.51 1.00
0.5 ug/ml 0.98 0.44 0.45 0.88
2 ug/ml 1.05 0.50 0.48 0.94
8 ug/mi 113 0.50 0.44 0.86
32 ug/ml 0.95 0.13 0.14® 0.27

(a) Significantly lower than the ratio at 0 ug/ml (p< 0.001).
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FIGURE 1, Effect of Added Ferritin on Reproductive Survival
of Chinese Hamster Ovary Cells. Relative survival, adjusted to
that of controls, is shown at several added ferritin concentra-
tions with 4 Gy of x-rays (open circles) and without x-rays
(solid circles). Results of five replicate experiments; each data
point represents ~36 assay plates.

concentrations up to 32 ug/ml.  However, at
64 ug/mi ferritin, survival of unirradiated plates
falls to about 60%, and at 128 ug/ml, to about
1.0% of the contro! value. Aithough toxic at 64
and 128 ug/ml, ferritin still enhanced radiation cell
kiling. In addition to being nontoxic, apoferritin
had no effect on radiation sensitivity (data not
shown).

As shown in Figure 1, relative survival at each
ferritin concentration, with and without x-irradi-
ation, appears approximately parallel up to
16 ug/ml. At higher concentrations, x-ray killing is
significantly enhanced, indicating radiosensi-
tization by ferritin.

Ferritin is the normal tissue iron storage protein,
although it is also present in serum at low con-
centrations ranging from 15 to 300 ug/ml. Normal
serum contains 1 to 2-ug/ml iron, primarily bound
to transferrin. The growth medium in which these
cells are maintained contains ~10% fetal calf
serum, or ~0.1 to 0.2-ug/ml iron. Since the ferri-
tin used in these experiments contained ~19%
fron by weight, 32-ug/mi-ferritin represents only
~6-ug/ml iron. Therefore, even though ferritin
added at 32 ug/mi increased the iron content of
our medium 30 to 60 fold, this represents only
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3 to 6 times the normal iron concentration of the
milieu surrounding cells in serum and tissue. Yet,
this modest elevation in iron added as ferritin was
a potent radiosensitizer to our stationary CHO
cells.
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Base Composition and the Probability
of Radiation Strand Scission

J. M. Nelson, J. H. Miller M. Ye,® and
E. W. Fleck®

Double-strand breakage of the DNA molecule,
with the concurrent rearrangement, substitution,
or deletion of information, appears to be the prin-
cipal and most significant radiation-induced
lesion associated with cellular radiation effects.
Although the initial physical interactions and
depositions of energy are entirely random, the
subsequent distribution of biologically important
lesions, such as strand breaks, appears not to be
random. Plasmids are naked circular DNA mole-
cules with defined primary and higher-order
structures. Plasmids are particularly useful for
studies, such as the investigation of such
non-random phenomena, because they are not
associated with stabilizing proteins, as is genomic
DNA, and the structure and its alteration can be
relatively easily identified.

We demonstrated a correlation between negative
linking differences and susceptibility of pristine
supercoiled plasmid DNA to induction of the first
single-strand break by ionizing radiation (Miller
etal. 1991). We then sought to determine if this
breakage was non-random and most prevalent in
the AT-rich regions of the molecule where tran-
sient strand separation is most probable.

Theoretical considerations suggest that spon-
taneous strand separation in duplex DNA will
most likely occur within the ATrich regions of

(a) Present address, Montech Environmental Technology,
Inc., PO. Box 1198, Kerr Laboratery Road, Ada, OK 74820.

(b) Visiting professor, Whitman College, Walla Walla,
Washington.



highly stressed molecules. Because transient
disruptions of base pairing in plasmid DNA would
be associated with the torsional stress of negative
supercoiling, we expect that this would increase
the probability of their occurrence within the
AT-rich sequences. Hence, if open states are
involved in the increased sensitivity to radiation-
induced strand scission observed in underwound
plasmids, then at Ipast part of this increase
should be caused by non-random breakage at
the AT-rich regions.

Theory also predicts that the probability of dena-
turation will increase with temperature and
decrease with the ionic strength of the buffer in
which the molecules are irradiated. We have
investigated this hypothesis by assessing non-
random break induction in the pIBI-30 plasmid.
Our findings indicate that preferential breakage
does occur at the most probable site, as
suggested.

Replicate samples of the pIBI-30 plasmid were
irradiated with x rays sufficient to produce about
one break per molecule. Following irradiation,
circular BDNA was made linear by cutting it at its
unique Pst-l restriction site. The duplex molecule
was then denatured, i.e., separated into single
strands, by treatment with glyoxal. The single-
strand fragments produced by this procedure
were then separated electrophoretically using a
denaturing gel to prevent their spontaneous
recombination into the double-strand form.

If strand scission is non-random and associated
with momentary strand separation, then single-
strand breaks (SSBs) should occur within one or
the other of two AT-rich regions with considerably
greater frequency than at other sites throughout
the molecule. Methods developed by Benham
(1990) have been used to calculate the probabil-
ity of helix-to-random-coil transitions as a function
of sequence location in plBl 30. These calcula-
tions, although based on a somewhat higher
negative linking difference, predict that melting of
the double helix should be most probable near
base sequence 2000. Single-strand breaks at
these predicted locations should increase the
yield of 18K and 12K base fragments.

These fragment lengths were identified in plas-
mids irradiated within a specific temperature
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range, in phosphate buffer having very low ionic
strength, and at a sufficiently low radiation dose.
The low radiation dose was required to avoid the
complication of supplemental breaks that could
mask the appearance of fragments produced by
only the preferentially located breaks.

The optimum dose of x-rays was chosen to pro-
duce approximately one SSB in each supercoiled
molecule. This (lose was determined by observ-
ing the change in structure with increasing dose.
Negative supercoiling is an element of tertiary
structure common in plasmids and to most
double-stranded DNA. It is found in both the
prokaryotic and eukaryotic genomes. The excess
free energy associated with this structural feature
is related to gene stability and is believed to
influence severai biological functions of DNA,
including both DNA replication and transcription.

Plasmids can exist in three different forms, The
covalently closed circular supercoiled plasmid
(Form 1) is small, compact, and migrates quickly
in an electric field. If a single phosphodiester
bond has been broken, the relaxed circular
plasmid (Form Il) is no longer supercoiled and
migrates much more slowly in an electric field.
The linear form (Form Ill) is produced when two
closely located phosphodiester bonds are
broken; it migrates between the other two forms.
Because Form |l results from the first separation
of any single phosphodiester bond, conversion
from Form | to Form Il can be used to determine
the sensitivity of supercoiled DNA to SSB induc-
tion. Figure 1 illustrates this progressive con-
version from Form | to Form Il, and subsequent
conversion of Form I to Form lll, with increasing
doses of low ionizing radiation. From these data
we find that nearly all molecules of pIBI 30 have
acquired at least one SSB after only 10 Gy of
X rays.,

Several 5 to 10-ul samples of plasmid were irradi-
ated simultaneously in micro-pipette tips at 46°C
to 54°C. In each case, the temperature during
exposure was held to within 0.1°C. Following
exposure, the plasmid was cut at the Pst-l
restriction site, denatured with glyoxal, and
separated by gel electrophoresis in a 1.0%
agarose gel prepared and run in 10 mM (pH 7.2)
phosphate buffer.
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Figure 2 is an example of such a gel showing
fragments of DNA irradiated with 5 Gy of x rays.
Most of the DNA remains as intact single-strand
molecules of about 3000 bases (bright bands),
but ahead of these brighter spots (slightly b.low
each) is a distinct band of lighter weight maic,ial.
This band is seen in each lane (at each temper-
ature). Two nearby bands of denatured Hind-Ill
digest of lambda DNA (outer lanes) are 2322
bases (upper) and 2028 bases (lower). This indi-
cates that the band of lighter weight material
excised from the irradiated pIBl 30 plasmid
contains about 1700-1900 bases. In addition, a
smear representing variable size fragments of
single-strand DNA leads the bright band and sur-
rounds this lighter one, indicating random nicking
of the duplex DNA.

~Ethidium-bromide fluorescence is very weak in

Figure 2 because RNA and single-strand DNA
stain only very weakly relative to duplex
molecules, and this DNA has been denatured.
When intercolated into the DNA helix, ethidium-
bromide fluorescence Is enhanced many fold,
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FIGURE 2. Agarose-Gel Electrophoresis of Denatured pIBI 30 Plasmid DNA, Most of the DNA is found as intact single-strand
molecules of about 3000 bases (bright bands). A large fragment is found as a light band of lighter-weight material slighly below the
bright band. The location of this lighter band, just ahead of the two marker fragments (2322 and 2028 bases) of denatured Hind-(ll
digest of lambda DNA (outer lanes), confirms that this single-strand molecule contains about 1800 bases, The smear representing

variable-size fragments leading the bright band, and surrounding the lighter one, indicates that random nicking of the duplex DNA
also occurs,
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Modeling Cellular Response to Genetic Damage

This project investigates mechanisms of damage to the genetic material of mammalian cells by exposure
to energy-related environmental poliutants. Currently, the work is focused on the role of damage to
deoxyribonucleic acids (DNA) in cell kiling and mutation induction by ionizing radiation. The
conformation and chemical environment of DNA in cells is carefully controlled to ensure proper
expression of genetic information. These regulatory mechanisms also influence the interaction of DNA
sequences with diation and chemicals. Hence, studies of DNA damage as a basis for understanding
cellular respons: s to carcinogenic agents must allow for the wide variety of secondary structures,
proteins, and smaller molecules that are associated with DNA in cells. Negative supercoiling is a
property of active genes that simulates the strand separation needed for transcription. Results obtained
with a plasmid DNA system suggest that negative supercoiling increases the sensitivity of DNA to strand
scission by x-rays. We are currently investigating the mechanism for this effect. Results obtained at
other laboratories indicated that base stacking and water of hydration facilitate long-range energy and
charge migration on DNA chains. We have used proton-beam irradiation of oriented DNA fibers to look
for effects of energy or charge migration on the yield of radiation-induced free radicals.

Mechanisms for Enhancing Radiation- is unlikely to be caused by increased accessibility
Induced Strand Scission by Negative  ©f sugar moieties to solvent. As part of the

e backbone, ribose is usually considered to be
Supercoiling of DNA maximally exposed unless folding of the DNA
J. H. Miller chain hinders access to solvent. Based on sol-

vent accessibility, the compactness of super-
coiled DNA, which is usually given as the
explanation of its higher electrophoretic mobility,
should decrease OH-radical attack on sugar
moieties and consequently reduce the yield of
DNA strand breaks.

We have observed that the torsional stress
developed in the DNA double helix by negative
supercoiling increases the sensitivity of the mole-
cule to induction of strand breaks by ionizing
radiation (Miller et al. 1991). Under our irradiation
conditions, direct ionization of a supercoiled
plasmid is much less likely than attack by OH
radicals, which are produced by energy absorbed
in the aqueous environment of the molecule. The
primary modes of OH-radical attack on DNA are
abstraction of hydrogen from the sugar-
phosphate backbone and addition to the double
bonds in bases moieties. In relaxed DNA
sequences, about 20% of the OH radicals
attacking a double-stranded molecule abstract
hydrogen from sugar and result in strand
scission. The remaining 80%, which form a wide
variety of addition products with base moieties,
are usually not considered to contribute to
strand-break induction.

Ward has shown that in the normal B conforma-
tion, the accessible area of OH-reactive sites on
sugar moieties is about 10 times greater than it is
on the bases (1985). Moreover, 80% of the OH
radicals scavenged by DNA add to the double
bonds of base moieties. Hence these factors
indicate that OH abstraction of hydrogen from
sugar is not diffusion controlled. Hence, a
decrease in the energy barrier to OH abstraction
of hydrogen from sugar (primarily the C4’
position) by negative supercoiling would explain
its effect on strand scission. This effect fits the
currently accepted framework of oxidative
damage to DNA in dilute aqueous solutions by

. . , sparsely ionizing radiation.
The easiest way to interpret our observations P y 9

within the existing theory of the indirect mode of
DNA damage by ionizing radiation is to assume
that the probability of interaction between CH
radicals and sugar moieties is increased by
negative supercoiling. If this is true, the increase

The following observations suggests that an
effect of negative supercoiling on OH-reactivity
with sugar moieties is probably not the correct
explanation for our data on x-ray induced strand
breaks in supercoiled plasmid DNA (Milier et al.
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1991). In single crystals of oligonucleotides,
“Fratini et al. (1982) found that sugar pucker was
correlated with helical winding so that C3’-endo
is more likely to be found in underwound DNA,
and C2’-endo is more likely to be found in
overwound DNA, Onal et al. (1988) observed that
the efficiency of strand scission by OH radicals
was much less in poly(A) than in poly(dA) and
attributed this difference to the fact that the most
probable sugar puckers in poly(A) and poly(dA)
are C3'-endo and C2'-endo, respectively. The
torsional stress of negative supercoiling tends to
produce underwound DNA (i.e., more base pairs
per helical turn than in the relaxed B confor-
mation); thus these observations suggest that the
effect of negative supercoiling on sugar pucker
should reduce the sensitivity of DNA to strand
breaks by OH-radical attack on sugar moieties.

The arguments given above encouraged us to
look at secondary radical processes for ways that
negative supercoiling could enhance strand
scission. Inthe presence of oxygen, peroxyl base
radicals are the most probable result of
interaction between OH and DNA bases.
Because 80% of the OH radicals scavenged by
DNA interact with base moieties, we can expect a
high yield of peroxyl base radicals under our
irradiation conditions. The lifetime of these base
radicals is on the order of seconds, and the
kinetics of their decay in polyuridylic acid
(poly[U]) parallels the induction of strand breaks
in this single-stranded homopolymer (Schulte-
Frohlinde et al. 1986). Hence, a possible expla-
nation for our experimental findings is that nega-
tive supercoiling increases the decav of peroxyl
base radicals to strand breaks.

The lifetime of peroxy! base radicals in poly(U) is
three orders of magnitude longer than the lifetime
of the peroxyl radical of uracil. Since peroxy!
radicals in poly(J) are probably chemically
identical to their monomeric form, the long lifetime
in the polynucleotide is attributed to limited
access to potentially reactive species. The
observation that addition of salts decreases the
lifetime of peroxyl base radicals in poly(U)
suggests that folding of the homopolymer is a
rate-limiting step. Folding is required to bring the
base-centered radical close enough to a sugar
moiety on the chain to allow abstraction of
hydrogen from the C4" position, which leads to
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strand scission just as Is the case with direct OH-
radical attack at this position (von So.\ntag 1984).

The salt dependence of the decay of peroxyl
base radicals in poly(U) is only one of several
observations that point to a relationship between
DNA flexibility and the induction of strand breaks
by lonizing radiation. This is the most likely
mechanism for the greater yleld of strand breaks
in poly(dA) relative to poly(A), since the
differences In sugar pucker and base stacking
make the former more flexible (Evans and Sarma
1976). The observation that OH-radical mediated
strand scission is reduced in double-stranded
DNA at runs of three or more adenines (Burkhoff
and Tullius 1987) may be due to a rigidity of these
seqiiences that is similar to that found in
poly(dA«dT). Figure 1 compares electron micro-
graphs of relaxed and supercoiled plasmids
(Stryer 1981). The branched interwound second-
ary structure of the supercoiled plasmid brings
together nucleotides that are distant from each
other in the primary sequence. We speculate that
this type of secondary structure is more favorable
for the decay of peroxyl base radicals to strand
breaks than is the unfolded conformation of
relaxed closed-circular DNA.
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Proton Irradiation of Solid-Oriented
DNA Samples at Low Temperature

J. H. Miller and D. L. Frasco'®

Critical lesions in radiation biology result from
clustering of ionizations on a nanometer scale.
This assumption is supported by analysis of cell
killing by radiations with different linear-energy-
transfer (LET) based on computer simulations of
track structure in water (Goodhead 1989).
Although these biophysical models ignore the
complexity of the cellular medium and the macro-
molecular structures that regulate its function,
their basic conclusion can be rationalized by the
high scavenging capacity of the chemical envi-
ronment of DNA and the efficiency of enzymatic
repair of minor perturbations of DNA structure,

If the most common precursor of cytotoxic and
mutagenic effects from radiation exposure is a
cluster of ionization in or, at least, very near to the
DNA molecule. Then, involvement of macromole-
cules in the early stages of lesion production
opens the possibility of intramnlecular energy and
charge transfer following excitation or ionization
by the radiation field. These processes acting in
the presence of traps for energy and charge pro-
vide a mechanism for concentrating energy depo-
sited in macromolecular systems, a mechanism
that is independent of stochastic processes in the
slowing down of charged particles. Conversely,
energy and charge transfer along DNA chains
may dissipate clusters of excitation and ionization
before biologically significant lesions are formed.
In general, the existence of energy and charge
migration in macromolecules tends to decouple
lesion production from the stochasitics of energy
deposition just as ordinary diffusion tends to
decouple radiation chemistry on a long-time scale
from track effects in the radiolysis of homo-
geneous solutions of small molecules.

Recent findings at several laboratories have
raised questions about the assumption that
radiation-induced DNA damage remains localized
on the nanometer scale during lesion formation,
Arroyo et al. (1986) observed that the yield of

(a) Department of Chemistry,
Walla Walla, Washington.

Whitman College,



neutron-induced free radicals in oriented DNA
fibers depended on the orientation of the sample
relative to the neutron flux. These observations
were attributed to energy transfer between
stacked DNA bases. Al-Kazwini et al. (1990)
presented evidence that electrons can move
along DNA chains for distances up to about 100
base pairs. Data obtained by van Lith et al.
(1986) on microwave conductivity in pulsed radi-
olysis Indicated that electrons can migrate for
distances on the order of 100 nm in the
structured-water layers around macromolecular
chains.

We used direct proton-beam irradiation of ori-
ented DNA samples to look for effects like those
reported by Arroyo et al. (1986) for neutrons,
Samples were prepared by Professor Allan
Rupprecht at the University of Stockholm. For
proton irradiation, they were placed on a copper
block in contact with a reservoir of liquid nitrogen
and held in place by a thin polyester fiim. After
cooling to 77K, the sample was placed in a
vacuum chamber attached to the beam line of the
accelerator., Samples were exposed to graded
doses of 4-MeV protons in the range of 20 to 60
kGQGy at a dose rate of about 2.5 kGy/min. After
irradiation, the samples were placed in a pre-
cooled quartz tupe for transfer to an Electron
Paramagnetic Resonance (EPR) Spectrometer.
Samples exposed to gamma-rays for comparison
with published data (Graslund et al. 1971) and
the results of proton irradiation could be sealed
into an EPR tube before irradiation because of the
penetrating power of the radiation.

Figure 1 compares EPR spectra of free radicals
produced by gamma-rays and protons. The
proton flux was incident on the sample either
parallel or perpendicular to the orientation of DNA
chains. All three spectra contain a central line
that is associated with anions and cations of DNA
bases (Graslund et al. 1971). For the proton
irradiated samples, we see clear evidence of
another radical species which is the protonated
form of the thymine radical anion (THs). The
samples were kept in contact with liquid nitrogen
cooled surfaces, and the magnitude of the central
line relative to the structure in the wings did not
change as a function of proton dose. Thus the
presence of THein proton-irradiated samples is
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FIGURE 1. EPR Spectra of Oriented DNA Exposed to 4 kGy of
Gamma-Rays (A), 56 kGy of Protons Incident Perpendicular
the Fiber Orientation (B), and 48 kGY of Protons Incident
Parallel to the Fibers Orientation (C)

not likely to be caused by sample warming during
the transfer from the proton beam line to the EPR
spectrometer. THe radicals may have been pro-
duced by warming of the samples during irradi-
ation because of the high dose rate. Our dose
rate was less than the 10 kGy/min recommended
by Henriksen and Smith (1970); however, this
recommendation is based on their experience
with  6.5-MeV  electron irradiation, where



conversion of energy deposition into heat is
probably less than with protons that stop in the
sample.

Unlike the results reported for neutrons (Arroyo et
al. 1986), EPR spectra of radicals produced by
direct proton irradiation of oriented DNA in
parallel and perpendicular geometries were not
significantly diiferent. Figure 2 shows that, within
experimental error, total radical yields were also
independent of the orientation of DNA fibers rela-
tive to the proton flux. To obtain these results,
differential EPR spectra were recorded digitally
and double integrated to give the area under the
absorption lines. This area was converted to
number of spins by comparison with a standard
sample of 2,2 diphenyl-1-picrylhydrazyl (DPPH)
dissolved in paraffin. Hence, we did not find any
evidence for long-range energy or charge transfer
in DNA from experiments in which oriented DNA
was exposed to direct proton-beam irradiation.
This may be due to the high doses and dose
rates in the proton exposures. Experiments with
larger samples, higher proton energies for greater
penetration, and improved EPR detection sensi-
tivity might reveal orientation effects that are not
present in our data due to sample heating or pro-
cesses that destroy free radicals at high exposure
levels (Bernhard 1981).

Spins (1016 / gram)

2- v T v T ' . .
2 3 ] 5 6
Dose (104 Gy)

FIGURE 2. Total Radical yields in parallel (m) and Perpen-
dicular () Proton Irradiation of Oriented DNA at 77° K
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