
PNL-7600 Pt. 4 ] 
Pacific Northwest Laboratory 
Annual Re~ort for W%9 to the 
DOE ~ftide of ~nerg~j~esearch 

- - 

Part 4 Physical Sciences 
r99a 

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

Pacific Northwest Laboratory 
Operated for the-U.S. Department of Energy 
-by Battelle Memorial Institute 



DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United States Government nor any agency 
thereof, nor Battelle Memorial Institute, nor any of their employees, makes any 
warranty, expressed or implied, or assumes any legal liability or responsibility for 
the accuracy, completeness, or usefulness of any information, apparatus, product, 
or process disclosed, or represents that its use would not infringe privately owned 
rights. Reference herein to any specific commercial product, process, or service by 
trade name, trademark, manufacturer, or otherwise does not necessarily constitute 
or imply its endorsement, recommendation, or favoring by the United States 
Government or any agency thereof, or Battelle Memorial Institute. The views and 
opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 

ClFlC NORTHWEST LABORATORY 
operated by 

BAlTELLE MEMORIAL INSTITUTE 
for the 

UNITED STATES DEPARTMENT OF ENERGY 
under Contract DE-AC06-76RLO 1830 

Printed in the United States of America 

Available to DOE and DOE contractors from the 
Office of Scientific and Technical Information, P.O. Box 62, Oak Ridge, TN 37831; 

prices available from (61 5) 576-8401. FTS 626-8401. 

Available to the public from the National Technical Information Service, 
U.S. Department of Commerce, 5285 Port Royal Rd., Springfield, VA 22161. 



Pacific Northwest Laboratory 
Annual Report for 1990 to the 
DOE Office of Energy Research 

Part 4 Physical Sciences 

L. H. Toburen, B. R. Stults, 
J. A. Mahaffey, and members of 
the Physical and Technological 
Programs Staff 

February 1991 

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

PNL-7600 Pt. 4 
UC-408 

Pacific Northwest Laboratory 
Richland, Washington 99352 





Preface 

This 1990 Annual Report from Pacific Northwest Laboratory (PNL) to the U.S. Department of Energy 
(DOE) describes research in environment, safety, and health conducted during fiscal year 1990. The 
report again consists of five parts, each in a separate volume. 

The five parts of the report are oriented to particular segments of the PNL program. Parts 1 to 4 report 
- on research performed for the DOE Office of Health and Environmental Research in the Office of Energy 

Research. Part 5 reports progress on all research performed for the Assistant Secretary for Environment, 
Safety, and Health. In some instances, the volumes report on research funded by other DOE components 
or by other governmental entities under interagency agreements. Each part consists of project reports 
authored by scientists from several PNL research departments, reflecting the multidisciplinary nature of 
the research effort. 

The parts of the 1990 Annual Report are: 

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

S. A. Kreml, Editor 

Part 2: Environmental Sciences 
Program Manager: R. E. Wildung M. G. Hefty, Report Coordinator 

D. A. Perez, Editor 
K. K. Chase, Text Processor 

Part 3: Atmospheric Sciences 
Program Manager: C. E. Elderkin C. E. Elderkin, Report Coordinator 

E. L. Owczarski, Editor 

Part 4: Physica! Sciences 
Program Manager: L. H. Toburen L. H. Toburen, Report Coordinator 

K. A. Parnell, Editor 

Part 5: Environment, Safety, Health, 
and Quality Assurance 
Program Managers: L. G. Faust D. K. Hilliard, Report Coordinator and Editor 

R. V. Moraski 
J. M. Selby 

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 
five parts, and to Ray Baalman, editor in chief, who directed the total effort. 

T S. Tenforde 
Health and Environmental 
Research Program Office 
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Foreword 

Part 4 of the Pacific Northwest Laboratory Annual Report for 1990 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 
proposallagreement is introduced by an abstract that describes the projects reported in that section. 
These reports only briefly indicate progress made during 1990. The reader should contact the principal 
investigators named or examine the publications cited for more details. 
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Chernobyl Database Management 

The purpose of this project is to create and maintain an information system to collect, manage, and 
distribute data that can be used for research studies relating to the Chernobyl nuclear power plant 
accident in 1986. The system contains a collection of Chernobyl-related documents, a computerized 
bibliography with abstracts, and computerized radiological measurements with supporting information 
about how and where the measurements were collected and analyzed. 

Project staff continue to enhance and maintain this information system. Activities performed during 
FY 1990 and planned for subsequent years include 1) collecting data and documents related to the 
Chernobyl accident; 2) analyzing the types and uses of information collected and developing methods 
for its storage and retrieval; 3) processing the information for loading into the library, bibliography, and 
measurements databases; and 4) facilitating the distribution of data and documents to researchers in 
response to their requests. 

Chernobyl Database Collection of Information 

J. A. Mahaffey and F. Carr, Jr. 

Developing the Chernobyl Database has been chal- 
lenging for at least four reasons. First, no formal 
agreements exist to provide data from the accident 
to our information system. Organizations must be 
identified, contacted, and asked to share their data. 
Second, there is no standardized approach to 
measurement recording; information is reported with 
varying levels of detail and summarization. Often, 
reports from a given agency have varying content 
and format. Third, supporting information required 
for long-term research needs were not (and possibly 
could not be) collected during the emergency- 
response period. These items include precise 
measurement locations, data quality information, 
background levels, equipment used for collection 
and analysis, etc. Fourth, specific uses and users 
for the system were not identified. Requests for 
data vary tremendously. 

To meet these challenges, project staff have 
adopted an iterative approach to system develop- 
ment, making use of new software tools to facilitate 
response to user needs. Each year work is per- 
formed in the areas of data collection, system 
analysis and design, data processing and loading, 
and answering data requests. The work performed 
last year and how it relates to planned work is 
described below. 

Contact was initiated or continued with staff of 
the following organizations: 

Haut Commissariate a la Recherche in 
Algeria 

Umweltbundesamt, Bundesamtfur Umwelt, 
and University of Salzburg in Austria 

lnstitut National des Radioelements and 
I'lnstitut dlHygiene et d'Epidemiologie in 
Belgium 

FURNAS Centrais Electricas S.A. in Brazil 

Sofia University in Bulgaria 

Bureau of Radiation and Medical Devices, 
and Ontario Hydro in Canada 

Nuclear Research Institute, and the 
Institute of Hygiene and Epidemiology in 
Czechoslovakia 

lmatran Power Company in Finland 

Commissariat a I'Energie Atomique in 
France 



lnstitut fur Medizin; and Referat Ruckstande von 
Pflanzenschutzmitteln in Lebensmitteln Bundes- 
ministerium f. Jugend, Familie in the Federal 
Republic of Germany 

Direccion General de Energia Nuclear in 
Guatemala 

University of Veterinary Science in Hungary 

lnstituto Superiore Di Sanita, Food and Agricul- 
ture Division, and ENEA in Italy 

National Insti'tute of Radiological Sciences and 
Radiation Protection Board in Japan 

Service de Radiologie et de Medecine Nuclhaire 
in Mali 

Ministry of Housing, Physical Planning, and 
Environment; National lnstitute of Public Health 
and Environmental Protection; and Ministry of 
Welfare, Health, and Cultural Affairs in the 
Netherlands 

lnstitutt for Energiteknikk in Norway 

lnstituto de lnvestigacion Agropecuaria in 
Panama 

Ministry of Public Health in the People's 
Republic of China 

Bucharest Polytechnical lnstitute in Romania 

Ministerio de Sanidad y Consumo in Spain 

National Defence Research lnstitute and 
Statens Stralskyddsinsti.tut in Sweden 

Atomic Energy Commission in Syria 

H.M. lnspectorate of Pollution, Institute of Naval 
Medicine, lnstitute of Terrestrial Ecology, and 
Ministry of Defense in the United Kingdom 

Ukraine Foreign Economic Export/lmport Asso- 
ciation for Medical Service, Technique, and 
Equipment in the USSR 

Facultad de Quimica in Uruguay 

Institute for Medical Research and 
Occupational Health; lnstitute of Occu- 
pational and Radiological Health; and 
Josef Stefan lnstitute in Yugoslavia. 

Approximately 100 reports and reprints were 
received including materials from Austria, 
Belgium, Bulgaria, Canada, Czechoslovakia, 
Finland, France, Federal Republic of Germany, 
Guatemala, Hungary, Italy, Japan, Netherlands, 
Panama, People's Republic of China, Sweden, 
Syria, United Kingdom, United States, USSR, 
and Yugoslavia. Paper copies of radiological 
measurements were received from Algeria, 
Canada, Czechoslovakia, Kenya (students 
returning from the USSR), Sweden, and 
Yugoslavia. Copies of radiologicdl measure- 
ments on diskette were received from the 
I'lnstitut d' Hygiene et d'Epidemiologie in 
Brussels, Belgium, and the FURNAS Centrais 
Electricas S.A. in Rio de Janeiro, Brazil. 

System Analysis and Design 

To take advantage of recent software tech- 
nology, a new method for the computerized 
collection, processing, standardization, and 
storage of the Chernobyl radiological meas- 
urements has been implemented. This 
method, which has evolved over the previous 
three years, involves a "database of databases" 
approach. The approach has been developed 
to provide a central repository containing 
standardized information representing all 
measurements incorporated into the database. 
Standard information currently includes coun- 
try, media, isotope, and collection date. In the 
future, standard values will include measure- 
ment value notation and the unit of measure. 
The approach also has the following features: 

a common interface for viewing and man- 
aging the original data provided to project 
staff 

access to the original measurement data 
while browsing or reporting from the 
central repository 

a reproducible and auditable path of the 
data transformations performed during 



processing from the original data to the 
standardized data 

the ability to reprocess the data 
transformations based on new or different 
assumptions. 

The database has been transferred from the 
mainframelmini VAX computers to a personal 
computer environment. This will provide better 
support for measurement processing and will 
provide better tools for interactive data reviewing, 
searching, sorting, and summarization. 

Data Processlng/Loading 

The bibliographic attributes of the 31 0 references 
collected by project staff have been entered into the 
computerized bibliography. There are now 
2364 references in the bibliography. 

All of the radiological measurement data on the VAX 
have been transferred to the PC. Approximately 
half of these data have been incorporated into the 
new measurement database structure and central 
repository. 

Menu-driven software has been developed that 
allows browsing of the bibliography and radiolo- 
gical measurements. There are two parkicular 
features that facilitate use of the information. First, 
users may view the bibliography and perform 
searches to locate key words in any of the 
displayed data fields. For entries with abstracts 
available, the user may optionally view the abstract. 

Second, for radiological measurements, users 
have the option of viewing the original data- 
bases, the central repository, or summary sta- 
tistics on the database content. While viewing 
the central repository, users may switch be- 
tween viewing the standard information and 
the original data. The summary statistics 
include tables of counts for the country, media, 
and isotope values in the database. Bar charts 
and pie charts are dlso available to show the 
relative distribution of these items. 

Data Requestsllnteractions with Others 

Thirteen users from nine countries requested 
information about or from the Chernobyl 
Database. 

Copies of the bibliography produced during FY 
1989 were distributed to 19 people in addition 
to those who received a copy in the initial 
distribution. Amcng the recipients were 
scientists from Austria, Belgium, Canada, 
Czechoslovakia, Italy, Japan, Kenya, the 
Netherlands, United Kingdom, and Yugoslavia. 

Contact was further established with Dr. Alicia 
Bauman of Yugoslavia. She visited PNL to 
learn more about the Chernobyl Database and 
to assist in providing data from Yugoslavia. 

Finally, an abstract has been accepted to 
present the Chernobyl Database at the Winter 
Technical Conference of the American 
Statistical Association. 





Determination of Radon Exposure 

The goal of this project is to determine the correlation between radon exposure and the ratio of 2 1 0 ~ b  to 
2 0 8 ~ b  in the body. This requires development of a sensitive analytical procedure capable of measuring 
extremely small quantities of 2 1 0 ~ b  in the presence of about 101° greater amounts of stable Pb isotopes. 
The method being developed uses high-resolution continuous wave (cw) laser ionization techniques 
coupled with mass spectrometry to provide selectivity and a sensitivity sufficient for dealing with small 
samples. These analytical capabilities have been established using prepared reference samples, as 
described in this report. The emphasis of the research will now be directed toward determining the 
correlation between radon exposure and the 2 1 0 ~ b  levels and isotopic ratios in various tissues and how 
specific factors such as diet influence that correlation. These measurements will not only contribute to 
quantifying the lung cancer risk associated with radon exposure, but also to understanding the recently 
postulated correlation of radon absorption in fatty tissues with Alzheimer's disease and leukemia. The 
method will also be used for determining long-term integrated radon levels in homes and the environment. 

MEASUREMENT OF *lOpb AT THE 
SUBFEMTOGRAM LEVEL WITH RELA- 
TIVE ISOTOPIC CONCENTRATIONS OF 
1 0" O 

6. A. Bushaw and J. 7; Munley 

In our approach to 2 1 0 ~ b  detection, the analyte 
atoms are generated with a vacuum-compatible 
graphite furnace and detected using the scheme 
depicted in Figure 1: a single-frequency cw dye 
laser is tuned to a resonance of the Pb atoms 
originating in the ground state, which raises it to a 
low-lying excited state. A second single-frequency 
cw dye laser is tuned to promote the initially excited 
atom into a high-lying Rydberg state, and the 
Rydberg state atom is ionized by a cw CO, laser. 
The ions produced are then analyzed with a quad- 
rupole mass spectrometer. The merits of this 
approach for low-level isotopic measurements have 
been discussed in a review article (Bushaw 1989), 
and, in previous studies on Ba (Bushaw and Gerke 
1988), we have shown that this approach is capable 
of yielding detection limits near 10-l7 g. Pb has 
much larger isotope shifts than Ba and thus pro- 
vides greater optical selectivity (Bushaw et al. 
1990)--as much as 10' in the double-resonance ex- 
citation to the Rydberg state. However, efficient 
ionization is more difficult to achieve. In Ba, the first 
excitation is of a two-level system and any atoms 
not promoted to the Rydberg state will return to the 
ground state where reexcitation can occur. In 
contrast, the first excitation in Pb is very susceptible 
to optical pumping: approximately 85% of the 
atoms excited to the 6p7s 3 ~ ,  state decay into the 

Figure 1. Energy Level for Pb Atoms. The excitation 
pathway for double-resonance excitation to Rydberg states 
followed by photoionization with a C02 laser is shown. The 
parameters used in calculation of time evolution of the 
density matrix are also given. 

metastable 3 ~ ,  and 3 ~ 2  fine structure 
components of the ground state, where they 
are not accessible for further excitation and 
ionization. We have applied density matrix 
calculations to develop a theoretical 
understanding of how metastable trapping can 
be decreased. The results of this theoretical 
work have been implemented experimentally to 
yield subfemtogram detection limits. 



Density Matrix Calculations 

Figure 1 shows the parameters necessary for cal- 
culating the time evolution of the five-level system 
density matrix, which is appropriate to the excitation 
of Pb atoms with two monochromatic lasers. Equa- 
tions that describe this system have been derived 
by extending the development for a three-level atom 
(Whitley and Stroud 1976) to include terms for ioni- 
zation and the trapping states. The result is a set of 
11 coupled differential equations that describe the 
evolution of atomic state populations and coher- 
ences in the presence of the laser fields. Computer 
codes have been developed to solve these differ- 
ential equations numerically. For the ideal three- 
level system (r, = rT = 0), optimum conditions are 
found when n, = ra/2 (Rabi frequency for the first 
laser set to 112 the spontaneous decay rate of the 
intermediate state) and n,/nb = (r,12r~)l/~, Under 
these conditions, the steady-state population of the 
upper (Rydberg) state approaches 60%. However, 
when these same conditions are applied to the five- 
level system representing Pb, we find that approx- 
imately 93% of the atoms are transferred into the 
metastable trapping states and the remaining 7% 
are ionized. Furthermore, this is achieved only with 
ideal conditions of a perfectly collimated atomic 
beam. Under real conditions, with residual Doppler 
broadening, we expect ionization efficiencies of less 
than a few tenths of a percent using the three-level 
optimal conditions. 

To reduce this strong metastable state trapping, we 
have carried out five-level calculations for a number 
of different (experimentally practical) laser intensities 
and geometries. The conditions we find that pro- 
duce the best ion yields involve detuning the two 
lasers by offsetting amounts from the intermediate 
state and focusing the laser beams into thin "sheets" 
of light with cylindrical lenses to minimize the atom's 
exposure time as it traverses the laser beams. With 
this geometry and laser detuning, we predicted an 
increase in the ion yield of about a factor of ten; this 
has been demonstrated experimentally. 

Analytical Measurements of *lOpb 

Test analytical measurements on prepared samples 
containing traces of *lOpb were performed using the 

new cylindrical focusing geometry as follows: 
both dye lasers were set at the appropriate 
frequencies for excitation of 2 1 0 ~ b  to the 6p16p 
(112,3/2), Rydberg state with 60% MHz 
offsetting detunings in the intermediate state, 
the mass spectrometer was set at mass 210, 
and ion counts were integrated as the graphite 
furnace temperature was ramped to evolve the 
sample. Figure 2A shows the result for a 
sample containing 18.4 fg of 2 1 0 ~ b  in the 
presence of 2.95 pg of the stable Pb isotopes. 
This was compared to a 'blank" containing only 
the 2.95 pg of the stable isotopes. The ,lOpb 
signal is clearly observed, producing an 
average of about 15 counts per second at the 
peak of the temperature profile, while the blank 
produces no observable increase in the count 
rate above the constant background of 
approximately 0.3 counts per second. The 
rapid increase in signal above 1400°C is 
present without laser excitation and is 
attributed to the onset of blackbody ultraviolet 
photons generated by the furnace, which can 
be detected with the channeltron detector. 
Figure 2B shows the result for a sample having 
an even lower 2 1 0 ~ b  content of 1.6 fg, but still 
containing 2.95 pg of the stable isotopes: a 
relative 2 1 0 ~ b  concentration of 5.6 x 1 0-lo with 
respect to the stable isotopes. Because the 
expected count rate at the peak of the 
temperature profile is less than 2 per second, 
the signal has been summed over I-min 
intervals. The signal from the 1.6 fg of 2 1 0 ~ b  is 
still clearly observed, and, with the blank 
sample, there is still no apparent increase in 
signal due to the stable isotopes, above the 
constant background. The results appear to 
be statistically limited: over the period 
including the fourth through seventh minutes, 
200 total ion counts were recorded for the 
sample containing 210~b,  while 64 counts were 
recorded for ,the sample without *lOpb. This 
corresponds to a net signal of 136 ion counts 
from the 1.6 fg of ,lOpb and a signal-to- 
background noise ratio [(S-B)/JB] of 17. Thus, 
the 3u detection limit is slightly less than 3 x 
1 0-l6 g. This is sufficient sensitivity for making 
2 1 0 ~ b  measurements on a variety of biological 
and environmental samples at near 
background levels. 
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DNA Adducts as Indicators of Health Risks 

The objective of this program is to develop specific analytical methods for the determination of 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 for analysis of adducts that may be applied toward health studies of human exposure to 
carcinogens. 

Determination of Adducts of Polycyclic 
Aromatic Hydrocarbons to DNA 

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

Metabolites of carcinogenic organic compounds 
have the ability to bond with deoxyribonucleic acids 
(DNA) to form DNA adducts. These species are re- 
tained 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 there- 
fore provide an estimate of individual exposure to 
carcinogens. The currently available methods suffer 
either from a lack of sufficient sensitivity for 
environmental screening or from a lack of qualitative 
specificity. Although data on humans are sparse, 
we may expect, allowing for initial rapid decay after 
environmental exposure, adduct levels of 0.1 to 
0.01 nglmg of DNA. The objective of this project is 
to develop methods for the analysis of DNA adducts 
that will permit identification and quantitation of 
adducted polycyclic aromatic hydrocarbon metabo- 
lites at environmental levels. 

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

A major effort was ini.tiated this past year to 
establish the necessary groundwork for application 
of powerful microcolumn liquid chromatography1 
mass spectrometry (LCJMS) capabilities for the 
specific analysis of adducted nucleotides. Two 
LCIMS interface techniques have promise for the 
analysis of DNA adducts: electrospray ionization 
and continuous flow fast-atom bombardment (FAB). 
Both approaches are being pursued through colla- 
borative efforts with D. F. Barofsky's group at 
Oregon State University (FAB) and R. D. Smith's 
group at Pacific Northwest Laboratory (electrospray 

ionization). Microgram quantities of purified 
benzo[a]pyrene (BaP)- adducted 5'-mono- 
phosphate nucleotides were a necessity for 
initiation of these studies. Adducted nucleo- 
tides were specifically targeted because the 
electrospray approach requires charged ana- 
lytes for successful analysis. In addition, 
charged compounds are also more efficiently 
volatilized under FAB conditions than are 
neutral molecules. 

BaP-adducted calf thymus DNA was hydro- 
lyzed to the 5'-monophosphates by incubation 
with DNAase-l and snake venom phosphodie- 
sterase. Purification of the BaP-adducted 
nucleotides was based on the procedure de- 
scribed by Blobstein et al. (1975) for the 
isolation of 7,12-dimethylbenz[a]anthracene- 
adducted nucleotides from DNA hydrolysis mix- 
tures. An aliquot of the enzymatic hydrolysis 
mixture was applied to a Sephadex LH-20 col- 
umn that was previously equilibrated with am- 
monium bicarbonate buffer (20 mM, pH = 8.4). 
This buffer was used to rinse the enzymes and 
the unadducted nucleotides from the column. 
Elution of the BaP-adducted nucleotides was 
accomplished with 40:60 methanol:ammonium 
bicarbonate buffer and detected by absorb- 
ance at 344 nm. The purified adducted 
nucleotide fraction was characterized by con- 
ventional high-performance liquid chroma- 
tography (HPLC) with sequential fluorescence 
and photodiode array detection. The adducted 
nucleotide eluted more rapidly from the 
reversed-phase column than the corresponding 
adducted nucleoside due to the presence of 
the polar phosphate group. The ultraviolet 
spectrum of BaP nucleotide matched that of 
the adducted nucleoside; both adducted com- 
pounds had spectra characteristic of a pyrene 
moiety. Comparison of the relative detector 
responses indicated that the fluorescence of 



the adducted nucleotide was severely quenched. 
This expected result is attributed to the proximity of 
the covalently bound DNA base. The nucleotide 
fraction contained only a small amount of BaP 
tetrahydrotetrol (BaP tetrol) contaminant. A 
chromatogram of the adducted nucleotide fraction 
separated under high-resolution microcolumn 
conditions is shown in Figure 1. 

Because electrospray ionization often yields erratic 
results in the presence of salts, the buffer was first 
removed from the adducted nucleotide fraction by 
a C-18 Sep-Pak prior to analysis by this technique. 
The desalted solution was prepared in 50:50 meth- 
anol:water at a concentration of 32 pM and exam- 
ined by direct infusion electrospray mass spectrom- 
etry. A full-scan negative ion mass spectrum (50 to 
700 amu) resulting from ,the introduction of approxi- 
mately 3 ng of BaP-adducted nucleotide is shown in 
Figure 2. The prominent ions in the mass range of 
150 to 300 amu are characteristic of the methanol- 
water solvent. A detail of the region between 600 
and 700 amu is shown in Figure 3. The (M-1)-l ion 
at mle of 348 corresponds to the BaP-adducted 
deoxyguanosine-5'-phosphate and appears at a sig- 
nal intensity of approximately 13 times background. 
Experiments planned for the near future will examine 
near future will examine the detection limit for 
BaP-adducted deoxyguanosine-5'-phosphate under 
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Figure 1. Microcolumn HPLC Chromatogram of the BaP. 
Adducted Nucleotide Fraction 

Figure 2. Full-Scan Negative Ion Electrospray Mass Spec- 
tra of BaP-Adducted Deoxyguanosine-5'-monophosphate 

Figure 3. Detail of the Region Between 600 to 700 amu in 
Figure 2 

single ion monitoring conditions. An increase 
in sensitivity of approximately three orders of 
magnitude can be expected by use of this 
acquisition mode. Further experiments will 
demonstrate the powerful combination of 
microcolumn HPLC with electrospray-mass 
spectrometric detection. 

In a collaborative effort with Dr. Barofsky, a 
conlinuous flowjFAB interface is presently 
under construction for evaluation of FAB mass 
spectrometry of adducted nucleotides. Flexi- 
bility will be retained in the interface design 
and construction to allow for substitution of a 
liquid metal ion gun and the associated ion 
optics. The substitution of a liquid metal ion 
source will allow for more flexibility in source 
configuration than possible with argon atom 
bombardment. Experiments examining direct 
infusion of BaP-adducted deoxyguanosine-5'- 
monophosphate into a FAB source are pre- 
sently in progress. As with the electrospray 
interface, we plan on interfacing the FAB mass 
spectrometry with microcolumn HPLC separa- 
tions during the next fiscal year. 



Analysis of Benzo[a]pyrene 
Tetrahydrotetrols 

Many organic chemical metabolite species that are 
adducted to DNA can be released from the DNA 
biopolymer by treatment with acid. For example, 
BaP adducts release BaP tetrol when treated with 
0.1 N HCI. While some of the chemical character- 
istics of the adduct are lost during this process, a 
species that is smaller, less polar, and more ame- 
nable to a variety of analytical procedures is pro- 
duced. The following sections describe procedures 
investigated to analyze BaP tetrol at the required 
levels of sensitivity. One approach has been to 
improve existing detection technology with the novel 
ultrasensitive separation and detection techniques 
available with microcolumn chromatography; the 
other has been to enhance detectability through 
derivatization. 

Microcolumn HPLC of BaP Tetrols with 
Fluorescence Detection 

A microcolumn HPLC system was constructed for 
the direct determination of BaP tetrols. Direct 
analysis offers the distinct advantage of avoiding 
problems associated with derivatization such as 
incomplete reaction and sample losses. The micro- 
column system is based on a 1-m x 250-pm inside 
diameter (ID) column packed with 5-pm reverse- 
phase adsorbent. When operated at optimal flow 
rates (1 to 2 pUmin), these columns typically 
provide separation efficiencies in excess of 75,000 
theoretical plates (Novotny 1988). A conventional 
fluorescence detector was modified to be compat- 
ible with the low dead-volume requirements of the 
technique. The ultra-high sensitivities available from 
microcolumn chromatographic systems are due 
largely to the high concentration of analyte present 
in the small volume of mobile phase eluant. This 
system is ideally suited for laser-induced 
fluorescence (Diebold and Zare 1977; Gluckrnan et 
al. 1984). Although studies involving laser-induced 
fluorescence have not yet been conducted, an in- 
crease in sensitivity of at least two orders of mag- 
nitude over conventional fluorescence detection can 
be expected. Figure 4 illustrates a separation of 
approximately 15 pg of each BaP tetrol. Since the 
detection limit of the modified conventional detector 
is roughly 1 pg, laser-induced fluorescence can be 
expected to give detection limits well below the 
10-fg level. At sample capacities of about 0.2 pL, 
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Figure 4. Microcolumn HPLC Separation of 
1) Benzo[a]pyrene-r-7, +-8, 9, c-10-tetrahydrotetrol; 
2) Benzo[a]pyrene-r-7, +-8, c-9, +-10-tetrahydrotetrol; 
3) Benzo[a]pyrene-r-7, +-8, 9, 10-tetrahydrotetrol; and 
4) Benzo[a]pyrene-r-7, +-8, c-9, 10-tetrahydrotetrol. 

detection concentrations for BaP tetrol 
approach 0.1 n m ~ l e / ~ L  (1 0- I  mole/L). The 
uncompromised sensitivity of laser-induced 
fluorescence in combination with the high- 
resolution profiling capabilities of microcolumn 
HPLC may prove to be the method of choice 
for analyzing fluorescent tetrols liberated from 
DNA adducts at the levels expected to occur 
from environmental exposure to polycyclic 
aromatic hydrocarbons. 

Electrophoric Derivatization 

One of the possible ways to increase the sensi- 
tivity of BaP tetrol in analytical instrumentation 
is to react it with species that enhance its de- 
tection in specific detectors. Attachment of 
derivatives that are electrophores has the effect 
of rendering an analyte detectable by electron- 
capture detector or by negative ion mass spec- 
trometry at extremely low levels. 

Considerable effort was spent this past year 
attempting formation of the tetra-substituted 
bromomethyldimethylchlorosilane derivative of 
BaP tetrol. The required reaction is shown 
below: 

By virtue of the four bromine atoms contained 
in the product, this derivative would allow high- 
ly sensitive detection by either electron-capture 
detection or negative ion chemical ionization 



mass spectrometry (Zlatkis and Poole 1980; Thomas 
1971 ; Brooks et al. 1975). Additionally, by further 
reaction it is possible to replace the bromine atom 
with iodine allowing for even more sensitive 
detection; however, substitution of iodine would 
result in a nonvolatile compound that would not be 
suitable for gas chromatographic analysis. A variety 
of reaction conditions were tested using model 
a lcoho ls  ( I  -hexanol,  2-decanol,  and 
1,2,6-hexanetriol). It was found that room- 
temperature reaction of alcohol with 5-pL bromo- 
methyldimethylchlorosilane in 100-pL pyridine 
resulted in complete derivatization of even the stear- 
ically hindered triol. These conditions were next 
applied to BaP tetrols. Reaction resulted in a mix- 
ture of brominated derivatives, some of which were 
sufficiently volatile to be eluted from a short gas 
capillary column near the stationary phase tempera- 
ture limit of 325°C. The derivatized mixture contain- 
ed at least two fluorescent products as evidenced 
by HPLC analysis. The fact that these compounds 
eluted at 100% acetonitrile indicated that reaction 
products were hydrophobic and probably not com- 
pletely derivatized. The products from the derivati- 
zation reaction were collected by repetitive MPLC 
and examined by particle beam mass spectrometry. 
The mass spectra obtained did not correspond to 
the expected bromomethyldimethylchlorosilyl ether 
derivative. It was additionally found that extended 
reaction times resulted in the destruction of the 
pyrene ring as indicated by loss of fluorescence. 
The bromine formed from decomposition of the 
derivatizing reagent evidently attacks the starting 
material resulting in additional products of BaP 
tetrol. We have concluded that this derivative will 
not be effective for tetrol analysis. 

Formation of the pertrifluoroacetyl derivative of BaP 
tetrol utilized trifluoroacetic anhydride (TFAA) or 
N-methylbis(trifluoroacetamide) (MBTFA) (Sullivan 
and Schewe 1973; Chess et al. 1988). BaP tetrol 
was dissolved in pyridine solvent and 50 to I00 pL 
of derivatizing reagent was added. The mixture was 
heated at 65°C for periods ranging from 2 to 12 h. 
All reactions were performed in a dry nitrogen 
atmosphere with freshly distilled anhydrous solvent. 
After reaction, solvent and excess reagent were 
removed under vacuum by use of a Speed-Vac con- 
centrator. The pertrifluoroacyl derivative was spor- 
adically formed by use of both reagents; however, 
reaction yield was very low. Increased reaction 
times did not increase the yield of perfluoroacyl 
product. 

Derlvatization for Chemiiuminescence 
Detection 

This reaction scheme involves the oxidation of 
BaP tetrol to diformyl pyrene and subsequent 
reaction of the dialdehyde with glycine and 
cyanide to form a highly fluorescent cya- 
noisoindole derivative (Matuszewski et al. 1987; 
Lunte and Wong 1989), as shown in the 
general reaction below: 

These types of derivatives are capable of being 
detected at extremely low levels through the 
use of chemiluminescence techniques. Oxida- 
tion of the tetrol to the required dialdehyde was 
accomplished with periodic acid (1 mg/mL) in 
0.01 M acetate buffer (pH = 4.95). Gas chro- 
matography/MS and HPLC studies revealed 
that the periodic acid oxidation proceeded with 
good yields to the diformyl pyrene product. 
Diformyl pyrene product was next reacted with 
20 pL to 10-mM glycine in 500 pL of 50:50 
methanol: 0.1 M borate buffer (pH = 8.05), in 
the presence of 20 pL of 10-mM sodium cya- 
nide. The persistence of diformyl pyrene start- 
ing material 8 h after initiation of the reaction 
gave evidence that the reaction did not pro- 
ceed to the expected cyanoisoindole product. 
It is known that larger homologues of o- 
phthalaldehyde such as 3-benzoyl-2-quinoline- 
carboxaldehyde react at a slower rate with 
primary amines to form cyanoisoindole deriva- 
tives (Beal et al. 1988). It is possible that the 
reaction kinetics governing the formation of the 
cyanoisoindole derivative of diformyl pyrene 
are prohibitively slow. An additional possibility 
is that diformyl pyrene may not possess suffi- 
cient solubility in the methanollbuffer solution 
to facilitate reaction. To exclude this possibility, 
systems utilizing various solvents need to be 
investigated. 
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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, is a major concern in establishing expo- 
sure limits for radon. The length of time between the alpha particle events also seems to influence the 
probability of the cell being transformed, just as the dose rate influences the extent of life shortening in 
animals exposed to radon. In order to study the effects of low doses of radiation and to test alternative 
biophysical models of the dose-rate effect, an irradiation system that will produce single-charged particle 
tracks through specific subcellular structures has been developed. 

Single-Parti~le Irradiation System at the relevant doses the mean number of 
energy deposition events per cell is quite low. 

L. A. Braby Although a few cells have two or more energy 
deposition events, many have none. 

Present estimates of risk associated with 
environmental radiation exposures such as those 
from radon decay products are based on extrap- 
olation from epidemiological data and experimental 
observations at much higher doses. These 
estimates rely on models of the dose-response 
relationship to provide extrapolation from the effects 
at high doses and high dose rates, where individual 
cells are exposed to relatively large numbers of 
charged particle events, to the low doses, where the 
average number of energy deposition events per 
cell may be less than one. The response of cells 
and organisms to irradiation is complex; involved 
are different chemical products, different spatial 
distributions of the products, different repair systems 
with the possibility of erroneous repair, differences 
in response as a function of the position of the cell 
in the mitotic cycle, and other factors that affect the 
configuration of the DNA within the nucleus. Unfor- 
tunately, the nature of these effects is not yet under- 
stood, and even if they were it would probably not 
be practical to include them in the model of cellular 
response since such a complex model could not be 
verified experimentally. Instead, the models that are 
used to extrapolate to the effects of low dose are 
relatively simple, largely phenomenological expres- 
sions that are believed to be consistent with mech- 
anisms that may represent the rate-limiting steps in 
the response of the cell. However, the experimental 
data still do not yield precise and unequivocal tests 
of the models, and there is considerable controversy 
over the best model to use to extrapolate to the 
effects of low doses and low dose rates. Determin- 
ing the validity of the model is particularly difficult for 
high linear energy transfer (LET) radiations because 

In order to establish the response of cells to 
low doses of high-LET radiation, we have as- 
sembled an irradiation system designed to ir- 
radiate individual cells with specific numbers of 
charged particle tracks passing through speci- 
fied cellular structures at specified times. This 
apparatus, which was described by Braby and 
Reece (1 990), utilizes a charged particle beam 
collimated to irradiate a limited area and a 
particle detection system that allows a shutter 
to limit the exposure to a specified number of 
charged particle tracks. 

During preliminary testing, several problems 
were found with the original design of the 
single-particle irradiation system. The most 
troublesome problem has been the low light 
output of the thin scintillator, combined with 
higher than expected light loss in the micro- 
scope. The photomultiplier was originally 
mounted on the main camera port of the mi- 
croscope, the port with the smallest number of 
intermediate optical elements. However, tests 
indicated that only a small fraction of the light 
collected by the objective lens was reaching 
the photomul1:iplier. In retrospect, this should 
not be surprising--the microscope optics are 
optimized for resolution and for contrast, but 
not for total transmission. In order to get a 
more reliable measure of the light-collecting 
efficiency required and to test the effectiveness 
of other aspects of the microbeam system, the 
entire microscope was removed and replaced 
by a 2-in. photomultiplier tube that could be 
placed at different distances above the thin 



scintillator. By adjusting this distance, detection 
systems with different numerical apertures could be 
approximated. 

Experiments with proton and alpha particle beams 
have indicated that for the thin scintillator, the light 
output is significantly less than expected, and that 
reliable detection of single-particle events above the 
single-photon noise required a numerical aperture 
of approximately 2 (a 2-in.-diameter detector 1 in. 
above the source). A much larger numerical aper- 
ture would be required for a microscope objective in 
order to compensate for light loss in the correcting 
optics, or the microscope would have to be modified 
to remove most of those correcting elements. Nei- 
ther of these alternatives seemed practical, so we 
explored other systems for detecting the passage of 
a single particle and other ways of detecting the 
light from a scintillator flash. Unfortunately, 
alternative physical processes such as secondary 
electron emission and the electromagnetic pulse 
produced by the passage of the particle give very 
small signals. Detection of these signals would 
have the same problems. Thin proportional count- 
ers or ion chambers could be built to detect the 
particles reliably, but the additional foils and the 
distance required by the detector would increase 
the scatter of the primary particles and produce 
some of the scatter farther from the target, reducing 
the spatial resolution. 

The scintillator still seems to be the most efficient 
detector, but an improved light-gathering system is 
required. Condensing lenses with large numerical 
apertures were considered, but they could not be 
arranged with sufficiently large apertures and work- 
ing distances to keep the first element of the lens 
out of the tissue culture medium. Mirror systems 
that direct the light out to the side and to a photo- 
multiplier mounted under the microscope were also 
studied. Parabaloidal and elliptical reflectors were 
considered, but again the geometry of the situation 
was difficult. Attempts to place reflectors around 
the objective lens (which was required to position 
the cell relative to the collimator) failed due to the 
lens body blocking much of the light. Reflectors 
mounted in the place of another objective on the 
lens turret could be rotated into place for each 
irradiation, but had to be very large due to the fact 
that they collect light efficiently from only one half of 
the available solid angle. 

Given these constraints, the best solution was 
to mount a compact photomultiplier (PMT) di- 
rectly on the lens turret. This would require 
rotating the PMT into position for each expo- 
sure, as would the other possible detection 
systems. Problems of aligning the collection 
system and the detector would be eliminated, 
as would the light losses associated with 
reflectors and lenses. However, to be practical 
this approach required a very compact PMT 
with sufficient gain for single photon counting. 
The recently introduced Hamamatsu R1924- 
10 (1 in. diameter, 2 in. long) is satisfactory. 
Mounting this tube on the lens turret requires 
raising the microscope 2 in. and installing a 
2-in. extension tube on the lens used to posi- 
tion the cells. However, the Zeiss Axiomat is 
designed for an infinite tube length so this 
does not affect magnification or resolution. 
The necessary changes have been made, and 
a prototype system for rotating the lens turret 
has been installed; this compact PMT seems to 
work well. 

While the microscope had been replaced by a 
large PMT, we were able to test several other 
aspects of the microbeam system. The colli- 
mator was aligned and a small piece of radia- 
chromic dosimetry film was placed at the posi- 
tion where the cells will be irradiated. The 
collimator was adjusted to produce a 5-pm 
square beam based on changes in the particle 
col~nt rate, and the film was exposed to about 
5 x 1 o5 protons. A clearly visible blue dye spot 
was produced, which was found by compari- 
son with an optical stage micrometer to be in 
good agreement with the predicted size. The 
transition from unexposed dye to exposed dye 
seemed to be quite sharp, suggesting that 
even smaller collimator sizes may be practical. 
The radiachromic dye film will also provide a 
convenient way to accurately locate the pixel 
address of the beam in future experiments. Al- 
though the film is relatively insensitive, it has 
no grain and the exposed area can be located 
in the video image using the same system that 
will be used to locate the cells. 

The track etch film for detecting single-charged 
particle interactions was also tested. The track 
etch film, mounted on the petri dish positioning 
arm, was moved in 50-pm increments, and the 
shutter was opened until a single alpha parficle 



track was detected at each point. This test revealed 
a problem with the posirioning system. The arm 
and mechanism designed to grip the petri dish was 
apparently too heavy and caused the servo motor 
system to be unstable and oscillate around the new 
setpoint. Furthermore, the weight of the track etch 
plastic distorted the thin mylar and caused it to 
hang up on the beam exit window. As a result, the 
track etch pits were not always uniformly spaced, 
but there was no evidence of two tracks at a single 
position. The dish-holding mechanism has been 
made much lighter, and recent tests of the position- 
ing of single cells indicate that dishes can be posi- 
tioned with the 0.1-pm precision specified for the 
motors. 

During the tests with the microscope removed, there 
was very little trouble with accelerator beam align- 
ment. Once the collimator was aligned and set for 
a specific spot size, the system needed very little 
additional adjustment for tests on several days over 
a period of a few weeks. This was very encourag- 
ing since beam alignment through a tandem accel- 
erator can vary significantly from one day to the 
next. The results seemed to suggest that, as ex- 
pected, the relatively large diameter of the beam 

before the collimator avoided the need for 
precise alignment. However, after the 
microscope was reinstalled and the miniature 
PMT was installed on the lens turret, the 
alignment was completely lost. The problem 
was traced to a defective clamp that had al- 
lowed the vertical bending magnet to rotate. 
The clamp problem was easily corrected, but 
realigning the beam has proved to be difficult 
due to detection of scattered beam. We are 
now exploring alternative methods for getting 
the system aligned well enough to be able to 
detect the primary beam through the 300-pm 
exit window. Once that has been achieved, 
past experience has indicated that it is 
relatively easy to complete the alignment. 
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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 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 goal 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, J. A. Loo, and 
C. G. Edmonds 

The history of analytical advances in MS has 
highlighted the special importance of the com- 
bination of separation methods having high 
selectivity and resolving power in conjunction with 
the high sensitivity and specificity of mass spec- 
trometric detection. "Real-world" samples are 
invariably mixtures, and often very complex mix- 
tures. Any useful analytical method must accom- 
modate contributions from the sample matrix, inter- 
fering substances, etc. The dynamic combination of 
CE, a separation method of high efficiency and 
flexibility, with electrospray ionization (ESI)-MS is 
thus particularly advantageous. 

Electrophoresis consists of a family of related 
techniques, including polyacrylamide gel 
electrophoresis, isotachophoresis, isoelectric 
focusing, gel electrofocusing, and two-dimensional 
electrophoresis, for very complex mixtures (i.e., 
extraordinarily high peak capacity). These methods 
are of fundamental importance in biochemical 
analysis where different techniques are applied 
according to the type of sample and the information 
required. Electrophoresis can be conducted in 
narrow tubes [ lo- to 250-pm inside diameter (ID)] 
with important advantages in efficiency and speed 
of analysis and unique benefits when the manipu- 
lation of very small samples is mandatory. A suite 
of operational modes that are highly complementary 
to conventional electrophoretic methods is available 
in the capillary format including capillary zone 
electrophoresis (CZE), capillary gel electrophoresis 
(CGE), capillary isoelectric focusing (CIEF), and 
capillary isotachophoresis (CITP). 

The on-line combination of CZE 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 conZrolled 
independent of the CZE buffer (which is desir- 
able 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 per- 
formance and is adaptable to other forms of 
CE. Because CE relies on analyte charge in 
solution and the ESI process appears to func- 
tion most effectively for ionic species, the 
CEIESI-MS combination is highly complemen- 
tary. It has been reported that the analysis by 
CZEIMS of a mixture of quaternary ammonium 
compounds (Olivares et al. 1987) obtains over 
600,000 plates with detection limits of 
11 0 attomoles achievable using single ion 
detection. Thus, the CZEIMS approach offers 
previously unobtainable separation efficiencies 
(for the combination with MS) as well as detec- 
tion limits that can greatly surpass existing 
methods (Edmonds et al. 1989; Loo et al. 
1989a; Loo et al. 1989b; Smith et al. 1989b; 
Smith et al. 1990d; Smith et al. 1990a). 

One reason for the current interest in CE-MS 
techniques is for identification and analysis of 
DNA adducts. This is an important but formid- 
able analytical challenge due to the "difficult" 
nature of the compounds and their extremely 
low concentrations. Ideally, we desire not only 
the ability to detect "known" compounds, but to 
determine the structure of unknown DNA 
adducts with sample sizes far too small to be 
addressed by other analytical methods. These 
desires lead to our interest in CE, ESI-MS, and 



ESI-MSIMS. In fact, it can be argued that the CE- 
MSIMS combination obtained using the ESI 7 

interface should provide a near-ideal analytical S-TAAATTCCTG~G.~ 

approach for DNA adducts. .- 
I 

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

The ESI ionization must be better understood 
and controlled to ensure effective analyte 
ionization (Smith et al. 1990~). 

The utilization and transmission of ESI-produced 
ions must be increased. Currently, ESI losses in 
the interface and during transmission reduce 
potential sensitivity by 1 o4 (Smith et al. 1990~). 

High-resolution separations utilizing an analyte 
enrichment scheme are required to both deal 
with the complexity of "real" samples and to 
obtain sufficient sensitivity with the small volumes 
utilized in CE. 

MSIMS methods are needed that provide effi- 
cient utilization of analyte signal in order to 
obtain both more selective detection as well as 
qualitative information on structure. 

We have begun research activities addressing all 
four of these problems. We are conducting studies 
that are increasing our understanding of ESI phe- 
nomena and have improved our ability to detect de- 
sired compound classes (Edmonds and Smith 1990; 
Loo et al. 1990b).(~) As an example, Figure 1 shows 
an ESI spectrum produced for an oligonucleotide for 
which sodium attachment has been greatly reduced 
compared to earlier efforts. In the second problem 
area, several new interface arrangements are being 
investigated that offer the potential for a substantial 
increase in ESI ion transmission efficiency, In the 
third area, we have begun collaborative efforts with 
several academic groups aimed at improving CE 
separations in conjunc.tion with ESI-MS. We also 
plan to investigate multidimensional CITP, CZE, and 
microbore liquid chromatography-CITP multidimen- 
sional enrichment-separation schemes for obtain- 
ing increases in both sensitivity and selectivity. 
Finally, we are making substantial progress in the 

Figure 1. An Electrospray Ionization Mass Spectrum for a 
Synthetic Deoxyoligonucleotide (12 mer). The spectrum 
shows the typical distribution of anion charge states (due to 
protonation) and reduced complexity due to sodium. 

understanding of dissociation processes for the 
large multiply charged ions often produced by 
ESI (Loo et al. 1990a; Loo et al. 1990c; Smith 
et al. 1989a; Smith and Barinaga 1990; Smith 
et al. 1990b).(~) We have also recently demon- 
strated the ability for MSIMS collisional dissoci- 
ation for large multiply charged ions (up to 66 
kdalton at present). In order to conduct more 
effective dissociation studies, we plan to begin 
development of an ESI interface to a fourier 
transform ion cyclotron resonance (FT-ICR) 
mass spectrometer in FY 1991. A fascinating 
new concept for the structural analysis of 
single large multiply charged ions in the ICR 
ion trap has been proposed based on sequen- 
tial photodissociation processes (i.e., MSn). 
This new approach would offer the ability to ex- 
amine long DNA segments to determine both 
the site and the identity of DNA adducts. This 
capability, if we succeed, would literally lead to 
a renaissance for analytical biochemical 
research. 
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Lasers in Environmental Research 

This program has historically investigated the use of high-resolution continuous-wave (cw) lasers for 
atomic spectroscopy measurements of extremely rare isotopes. In FY 1989, high-resolution multiphoton 
spectroscopic techniques were extended to the investigation of molecular species. The extremely high 
resolution available under cw excitation conditions is yielding unprecedented information on the structural 
and dynamical properties of excited electronic states of molecules. In addition to exploring analytical 
applications, this work will yield a basic understanding of both the detailed structure of small molecules 
and their complex decay dynamics through processes such as autoionization and predissociation. 
Studies of nitric oxide (NO), an important atmospheric pollutant generated in energy production, have 
continued with comprehensive measurements of rotational structure in the two-photon laser-induced 
fluorescence (LIF) of the A ~ X +  (U = 1) + X ~ I I  (V = 0) transition. These measurements have resulted in 
new, high-precision structural constants that allow an accurate description of the molecule in high 
rotational states. The new cw-cw double-resonance spectroscopic technique, used for the measurement 
of term energies and predissociation rates in higher lying Rydberg states that was initially demonstrated 
last year, has been extended to a comprehensive set of measurements examining the multistate pertur- 
bations and predissociation dynamics in the region of the K ~ I I  (V = 2) and PA (v = 3) Rydberg states. 

Two-Photon LIF Spectroscopy of Nitric 
2 + Oxide: A 8 (V = 1) +x2n (U = 0) 

These experiments involved counterpropagating the 
focused laser beam through a static cell containing 
(typically) 50 millitorr of NO, inducing the two-photon 
excitation to the A state. The A state population 
produced was then monitored by observing the re- 
sulting one-photon fluorescence decay back to the 
ground state. Initial measurements (Miller et al. 
1989) on this transition covered a very limited 
frequency range and were directed toward dernon- 
strating the ability to fully resolve hyperfine 
structure. Since then, a complete spectrum ,from 
46,330 cm-I to 46,650 cm-l, encompassing the 
A+X(l,O) vibronic band, has been acquired and all 
of the 357 observed rotational lines have been 
assigned. The energies of the individual rotational 
transitions can be described by 

where Q = yN12 or -y(N + 1)/2, respectively, 
for the F, and F, components of the excited 
state fine structure doublet and y is the fine 
structure splitting parameter. E,, is the total 
electronic and vibrational energy of the 
transition; for each state, B is the rotational 
constant, and D and H are corrections for 
centrifugal distortion. The two ground state 
spin-orbit components are treated as distinct 
potential surfaces separated by A,, the term 
splitting due to the spin-orbit interaction in the 
absence of nuclear rotation. Lambda doubling 
in the ground state rotational levels is 
described by the constants gl and g,, 
respectively, for the 0 = 112 and 61 = 312 
spin-orbit components. N is the rotational total 
angular momentum excluding spin in the 
excited state, the quantum number appro- 
priate to Hund's case (b) coupling for a C state; 
J is the total angular momentum excluding 
nuclear spin in the ground state, the quantum 
number appropriate to case (a) coupling. The 
values of these constants, given in Table 1, 
were found by least-squares fitting to the 
measured energies for all the observed lines. 
Using these constants gives an accurate 



Table 1. Constants Derived from Analysis of the (3s~)  A*I+(u = 1) + X$(U = 0) Doppler-Free LIF Spectrum of 
~ ' ~ 0 .  All values are in cm" and the uncertainties given in parentheses are in units of the last reported digit. 

Constant X%(n = 112, u = 0) $n [n = 312, u = 01 A2x+ (U = 11 

description of the transition energies (root-mean- 
square deviation of 0.005 cm-l) for rotational levels 
up J' = 30.5. Figure 1 compares the observed tran- 
sition energies with calculated values using the 
constants given in Table 1 and with previously 
available literature constants (Huber and Herzberg 
1979; Amoit and Verges 1982). It can be seen that 
while both produce accurate descriptions at lower 
(N < 20) rotational levels, the existing literature 
values fail for the higher rotation states that are 
important in high-energy processes. 

A literature A 

A 
4 current work 

Figure 1. Differences Between Measured and Calculated 
Energies for the 012 Branch of the (~sD)A~c+(u  = 1) + 

X%(U = 0) Transition of 14N160 Using Best Available Structural 
Constants from the Literature and Constants Derived from the 
Current Doppler-Free LIF Spectrum 
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2 + 1' LIF Dip Spectroscopy of the 
K ~ ~ ( u  = 2) and F ~ A ( U  = 3) States of 
NO 

R. J. Miller and 6. A. Bushaw 

The excitation scheme used in these experi- 
ments begins with a two-photon excitation to 
a selected level of the A*X+(U = 1) state, sim- 
ilar to that described above for the Doppler-free 
excitation. However, the laser beam is not 
counterpropagated and thus, when the laser is 
tuned to the center of the Doppler profile, only 
those molecules with zero longitudinal velocity 
are excited to the A state. Then, subsequent 
one-photon excitation to higher lying states can 
be performed in a Doppler-free manner on the 
velocity-selected population. For the second 
step in the current measurements, another cw 
single-frequency dye laser was used to pro- 
mote the initially excited molecules to a higher 
lying Rydberg state, which can then decay by 
a variety of channels. As long as this decay 
differs from the excitation (predissociation or 
radiative cascade through other states), there 
is a concomitant reduction in the one-photon 
fluorescence intensity from the A state, and 



hence a 'dip"in the signal. A preliminary report of 
this technique discussed the use of a single A+X 
pump transition and the six K state levels that could 
then be populated from this selected pump level 
(Miller and Bushaw 1990). These measurements 
have now been extended to all of the rotational 
levels, and the individual spin and lambda doubling 
components thereof, of the K state up through 
rotational level N = 15. The spectral resolution 
obtained in these experiments has provided 
measurements of the frequencies (Figure 1A), to an 
absolute accuracy of better than 0.002 cm-l, and of 
the widths (Figure 1 B), to an average precision of 

3%, of the KtA(2,I) rotational transitions of 
interest. The lifetimes of these levels range 
from 100 to 600 ps and show substantial struc- 
ture. Some levels of the F state have also 
been observed in cases wheremixing by 
accidental energy degeneracy with the K state 
gives sufficient oscillator strength to these 
normdlly forbidden A+X transi.tions. These 
results are currently being interpreted in terms 
of the structural and dynamical ramifications of 
the weak (4px)@11(~ = 2) - (3d6)F2~(u = 3) 
perturbation occurring in this energy region as 
well as other perturbations coupling the 
(4px)@11(~ = 2) state to the dissociative 
continua. 

Reference 

Miller, R. J., and B. A. Bushaw. 1990. 
"Continuous Wave-Continuous Wave Molecular 
Double Resonance Spectroscopy: Lifetimes 
and Term Energies of Individual Rovibronic 
Levels of the (~~T)K~II(u = 2) Rydberg State of 
Nitric Oxide.". Chem. Phys. 92:3245-3247. 

Figure 1. A) Reduced Term Energies [actual transition energy 
minus approximate rotational energy of 1.75 x N(N + I)] and 
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Radiation Physics 

The spatial and temporal patterns of energy deposition play a dominant role in determining the sub- 
sequent chemical and biological processes leading to radiation damage in biological systems. For high 
linear energy transfer (high-LET) radiation, these patterns of energy deposition are determined by the 
production and slowing down of secondary electrons that define the structure of charged particle tracks. 
Our studies focus on investigation of the absolute cross sections for interactions involving charged par- 
ticles and electrons with atomic and molecular targets that contribute to the structure of charged particle 
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/molecule that has undergone an ionizing event. 
The information from these studies is then incorporated in Monte Carlo models developed to provide 
detailed descriptions of charged particle track structure and the influence of that structure on subsequent 
chemical and biological processes. 

During the past year, our studies have focused on efforts to understand the effects of projeclile structure 
on interaction cross sections and to implement new target structures into the Monte Carlo transport codes. 
A combined experimental and theoretical study of the doubly differential cross sections for electron emis- 
sion in Cf -He collisions was completed. Collaborative studies were also undertaken to investigate the 
role of projectile structure in simpler systems such as HO- He in order to test the adequacy of Born theory 
and available wave functions. Progress has also been made in the development of techniques to extend 
measurements to condensed phase targets. Such measurements will serve to test evolving models of 
energy transport in liquid and solid targets. A new effort was also initiated to incorporate more realistic 
biological target material into the Monte Carlo transport codes. This makes use of recent studies of the 
detailed electronic structure of chromatin. 

Doubly Differential Cross Sections in 
Electron Emission for HO-He, Ar 
Collisions 

R. D. DuBois 

Numerous experimental and theoretical studies have 
demonstrated that ionization of atoms by fast, fully 
stripped ion impact can be adequately calculated 
using the first Born approximation. The next step is 
to extend this level of understanding to collisions 
involving partially stripped projectile ions. For these 
collisions, however, the picture is complicated due 
to screening of the nuclear charge by the bound 
projectile electrons and the possibility of ionizing 
either, or both, the target and the projectile. There- 
fore, several years ago we introduced an emitted 
electron-ionized projectile coincidence technique to 
provide details about electron emission occurring as 
the result of partially stripped ion impact (DuBois 
and Manson 1986). Using this technique, combined 
with noncoincidence differential electron emission 
data, we were able to identify electron emission 

attributable to target, projectile, and simultan- 
eous (meaning in a single collision) target- 
projectile ionization. 

Initially we studied fast Het-He collisions. A 
comparison with calculations performed using 
the first Born theory indicated that when the 
theory was modified to account for screening 
of the nuclear charge and simultaneous ioniza- 
tion of both collision partners, reasonable 
agreement with the experimental data for target 
and for projectile ionization was achieved. Si- 
multaneous target-projectile ionization proba- 
bilities were severely underestimated. 

In a followup, more extensive study of He+-Ar 
collisions (DuBois and Manson 1990), poor 
agreement between experiment and theory was 
found. This opened the following questions: 
was the good agreement for the He target 
merely fortuitous, was the poor agreement for 
Ar simply a consequence of using inadequate 
wave functions, or is there an unknown 
inadequacy in the theoretical treatment? 



To answer these questions and to extend our basic 
understanding of collisions involving partially 
stripped ion impact, we have conducted a study of 
fast (0.5 and 1 MeV) HO impact on He and Ar targets 
(Hell et al. 1990). This study was made in collabor- 
ation with the lnstitut fiir Kernphysik at the J. W. 
Goethe Universitilt, FranMurt/M, FRG. Data from 
these measurements again demonstrated the impor- 
tance of simultaneous target-projectile ionization. 
The data for ionization of He when compared to 
Plane Wave Born Approximation (PWBA) calcula- 
tions using hydrogenic wave functions yielded good 
agreement with theory for projectile ionization and, 
indirectly, reasonably good agreement for target 
ionization; simultaneous target-projectile ionization 
events were not included in the model. Thus we 
conclude that the discrepancies noted in our earlier 
study of He+-Ar collisions, as discussed above, re- 
sulted from inadequate wave functions used in the 
theoretical treatment. In our recent study of HO-Ar 
collisions, electron emission in angles between and 
including 0" and 180" was investigated. These data 
were compared with more sophisticated calculations 
for electron loss. This comparison indicated that 
second-order effects play a dominant role in elec- 
tron emission at large observation angles. 
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Differential Cross Sections for Elec- 
tron Emission in Heavy Ion 
Collisions 

L. H. Toburen and R. D. DuBois 

Cross sections for the production of secondary 
electrons by low- and intermediate-energy car- 
bon, oxygen, and nitrogen ions are of interest 
for analysis of the track structure features 
relevant to the interaction of fission spectrum 
neutrons with biological tissue. A microdosi- 
metric description of the energy deposition re- 
sulting from such neutron exposures must in- 
clude the track structure contributions of these 
'heavy' ion recoils. A major obstacle to the 
understanding of energy loss in heavy ion colli- 
sions has been the lack of adequate theory. 
During the past 2 years we have collaborated 
with Drs. Reinhold, Shultz, and Olson of the 
University of Missouri-Rolla, who have applied 
their Classical Trajectory Monte Carlo (CTMC) 
techniques to calculate the singly and doubly 
differential cross sections for electron emission 
in C+-He collisions. These calculations have 
focused on the ion energy range from 66.7 to 
350 keV/u, for which we have experimental 
data. These are the first CTMC calculations of 
the electronic spectra arising from both target 
and projectile ionization. A comparison of ex- 
periment and theory was shown in last year's 
report. During the past year additional experi- 
mental studies were undertaken to improve the 
basis for the absolute magnitude of the meas- 
ured cross sections, and additional calcula- 
tions were completed with improved model 
potentials. 

The experimental system for differential elec- 
tron emission uses a defuse gas beam target. 
This technique precludes a direct determination 
of the absolute cross sections owing to inade- 
quate information on the density profiles within 
the interaction region. To obtain absolute cali- 
bration of the relative cross sections, data were 
accumulated for C+ and H+ ions under identi- 
cal target conditions. The proton data were 



then compared to previously measured absolute 
cross sections to obtain the system calibration. This 
calibration was then applied to the C+ data to place 
them on an absolute scale. Figure 1 provides an 
illustration of the doubly differential cross sections 
obtained for 3.6-MeV (300 keV/u) C+ ionization of 
He. 

A test of the accuracy of the absolute magnitude of 
the cross sections derived using this calibration 
technique can be made based on the total electron 
yields. The total electron emission cross sections 
obtained from integration of the doubly differential 
cross sections over emission energy and ejection 
angle can be compared to total yields derived from 
measurement of target charge states measured us- 
ing coincidence techniques. Such measurements, 
described by DuBois in another section of this 
report, provide an independent measure of the total 
cross section. The integrated yields are compared 
to measure total yields for C+ and N+ ions in Fig- 
ure 2. The excellent agreement lends confidence to 
our calibration technique. 

A second method to test the internal consistency of 
the measured yields compares the cross sections 
for K-shell ionization of the carbon projectile with 
measurements in which the collision is reversed, i.e., 

electron energy (eV) 

carbon atoms are ionized by He ion beams. 
The cross sections for ionization of the projec- 
tile K-shell are obtained from the yield of Auger 
electrons emitted when the K-shell vacancy is 
filled; the fluorescence yield for this low Z 
element is negligible. In practice, the area 
under the Auger spectra, observed as small 
peaks on the continuum spectra of electrons 
emitted into the forward direction in Figure 1, is 
determined, translated into the projectile- 
centered reference frame, and converted to 
cross sections. These cross sections can then 
be compared to independent measurements 
based on either Auger or x-ray detection; such 
a comparison is shown in Figure 3. Excellent 
agreement is again seen between the cross 
sections derived from the present data and 
independent measurements (Watson and 
Toburen 1973; Stolterfoht et al. 1973; 
Stolterfoht and Schneider 1975; Kobayashi et 
al. 1976; Langenberg and Van Eck 1976; 
Harrison et al. 1973) using different techniques. 
These tests provide confidence in the meas- 
ured differential cross sections and enable reli- 
able evaluation of collision theory. 

An example of the ability of CTMC theory to de- 
scribe these intermediate energy collisions is 
shown in Figure 4. The degree of agreement 
seen here is comparable to that found 
throughout the energy range from 66- to 350- 
keV/u where measurements were made. In 
general, excellent agreement between theory 
and experiment is found for ejected electron 
energies greater than 100 eV with measured 
values being larger than calculated values for 
the lower energy electrons. The reason for the 
discrepancies between theory and experiment 
for low-energy ejected electrons is not clear. 
This may be a result of inadequate treatment of 
multiple ionization processes or electron- 
electron correlation. Further study will be 
required to try to understand these features. 

The results presented in this section have been 
discussed in two publications during 'the 
past year (Reinhold et al. 1990; Toburen et al. 
1990). The interested reader is directed to 
those publications for the details of the meas- 
urement and computational techniques. 

Figure 1. Doubly Differential Cross Sections for Electron 
Emission into 15, 30, 60, 90, and 130" by 300=keV/u C+ Ions 
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Figure 3. Carbon K-Shell Ionization Cross Sections from c+-He 
Collisions Compared with Previous Measurements for He+ and 
~ e * +  Collisions with Carbon Targets. The previously published 
data are from Watson and Toburen (1973), Stolterfoht et al. 
(1973), Stolterfoht and Schneider (1975), Kobayashi et al, (1976), 
Langenberg and Van Eck (1976), and Harrison et al. (1973). 
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Figure 4. Comparison of Calculated CTMC Cross Sections 
(solid lines) with Measured Doubly Differential Electron 
Emission Cross Sections for 100-keV/u C+ Collisions with 
Helium Atoms 

Figure 2. Total Cross Sections for the 
Production of Electrons in Collisions of C+ - 
N+ Ion with Helium. Cross sections 
obtained by integration of measured 
doubly differential cross sections are 
compared to those obtained from coin- 
cidence measurements of total ion yields. 
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Electron Emission from Condensed 
Targets 

Ling-Jun ~ang, (~)  L. H. Toburen, and R. D. DuBois 

An understanding of energy transport by secondary 
electrons in condensed phase material is a critical 

(a) Visiting professor, Department of Physics, University of 
Tennessee-Chattanooga, Chattanooga, TN. 

ingredient in the modeling of chemical and 
biological damage from interactions of high- 
LET radiation in biological systems. Our 
present models are based on measurements 
made in gas phase and/or theoretical models 
of energy transport in model liquids. The ob- 
jective of this work is to obtain experimental 
results that can test our knowledge of con- 
densed phase energy transport. 

We have designed and assembled an ultrahigh 
vacuum chamber for use in the study of elec- 
tron emission from condensed phase targets 
bombarded by fast protons and alpha particles. 
Preliminary measurements will focus on elec- 
tron emission from thin carbon films where con- 
siderable data exist for testing the reliability of 
our analysis system. We have installed a time- 
of-flight analyzer for the study of doubly dif- 
ferential cross sections for electron emission. 
Both gas and foil targets are incorporated to 
provide accurate comparison of spectra as a 
function of target phase. 

During the past year the vacuum system was 
assembled and tested on the 2-MV Van de 
Graaff beam line of the PNL charged particle 
irradiation facility. Alignment of the system was 
accomplished, and proton beams were 
detected through the system. In addition, soft- 
ware was developed for data analysis and plot- 
ting using model time-of-flight spectra. Actual 
tests of the .time-of-flight system had to be de- 
layed because of a malfunction of the ion 
beam pulsing system. The required upgrade 
of the ion beam pulsing system is now under 
way and we expect to begin operation in the 
near future. 

Multiple lonization of Helium by 
Carbon, Nitrogen, and Oxygen lons 

R. D. DuBois 

Using our recoil ion-projectile ion coincidence 
technique, we investigated ionization occurring 
in Cq+-, Nq+-, and 0qf-He collisions (1 r q r 
3). Absolute cross sections for single- and 
double-target ionization were measured for di- 
rect target ionization (where the projectile 
charge q is unchanged in the collision), for 
single-electron capture by the projectile, and 



for single and double electron loss by the projectile. 
The impact energy range investigated was from 25 
to 150 kevlamu, although only the most intense 
processes (those accounting for >I% of the total 
cross section) were investigated at each energy. 

Several different aspects of these collisions can be 
investigated using these data. For example, 
information about the effective projectile charge 
during the collision can be extracted (DuBois and 
Toburen 1988). The relative importance of various 
ionization channels (direct target, electron capture, 
or single/double electron loss) can also be investi- 
gated. For example, in Figure 1, data for 
100-keV/amu Nq+-He collisions (q = 0, 1, 2, 3) are 
shown. The percentage of the total electron pro- 
duction arising from direct target ionization is seen 
to increase from roughly 30% to nearly 80% as the 
projectile charge increases. Collisions where single 
loss from the projectile occurs account for 50% of 
the electron production for neutral nitrogen impact. 
This decreases to approximately 10% as q in- 
creases; double loss contributions are roughly a 
factor of 3 to 5 smaller. On the other hand, electron 
capture contributions increase as q increases. 

0 1 2 3 4 
Projectile Charge State (q) 

Figure 1. Fraction of Total Electron Production Due to Direct 
Ionization, Electron Capture, and Electron Loss Channels in ~ q + -  
He Collisions 

Another utility of these data is for normalization 
purposes, e.g., these data have been used to 
place our relative measurements for differential 
electron production on an absolute scale (see 
previous section for details). 
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Molecular Dissociation 

For the past several years we have been using 
a recoil ion-projectile ion coincidence technique 
to provide information about the various elec- 
tron production channels active in ion-atom 
collisions. A year ago we extended these stud- 
ies to simple molecular targets. In these 
collisions, the ionized molecule often dissoci- 
ates into charged and uncharged fragments. 
The charged fragments are detected and their 
intensities converted into absolute cross sec- 
tions. As an example of such data, absolute 
cross sections for target ion production in He+- 
N, collisions are shown in Figure 1. 

These data are obtained by using an electric 
field to extract the fragment from the interaction 
region. This method, however, suffers from the 
fact that dissociation into two identically 
charged fragment ions, e.g., dissociation into 
two N+ ions, cannot be measured since both 
ions arrive at the detector at the same, or near- 
ly the same, time. It is possible to obtain an 
estimate of the importance of such events by 
summing the present cross sections to obtain 
the total free electron production cross section 
(V in Figure 1A). This sum can then be com- 
pared to results obtained previously using a 
total yield technique (Rudd et al. 1985) (- in 
Figure IA). If the sum is smaller than the total 
yield result, the difference may be attributable 
to N+-N+ dissociation events. For Hef -N, col- 
lisions, the data shown in Figure 1 imply that 
approximately half of the recorded N+ intensity 
comes from N+-No events and half comes from 
N+-N+ events. 



Figure 1. Absolute Cross Sections for Target Ion Production in H ~ + - N ~  Collisions. ., A, + = N+, N2+, N3+, respectively. 7 are 
total cross sections obtained by summing the individual cross sections, e.g., total ion production (A), total electron production (B), 
electron capture (C), electron loss (D). The lines through the data serve only to guide the eye. The bold lines (RGID) are total cross 
sections for ion production, electron production, electron capture and loss (A-D) taken from Rudd et al. (1985). 

To test this and to provide additional information 
about ionization of molecules, an experimental ap- 
paratus was constructed in collaboration with the 
atomic collision group of H. Schmidt-Bocking at 'the 
lnstitut fur Kernphysik, J. W. Goethe Universitat, 
FranMurtIM, FRG. The apparatus consisted of two 
channelplate detectors located at +.90° with respect 
to the beam direction. Centered in the field-free 
region between the detectors was a point target, 
simulated by a gas jet. Low-energy molecular ions, 
as well as energetic atomic ions resulting from dis- 
sociation, could be identified via their flight times 
from the source to the detector (see Figure 2). lons 
could be detected in the o and 4 directions between 
approximately 15" and 165". 

Signal intensities for atomic ions detected in either 
detector are proportional to dissociation into one 
charged and one uncharged fragment, whereas in- 
tensities recorded in both detectors sirr~ultaneously 
indicate dissociation into two charged fragments. 
This is demonstrated in the lower portion of Fig- 
ure 2. Data obtained for He+ impact on molecular 
nitrogen are currently being evaluated to determine 
whether our estimates of the amount of dissociation 
into two charged fragments are correct. 

0.5 MeV ~e+- - -  N2 
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Figure 2. Time-of-Flight Spectra for Target lons Created in 
0.5 MeV ~ e +  + N2- ~ e +  + Dissociation Fragments Colli- 
sions. Upper portion of figure shows molecular and atomic 
ions as detected by a single detector. Lower portion shows 
ions detected by second detector associated with atomic 
ions detected by first detector, i.e., N+ + N+ dissociation 
fragments. 
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A Relativistic Model for Calculating 
Secondary-Electron Energy Spectra 
from Optical Oscillator Strengths and 
Total Ionization Cross Sections 

J. H. Miller and S. 7:  ans son(^) 

The energy spectrum of secondary electrons plays 
a central role in our understanding of the effects on 
the stopping medium of energy absorbed from 
ionizing radiation. Therefore, ionization cross 
sections that are differential in the energy of 
secondary electrons contribute to several areas of 
applied science including plasma physics, atmos- 
pheric studies, and radiation therapy. In many of 
these applications it is important to have cross 
section data over a broad range of projectile velo- 
cities and secondary-electron energies for several 
target species. These needs are rarely satisfied 
completely by experimental data. Furthermore, even 
though supercomputers have become more acces- 
sible in recent years, ab initio calculations are still 
too costly, time consuming, and unreliable to fill all 
the gaps in the experimental data. For these rea- 
sons, semiempirical methods continue to be an 
important source of cross section data. 

Since experimental single differential cross sections 
(SDCS) are obtained by integrating doubly differen- 
tial measurements over the full range of emission 
angles of secondary electrons, it is not surprising 
that total ionization cross sections (TICS), which can 
be measured directly, are more readily available. 
Therefore, we are interested in developing semiem- 
pirical methods that do not require any differential 
ionization data to predict the energy spectrum of 
secondary energies with an accuracy that is com- 
parable to current experimental techniques. This 
objective seems reasonable for primary electrons 
and bare ions with velocities that exceed the 

(a) Department of Physics and As.tronomy, Georgia State 
University, Atlanta, Georgia. 

average velocity of valance electrons in the 
target because 1) optical oscillator strengths 
determine the shape of the spectrum at low 
secondary-electron energies, 2) the shape of 
the spectrum at high secondary-electron 
energy is reasonably well approximated by 
binary-encounter models, and 3) total cross 
sections provide the normalization of the spec- 
trum. When the projectile's velocity is compar- 
able to or less than the average velocity of val- 
ance electrons in the target, the first Born 
approximation, which is the theoretical basis of 
our model, is no longer a valid description of 
the ionization process. Extension of our semi- 
empirical methods into the low-velocity region 
requires a better understanding of the effects 
of electron exchange, quasi-molecular states, 
and charge transfer processes on the energy 
spectrum of secondary electrons. Neverthe- 
less, at high and intermediate projectile velo- 
cities, our model is well suited for application to 
complex target species such as macro- 
molecules and condensed matter since for 
these systems experimental differential ioniza- 
tion data are very limited. 

Calculations of SDCS must include relativistic 
effects if they are to be applicable to primary 
and secondary electrons with very high energy. 
This intensifies the difficulty of the ab initio 
approach since the relativistic form factor must 
be evaluated with relativistic wave functions for 
the initial and final states; however, our semi- 
empirical model that combines the theories of 
glancing and close collisions is well suited to 
approximate these effects. In the limit of small 
momentum transfer (i.e., glancing collisions), 
the relativistic form factor is well approximated 
by the nonrelativistic form factor plus a term 
that is proportional to the nonrelativistic dipole 
matrix element. Relativistic effects in close col- 
lisions can be approximated without introduc- 
ing parameters, other than kinematic factors, 
that are not already present in the nonrelativ- 
istic binary-encounter approximation. In addi- 
tion, the simple analytic form of the model 
facilitates investigation of the regions of 
primary- and secondary-electron energies 
where relativistic effects are important. Fig- 
ure 1 shows that relativistic corrections to 
SDCS for ionization of He by electron impact 
are larger at low and high secondary-electron 
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Figure 1. Relativistic Corrections to the Energy Spectrum of 
Secondary Electrons Ejected from Helium by 0.5-, 1.0-, and 
5.0-MeV Primary Electrons 

energies than they are at intermediate energies. We 
believe that similar effects will be found for more 
complex target species. 

Modeling Chromatin Fibers 

W E. Wilson and J. H. Miller 

It is generally believed that damage to critical sub- 
cellular targets of nanometer dimension is respon- 
sible for lethal and mutagenic effects of ionizing 
radiation (Goodhead and Nikjoo 1986). Most efforts 
at cellular and subcellular stochastic dosimetry 
calculations have used a homogeneous model for 
the target media, and generally that media has been 
water in either liquid or vapor phase. To provide a 
more realistic and detailed target for radiation 
effects, we are collaborating with Professor John F! 
Langmore at the University of Michigan to investi- 
gate the role of chromatin structure in radiation 
damage to the cell's genetic material. 

the fundamental repeating subunit of chromatin 
is the nucleosome; DNA wraps around the nu- 
cleosomes and links them as 'beads-on-a- 
string.' How the beads-on-a-string are then 
compacted to form fibers is not yet completely 
understood. A common feature of the different 
description of DNA structure is that the nucle- 
osomes form a solenoid-like structure of closely 
packed spheres, but just how the linker-DNA is 
involved with the solenoid is uncertain. Two 
classes of structure seem to prevail; one has 
the solenoid essentially empty and the tissue- 
specific linker somehow wrapped among and 
between the nucleosome spheres comprising 
the bulk of the solenoid. The other class, pre- 
ferred by Langmore and coworkers, has the 
linker-DNA crossing and more or less filling the 
solenoid core. 

The two classes of models for the thick chrom- 
atin fibers may predict distinctly different 
radiation sensitivities for the genetic material. 
For example, in ,the crossed-linker models, 
linker-DNA may be protected from indirect radi- 
cal attack by limited water access and shielded 
from the direct ionization by the surrounding 
nucleosomes. To explore these possibilities, 
we are using the space-filled computer models 
of the thick fiber developed by Williams et al. 
(1986) to extend our track simulation tech- 
niques to heterogeneous materials of biological 
significance. 

References 

Goodhead, D. T., and H. Nikjoo. 1986. "Track 
Structure Analysis of Ultra-Soft X-Rays Com- 
pared to High- and Low-LET Radiations.Vnt. J. 
Radiat. Bio. 55: 513-529. 

Williams, S. t?, 6. D. Athey, L. J. Muglia, 
R. S. Schappe, A. H. Gough, and 
J. F! Langmore. 1986. "Chromatin Fibers Are 
Left-Handed Double-Helices with Diameter and 
Mass Per Unit Length That Depend on Linker 
Length." Biophys. J. 49:233-248. 

Structural biology studies (Williams et al. 1986) have 
suggested several possible configurationsfor in vivo 
thick fibers of chromatin. A consensus believes that 





Radiation Dosimetry 

The primary goal underlying the Radiation Dosimetry task is to understand the connections between the 
physical events produced by the interaction of ionizing radiation with matter and their biological conse- 
quences. These consequences result from complex combinations of events involving a variety of initial 
radiochemical products as well as the products of later chemical reactions and biological responses. 
However, the probability of specific products being formed must depend initially on the spatial distribution 
of the ionizations produced by the radiation. The dosimetry task attempts to test alternative models that 
can be used to organize the available data on these physical, chemical, and biological processes into a 
self-consistent system. These models begin with descriptions of the physical aspects of the problem in 
terms of the energy deposited by individual charged particle tracks in small volumes such as cell com- 
ponents or macromolecules. The results of these calculations are compared with experimental measure- 
ments such as those of the radial distribution of energy deposition around charged particle tracks. They 
are also utilized in the Modeling Cellular Response program to develop mechanistic models for the pro- 
duction of specific biochemical changes and to estimate the frequency of relevant damage as a function 
of the charge and velocity of the incident particle. The characteristics of plausible mechanistic models 
are utilized in phenomenological models of the response of cellular systems, and the resulting models are 
compared to experimental data from the literature and from the Radiation Biophysics program in order 
to determine which mechanisms are consistent with the response of typical biological systems. 

Models of the response of cells have evolved to where we now have a sufficient understanding of the 
kinetics of repair, to allow us to relate these'kinetics to specific types of damage and to specific repair 
mechanisms. New models that relate initial damage to mutation frequency and possibly to malignant 
transformation are being considered. The models for energy deposition along charged particle tracks 
have been developed to the point that the events due to delta rays as well as primary ions can be eval- 
uated, and it may be possible to use the results predicted by these models to estimate the frequency 
of specific combinations of radiation-induced changes in DNA. The experimental techniques used in 
testing the track structure models are also being utilized in practical dosimetry situations in order to 
improve the quality of the data available for future studies of dose effect relationships. 

Applications of Microdosimetry 

The Radiological Physics task has included basic 
research on the measurement of energy deposition 
in small volumes, typically about 1 pm in diameter, 
since the technique was first suggested by Rossi as 
a possible way to measure the linear energy transfer 
(LET) spectrum of'unknown radiation fields (Rossi 
and Rosenzweig 1955). The applicability of this 
approach for evaluating the dose and the quality of 
radiations has been well established. Not only can 
the quality factor be determined by unfolding the 
LET distribution from the measured lineal energy 
distribution for most radiations, but other quantities 
such as the hit size effectiveness factor developed 
by Bond and Varma (1 982) have been shown to 

relate the biological effectiveness of radiations 
to energy deposition in small sites. Laboratory- 
style microdosimetry instrumentation has been 
used to characterize radiation fields in a variety 
of special situations (Menzel et al. 1975; 
Brackenbush et al. 1979). However, little prac- 
tical use of this technique has been made in 
routine health physics applications. This 
seems surprising since instruments based on 
microdosimetry measure dose with relatively 
uniform response over a wide range of parti- 
cles and energies, and the instruments can be 
made significantly smaller and lighter than 
neutron area monitors currently in use. The 
Commission of the European Communities 
(CEC) has funded development of several pro- 
totype instruments and a comparison of the 
results for specific radiation fields (Alberts et al. 
1989). This comparison clearly shows the 



superiority of the response of these instruments 
relative to thermal neutron detectors embedded in 
a moderator. 

Although it is not possible to point to a single factor 
that has prevented widespread application of micro- 
dosimetry, several technical problems as well as the 
general reluctance of operational health physicists 
to convert to an 'unproven technology8 may be in- 
volved. The signals produced by low-LET radiations 
are small, and microdosimetric measurements can 
be improved by reducing the noise level of the elec- 
tronics used to process the signal. Although port- 
able electronics that would serve the purpose have 
been available for several years, there has been a 
rapid evolution in the available components so that 
by the time one system is assembled, it becomes 
evident that newly introduced components would 
make a significantly better device possible. Thus it 
has been impossible to settle on a single design 
and work with it long enough for it to acquire the 
attributes of a 'proven technology." Furthermore, 
the sensitivity of the instrumentation to small signals 
has also led to a problem with noise signals intro- 
duced by vibration and rough handling. This micro- 
phonic response has probably led to the impression 
that the instruments are still too delicate for routine 
field use. 

While maintaining research on the basic properties 
of the interaction of radiation with small tissue 
volumes,(a) we have also watched for opportunities 
to demonstrate the practical application of micro- 
dosimetry. National Aeronautics and Space.Admin- 
istration (NASA) has funded development of a minia- 
turized data acquisition system for microdosimetry 
that utilizes two analog-to-digital converters to 
record the total energy deposited by events with 
lineal energy less than 10 keVIpm, the number of 
such events, and the number of events occurring in 
each of 14 logarithrr~ically spaced bins between 10 
and 200 keV1pm. The resulting 16-channel spec- 
trum is recorded periodically, typically each minute, 
so that the dose rate and radiation quality can be 
evaluated as a function of time or location. Most of 
the problems of reliability and microphonics have 
been solved for these instruments. 

Recently there has been increasing concern among 
commercial airline crew members and frequent 

flyers about the cosmic ray dose rate on 
aircraft flying at high altitudes. Calculations of 
the expected dose on specific flights, based on 
models of the cosmic ray fluence as a function 
of the solar cycle time and the geomagnetic 
latitude, have shown that in some cases crew 
members could exceed the maximum 
permissible dose for nonradiation workers (FAA 
1990). Approximately half of the dose 
equivalent on aircraft is due to neutrons and 
the other half is due to low-LET radiation. 
Although this mixed radiation field can be 
evaluated with a variety of different combina- 
tions of detectors, the tissue equivalent propor- 
tional counter (TEPC) system is a single 
detector that can measure the dose due to all 
components of the field and can evaluate the 
dose equivalent without requiring calibration for 
the specific neutron spectrum. 

A special instrument based on the circuitry 
developed for the NASA project has been con- 
structed and operated on several commercial 
airline flights out of Salt Lake City. The data 
accumulated on one of these flights is plotted 
in Figure 1. The results clearly show the 
change in dose rate with altitude. A very small 
detector (a cylinder 0.5 in. in diameter and 3 in. 
long) was used, so only a few neutron events 
were detected each minute, resulting in the 
relatively large variation in dose from minute to 
minute. Data could be averaged over longer 
intervals, or a larger detector could be used to 

time, rninut~s 

(a) Braby, L. A. In Press. "Microdosimetric Measurements of Figure 1. Dose Rate Measured at 1-rnin Intervals on a 
Heavy Ion Tracks."Advances in Space Research. Typical Airline Flight 



increase the counting rate. In this type of system, 
the count rate detected increases with the cross 
sectional area of the detector, but the response as 
a function of neutron energy is not affected. 
Another advantage of this approach tg dosimetry is 
that the dose equivalent can easily be reevaluated 
if the definition of the quality factor is changed. For 
this flight the total dose was 7.7 pGy. Using the def- 
inition of quality factor given in ICRP 26 (ICRP 
1977), the dose equivalent was 17 pSv, but using 
the definition used in the FAA circular (increasing 
the quality factor for neutrons by a factor of two), 
the dose equivalent was 27 pSv. 

This approach to dosimetry and the results of these 
measurements were discussed at the FAA workshop 
held in September 1990 on cosmic-ray radiation in 
aircraft. We expect that this type of demonstration 
will increase the acceptance of microdosimetric 
techniques, and that they will eventually become a 
standard part of health physics practice. When this 
is accomplished, the data of occupational exposure 
will improve significantly, and future evaluation of 
the effects of occupational exposure will be made 
more reliable. 
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Modeling Survival and Mutation 

Extensive tests comparing existing mathe- 
matical models to the response of plateau- 
phase Chinese hamster ovary (CHO) cells 
(Nelson et al. 1989; Nelson et al. 1988; Nelson 
et al. 1990) have been carried out. These tests 
show that the response of CHO cells is consis- 
tent with the assumption that the shoulder of 
the survival curve is due to the interaction of 
damage produced by separate charged parti- 
cle tracks and that the majority of the inter- 
action involves fixation of repairable damage. 
In this respect the experimental data are con- 
sistent with the lethal-potentially lethal (LPL) 
model (Curtis 1986), but the biology seems to 
be considerably more complex than that model 
envisions. In order to be testable with relatively 
simple experiments, the LPL model, like most 
others, assumes a single type of damage. 
However, the experimental data clearly show 
that the plateau-phase cells repair two inde- 
pendent types of damage. When a second 
type of damage, with its independent repair 
and fixation rates, is added, the model can no 
longer be tested by comparison with data on 
survival as a function of a single experimental 
variable such as dose rate, and testing the 
additional parameters in the model requires 
data on response as a function of addi1:ional 
variables. On the other hand, such a model 
can be expected to be consistent with a wider 
range of experimental observa1:ions. 



The response of CHO cells relevant to ,the mech- 
anisms of damage and repair appears to be con- 
sistent with the response of other cell types. 
Observations of such responses include: 

Two repair processes that can be separated as 
separate exponential repair rates. 

Only a portion of the radiation damage is oxygen 
dependent. 

Repair rates evaluated from dose rate and split 
dose measurements are equal. 

Cell cycle age affects probability of mutation and 
lethality, but maximum mutation frequency is in 
G, and maximum lethality is in S. 

Lethality is a linearlquadratic function of dose, 
but mutation frequency is a linear function. 

A new model is being developed that is qualitatively 
consistent with the above observations and that is 
applicable to both lethality and specific locus muta- 
tion. It is hoped that, when complete, this model will 
provide predictions of gene deletions and modifica- 
tions that can be used as input to a two-step model 
of malignant transformation. The underlying as- 
sumption of this model is that radiation produces 
DNA damage, which leads to deletion of segments 
of the genome. If a deletion includes a portion of an 
essential gene, it will cause reproductive death of 
the cell; otherwise it will produce a mutation. Many 
of these mutations will be detectable because they 
convey detrimental (malignancy, dysfunction, etc.) 
characteristics to future cell progeny. 

If we assume that lethality comes only from the dele- 
tion of essential genes, there must be two compo- 
nents to the model. The first component gives the 
frequency of DNA deletions of different lengths as a 
function of dose, radiation quality, and repair time 
for cells at a specific point in the cell cycle. The 
second component deals with the change in the 
distribution of deletion sizes, and therefore the 
probability of affecting an essential gene, as a 
function of time in .the cell cycle. The first com- 
ponent can be developed and tested using data on 
synchronous or stationary phase cells and can be 
treated as a refinement of existing models for cell 
survival. The second component requires data on 
mutation frequency and deletion spectra as a 

function of cell cycle age (data that are not yet 
available) and thus must be more speculative 
in nature. 

The assumptions used in modeling the re- 
sponse of cells at a fixed point in the cell cycle 
are the following: 

There are two biochemically distinct types of 
damage, both potentially lethal in nature, 
and both subject to radiation-induced fixation 
as described by the LPL model (Curtis 
1 986). 

Both types of damage are repairable but by 
different enzyme systems and with different 
rates. 

Trypsinization or refeeding plateau-phase 
cells initiates growth and fixation of damage, 
but repair continues for a period! T,, that 
depends on the cell type but may be as long 
as several hours. 

One type of damage is the result of the re- 
action of oxygen with radiation-induced DNA 
free radicals and is repaired rapidly relative 
to T,. 

The second type of damage is oxygen inde- 
pendent but requires a "locally multiply 
damaged s i teward  1985) and is repaired 
relatively slowly. 

Unrepaired damage and damage that is 
fixed by interaction leads to large deletions 
that are generally lethal. 

Repair (split dose, delayed plating, or dose 
rate) has a significant error rate that results 
in a spectrum of deletion lengths, some of 
which are mutagenic. 

Several consequences of this model can be 
determined directly. Two independent repair 
processes operating on independent types of 
damage will result in the two components of 
split-dose repair observed in the plateau- 
phase CHO cells (Nelson et al. 1990). In 
plateau-phase CHO cells, the rapid process 
has a characteristic time (mean time to repair 
a lesion) of about 1 h, and the slower process 



has a characteristic time of about 18 h. Each type 
of damage and its associated repair is assumed to 
be described by the LPL model, so each can be 
detected in either a split-dose experiment or a 
delayed-plating experiment. However, the rapidly 
repaired damage is nearly completely repaired 
during T, (Figure 1) and cannot normally be 
detected in a delayed-plating experiment unless a 
repair inhibitor is used. This is also consistent with 
the observations for CHO cells. Since we have 
assumed that the rapidly repaired damage is 
oxygen dependent and the slowly repaired damage 
is not, we expect that cells irradiated in the absence 
of oxygen would show less damage at a specified 
dose (the OER) and that this damage would be 
removed only by the slow repair process. This is 
consistent with the experimental observations 
(Nelson et al. 1986) considering that the slow repair 
would have been very difficult to detect in the short 
split-dose intervals that could be used in those 
experiments. 

This model assumes that lethality results only from 
the deletion of an essential gene. This generally 
results from a large deletion caused by progression 
of the cell through the cycle with continued DNA 
replication, in the presence of unrepaired damage 
or damage fixed by interaction with additional 
damage. These large deletions lead to the 

production of visible micronuclei, as observed 
experimentally by Joshi et al. (1982). Enzy- 
matic processes repair potentially lethal dam- 
age but result in a spectrum of smaller dele- 
tions as well as accurately repaired sites. The 
initial damage is proportional to the dose, and 
under conditions of constant repair, the result- 
ing mutation frequency will be linear. However, 
the mutation frequency is predicted to increase 
with increasing repair opportunity (split dose, 
delayed plating, or reduced dose rate). This 
effect may be small because most rapidly re- 
paired damage will be repaired independent 
of the experimental conditions due to the 
inherent repair time, T,. The experimental 
evidence is not clear; mutation frequency is 
often independent of repair time, but occasion- 
ally decreases with additional repair (Evans et 
al. 1 990). 

Increasing LET results in increased probability 
that damage will be produced and fixed by 
separate reactions along a single track. Since 
the resulting very large deletions do not con- 
tribute significantly to the production of meas- 
urable mutations, the RBE for lethality appears 
independent of the RBE for mutation fre- 
quency. The frequency of multiply locally dam- 
aged sites (oxygen-independent damage) also 
increases with increasing LET If repair of this 
type of damage results in more deletions or 
larger deletions than repair of oxygen- 
dependent damage, the model predicts that 
the mutation frequency and the frequency of 
"large"deletions detected in mutant cells will 
also increase with increasing LET. This is 
observed in some experiments (Evans et al. 
1990), but not for all mutations. 

Time for Repair 

Time Between Irradiation and 
Replating 

Figure 1. Cells Repair Damage for a Time, T,, After Replating in 
a Delayed-Plating Experiment so the Amount of Damage Repaired 
is Greater Than Indicated by the Observed Change in S u ~ i v a l  

As mentioned previously, there is relatively little 
data on which to base a model for the variation 
in deletion size as a function of cell age, i.e., 
position in the cell cycle. However, the fact 
that the mutation frequency is highest in GI 
and lethality is highest in S suggests that the 
deletions resulting from repair of a specific type 
of damage are relatively small in G, and be- 
come larger in S phase. 
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Modeling the Stochastic Track 
Structure of High-LET Radiations 

W. E. Wilson 

In our effort to develop an analytic model for 
the stochastics of the penumbra around an ion 
track, extensive simulation and analysis of 
touchers (ions that pass outside an absorber 
region of interest but deposit energy inside via 
delta rays) were carried out. Frequency distri- 
butions for ionization and energy deposition for 
0.3- to 20-MeV protons and for simulated 
spherical sites of 2 to 100 nm in diameter were 
obtained. 

Our analysis indicates that the description of 
the stochastics of the penumbra naturally di- 
vides into two related concepts: the probability 
that a distant site will experience an energy 
deposition of any magnitude, and the fre- 
quency distribution in ionization or energy 
deposition, conditional on the site being hit. 

Frequency Distributions 

Our computations indicate that the normalized 
frequency distributions in ionization are 
relatively simple, approximately exponential in 
shape, and do not vary significantly with radial 
distance away from the ions' path. These fea- 
tures are illustrated by 'the data in Figures 1 
and 2 for a 5-MeV proton indirectly depositing 
energy in a 50-nm site. Figure 1 shows, in 
histogram form, the dependence on radial dis- 
tance of the probability density that a site will 
experience a number of ionizations, k, given 
that it is hit at least once. The set of histo- 
grams extending out to 10-site radii show little 
variation in shape; furthermore, since the log- 
arithm of the frequency is plotted, the linearity 
of the histograms as a function of ionization 
number, k, indicates that the distributions are 
essentially exponential in shape. Figure 2 fur- 
ther illustrates the exponential nature of the 
distributions by projecting all onto one plane. 
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Figure 1. Frequency-Density Distributions in lonization Number, 
k, as a Function of Radial Distance. The semilog histograms 
indicate that the distributions are approximately exponential in 
shape and do not vary significantly with radial distance. 
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Figure 2. Frequency-Density Distributions in lonization Number, 
k, for 5-MeV Protons Passing a 50-nm Site. The data of Figure 1 
are projected onto the In(freq)-k plane. The solid line is a least- 
squares fit to the data. 

The solid line is a least-squares fit to the natural 
logarithm of the data. Quantitatively, the results 
indicate that an energy deposition event that pro- 
duces approximately 70 ionizations in a 50-nm site 
is about one million times less frequent than an 
event that produces one or two ionizations. 

Figure 3 illustrates the degree to which the shape of 
the distributions is constant for other ion energies. 
lnvariance in shape implies invariant moments. The 
ratio of the second moment to the first, the so-called 

Figure 3. Dose-Mean lonization Number as a Function of 
Radial Distance and Ion Energy. The dose-mean is the 
ratio of the second moment to the first of the ionization 
distributions. This example is for a 50-nm site and ion 
energies of 0.3 to 20 MeV. Results are shown out to ten 
times the site radius. 

dose-mean, of the ionization distributions for 
the 50-nm site and for ion energies 0.3 to 20 
MeV is plotted as a .function of radial distance. 
Above an energy of about 1 MeV and at 
distances beyond a few site radii, a plateau 
prevails in which the dose-mean ionization is 
relatively constant. Our interpretation is that in 
this plateau region of ion energy and radial 
distance, the delta rays are primarily crossers; 
at lower energies or closer distances, low- 
energy delta-ray stoppers make a significant 
contribution that reduces the mean. 

Only one site size is presented in Figure 3 for 
the several ion energies. The variation in the 
dose-mean ionization number as a function of 
site size is shown in Figures 4 and 5 for an ion 
energy of 5 MeV. To cover wide ranges of 
parameters, log scales are used. The line in 
Figure 4 (5 MeV) for 50-nm sites is the same 
data as the 5-MeV line in Figure 3 (50 nm). 
The data of Figure 4 further support the obser- 
vation that the shape, i.e., the moments of the 
ionization distributions, do not vary significantly 
with radial distance from the path of the ion. 
There is a strong dependence on site size, as 
one would expect. Fortunately, that depend- 
ence is very simple, as can be seen in Figure 5 
where all the data points making up Figure 4 
are projected onto the mean-ionization versus 



Figure 4. The Dose-Mean lonization Number as a Function of 
Site Size and Radial Distance for 5-MeV Protons. The data 
indicate that the shape of the ionization distributions, i.e., the 
moments, do not vary significantly with radial distance from the 
path of the ion, but there is a strong dependence on site size. 

In(slle dlameler, nm) 

Figure 5. The Dose-Mean lonization Number as a Function of 
Site Size. The data of Figure 4 are projected onto the ionization 
number-site size plane. The solid line is a least-squares fit of a 
linear function to the log-log data; the results indicate that the 
mean dose is well represented by a power-law dependence on 
site diameter. 

site-diameter plane. The solid line is a least- 
squares fit of a linear function to the log-log data; 
the empirical evidence strongly indicates that the 
mean dose is well represented by a power-law 
dependence on site diameter. 

Hit Probability 

We define the hit probability, Pb, as the cumu- 
lative probability that a site will experience any 
number of ionizations (greater than zero). That is, 

where fk is the probability that the site will 
experience k ionizations. The simulations 
indicate that we can represent Pb by the 
product of three terms; the first, Rb, is a 
geometric term, proportional to the square of 
the site diameter and to the inverse square of 
the radial distance, i.e., to the solid angle of the 
site viewed from the ion path. 

The second term is a source-strength term but 
also includes a provision for absorption of the 
delta rays. This term is approximated by a par- 
tial integral over the single differential cross 
section (SDCS), for electron ejection, 

where u(w,E) is the SDCS for ejection of a sec- 
ondary electron of energy, w, and A is a cut- 
off energy parameter that allows for source 
electrons with insufficient energy to reach the 
site, i.e., short-range delta-rays. 

The third term is the subject of current inquiry. 
After the first two terms are factored out, what 
remains exhibits an approximately exponential 
increase with radial distance and is suggestive 
of a "build-up" factor, well known in beta-ray 
dosimetry. 

We expect to be able to complete an analytical 
expression for hit probability and combine it 
with one to be developed for the frequency dis- 
tributions. This will make it possible to easily 
determine the complete energy deposition dis- 
tribution for any combination of ion, energy, 
and target site size. 



Radiation Biophysics 

The Radiation Biophysics project conducts specific radiobiological studies to test various aspects of the 
mathematical models developed in the Radiation Dosimetry and Modeling Cellular Response programs. 
These studies are designed to determine whether specific mathematical expressions, intended to char- 
acterize the expected effects of biochemical mechanisms on cellular response, are consistent with the 
behavior of selected biological systems. Cultured mammalian cells are used for many of these experi- 
ments. Since stringent requirements are usually placed on the cellular system, special techniques and 
culture conditions are used to minimize biological variability. Cells that have ceased progression through 
the cell cycle are used to study the effects of dose protraction during long-interval split-dose or dose- 
rate studies. These carefully characterized cell populations are providing data on the extent of repair 
following low doses of radiation and on changes in the types of damage that can be repaired as the cells 
progress toward mitosis. 

Other experiments attempt to identify the mechanisms of physical and chemical damage to deoxyribo- 
nucleic acid (DNA) and determine the spatial distribution of DNA single-strand breaks. Particular attention 
is given to investigating the influence of higher order structure, such as supercoiling of plasmid DNA and 
scaffold attachment, on the probability of strand scission. It appears that these structures and the 
resulting molecular strain lead to local areas of increased susceptibility to chemical and physical attack. 

Another significant consequence of radiation damage to DNA is the mutation of mammalian cells. While 
it is well established that most radiation-induced mutations result from the deletion of a portion of the 
genome, there are not enough data available to characterize the processes leading from the initial DNA 
damage to these deletions. The initial damage probably involves only a few base pairs, at most, but this 
ultimately results in deletions of a few hundreds or even thousands of base pairs. Experiments exploring 
the characteristics of deleted regions are in progress to evaluate the role of higher order chromatin 
structure and the repair of base damage on the production of large deletions. 

Testing Biophysical Models at Very Low response. However, one fundamental ques- 

Doses tion remained to be answered. Of those radio- 
chemical changes ,that can ultimately lead to 
cell inactivation, will they inevitably result in cell 

J. M. Nelson and L. A. Braby death if they remain unrepaired (potentially 

Our previous studies (Nelson et al. 1990) of plateau- 
phase Chinese hamster ovary (CHO) cells exposed 
to x-rays in split-dose and delayed-plating protocols 
have shown that the response of these cells is con- 
sistent with cell-response models that assume that 
interaction of sublethal damage or potentially lethal 
damage is responsible for the curvature of the dose- 
response relationship, but not with models that as- 
sume that repair saturation is responsible for this 
curvature. This, combined with previous findings 
that the probability of damage interaction increases 
with the concentration of damage in the cell and 
that the rates of damage removal determined from 
split-dose experiments and dose-rate experiments 
are equal (Metting et al. 1985), has greatly reduced 
the number and variety of possible mechanisms that 
must be considered when devising a model of cell 

lethal damage), or must they interactwith addi- 
tional damage in order to become lethal (sub- 
lethal damage)? 

These two alternative responses of cells to 
unrepaired damage remaining in the cell are 
the basis for the difference in damage accumu- 
lation models such as dual radiation action 
(Kellerer and Rossi 1978) and the lethal-poten- 
tially lethal (LPL) model (Curtis 1986). In order 
to distinguish between the mechanisms that 
form the basis of these two types of models, 
we have designed an experiment for which the 
models predict different and mutually exclusive 
results. At very low doses, lesion interaction is 
highly improbable. If the lesions are sublethal, 
as assumed by the accumulation models, 
repair will have little effect on measured survival 



because unrepaired damage would not be detected 
unless it had interacted and produced a lethal 
lesion. However, unrepaired potentially lethal 
damage is assumed to be lethal in the LPL model, 
and repair would become more effective with 
decreasing dose because the opportunity for binary 
misrepair or damage fixation would be decreased. 

Since the chemical identity of the lethal damage is 
unknown, we cannot measure its repair directly. 
However, we can deduce the amount of repair by 
measuring the survival when maximum repair has 
been allowed to occur and relating this to survival 
at the same dose when repair has been blocked. 
We found that repair can be effectively prevented by 
subculturing the irradiated cells in the presence of 
the repair inhibitor p-ara-A, a nucleic acid analogue 
that interferes with polymerase activity. 

We measured survival of irradiated cells subcultured 
in the presence and absence of p-ara-A, given im- 
mediately after exposure, and compared these 
measurements with the survival of cells given 
sufficient time for maximum repair. Using x-ray 
doses of 0.5 to 2.5 Gy, we found that when repair 
was not allowed to occur, the survival curve became 
considerably steeper, and appeared to be a simple 
exponential. As shown in Figure I ,  the initial slope 
of the line fitted to these data is significantly greater 
than that obtained for cells plated immediately after 
irradiation, when no postirradiation delay time was 
provided. These data are consistent with the as- 
sumptions that most of the damage is potentially 
lethal and that most of the damage is removed even 
when no postirradiation delay interval is given to 
allow for repair. 

The data have been replotted to illustrate the effect 
of repair on survival as a function of dose in Fig- 
ure 2. The difference between the maximum sur- 
vival (resulting from a 24-h plating delay) and the 
minimum survival (when repair is blocked by p-ara- 
A) divided by one minus the minimum survival is 
plotted for each dose. Although some scatter in the 
data is unavoidable in experiments that involve low 
doses and relatively small effects, the trend in these 
results clearly indicates an increase in the 
effectiveness of repair with decreasing dose. 

These results seem incompatible with models ,that 
assume that sublethal damage interaction is a 
major contributor to radiation cell killing. This 
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Figure 1. The Shape of the Survival Curve Changes When 
Cells Are Irradiated Under Conditions Designed to Maximize 
or Minimize the Effects of Repair. Trypsinization and 
subculture in the presence of the repair inhibitor p-ara-A 
reveals the large amount of damage that is repaired when 
cells are plated immediately after irradiation in drug-free 
medium. 
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Figure 2. In the Shoulder Region of the Survival Curve, the 
Relative Effect of Repair Decreases with Increasing Dose. 
Survival observed in a delayed-plating experiment, when 
normalized to the survival when repair is inhibited by 
p-ara-A, shows that repair of radiation damage becomes 
relatively more effective as the total dose decreases. This 
finding is consistentwith the lethal-potentially lethal models, 
but not with accumulation models. 

This interpretation does not rule out sublethal 
damage interaction, but simply implies that 
such interaction does not play a significant role 
in survival at low doses. The results are 
consistent with the mechanisms upon which 
the LPL model is based, specifically, some sort 
of interaction of potentially lethal rather than 



sublethal damage occurs, which blocks the repair of 
that damage. Since this interaction occurs at 
relatively low doses of low linear energy transfer 
(LET) radiation, the interaction must occur over 
distances on the order of micrometers. 
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Effect of Excess lron on Survival of 
Irradiated Plateau-Phase CHO Cells 

J. M. Nelson and R. G. Stevens 

Radiation-induced damage and oxidative damage 
induced by normal metabolic processes in cells 
have much in common. The background level of 
metabolically induced oxygen radicals and the 
products of the interactions of these radicals with 
chromatin may influence ,the sensitivity of cells to 
ionizing radiation damage. This could come about 
either through chance combinations resulting in a 
form of multiply, locally damaged sites, by 
overloading repair systems, or by inducing the pro- 
duction of elevated levels of repair materials. Fur- 
thermore, differences in the levels of metabolically 
produced oxygen radicals may contribute to differ- 
ences in radiation sensitivity of cells in different 
tissues and may also contribute to differences 
observed in the responses of experimental cell cul- 
tures in different laboratories and at different times. 
One way of modifying the level of metabolic oxygen 
radicals may be to alter the intracellular concentra- 
tion of iron ions. lron ions, as well as those of other 
transition metals, catalyze the Fenton reaction; 

increased levels of iron dlso result in increased 
levels of oxygen radicals (Stevens and Kalkwarf 
1990). 

The iron content in normal tissue shows con- 
siderable variation. Normal liver contains 28 to 
162 pglg, kidney contains 3.3 tcj 10.1 pglg, 
spleen contains 85 to 169 pglg. The highest 
levels are found in lung and brain tissue, with 
iron concentrations of around 200 pglg and 
222 to 51 0 pglg, respectively. In experimental 
cell cultures the iron concentration in the 
culture medium is not normally monitored and 
may vary significantly due to differences in the 
iron content of the serum used to supplement 
the medium and the amount of that serum 
used. 

It has been shown that the concentration offer- 
ritin in the tissue culture medium affects the 
actual concentration of iron ions in cells, and 
that elevated iron increases the frequency of 
radiation-induced chromosome aberrations 
(Whiting et al. 1981). We have designed ex- 
periments to investigate the influence of varia- 
tions in available iron on the mechanisms of 
radiation-induced cell killing. We are com- 
paring the survival of irradiated and unirradi- 
ated stationary-phase Chinese hamster ovary 
(CHO) cells (Nelson et al. 1984), after these 
cells have been given varying amounts of iron 
in the form of the iron storage protein ferritin, 
in addition to the small amount of iron available 
in the culture medium. The background iron 
concentration is not known precisely, but is 
expected to be less than 0.2 pg/mL, with most 
of it coming from the serum supplement. How- 
ever, it does not vary throughout the experi- 
ment since a single batch of culture medium 
supplemented with fetal calf serum is used. 
Both the concentration of iron in the medium 
and the time the cells are kept in the iron- 
supplemented medium affect the response of 
the cells. We prepared ,the plateau-phase cul- 
tures as we have for previous studies (Nelson 
et al. 1990) and added the ferritin in a minimum 
volume of phosphate buffered saline (PBS) on 
the twelfth day of culture, 24 h before 
irradiation. 

The results of the first few experiments are 
summarized in Table 1. Increased levels of fer- 
ritin, up to 16 pgImL, have negligible effect on 



Table 1. Survival of Irradiated and Unirradiated Cells Treated 
with Varying Doses of Ferritin 

Ferritin 
~ o s e ( ~ )  
bg/rnL) 

Radiation 
Dose 
(GY) survival(b) Surviv? ~ a t i o ( ~  

(a) Iron delivered to stationary-phase cells via the culture 
medium, as the ferric form bound to the iron-binding protein 
ferritin; cultures were exposed to ferritin-containing medium 
for 24 h prior to harvest and subculture. 

(b) Survival of treated cells divided by survival of controls. 
(c) Survival of irradiated cells divided by survival of unirradiated 

cells. 

the survival of unirradiated cells. However, there 
appears to be a ferritin-concentration- dependent 
decrease in the survival of cells exposed to 4 Gy of 
x-rays at greater ferritin doses. 

Now that the effective range of ferritin concentra- 
tions has been determined, we will study the effect 
of ferritin on survival as a function of dose in single 
exposure experiments and on the repairability of the 
damage in split-dose experiments. We expect that 
if iron-induced damage combines differently with the 
radiation-induced damage, which leads to increased 
mutation and survival probabilities, this would 
suggest that the spectrum of deletions has been 
changed. 
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Influence of Base Composition on 
Single-Strand Break Induction 

J. M. Nelson, M. Ye, and J. H. Miller 

Current models of the effects of ionizing radia- 
tion on cells suggest a relationship must exist 
between the structure of DNA and the produc- 
tion of the initial damage that leads to DNA 
deletions, mutation, and reproductive death. 
However, the conventional models of cell re- 
sponse and tests of these models using repro- 
ductive survival or mutation as the endpoint 
cannot distinguish between the differences in 
the probability of producing damage at differ- 
ent points in the genome. It has long been 
recognized that damage is more likely to occur 
in regions of the DNA that are under abnormal 
chemical or physical stress. This has led to 
the search for "hot spotsu where strand breaks 
are more likely to occur than in the adjacent 
DNA. Although some "hot spots" have been 
identified, it has not generally been possible to 
control the stress on the DNA so that the 
cause of the increased sensitivity can be 
isolated. 



As mentioned last year, the probability of random 
coil transitions is considerably higher in AT 
(adenine-thymine)-rich regions than in other regions 
of the DNA. In these regions duplex DNA becomes 
more easily denatured, and it is assumed that 
radiation-induced single-strand breakage, resulting 
from both direct and indirect action, is more 
probable in these denatured regions. The plasmid 
plBl 30 is an appropriate system for testing this 
assumption since it has two regions with high AT 
content, and in its native form (linking difference - 
13), it is stressed by being underwound. Craig 
Benham (Mt. Sanai School of Medicine) has calcu- 
lated the probability of unwinding as a function of 
position in the plBl 30 plasmid, i.e., as a function of 
the ATGC (guanine-cytosine) ratio, temperature, 
and ionic strength. These calculations indicate that 
under specific conditions of temperature and salt 
concentration, the probability of random coil 
transitions can be orders of magnitude higher at AT- 
rich sites than at other points in the DNA. In plBl 30 
the greatest probability of transition occurs around 
sequence 2000, with a second sensitive region 
(about 10% of this transition probability) around 
sequence 1000. 

Using a restriction enzyme to produce a single 
break at a fixed position in the plasmid and gel 
electrophoresis to determine the length of the frag- 
ments produced by radiation-induced breaks, we 
have started a series of measurements to determine 
if the positions of radiation-induced strand breaks 
correspond to the positions where the probability of 
random coil transition is highest. We have already 
determined that at 0°C and under intermediate salt 
concentrations, TE (10 mM Tris, 1 mM EDTA; pH 
7.2) buffer, single-strand breaks are not concen- 
trated near these AT-rich regions. In fact, under 
these conditions the probability of single-strand 
break production was found to be considerably less 
than expected. However, the calculations suggest 
that irradiation at 40°C and under the same salt 
conditions should increase the probability of strand 
breaks considerably at the specified sites. If an 
increase in strand breakage is detected at the ele- 
vated temperature, we will measure the break fre- 
quency as a function of temperature to determine 
if it parallels the calculated probability of random 
coil transitions at sequence 2000 as a function of 
temperature. 

Genetic Consequences of Radiation 
Damage to Mammalian Cells 

b L. Morgan, E. W Fleck, J. Thacker, and 
J. H. Miller 

Our work has focused on determining the 
nature of mutations induced in mammalian 
cells by exposure to ionizing radiation. While 
it is well established that these mutations are 
typically caused by deletion events, the type, 
location, and frequency of these events has not 
been studied in enough detail to be useful for 
modeling the effects of radiation. We report 
here the results of our molecular characteriza- 
tion of radiation-induced mutations in the HPRT 
genes of Chinese hamster cells. 

In the first series of experiments, we deter- 
mined the effects of dose, dose fractionation, 
and delayed plating on the spectrum of muta- 
tions induced in Chinese hamster ovary (CHO) 
cells. As reported by Morgan et al. (1 990), the 
cellular processes associated with repair to 
sublethal and potentially lethal damage do not 
appear to affect the relative frequency of the 
various types of mutations we encountered: 
full gene deletions, partial deletions, and small 
changes. These results suggest that repair 
acts across all premutagenic lesions equally. 
However, mutants isolated from cells exposed 
by 2 Gy of 250-kVp x-rays showed fewer full 
deletions than those exposed to 4 Gy. This 
difference was small (p = 0.06) and suggests 
the need for future experiments using a wider 
dose range (viz., 1 and 5 Gy) to clarify the 
dose-effect relationship. 

In collaboration with Dr. Belinda Rossiter (Insti- 
tute for Molecular Genetics, Baylor College of 
Medicine, Houston, Texas), we used a restric- 
tion site map of the HPRT locus to localize 
deletion breakpoints in those mutants contain- 
ing intragenic lesions (Rossiter 1987; Morgan 
et al. 1990). In 15 cell lines containing a partial 
deletion of the HPRT gene, 12 showed evi- 
dence of one or more deletion breakpoints in 
the central region of the gene. In collabora- 
tion with Dr. John Thacker (Radiobiology Unit, 
Medical Research Council, Chilton, Didcot, 



Oxon, England), we conducted a similar analysis 
on mutant cell lines generated by Thacker (1 986) 
using 7-ray or a-particle irradiation of Chinese 
hamster V79 cells. These cells showed a similar 
pattern--more deletion breakpoints were observed 
between exons 4 and 6 than in any other region of 
the gene (Thacker et al. 1990). Gennett and Thilly 
(1988) have observed the same distribution in 
spontaneously arising mutations in the HPRT gene 
of human B-lymphoblasts. We interpret these data 
to indicate that this region of the human and 
hamster HPRT genes contains one or more special 
DNA sequences or secondary structures that 
renders it more sensitive to mutagenic effects. 

While the underlying mechanism responsible for this 
effect is unknown, it is tempting to speculate that 
this region may contain some unique sequence or 
secondary structure that renders it more sensitive to 
mutation induction. For example, the organization of 
chromatin may interfere in some way with the fidelity 
of DNA repair. Eukaryotic chromatin appears to be 
organized into looped domains of DNA constrained 
by sites of interaction with a structure called the 
nuclear matrix or scaffold (Paulson and Laemmli 
1977). Such sites have been observed within active 
genes. Kas and Chasin (1987) identified a region 
near the center of the DHFR gene in CHO cells that 
has affinity for attachment to the nuclear protein 
scaffold. Two tightly linked sites were localized 
within this region. Each of these scaffold-associated 
regions (SARs) is A+T-rich and contains a cleav- 
age consensus sequence for Drosophila topoiso- 
merase II as well as direct and inverted repeated 
sequences. In the case of the HPRT locus, the 
region adjacent to exon 5 in RJK159 cells (a 
derivative of V79) has been sequenced to a limited 
extent (Rossiter et al. 1990). The region 
immediately 5' to exon 5 has a very high A+T con- 
tent (>70%) and contains at least one sequence 
that shows an 89% (1 611 8) homology to the cleav- 
age consensus sequence for topoisomerase II puri- 
fied from both chicken and human cells (Spitzner 
and Muller 1988). The presence of SARs in the 
middle of an active zone of chromatin, such as the 
HPRT gene, might result in steric hindrance of repair 
enzymes and hence sensitivity to mutagenesis. 

4, 5, and 6 we have amplified fragments 
containing each exon. Each primer pair was 
chosen to include the complete sequence of 
each exon as well as a limited stretch of 
adjacent intron sequences. To date, we have 
tested four mutants and have found no change 
in the size of any fragment. Since our 
Southern blot data clearly indicated the 
presence of a deletion (Morgan et al. 1990), we 
conclude that the lesions were confined to 
intron sequences only. Because intron 
sequences do not code for an portion of the Y HPRT protein (Rossiter 1987),(~ the position of 
these lesions supports our hypothesis that this 
region of the gene contains unique DNA 
sequences that are vital to gene function. 

Further characterization of this region is vital to 
understanding the reason for loss of gene 
function in these cells. We are continuing our 
mapping of mutants containing lesions in in- 
trons 4 and 5 in an effort to lccalize the sensi- 
tive sequences more precisely. Since two in- 
dependent radiation-induced mutations have 
been found adjacent to SARs (Kas and Chasin 
1987), we are also exploring the possibility that 
there is a topoisomerase II binding site in this 
region of the CHO HPRT gene. 
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Modeling Cellular Response to Genetic Damage 

The objective of this research is to understand the biophysical mechanisms that underlie the responses 
of mammalian cells to energy-related pollutants, with particular emphasis on the role of damage to de- 
oxyribonucleic acids (DNA) in cell killing and mutation induction by ionizing radiation. DNA in cells is 
associated with proteins and other molecules that contribute to the structural and dynamic properties 
needed for functional genetic material. The environment and properties of DNA also influence its inter- 
action with radiation and chemicals. Hence, studies of DNA damage as a basis for understanding cellular 
responses to carcinogenic agents must allow for the role that the cellular environment of DNA plays in 
damage production and expression. We are using in vitro model systems to investigate these phenom- 
ena. A plasmid DNA system has been developed to mimic the torsional stress that chromatin structure 
places on active genes. With this system, we observed that negative supercoiling increases the sensitivity 
of DNA to radiation-induced strand scission. 

DNA Structure and Radiation Sensitivity ~t is usually most convenient to specify the 
linking number of topoisomers relative to that 

J. H. Miller, J. M. Nelson, M. Ye, C. E.  wenb berg,(^) of the fully relaxed topoisomer, which is 

C. J.   en ham,(^) and E. W ~ leck@) operationally defined by the invariance of its 
linking number to the action of nicking and 

Cellular DNA has a rich variety of structural and 
dynamic properties that are needed for its biological 
function. The existence of topologically distinct 
domains of negative supercoiling in the genome of 
both prokaryotic and eukaryotic organisms is a 
good example of this phenomenon. These domains 
are believed to be associated with gene expression 
since the torsional stress produced by negative 
supercoiling tends to produce the strand separation 
that is needed for transcription. In FY 1990 we 
presented the first observation that negative super- 
coiling increases the sensitivity of DNA to induction 
of strand breaks by ionizing radiation. These find- 
ings with plasmid DNA in an aqueous buffer are 
consistent with cellular studies by Chiu and Oleinick 
(1982) that show that active genes are more sen- 
s h e  to radiation-induced strand scission than is the 
bulk of mammalian chromatin. 

Double-stranded DNA in a covalently closed plasmid 
is characterized by a linking number defined as the 
number of times one strand of the duplex crosses 
the complementary strand. Plasmids that differ 
only in their linking number are called topoisomers. 

(a) Radiation Biochemistry Department, Armed Forces 
Radiobiology Research Institute, Bethesda, Maryland. 
(b) Department of Biomathematical Sciences, Mount Sinai School 
of Medicine, New York. 
(c) Biology Department, Whitman College, Walla Walla, 
Washington. 

closing enzymes. The linking number of a 
topoisomer minus the linking number of the 
fully relaxed conformation is defined as the 
linking difference of the topoisomer. The ratio 
of this linking difference to the linking number 
of the relaxed state is called the specific linking 
difference or superhelical density. DNA 
isolated from cells has been found with super- 
helical densities between -0.03 and -0.09 
(Cozzarelli 1980). 

Supercoiled plasmids can accommodate the 
torsional stresses associated with a nonzero 
linking difference by assuming a variety of 
conformations that involve both twisting and 
writhing deformations. The former may involve 
smooth torsional deformation (i.e., a different 
helicity than that characterizing the unstressed 
B-form) and/or abrupt conformational changes 
that are sequence dependent. Cruciform extru- 
sion at inverted repeats, local denaturation of 
regions rich in adenine-thymine (AT) base 
pairs, and B to Z transition are the most widely 
studied sequence-specific torsional deforma- 
tions. At thermodynamic equilibrium, the com- 
petition among different secondary structures 
with the same linking number is influenced by 
base sequence, domain length, and solvent 
conditions, as well as the linking difference 
(Benham 1986). The goal of our studies with 



supercoiled DNA is to understand the effects of this 
conformational equilibrium on radiation-induced 
DNA damage. 

Figure 1 shows the combined results of several 
experiments to measure the sensitivity of topo- 
isomers of the plasmid plBl30 to induction of single 
strand breaks (SSB) by x-rays. Since only one 
strand scission is needed to convert supercoiled 
DNA to the fully relaxed nicked-circular form, sen- 
sitivity is defined as the reciprocal of the dose 
required to reduce the population of supercoiled 
molecules in an irradiated sample to 37% of its 
value in unirradiated controls. In Figure 1, the 
sensitivities of five families of topoisomers to the 
induction of SSB are plotted as a function of their 
mean linking difference. The bold solid line shows 
the best estimate of a linear relationship between 
the sensitivity to strand scission and the mean link- 
ing difference of a family of topoisomers. It has a 
slope of -8.0 + 3.2 x 1 o - ~  Gy-l per increment of link- 
ing difference and a y-intercept of 2.6 + 0.4 x 
Gy-'. The latter is an estimate of the sensitivity of 
fully relaxed plBl 30 to induction of SSB by x-rays. 
The lighter curves in Figure 1 denote a region that 
contains the best linear fit to the data with 95% 
confidence. 
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Figure 1. Sensitivity of Families of plBl 30 Topoisomers to 
Induction of SSB by X-Rays. The bold line shows the best fit to 
the data points that were obtained by fitting the exponential dose 
response for the survival of supercoiled DNA. Lighter curves 
denote the 95% confidence region for a linear relation between 
radiation sensitivity and linking difference. 

Electron micrographs of relaxed and 
supercoiled DNA suggest that the latter has a 
more compact secondary structure. Data 
obtained by van Rijn et al. (1 985) using single- 
stranded 4x174 in buffers with different salt 
concentrations indicated that the more 
compact conformations were more radioresis- 
tant. However, our observation that negative 
supercoiling increases the sensitivity of double- 
stranded DNA to radiation-induced strand 
scission suggests that another mechanism is 
operating in our experiments. Some insight 
into this mechanism may come from the 
biological function of negative supercoiling, 
which is believed to stimulate the strand sepa- 
ration required for transcription and replication 
of double-stranded DNA. Ward (1 985) has 
shown that preferred sites of OH radical attack 
on DNA are more accessible to the aqueous 
environment in the unwound conformation than 
they are in the double helix mainly due to the 
greater exposure of DNA bases. Hence, the 
increase in sensitivity to strand scission by x- 
rays that we observe may be correlated with 
transient strand separation in plBl 30 as it 
becomes more negatively supercoiled. 

If transient disruptions of base pairing (some- 
times called open states) are responsible for 
the increase in strand scission that we observe 
with underwound plasmids, then at least a part 
of that increase should be due to nonrandom 
breakage in AT-rich regions. To investigate 
this mechanism in more detail, computational 
methods developed by Benham (1 990) were 
used to calculate the probability for helix-to- 
random-coil transitions as a function of 
sequence location in plBl30. Results obtained 
at a linking difference of -20, physiological ionic 
strength, and room temperature are shown in 
Figure 2. Under these conditions, theoretical 
analysis of the conformational equilibrium 
predicts that the most probable location for 
melting of the double helix is near sequence 
location 2000. Although these preliminary cal- 
culations were carried out for higher linking 
difference and higher temperature than was the 
case for our present experiments, they indicate 
the sequence locations where nonrandom 
breakage due to conformational instability of 
,the double helix is most likely to occur. 
Therefore, they contribute to the design of 
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Figure 2. Relative Probability for Helix-to-Random-Coil 
Transitions as a Function of Base Sequence in Plasmid plBl 30 
Calculated at a Linking Difference of -20, Physiological Ionic 
Strength, and Room Temperature 

experiments that will probe the involvement of open 
states in radiation-induced strand scission. 
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Free-Radical Yields in Oriented DNA 
Exposed to Densely Ionizing Radiation 

J. H. Miller and C. E.  wenb berg(^) 

Loss of reproductive capability, mutation induction, 
and oncogenic transformation of cells by ionizing 

(a) Radiation Biochemistry Department, Armed Forces 
Radiobiology Research Insti.tute, Bethesda, Maryland. 

radiation is most likely due to lesions in critical 
subcellular targets of nanometer dimensions. 
Radiations with high linear energy transfer 
(LET) have a much greater probability of pro- 
ducing multiple ionizations in targets of this 
size than is the case for exposure to the same 
dose of low-LET radiation. This increases the 
biological effectiveness of high-LET radiation 
per unit of dose because lesions that develop 
from a high concentration of energy deposition 
are more resistant to repair than those pro- 
duced by isolated ionizations. Therefore, the 
physical and chemical processes that deter- 
mine the spatial distribution of damage in cri- 
tical subcellular targets are central to our 
understanding of cellular responses to ionizing 
radiation. 

Transport of energy in the form of separated 
charges, electronic and/or vibrational excita- 
tion, or unpaired electron spins (i.e., free- 
radical character) after it has been transferred 
from the radiation field to the absorbing mate- 
rial can influence the spatial distribution of 
damage on the nanometer scale. We are us- 
ing samples of oriented DNA exposed to pro- 
tons in the MeV energy range to investigate 
these phenomena. Since these high-energy 
protons experience only small deflections as 
they penetrate the sample, the path of a proton 
in the sample is, to a first approximai:ion, a line 
source of low-energy secondary electrons. 
Thus a proton flux that penetrates a sample of 
oriented DNA molecules in a direction that is 
nearly parallel to the helical axis will have a 
greater probability of producing rr~ultiple ioniza- 
tions in the same DNA chain than is the case 
for a proton flux that traverses the sample per- 
pendicular to the molecular orientation. 

Monte Carlo codes developed by Wilson and 
Paretzke (1981) can be used to investigate 
these differences in the patterns of ionization 
produced by direct proton-beam irradiations of 
oriented DNA if the molecule is approximated 
by a 2-nm-diameter cylinder with a specific 
orientation relative to the proton flux. Results 
of model calculations of this type are shown in 
Table 1. A typical interaction in the perpendic- 
ular case consists of a pair of ionizations 
separated by a distance comparable to the 
diameter of the molecule. This pattern of ion- 
ization is not affected by a 10" uncertainty in 



Table 1. Interaction of Oriented DNA with 1-MeV 

Relative Mean Number Mean Event 
Orientation of Ionizations Size (nm) 

(a) Modeled by track-structure simulation. 

the orientation of DNA fibers relative to the proton 
flux. The number of ionizations in a typical inter- 
action is five times greater in the parallel case; 
however, they are distributed over a distance that is 
100 times the diameter of the molecule. This pat- 
tern of ionization is very sensitive to uncertainty in 
the alignment between DNA fibers and the proton 
beam. 

If the patterns of multiple energy transfer from a 
high-energy proton to a DNA chain in the parallel 
irradiation geometry are as diffuse as our simple 
model calculations suggest, then only long-range 
modes of intramolecular energy or charge transfer 
could cause the large amount of energy deposited 
in this case to influence free-radical yields. For 
example, singlet and triplet excitons, which probably 
migrate only a few nanometers in DNA of hetero- 
geneous base composition, should have an equiva- 
lent effect in both irradiation geometries since they 
can only transfer energy over distances that are 
much less than the average distance between multi- 
ple ionizations in the parallel case. Self-cohering 
vibrational excitations, sometimes called solitons, 
are a more speculative mode of energy transfer in 
DNA that might couple multiple excitations on the 
same DNA chain. Estimates by Yomosa (1 984) of 
the velocity of solitary waves in DNA suggest that 
solitons must have lifetimes of the order of 100 ps to 
be effective in transferring energy between deposi- 
tion events in the parallel irradiation geometry. 

Long-range charge transfer in DNA is more firmly 
established than long-range excitation transfer. 
Recently Al-Kazwini et al. (1 990) reported evidence 
for an upper limit of about 100 base pairs (30 to 
40 nm) for electron migration in solid DNA samples 
at room temperature. Above a critical water content, 
van Lith et al. (1986) deduced electron-migration 
distances in frozen DNA samples of the order of 
100 nm from observations of transient microwave 

conductivity in pulsed radiolysis. If these ex- 
periments are detecting electron transfer 
through stacked base pairs or in the structured 
water of hydration, then oriented DNA samples 
may be analogous in some respects to quasi- 
one-dimensional semiconductors, and models 
of photocurrent generation in these materials 
(Frankevich et al. 1989) may provide insight 
into mechanisms for the reduced radical yields 
observed in the parallel irradiation geometry 
with fission neutrons (Arroyo et al. 1986). 

Figure 1, which was adapted from work by 
Frankevich et al. (1989), illustrates a possible 
mechanism for this effect. The squares in this 
figure represent preexisting defects in oriented 
DNA samples that determine the mean free 
path for quasi-free electrons in unirradiated 
samples. The dashed arrows represent 
trajectories of these electrons that have a high 
mobility parallel to the fiber orientation and 
occasionally hop between fibers. in the parallel 
irradiation geometry, which Figure 1 illustrates, 
multiple excitations and ionizations on the 
same DNA fiber provide additional scattering 
centers in the high mobility path of low-energy 
secondary electrons ejected in the slowing 
down of the proton flux. Therefore, electrons 
that escape geminate recombination may 
undergo nongeminate recombination with other 
positive ions as they move predominately 
parallel to the proton track. A reduction in the 

DNA FIBER ORlWTITlON 

Figure 1. Schematic Diagram of Recombination and 
Trapping of Secondary Electrons Produced in a Quasi- 
One-Dimensional Semiconductor by a Proton Flux That Is 
Parallel to the Direction of High Electron Mobility. Squares 
and circles denote preexisting and radiation-induced 
defects, respectively. Broken lines are typical electron 
trajectories. 



free-ion yield will reduce the yield of primary radical 
anions and cations on stable electron gain and loss 
centers, respectively. We are currently developing 
mathematical techniques to model charge recom- 
bination in materials with nonisotropic electron 
mobility following exposure to high-LET radiation. 
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A Radiolytic Study of 5-Bromouracil and 
Its Derivatives by HPLC and Mass 
Spectrometry 

M. Ye, C. G. Edmonds, and J. D. Zimbrick 

The radiation chemistry of 5-halopyrimidines has 
been examined by a large number of investigators 
(Zimbrick et al. 1969; Adams 1967; and Edwin and 
Schuler 1983) due to the interest in using these 
moieties to localize radiation damage by selective 
attack of hydrated electrons (eaq-) on DNA where 
they have replaced thymine. It IS known that the 
reaction of eaq- with 5-bromouracil causes 

elimination of bromide ion and produces 
uracilyl radicals (Ur -)  (Zimbrick et al. 1969; 
Adams 1 967). 

BrUr + eaq- + Br- + Ur. (1 

In the presence of a source of abstractable 
hydrogen, the uracilyl radical is expected to 
react to produce uracil (UrH) (Bhatia and 
Schuler 1973). 

Ur. + RH -t UrH + R .  (2) 

Improvements in the separation and sensitivity 
of high-performance liquid chromatography 
(HPLC) methods now make it possible to inves- 
tigate the radiolysis of BrUr, BrdU, and BrdUMP 
in more detail. We report here the determina- 
tion of products in radiolysis of BrUr and its 
derivatives using HPLC and mass spectrom- 
etry. The objective of this study is to provide 
fundamental data that contribute to an under- 
standing of the mechanism involved in radio- 
sensitization of DNA by BrdU. 

Bromide ion (Br-) and 2-deoxyuridine-5'- 
monophosphate (dUMPH) produced in the 
x-ray radiolysis of 1-mM BrdUMP solution with 
0.4-M 2-propanol at pH -6.4 were detected by 
HPLC (Figure 1). The yields of Br- and dUMPH 
are given in Table 1. The yields of bromide 
obtained from the radiolysis of 1-mM BrUr, 
BrdUR, and BrdUMP solutions N2-saturated in 
the presence of the hydroxyl radical 
scavengers 2-propanol or t-BuOH are about 
2.7, showing that the reactions of e,i with 
BrUr, BrdU, and BrdUMP are quantitat~ve and 
the elimination of bromide ion does not depend 
on the substituted groups (H, sugar, or sugar- 
monophosphate). This is not surprising since 
sugar and- sugar-monophosphate have very 
low reactivity with eaq- (von Sonntag 1987). In 
the presence of alcohol, Ur., dU . , and dUMP . 
undergo hydrogen abstraction. With 0.4-M 2- 
propanol in 1-mM solutions of BrUr, BrdU, and 
BrdUMR the yields of UrH, dUH, and dUMPH 
are about 2.15 and the ratio of the yields of 
bromide and UrH, dUH, or dUMPH is about 
0.80. With t-BuOH, the yields of UrH, dUH, 



Figure 1. Chromatograms Observed in X-Ray Radiolysis of l-mM 
BrdUMP Solution with 0.4-M t-BuOH N2 Saturated pH 6.5. 
Irradiation dose: 120 Gray 
Detector: Linear 206 optical detector 
Column: WDAC anion exchange column 
Mobil Phase: 0.03 M NaH2P04 and 0.3% acetic acid. 

and dUMPH are lower than those with 2-propanol, 
and the ratio of the yields of bromide and UrH, dUH, 
or dUMPH is or~ly about 0.65. 2-propanol is about 
one order of magnitude more reactive as a 
hydrogen donor than t-BuOH in neutral solution (Ye 
1 989). 

Experiments were also carried out in basic solutions 
of BrUr, BrdU, and BrdUMP and the results are 

given in Table 1. The yields of bromide ions 
were found to be about 2.67, showing that the 
reaction of eaq- with BrUr, BrdU, and BrdUMP 
and the elimination of bromide basically do not 
depend on the solution pH. This result is 
similar to the results found in the study of the 
reaction of eaq- with halogen-substituted 
benzene, phenol, and benzoic acid (Ye 1989). 
In basic solutions (pH -10.5) with t-BuOH as a 
hydrogen donor, the yields of bromide ions 
and complementary UrH, dUH, and dUMPH are 
similar to those found in neutral solutions 
(Table 1). With 2-propanol, the yields are 
significantly higher than with t-BuOH (Table 1). 
The high yield of bromide must be due to 
isopropyl radical anion produced in the 
radiolysis reducing BrUr, BrdU, and BrdUMP to 
form extra bromide. Chain reactions are 
involved (Ye 1989). 

In the absence of alcohol the yields of dUH 
and dUMPH are very low (G < 6.8, Table 1). 
These results indicate that hydrogen abstrac- 
tion from the sugar moiety is not an important 
process for dU . and dUMP . . This is expected 
since the unpaired electron of uracilyl radicals 
is probably localized at C5 in a u orbital, which 
makes these radicals about as reactive as 
phenyl radicals (Madhavan et al. 1978). As 
shown in Reaction (3), Ur. can react with the 
BrUr to form a mixture of radical adducts 
(Edwin and Schuler 1983). 

Table 1. Product in the Radiolysis of BrUr, BrdU, and BrdUMP 

1-mM BrUr, 2-propanol 6.6 2.67 2.14 10.1 5.07 
1 -mM BrUr, t-BuOH 6.3 2.65 1.78 10.2 2.69 

1-mM BrdU, 2-propanol 6.2 2.71 2.20 10.2 5.02 
1-mM BrdU, t-BuOH 6.3 2.62 1.70 10.3 2.58 
1-mM BrdU 6.8 5.05 0.77 10.1 5.02 

l-mM BrdUMe 2-propanol 6.7 2.65 2.15 10.2 4.98 
l-mM BrdUMe t-BuOH 6.5 2.69 1.61 10.4 2.64 
l-mM BrdUMP 6.5 5.12 0.75 10.4 5.08 

(a) Radiation yields in molecules/100 eV. Yields were averaged from at least three experiments. 
(b) The concentration of 2-propanol or t-BuOH is 0.4 M. All solutions were saturated with N2. 
(c) Yield of UrH, dUH, and dUMPH. 



Ur. + BrUr + adducts (3) 

Products formed in the radiolysis of 20-mM BrdU 
saturated with N2 were determined by mass 
spectrometry (Figure 2). The adduct formed in 
Reaction (3) was found in the irradiated solution 
(peak C, and C,). Apparently, dU. can also 
undergo combination reaction to form a dimmer 2 
(peak B). 

In the absence of alcohol, hydroxyl radicals react 
with BrUr, BrdU, and BrdUMF! Hydroxyl radical can 
first add to C,, 

followed by elimination of hydrogen bromide 
(Patterson and Bansal 1972). 

The radical produced by oxidative dehydrohalo- 
genation of bromouracil [Reaction (5)] has been 
characterized by electron spin resonance (ESR) 
experiments (Neta 1972). This radical can react 

Figure 2. Mass Spectrum of 20-mM 5-Bromo-2'-Deoxyuridine 
Irradiated with 6 0 ~ o  at Dose 400 Gy. 

with the starting substrate to form a stable 
adduct. Our mass spectrometry study shows 
that the radical adds mainly to C6 position of 
the uracil ring. The products are shown in 
Figure 2 (peak D, and D,). 

In summary, this study indicated that hydrogen 
abstraction from sugar moie1:ies by uracilyl 
radicals is not an important reaction. Our mass 
spectrometry experiments provide the first 
confirmation that uracilyl radicals undergo 
addition reaction to form adducts as suggested 
by Edwin and Schuler (1983). Hydroxyl 
radicals also significantly react with BrUr, BrdU, 
and BrdUMP to eliminate hydrogen bromide. 

P r i n c i p a l  peaks: ~ l b r d ~  [Br (79)1  ~ 2 x r d ~  [Br (B1)1  

C l r  Br (79)  C21 8 r ( B I )  
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