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Preface

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

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

The parts of the 1991 Annual Report are:

Part 1: Biomedical Sciences

Program Manager: J, F.Park J.F. Park, Report Coordinator
S. A. Kreml, Editor

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

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

Part 4: Physical Sciences
Program Manager: L0H. Toburen L H. Toburen, Report Coordinator

R. C. Pedersen, Editor

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

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

T. S. Tenforde

Health and Environmental Research Program
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Foreword

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

The Chernobyl Database project is developing and maintaining an information system to provide
researcherswith data and resourcematerialsrelatingto the Chernobylnuclear accident of April, 1986.
The systemisthe officialUnitedStates repositoryfor Chemobyl data. The system includesa collection
of Chernobyl-relateddocuments, a database of bibliographicreferences,and a collectionof radiological
measurements records. During FY 1991, end-user software products were prepared to make the
resourcesmore accessibleand easyto use. These products includea personal-computer-basedbiblio-
graphic search system (ChernoLit_(a)) and a personal-computer-based radiological measurements
database system (ChernoDat).

Chernobyl Database

R. A. Kennedy, J. A. Mahaffey, F. Cart, Jr., and is recommended. If printedreportsare desired,a
S. K. Smith printermustbe availableto the computer.

ChemoLit ChemoLit has been implementedas a FoxPro_M(c)

In an effort to provide software tools to aid re- 2.0 run-time application consisting of pull-down
menus, shortcut keys, text buttons, and dialog

searchers studyingthe Chernobyl accident, the boxesas wellas the bibliographicdatabase. This
ChernobylBibliographicSearch System (Chemo- stand-alone system is provided in compressed
Litr) was developed, documented, and tested
during FY 1991. ChernoLit provides bibliographic format on floppy disks, An automatic install
data and abstracts in a usable format for research procedure loads the applicatio,1 onto the user's
studies relating to the Chernobyl accident, computer. A version that executes on the Macin-
ChemoLit is an easy-to-use software package tOShe(d) computer will be available in the futu_.e.

that includes search capabilities on bibliographic Over 4400 references concerning the accident,
data. The user may specify names, words, and

complete with abstracts, are included with
phrases of interest. These search criteria may be ChernoLit. The data contained in the database
logically compounded. The user may also spe- was obtained from electronic literature searches
cify which database fields are to be searched.
The user may interactively view the references, and from requested donations from individuals

and organizations. These literature searches
including the abstracts, or may generate a report, interrogated the ENERGY SCIENCE AND TECH-
Reports may be directed to the screen, to the NOLOGY database (formerly DOE ENERGY) ofdefault printer, or accumulated in a folder that is
writtento a disk file. the DIALOG®(e) Information Retrieval Service.

ENERGY SCIENCE AND TECHNOLOGY,provid-

ChernoLit will run on an IBM PS/2, AT,(b)or a fully- ed by the U.S. DOE, Washington, D.C., is a multi-
disciplinary database containing references to the

IBM-compatible computer configured with either a world's scientific and technical literature on
5-1/4-inch or 3-1/2-inch high-density floppy disk energy. Ali unclassified information processed at
drive and with 8 megabytes of free disk space, the Technical Information Center of the U.S0DOE
An operating system of DOS 3.3 or higher is is included in the database.
required. For best performance, use of a mouse

(a) ChernoLit is a trademark of Battelle Memorial Institute, Columbus, OH, USA.

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

(d) Macintosh is a registered trademark of Apple Computers, Inc., Cupertino, CA, USA,
(e) DIALOG is a registered trademark of Dialog Information Services, lhC,, Palo Alto, CA, USA.



In addition, information on many documents has ChernoDat will run on an IBM PS/2, AT, or a fully-
been manually added to ChernoLit. Most of this IBM-compatible computer configured with a VGA
information was obtained in response to requests monitor, 3-1/2-inch high-density floppy disk drive,
for data sent to people and/or organizations and a hard drive with 7 megabytes of free disk
throughout the world, space. An operating system of DOS 3.3 or higher

is required. Performance will increase as the
A significant effort was undertaken to increase the amount of available RAMis increased up to a limit
readability of the bibliographic references con- of 16 megabytes.
tained in ChernoLit by: 1) capitalization of titles
and acronyms, 2) standardization of radionuclide ChemoDat is implemented as a Paradox®(a) Run-
specification, and 3) standardization of super- time 3.5 application consisting of pop-up menus,
scripts, subscripts, _nd numeric references, on-line help, and query-by-example filtering. The
Particular attention was paid to standardizing application requires Paradox Runtime files that
radionuclide specification because of the are included with ChernoDat on the 3-1/2-inch
likelihood that searches would be conducted on high-density diskettes. An automatic installation
this information, program is used to install the compressed format

files.
ChemoLit underwent a beta test within PNL in late
FY 1991. As a result of the beta test, several Currently, the central database consists of over
software modifications and documentation 48,000 records that have been standardized from
changes were made. five satellite databases. The data records cur-

rently included in the satellite databases have
In cooperation with the technology transfer initia- been donated by the following agencies: State of
tive within DOE, ChernoLit will be made available Washington Department of Social and Health
commercially by Battelle Memorial Institute. Services (Pickett 1986), Ministry of Agriculture,

Fisheries and Food, Welsh Office (1988), Safety
ChemoDat Analysis Unit, National Institute of Radiological

Sciences, Japan (1988), Chernobyl Protective
A companion software package to ChernoLit that Measures Assessment Team, United States
allows the user to interactively browse the radio- Nuclear Regulatory Commission (1986), and
logical measurements database is currently Stone &Webster Engineering Corporation (1986).
undergoing development and testing. The Cher-
nobyl Radiological Measurements Information Interaction with Researchers
System (ChernoDat) is a software package that
provides access to radiological measurements During FY 1991, letterswere writtento more than
collected in response to PNL requests subse- 100 re,_earchers who provided us with either
quent to the Chernobyl accident. Data in radiological measurementsor bibliographic data.
ChernoDat are organized into a central database The letters acknowledged our appreciation of
that stores data in a standardized record format, their assistance and noted we would provide
with multiple satellite databases containing the them with ChernoLit, ChemoDat, and/or the
data in their original record formats. ChemoDat printed bibliography.
allows the user to browse, query, and export the
radiologicaldata from both the central and satel- Publication Preparation
lite databases. The browsing feature allows the
user to toggle between data in the original record A paper entitled "Chernobyl Database" was
and a standardized record. The query feature presented at a poster session of the Winter
allows the user to obtain a data subset and then Technical Conference of the American Statistical
export the subset to an ASCII file for analysis. Association.

(a) Paradox is a registered trademark of Borland International, Scotts Valley, CA, USA.



A report entitled ChemoLit_l,- Chemobyl Biblio- References
graphic Search System Users Guide was pub-
lishedto document useof the!ChernoLit software. Chernobyl Protective Measures Assessment

t Team, U.S. Nuclear Regulatory Commission.
I

A printed bibliography of m(_irethan 4400 refer- 1986. Preliminary Assessment of the Chernobyl
ences included in ChemotLit, comple_.e with Accident Radiological Data Provided to the NRC
author index, was published.! Utility software was Through May 9, 1986. NUREG-1219. Washing-
written that automated much of the work involved ton, D.C.
in generating this document. Ministry of Agriculture, Fisheries and Food, Welsh

I Office. 1988. Radionuclide Levels in Food, Anl.
An abstract has been accl_pted to present a reals and Agricultural Products 1987, Post Char-
poster on the ChernobylDatabase at the IRPA8 - nobyl Monitoring in England and Wales. ISBN 0
International Radiation Protectionj Association 11242828 2, HMS StationeryOffice,London.
meeting in Montreal,May 17._22,1992. The paper
entitled 'U.S. Department d,f Energy Chernobyl Pickett,B. 1986. DSHSActivities Relating to the
Databases' will be published in the Conference Chernobyl Nuclear Accident. Office of Radiation
Proceedingsof IRPA8. I Protection,Divisionof Health, Washington State

Department of Social and Health Services,
An abstract has been accepted for inclusion in Olympia,Washington.
the 'New 'Horizons in Radiation Protection and Safety Analysis Unit, National Institute of Radio-
Shielding" American Nucli_ar Society Topical logical Sciences. 1988. Environmental and
Meeting to the held in Pa_sco,WA, April 26 - Health Consequences in Japan "due to the
Ma!/1, 1992. The paper entitled "ChernoLit - Accident at Chernobyl Nuclear Reactor Plant.
Chernobyl BibliographicSearch System' will be NIRS-M-69,Chiba,Japan.
publishedinthe proceedings.

Stone& Webster EngineeringCorporation. 1986.
Future Efforts Compilation of Radiological Measurements from

the Chernobyl Accident. Prepared for Pacific

Completion and distribution of products devel- NorthwestLaboratoryon behalf of the U.S. DOE,
oped during FY 1991 is scheduled for early FY Boston.
1992. In addition, a majortaskfor FY 1992 willbe
to summarizedata currentlyincluded in the infor-
mation system and to analyze the information
system in relation to the overall availability of
informationrelating to the Chernobyl accident. If
software is available, a Macintosh version of
ChernoLit will be generated and released.
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Chernobyl Environmental Measurements

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

Radiological Measurements ,oo.
Gomel

A _ Bragln#6

D. E. Robertson, R. W. Perkins, E. A. Lepel, _ _ ---,,-- "_,,o_,,8C. W.Thomas, and R. A. Kiddy
10

Soil, sediment, vegetation, surface water, and air
filter samples were collected from the communi-

ties surrounding the Chernobyl area by Interna- _:
tional Atomic Energy Agency (IAEA) sampling ._
teams. A portion of these samples were sent to z
Pacific Northwest Labortory (PNL) for gamma °o
spectrometric and radiochemical analyses. In _ '_
general, the PNL measurements confirmed the _,. Co,,,,,,,o,,,, of,,,,p,,_d,,.
earlier results of the Soviet scientists. Radio- of,A_g..,,_._
nuclide concentrations and distributions in soils .o_ ,..v ! " ! • i -

0 1 2 $ 4 8 ii

from this region were similar to the ranges SOILDEPTH(CM)
reported by the Soviets.

FIGURE 1. Depth Distribution of 137Cs in Four Soil Cores

Figure 1 illustrates the depth distribution of 1370s, Collected Near Chernobyl

the most abundant Chernobyl-origin radionuclide
in the environs, in four soil cores collected from
three communities surrounding the Chernobyl undisturbed soil core from Bragin. The 1370s,
area. In the three undisturbed soil cores from 1340s, l°6Ru, and 1440e concentrations at a
Bragin and Polesskoye, the radiocesium had depth of 5 cm were only about 1% of the surface
penetrated past a depth of 5 cm, although the concentrations, whereas the 124Sb and 154Eu
concentrations at 5 cm were over two orders of concentrations decreased only about 10% at a
magnltude lower than the surface values. The depth of 5 cm. This indicates that the radio-
soil core from Gomel showed either a faster 1370s nuclides of cesium, ruthenium, and cerium were
penetration with depth or some disturbance more tightly bound to the soil than those of
(physical mixing) of the upper layer of soil, or a antimony and europium. Radiochemical separa-
combination of both processes, tions and measurements were als( performed on

samples of this core, and the results are shown in
Figure 2 shows the depth distribution of the Figure 3. The 9°Sr, the transuranic radionuclides
detectible gamma emitting radionuclides in an (TRUs), and the 1291 concentrations were
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FIGURE 2, Gamma-Emitting Radionuclide Distributions In Soil FIGURE 4, laTCs Distributions in Sediment Cores from Rivers

Core #5 from Bragin Employing Long Counting Intervals and Streams Near the Chernobyl Region

,oooi ---,,-- ,37c, soil cores sampled in this region. The cores from
• | --,-- _0s, the River Braginkaand a small creek near Novo
- ,oo| ,3,c. -----_924oP.

=g :1 _" _ -,P, Mesto showed rapid, nearly exponential

-.--4=--- 24tAm
- , _ --o-- _44c,, decreases of about 4 orders of magnitude in
z _._ _ 12gl(.S.2) 1370S concentrations over a sediment depths of

° 16 and 20 cm. The sedimentation rates for these
..=, .1 bodies of water are obviously quite low, and thetj 23_ 2_oPu

Z _ ;t41Am 1370S attached to the sediment particles does noto

o .01
__ _ migrate vertically very fast. In fact, the 1370S
,_ .oo, observed below a sediment depth of several cm
o= _ is probably due to contamination of the deeper

.oo0, ,2= --..._,_¢.(_E.2) sediments during the sampling process. The
"eonc,n ofi-,mpflngd,,teof 1Aug.199t _"_

.ooo0,-. , . , . , .... , . , . sediment cores from the small creek/ponds near
o , 2 3 4 o e Svj_tsk and tl)e river on the boarder of Ovruc

SO_LDEPTH(C,) showed rather homogeneous mixing of the 1370S

down to sediment depths of 20 and 32 cm. lt isFIGURE 3. Radionuclide Concentrations in Soil Core #5 from

Bragin obvious that these two water bodies either have
rapid sedimentation rates or the sediments have
been turbulently mixed by physical processes.

approximately 1, 3, and 6 orders of magnitude
lower, respectively, than the 1370S. The 1291mea- Samples of grass and moss from the Bragin,
surements are the first known reported measure- Daleta, Polesskoye, and Soboli areas were mea-
ments of this radionuclide in the Chernobyl sured for gamma-emitting radionuclides. The
environs, grass samples were limited in number, and since

their exact sampling locations compared to the
Gamma-emitting radionuclide concentrations soil samples were not known precisely, it was not
were also measured in sediments from five rivers possible to determine accurate transfer coeffi-
and streams near the Chernobyl region. Figure 4 cients for radiocesium from soil to grass.
shows the depth distributions of 137Csin four of
the sediment cores having the highest concentra- The moss samples, because of their ability to
tions. The sediment cores contained lower con- efficiently collect and integrate atmospheric
centrations of 1370s compared with most of the fallout deposition, were recounted for several



thousand minuteseach to obtain =morecompre- Eight air filter samples collected from six com.
hensive analyses of gamma-em_ing radio- munities near chernobyi were analyzed for
nuclides. In addition to radtocesium, lt was gamma-emitting radionuclides. None of the air
possibleto measure S°Co, l°SRu, 11°rnAg,12sSb, filtersamples containeddete_t,_;_concentrations
_44Ce, l S4Eu, and _SSEu. The moss samples of radtoceslum.A few samplescontaineddetect-
collected from house roofs in the Soboli area able S°Co,but the countinguncertaintieswere so
were particularly high in ali gamma-emitting largethat it could also be considered essentially
radionuclide concentrations. Effective decon- non-detectable.The airsamplingwas conducted
tamination of houses would certainly_require duringa period followingheavy rains,and resus-
removing as much of this material as possible pension of contaminated soil particles, which is
from the rooftops. Moss samples A-4 and A-5 the major source of airborneradionuclides,was
were selected for radiochemicalanalyses of Pu at a minimum. Also, the air volumes sampled
and e°Sr. The 9°Sr/137Csp.;_d239"24_pu/137Cs were not very large.
activity ratios for the moss were quite similarto
those for surface (0.4 cm) soilcores collectedin These measurements are being used, tc,gether
the same region, indicating no substantial bio- with the results of other IAEA member
logical fractionationof the Chernobyl fallout by participants, to assess the radiation dose
the moss. received by the Soviet people in the regions

surroundingChernobyl.



DNA Adducts as Indicators of Health Risks

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

Analysis of DNA Adducts as the 75:25 methanol:water eluted the adducted
Nucleotide: Benzo[a]pyrene-Adducted nucleotide fraction, Direct infusionelectrospray
Deoxyguanosine-5"-Monophosphate mass spectrometry of the B[a]P-adducted

nucleotidefraction gave a full scan negative ion
S, D, Harvey,R. M. Bean, and H, R. Udseth mass spectrum featuring the (M - H)"1 ion at

648 ainu. This ion indicatedthat our adducted
Metabolites of carcinogenicorganic compounds fraction consisted primarily of B[a]P-adducted
have the ability to bond with deoxy_,ibonc'cleic d e ox y g u a n o s i n e - 5 ' - m o n o p h o s p h a t e
acids (DNA) to form DNA adducts. These species (MW = 649). This experiment was conductt_d on
are retained for relatively long periods of time in

approximately 3 ng of material and gave a
the body and are thought to be associated with 648-ion intensity of roughly 13 times the noise
the formation of cancer. Analysis of DNA for level. This gives an approximate detection limit of
adducts may, therefore, provide an estimate of 460 pg. A projected detection limit of approxi-
individual exposure to carcinogens. The methods

mately 0.C,0pg (l.2ferntomoles) could be
currently available lack sufficient sensitivity %r
environmental screening or qualitative specificity, achieved by selective ion mr)nitoring.

The objective of this project is to develop Capillary Zone Electrophoreals of the
methods for analyzing DNA adducts to identify Adducted Nuc;eotide
and quantifyaoducted polycyclicaromatichydro-
carbon metabolitesat environmentallevels. This

An objective of this research was to develop a
past year a majoreffort has focused on the appli- separation technique that would be fully com-
cation of powerful microcolumn liquid chromato- patible with electrospray ionizationmass spec-
graphy techniques for the specific analysis of trometric detection. Capillary zone electro-
adducted nucleotides, phoresis (CZE) was chosen because of its very

Isolr-tion and Characterization of high separation efficienciesand the mass flow
detection enhancement observed with it and

Benzo[a] pyrene.Adducted Nucleotide other microcolumn separation techniques. A
volatile ammonium carbonate buffer was chosen

To prepare adducted nucleotide material for as the supporting electrolyte. Figure 1 illustrates
analytical studies, Benzo[a]pyrene diolepoxide the separation obtained at 30 kV with
was reacted with calf thymu:_ DNA as previously 30-mM-ammonium carbonate at pH of 8.8. The
described by Jannette et al. (1977) and then separation efficiency for the B[a]P-adducted
hydrolyzed to nucleotides by treatment with deoxyguanosine peak was 258,000 theoretical
DNAase I and snake venom phosphodiesterase, plates. On-column fluorescence detection wasThe adducted nucleotide fraction was isolated

utilized for this separation. An accurate detectionfrom both non-adducted nucleotides and
limit was not determined; however, detectability

enzymes by LH-20 chromatography as described was limited (approximately 1.0 - 0.1 ng) due to
by Blobstein et al. (1975). The nucleotides were ir't:amolecular quenching of the adducted
sorbed on a C-18 Sep-Pak and the buffer salts nucleotide.
eluted with water. Subsequent washing with



between micelle and analyte (Wallingford and

_) Ewing 1989). However, for B[a]P-adductedo I_ deoxyguanosine-5"-monophosphate, the highJL
o .--_ NH ,,.. affinity of the hydrophobic pyrene nucleus for the

-o _ c,, I_._IL','_. "_C) hydrophobic micellar environment would bem __ 2 H

_o_) '_' expected to overcome charge repulsion and
/_ _ .o- -. partition the adducted nucleotides into the

o. .4 micellar pseudostationary phase.

The separation of a concentrated adducted
nucleotide preparation performed at 30 kV is
presented in Figure 2. The running buffer chosen
for this separation was 30-mM-ammonium bicar-
bonate at pH 7.9 containing 10 mM SDS. This
electropherogram illustrates the unique selectivity
of MECC. Although the principal peak is due to
B[a]P-adducted deoxyguanosine-5"-

_._-"-:::-_::_.... --:-- monophosphate, the presence of several other
fluorescent adducts are also evident. These addi-

tional peaks most likely result from B[a]P adducts
_ of other DNA bases. Interestingly, the CZE

1o =0 electropherogram of the same fraction (Figure 1)
does not resolve these additional fluorescent

FIGURE1, CapillaryZoneElectrophoreticSeparationofthe compounds. This difference in electrophoretic
B[a]P-adductedNucleotide Fraction profiles is due to the unique selectivity of the

micellar system. An injection of a more dilute
sample of the adducted nucleotide fraction

M t ¢ e I I a r E I • ¢ t r ok I ne t I c C a p i I I a ry allowed calculation of the separation 9fficiency
Chromatography oftheAdductedNucleotide and detection limit for the B[a]P-adducted

deoxyguanosine-5"-monophosphate. The sepa-
This separationstrategywas pursued because it ration efficiencywas 239,000 theoretical plates.
offers several advantages over the CZE An injectionof 20 femtomoles (13 pg) gave a
approach. In comparison to CZE, micellar signalequalto twicethe baseline noise.
electrokineticchromatography(MECC) offers the
advantage of unique selectivity based on the
partitioning process with the micellar phase. o G).Additionally, an enhancement of fluorescence
intensity is often observed for fluorescent ,-, 't,-- ,""t"-- CC--_._..C_J
analytes in the presence of micellar systems. _o !l_c,,,o'L',!_..._... ,. _

_'hisdetection enhancement is due to both the '- I_ _o_e" "_ 1

inclusion of the analyte within the ordered .o o,
micellar environment as well as protection of the
sequestered analyte from molecular oxygen
quenching (Love and Weinburger 1983; Liu et al.
1990). Unfortunately, inclusion of surfactants in , ..Jt. -_- -
the running buffer precludes use of mass spec-
trometric detection. The separation system ,,.,.-,,°. _ w

lime (*,ii.) 0 20 40

chosen incorporated sodium dodecyl sulfate
(SDS). The use of SDS surfactant has limited use
for the analysis of negatively charged analytes FIGURE2. MicellarElectrokineticCapillary Chromatographic

because charge repulsion limits the interaction Separation oftheB[a]P-adducted NucleotideFraction
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This detection limit is much lower than for the be sensitively detected by fluorescence detec-
CZE separation of the same fraction. The lower tion. The disadvantage of this approach is that
detection limit obtained during MECC separation information about the specific adducted DNA
is due to the fluorescence enhancement dis- base is lost during the acid hydrolysis. As was
cussed above, the case for adducted nucleotides, microcolumn

separation techniques were pursued due to the
lt should be mentioned that the projected detec- inherent high resolution and enhanced mass flow
tion limit for combined CZE/electrospray ioni- detection sensitivity. Analysis of B[a]P-
zation mass spectrcmetry compares favorably tetrahydrotetrols can be readily accomplished by
with on-column fluorescence detection. Because microco_umn HPLC as described previously
of the very selective nature of mass spectrometric (Bean et al. 1991). The detection limit for B[a]P-
detection, this strategy should be considered dis- tetrahydrotetrols by microcolumn HPLC is
tinctly advantageous, The fluorescence detection approximately 1 pg (3femtomoles). Capillary
limits reported here could be improved by electrophoresis was evaluated as a compli-
approximately two orders of magnitude by use of mentary technique for obtaining rapid separation
laser-induced fluorescence detection. With this and sensitive detection for the tetrahydrotetrols.
approach, detection limits considerably lower
than those presently obtainable with mass spec- Analysis of electr_ally neutral species can be
trometrywould be possible, facilitated by reaction of the analyte with a

reagent that can impart a charge to the molecule.
Capillary Zone Electrophoresis of B[a]P- For B[a]P-tetrahydroptetrols, it should be pos-
tetrshydrotetrols sible to react the alcohol functionalities with

borate to form the corresponding negatively
Anotherapproachto analyzing DNAadducts is to charged borate complexes (Kuhn et al. 1991;
treat the DNA with acid to liberate the B[a]._- Wallingfordand Ewing 1988). The borate reac-
tetrahydrotetrols. The structures of the B[a]P- tion is very specificfor cis vicinaldiol groups. As
tetrahydrotetrols are given in Figure 3. The such, this separationstrategyhas been success-
advantage of this approach is that the B[a]P- fully appliedto the CZE analysisof certain carbo-
tetrahydrotetrolsare highly fluorescent and can hydrates and catechols (Kuhn et al. 1991;

Wallingfordand Ewing 1988). By examiningthe
structure of the B[a]P-tetrahydrotetrolsshown in

OH Figure 3, it is possibleto predict the stability of

_ the corresponding borate complexes. Borate can

Ho.... _ .o ....L _I(._.L(j.j form two stable complexes with B[a]P-r-7-t-8,9,10-
Ho,,' "O"" "1/ v v tetrahydrotetrol. Only one stable borate complex

can form with either B[a]P-r-7-t-8,9-c-10-
tetrahydrotetrol or B[a]P-r-7-t-8-c-9,10-
tetrahydrotetrol. As based on the stearic inter-

B[alP-r-7-t-8,9,10 BlmlP-r-7-t-8,9-c-lO action between the borate complex and the
pyrene nucleus, the B[a]P-r-7-t-8,9-c-lO-
tetrahydrotetrolcomplexwould be expected to be

_,.r_A-y_._o, o. _ more stable than that formed with B[a]P-r-7-t-8-c-

HO,_,. _L...._L._)J HO_.._i 9,10-tetrahydrotetrol. Finally,due to the lack of ar..T.O.T.O.T cis vicinal diol group, B[a]P-r-7-t-8-c-9-t-10-
HO....-.]/ v v .O,' "1/ v v tetrahydrotetrol would not be expected to form a

6H (_H borate complex.

BlalP-r-/-l-8-c-9,10 B[alP-r-7-1-8-c-9-t-lOThe reaction between borate and B[a]P-
tetrahydrotetrol is an equilibrium influenced by
both borate concentration and pH. These two

FIGURE 3, Structures of B[a]P-tetrahydrotetrols
variables can be manipulated to achieve the
desired separation, Complexation is readily
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Biological Effectivenessof RadonAlpha Particles

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

Single-ParticleIrradiationSystem Video
Camera

L. A. Braby r_

A number of technical challenges must be met to I/_g-t--Viewingcontrol charged-particle irradiationso that spe- Sliding Rack Light

cified numbers of particles interact with specific Scintillation I ! / Microscope
targets in each of the cells composing an experi- Detector I I _ Objective
mental population. The principal problemsarise
in the areas of collimating the particle beam, I I PatriMylarDishB°tt°m

detecting the individual particles, positioning the Scintillator "-'-'--"E _ Adjustable
cells, stopping the irradiation,and controlling the Piezoelectric _ / Collimator
system, Preliminary tests, conducted before the Shutter __::_-__ '1

single-particle irradiation system was assembled, MagnetControlIri- nI-1FaradayCup
indicated that each of these areas was manage- Slits _ /
able. Now that the system has been assembled, t.-.-"'-T _/ j' Vertical Bending

the challenge is to ensure that the solutions to ali __" Magnetof these problems are compatible,
/ ,,t / EnergyControl
" " ,,f Slits

The basic ;pproach is illustrated in Figure 1,
Beams of particles, protons or deuterons up to BeamFromAccelerator _'_"""4 3
4 MeV or He or He up to 6 MeV,from a tandem
electrostatic accelerator are bent to a vertical FIGURE 1, Schematic Drawing on the Single Particle

upward path. The beam is collimated to a spot a Irradiation System

few micrometers square using two sets of knife
edges that can be positioned individually with
0,1-1_mprecision, A mechanical shutter stops the interactions has been reached. A microscope
beam at the end of each irradiation, The beam with phase contrast epi illumination and an image
exits the accelerator vacuum system through a intensifier video camera visualize the cells on the
thin plastic scintillator and passes directly into a petri dish, A video processing system then deter-
cell growing on a thin rnylar-bottomed petri dish. mines the position of the cell relative to the beam
A photomultiplier dete,cts the light flashes pro- through the collimator, and a motorized stage is
duced by each charged-particle interaction with used to position the cell so that the appropriate
the scintillator, and the control system activates portion is irradiated.
the shutter when the desired number of particle

13



As discussed last year (Braby 1991), the combi- surface reflected some of the light back into the
nation of light losses in the microscope optics objective. This reflected light reduced the con-
and the low light yield of the plastic scintillator trast of the phase image, and where the reflect-
necessitated using a photomultiplier directly over ing surface was not uniform, produced a mottled
the plastic scintillator to collect the maximum background that prevented recognition of many
number of photons from each charged-particle of the cells. This problem appears to have been
event. Figure 2 shows the pulse height distribu- corrected by using an exit window slightly larger
tion for 3 MeV protons passing through an 8-1_m- than the microscope field of view and covered
thick plastic scintillator with the light collected by with transparent plastic film. In this way, there is a
a 1 in. diameter photomultiplier 0.5 in. above the small and relatively uniform fraction of the light
scintillator. This system works weil, with only a reflected from ali parts of the image area. The
very small probability of failing to detect a proton curved surface creates an image of the illumina-
or mistaking noise for a particle event. The pri- tion phase ring, but it is completely defocused
mary disadvantages are the added complexity when the cells are in focus, so the image of the
and time required to move the lens and photo- cells is relatively clear. The impact of this change
multiplier back and forth, on other aspects of system performance remains

to be evaluated, but problems are not expected.
Aluminized mylar and other reflectors have been
used to construct the vacuum window under the Alignment of the beam collimator has become
plastic scintillator. Also, the plastic scintillator more of a problem than initially expected, in spite
itself has been aluminized to increase light- of the fact that each edge of each aperture is
collecting efficiency and reduce the required independently adjustable. Initially, the procedure
scintillator thickness. However, these efforts have by which the collimator was adjusted was based
exacerbated a problem in locating cells to be on using the light produced by the thin plastic
irradiated. Initial tests of phase contrast imaging scintillator to indicate the number of particles
with epi illumination produced high resolution passing through the aperture. This assumption is
images with reasonable contrast. Several dif- valid when the beam is aligned, but if the beam is
ferent backgrounds were employed to test the striking the edge of the exit window, then there
effect of reflections from below the cell being can be more light produced than when the same
observed, but ali of these backgrounds were fairly number of particles passes through the center of
flat. Unfortunately, when used with the actual the window. This leads to conflicting data on how
beam line, the vacuum caused the beam exit to adjust the collimator and can cause mistakes in
window to bow in, and the resulting curved alignment that result in diffuse, scattered beams.

Alignment procedures have been changed to rely
on the image of the beam stopping in a thick
plastic scintillator viewed by the image intensifier
and charge-coupled device camera. The knife

,o,o00 edges are then adjusted so that the beam is
approximately centered in the exit window,

3o,ooo avoiding the extra florescence produced by

secondary particles when the beam hits the win-
20.00011-A dow edge. When the beam is aligned properly,

'_ _//_ = spots as small as about 5 i_m can be imaged

directly with the video system, and the pixel
10.0o0 address of the center of the beam can be deter-

mined directly. If a smaller beam is needed, the
0 "' ' knife edges can be moved uniformly in from each0 2 4 6 8

P_,,H,,g,t(V) side and the location of the center of the beam
3_,,,o86._maintained.

FIGURE 2, Pulse Height Spectrum of Scintillation Events The shutter that controls the beam must have a

Produced by 3-MEV Protons Through a 8-1_m-Thick Scintillator relatively rapid response time to allow it to closeDetected by a 2,54-cm photomultiplier 1,25 cm Away
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in less than the average time between particles the irradiationprocedure, but the process proved
through the collimator, Both piezoelectric and exceptionally time consuming. Initial test experi-
electromechanical mechanisms have been tested ments required several minutes to locate and
and work satisfactorily. Each has advantages irradiate each cell, far too long for practical
and disadvantages in areas of response time and experiments. To solve this problem, new menu-
reliability; therefore, research will continue on the driven software was written to control the system.
design of the shutter mechanism. Figure 3 is an illustration of the control computer

screen with the enlarged image of a cell in the
The process of actually locating cells to be irradi- upper left box. This enlarged image allows easy
ated and carrying out the sequence of operations placement of the cross-hair over the portion of the
to perform the irradiation is complex. Individual cell to be irradiated. The center box indicates the
computer subroutines for each of the operations areas within a given microscope field that have
were written and have been used to control been shown as enlarged cell images at the left. If

_ i% '. i

--%:!',12:::5: N ....

i======

.... _- .-_ 1 11 1

_2 1 11 1

[io4,.-J_-:,] [184,o...o] Dose

FireMode Frat_eHovet_entFocus Print qui% Gz'eyScale

S:inq!c '._hot Ne>'±. _[ 5
Pec,F;:a_e lh,ev 4

_,_oto S
:Sin-t!,.--t i,m,., Hor,,e Z
Li,,= Fire _'._ ........

8

"_ 41)[229,o,.5] (17,

FIGURE 3, The Irradiation System Control Screen Showing the Enlarged Image of the Cell to be Irradiated and Its Position In the
Current Microscope Field and in the Cell Culture Dish
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there are two or more cells in a given field, each Preliminary irradiation experiments are being
of them is marked for irradiation before the performed to isolate operational problems in the
irradiations start. The dish is divided into nine system, and initial cell survival experiments are
areas (box, right, center), and each area can be being planned.
dosed differently, helping to eliminate experi-
mental variability due to different growth con- Reference
ditions on differentdishes. The upper'rightpanel
shows the irradiated portion of the dish. This Braby, L.A. 1991. 'Single-Particle Irradiation
control screen, in combination with the video System.' In Physical Sciences, Part 4 of Pacific
image of the microscopefield, provides an effi- Northwest Laboratory Annual Report for 1990 to
cient meansto prepareand conductexperiments, the DOE Office of Energy Research, PNL-7600,
The system currently uses a personal computer pp. 15-17. Pacific Northwest Laboratory,
{PC) for irradiationcontrol and the VAX 750 for Richland,Washington.
image processing. Use of the VAX results in
some delay when the magnifiedimagesare trans-
ferred to the PC, but this problem will be
eliminated when a PC-based image processor
replaces the current processor.
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Capillary Electrophoresis-Mass Spectrometry

The analysis of environmental, hazardous mixed waste,or biological mixturesis best addressed by com-
bined separation-mass spectrometry (MS) techniques. The development of these improved analytical
meti_ods 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 combination is highly complementary. Thus, the
Electrophoresis-Mass Spectrometry CZE/MS approach offerspreviouslyunobtainable

separation efficiencies(for the combinationwith
R. D. Smith, H. R. Udseth, C.J. Barinaga, MS) as well as detection limits that can greatly
B. E. Winger, C. G. Edmonds, and J. A. Loo surpass existingmethods(Edmonds et al. 1989;

Loo et al. 1989a; Loo et al. 1989b; Smith et al.The history of analytical advances in mass
spectrometry (MS) has highlighted the special 1989b; Smith et al. 1990a;Smithet al. 1990d).
importance of the combination of separation
methods having high selectivity and resolving One reason for the current interest in CE-MS
power in conjunctionwith the high sensitivityand techniques is for identificationand analysis of
specificity of mass spectrometric detection. DNA adducts. This isan importantbut formidable
"Real-world"samples are 1invariablymixturesand analyticalchallenge due to the 'difficult'nature of
are often very complex. Any useful analytical the compounds and theirextremely low concert-
method must accommodate contributions from trations. Ideally,we desire the abilitynot only to

detect 'known' compounds,but alsoto determinethe sample matrix, interfering substances, etc.
The dynamic combination of capillary electro- the structureof unknownDNAadducts with sam-
phoresis (CE), a sepam'ion method of high effi- pie sizes far too small to be addressed by other
ciency, speed, and flexibility, with electrospray analytical methods. These desireslead to our in-
ionization (ESI)-MS is thus particularly terest in CE, ESI-MS, and ESI-MS/MS. In fact, it
advantageous, can be argued that the CE-MS/MS combination

obtained using the ESI interfaceshould providea
near-ideal analytical approach for DNA adducts.The on-line combination of capillary zone

electrophoresis (CZE), one form of CE, with ESI- Potentially large segments of DNA can also be
addressed because of the unique nature of theMS (Olivareset al. 1987; Smith et al. 1988b) was

developed at PNL. Subsequently, a liquid ESI method.
sheath-electrode interface was developed from
which the solvent composition and flow rateof the To realize the full potentialof this new analytical
electrosprayed liquid could be controlled inde- marriage, several problems remain to be
pendently of the CZE buffer (which is desirable addressed:
since high-percentage aqueous and high-ionic- • The utilization and transmission of ESI-
strength buffers that are useful in CZE are not produced ions must be improved. Currently,
well tolerated by ESI) (Smith et al. 1988a). The ESI losses in the interface and during trans-
interface provides greatly improved interface sta- mission reduce potential sensitivity by 104
bilityand performance and is adaptable to other (Smithet al. 1990c).
forms of CE. Because CE relies on analyte
charge in solution and the ESI process is nearly • High-resolutionseparationsutilizingan analyte
universal for charged species, the CE/ESI-MS enrichment scheme are required to both ad-

dress the complexity of "real" samples and
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obtain sufficient sensitivity with the small appears to offer another order-of.magnitude lm-
volumes utilized in CE. provement in sensitivity. If these gains can, in

• Improved MS and MS/MS sensitivity, resolu- fact, be realized, detection limits for ESI-MS could
be reduced to under one zeptomole

tton, and mass measurement accuracy are (i.e., 10"21mole).
necessary to enhance detection and allow

interpretation of mass spectra containing In the second area noted above, the multidimen-
multiply-charged molecules, sional combination of capillary isotachophoresis

We have recently shown that DNA and RNA seg- (CITP) as a first stage and CZE as the second
ments having up to two million molecular weight stage offers a significant advantage for ultra-trace
can be electrosprayed and the h!,ghly charged level characterization (Smith et al. 1990a). The
(>1500 charges in some cases) molecular ions advantage of this combination is the ability to
efficiently detected. Currently most of our efforts utilize large sample volumes, from which
are focused on addressing the three problems extremely low concentrations of targeted species
outlined above, can be identified.

Our efforts in develnpment of more efficient ESI The third area is being addressed by utilizing ion
sources focus on the enhanced efficiency for trapping mass spectrometers, both quadrupole
transport of ions into the mass spectrometer from (Paul) traps and ion cyclotron resonance (ICR)
the atmospheric pressure source. A new devices. Figure 1 shows a schematic illustration
approach based upon using magnetic fields in uf a new 7-tesla ICR mass spectrometer which
the moderate pressure interface region has the has been designed to obtain the ultrahigh

2 3
potential for a 10 -10 gain in overall efficiency. A vacuum conditions required for achieving high
further gain based upon a 'microspray" approach resolution for large molecular ions. Experimental
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FIGURE 1, Schematic Illustration of a New 7-tesla ICR Mass Spectrometer Developed at PNL for the
Characterization of Macromolecules
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Laser Measurements of 21°pb

The radioisotope 21°pb is the first long-livedprogeny in the decay of 222Rn. lt has, therefore, been
suggested that the accumulationof 21°pb in biologicaltissues and the environmentcan be used as a
measure of long-termintegrated radon exposure. The purpose of this project has been to developan
analytical methodology capable of measuring21°ph at the levels expected to be produced by radon
exposureand to use this measurementcapabilityto study the correlationbetween radon exposure and
the levelsof 21°pbin humantissuesand the environment. The measurementof 21°pb at levelsexpected
in small samples is generally beyond the capabilitiesof nuclear decay counting. Thus, methodsusing
laser-inducedionizationmass spectrometryhave been developed to address these problems. In prior
years this program has demonstrated that using high-resolutioncontinuouswave lasers for these
measurements permits the detection of 2_°pb at subfemtogramlevels in the presence of a 101° or
greaterexcessof the stablenaturallyoccurringPb isotopes. In the past year, measurementshave been
performedon humantissuesamples, includinghairand brainsections.

Measurement of 210pb in Biological where the resonanceexcitations()-1 = 283.3 nm
Samples and )'2 = 420.9 nra) are accomplished with

single-frequency continuous wave (CW) dye
B. A. Bushaw and G. I. Lykken(a) lasers,and the infraredphoton._for the ionization

Laser-induced ionization step ()'3 = 10.61_m)are providedby a 10watt CW
CO2 laser. The Pb+ ions produced in this

The capabilities of laser-induced ionization for manner are then electrostaticallyextracted into a
measuring 21°pb at subfemtogram levels have quadruple mass filter,which provides additional

isotopic discrimination. We previously reported
been described previously(Bushaw and Munley 21°pb detection limits of 0.3 femtograms using1990, 1991), and the approach is only sum-

this approach. Since then, our use of pyrolyticmarized here, Aqueous solutionscontainingthe
21°pb to be measured are evaporated in a coatings on the graphite crucible and our

increasedexperiencehave lowered these detec-graphite crucible, which is then placed within a
vacuum system and heated electrothermally by tion limits to 0.06 femtograms, as shown in

Figure lA.passing a dc current through the graphite cruc-
ible material. As the temperature increases, the
Pb ._alts in the sample are reduced to neutral Measurement of 21°pb Content in Human Hair
metallic atoms on the graphite surface, which Samples
then vaporize and are ejected from the crucible.
Just above the exit aperture of the crucible, the To test the capabilities of this analytical

measurement technology for 'real world' bio-neutral metal atoms are subjected to three over-
lapped laser beams, which cause specific ioniza- logical samples,hair sampleswere obtained from
tion of the isotope of interest via the double- subjects with known bedroom radon levels, as
resonance excitation: determined by standard charcoal canister

measurements. These samples were obtainedby
_1 )'2 Dr. Glenn Lykken from persons in the Grand

6s23Po --, 6p7s3p1 _ 6pl ep(I2,32), Forks, North Dakota, area where elevated radon
levels in homes are known to occur. These

_'3
J = 2-. Pb++ e (1) samples can not be loaded directly into the

graphite crucible, but must be subjected to
chemical pretreatment before the analysis is

(a) Dr, Lykken is a Professor of Physics at the University of performed. The procedure developed for theseNorth Dakota and has worked on this program through a
NORCUSSummerFellowship samples began with wet ashing of the samples

(typically 0.3 to 0.5 grams of hair starting material)
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with nitric acid and hydrogen peroxide. The furnace temperature (°C)
resulting Pb2+ ions in the resulting solution are 400 60o 80o 1coo 1200
converted 't.othe Pb(OH)42 anion by treatment 50o _ _ _ _
with concentrated ammonia solution. The Pb in
this anionic form was then purified and concen- u 400 ' A
trated by a two-step ion-exchange procedure
using Dowex lx4 anion-exchange resin, with the o 300
final elution evapo,rated to a volume suitable for
loading into the graphite atomization crucible. _ 20oE

The resulting temperature evolution curve, typical
for these samples, is shown in Figure lB. Com- o 100
pared to the reference standard solutions (Fig- .-_r-'--L-____
ure lA), the evolution of the Pb atoms is spread 0 '.....i
out into several peaks. This is attributed to matrix 0 50 1co 150 2oo 250 30o 350
effect£, caused by residual materials that are co- time (sec)

_,eluted from the ion exchange columns and delay
the reduction of the Pb ions to the neutral atomic furnace temperature (°C)
form. Standard addition techniques using sam- 4oo 6oo 80o 1coo 1200
pies spiked with the stable isotopes showed that 4o l _ _ _' ""r--'-
ion exchange recoveries and/or lower atomization
efficiency reduced overall measurement sensi- o 3o- B
tivity by a factor of 2 to 3. However,the standard _J
additions also served as an internal calibration, o
and it was still possible to obtain semiquantitative _ 20

results by integration over the multiple evolution _ /]peaks. Table 1 tabulates the measured 21°pb olO

levels found in four different test hair samples and _) ._
the corresponding measured bedroom radon 'i ......i'"L:.i
levels. 0 I I I i "1 I -

0 50 100 150 200 250 300 350

Even with this rather limited data set, it is time (sac)
apparent that there is a strong correlation
between the radon exposure level._and the 210pb FIGURE 1. Laser-induced Ionization Measurements of 21°pb.

concentrations. Continuing work in the area will Ion counts are recorded while temperature of atomizing
crucible is increased, A) Shows the result for a references

focus on 1) improvingthe chemicalproceduresto sample containing 4.4 femtograms 21°pb (solid line/,
reduce the matrixeffectsand 2) makingmeasure- compared to a blank containing 2 micrograms of the stable
ments on a larger number of hair samples, isotopes (dotted line). Integration and comparison of the

particularly in the 0 to 20-pCi/L-exposerange, to sample and blank signals yields 30 detection limits of 0.06

obtain a quantitative understanding of the cor- femtograms, B) Shows the measurement on a chemically
processed (see text) hair sample divided into two aliquots.

relationbetween radon exposureand 210pb levels The first aliquot (solid line), corresponding to 0,1 g hair
in human hair. measures the 21cpb content. A background measurement

(dotted line) is performed with the second aliquot by detuning

Measurement of 210pb in Brain Sections of the firstexcitationlaserfromthe2_°Pbresonance.

Alzheimer's Disease Victims

Although the predominant health risk associated has been suggested that elevated radon expo-
with radon exposure has conventionally been sure may be a contributory factor in a number of
thought to be an increased probability of lung fatty-tissue diseases, including brain tumors,
cancer, it has been postulated recentlythat there Parkinson's disease, Alzheimer's disease, and
may be additional risks (Henshaw et al. 1990). In certain types of bone marrow-related leukemias.
pal ticular,because of radon's high fat solubility,it We have begun testing these hypotheses by

24



TABLE 1. Measured 21°pb Concentrations in the Hair of TABLE2. 21°pbConcentrationsFoundIn BrainSamples
PersonswithKnownBedroomRadonLevels

Sample _ fg 21°pb/gtissue
BedroomRadon(pCi/L) 21°pb inHair (fg/g)(a)

BR-07 N 0.12 ± 0.04
0.3 1,2 BR-30 N 0.10 ± 0,07

10 5 BR-1B N 0.00 ± 0,02
65 22 _R-25 A 0.08 ± 0.04
80 18 BR-13 A 0.03 ± 0.03

BR-26 A 0.05 ± 0.04
BR-06 A 0.04 ± 0.04

(a) Semlquantitative measurement, estimated BR-36 B 1.15 ± 0,10
uncertaintyis ± 3096.

(a) N: Normal brain, A: Alzhelmer's
diseasevictim,B: Bovineliver.

performing 21°pb determinations on brain
sections from Alzheimer's disease victims and
comparing them to age-matched control brain
sections from unafflicted subjects. These References
samples were obtained by Dr. Lykken from the Bushaw, B. A., and J. T. Munley. 1991.
Ramsey Dementia Brain Bank in St. Paul, "lsotopically Selective RIMS of Rare Radio-
Minnesota. Initialchemical preparationinvolved nuclides by Double-Resonance Excitation with
microwave digestion with mineral acid Single-FrequencyCW Lasers.' Inst. Phys. Conf.
(2 to 3 grams starting material) at the Human Ser. 114:387.
Nutrition Research Center at the University of
North Dakota. The resultingsolutionsweretrans- Bushaw,B. A., and J. T. Munley. 1990. "Mea-
ported to Pacific Northwest Laboratory, where surement of 21°pb at the Subfemtogram Level
they were freeze-dried to reduce the liquid with RelativelsotopicCr_ncentrationsoflO'l°. ' In
volume, and then subjected to the same ion- Physical Sciences, Part 4 of Pacific Northwest
exchange procedures described above for hair Laboratory Annual Report for 1989 to the DOE
samples. Office of Energy Research, PNL-7600. Pacific

NorthwestLaboratory,Richland,Washington.

The resultsof the measurementsor these sam- Henshaw, D. L., J. R Eatough, and R. B.
J_lleSare summarized in Table2. In ali cases the Richardson, 1990. "Radon: A Causative Factor

°Pb levels determined are extremely low, near in the Induction of Myeloid Leukaemia and Child-
the detection limits of the measurement system, hood Cancer.' Lancet 23:1008.
Furthermore, there appears to be no significant
difference between the Alzheimer's and control
samples. Thus we conclude that we have no evi-
dence to support the hypothesis that radon expo-
sure is a contributory factor in the development of
this disease. However, it should be realized that
the limited number of samples and results very
near the detection limits are not sufficient evi-
dence to discount the hypothesis. Further efforts
in this area will concentrate on improving the
chemical procedures by using larger initial
sample sizes and extending the measurements to
bone marrow sections from leukemia victims.
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Lasers in EnvironmentalResearch

This program has historically investigated the use of continuous wave (CW) lasers for atomic
spectroscopy measurements of extremely rare isotopes. The extremely high resolution afforded by
single-frequency dye lasers permits isotopic selectivity in the excitation of atoms. This selectivity can be
combined with the selectivity of a mass spectrometer to unambiguously detect isotopes that occur at
abundances of less than 10"1° with respect to other isotopes of the same element. Also, these CW
lasers do not suffer the duty-cycle constraints that inherently limit the effectiveness of pulsed laser
systems for ultratrace measurements. To overcome the ionization efficiency limits of low-power CW dye
lasers, this program has developed the approach of using an auxiliary high-pow_,' infrared laser to
efficiently ionize atoms that have been selectively prepared in high-lying Rydberg states by double-
resonance dye laser excitation. Using this approach, detection limits in the subfemtogram range are
now routinely achieved. During the last year, this methodology has been applied to detection of the
radionuclide 9°Sr,which is a significant health risk and environmental contaminant generated by nuclear
power and weapons cycles.

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

Attogram Level to perform measurements in several minutes.
Althoughsome samplesmay require initialchem-

B. A. Bushaw ical preparations (e.g., a one-step ion-exchange

Methods for the rapid and accurate determination purificationand preconcentration),resultsmaybe
of low levelsof the radioisotope 9°Sr are impor- obtained in lessthan onehour.
tant for several reasons. The radioisotope is a
high-yieldfissionproduct in nuclearreactors(and We previously performed initial spectroscopic
weapons), with approximately11 kg produced for measurements on the isotope shifts for 9°Sr in

selected Rydber_qstates,,_Bushaw1989). The
every gigawatt-yearof reactor operation, lt has a shiftsbetween ='Sr and °°Sr were found to be
high potential for biological damac9 13ecauseit
can chemically substitute for calcium ;n bone very small because of a serendipitous cancella-

' tion of normal mass shift and nuclear volume shift
material and its radioactive half-life of 28.5 years
is comparable to its retention time within the effects. The studies were curtailed at that time
bone. However, the radioisotope is very difficult because optical isotopic selectivity of only ~100
to measure by conventional radiochemical could be achieved, and it appeared that there

would not be enough overall selectivity, even withmethods because its decay mode is pure 13
decay, without any associated gamma-ray emis- a mass spectrometer, to perform measurements
sions. Usual radiochemical methods involve a at background 9°Sr abundances of -10 11 (resid-
chemical separation of the strontium in a sampl_e, ual from atmospheric weapons tests). In the
followed by approximately one week for ingrowth interim, improvements in overall performance of
and equilibration of the 9Oy progeny. T)len, a the laser-induced ionization instrumentation and

-ray spectroscopic determination of the increased emphasis on site remediation, particu-
is performed. Even at moderately high 9°Sr larly the Hanford Site waste tanks, have caused

levels, one to two weeks are required after the us to resume these investigations.
acquisition of a sample before analytical results
can be delivered. The laser excitation scheme used in these

measurements was

There are a number of applications, such as moni- _-3
toring of site-remediation activities and personnel- 5s2 1S0 _1 5s6p1p1 ._25s16dlD2 _. Sr+ + e(1)
exposure assessment, in which rapid analyses for
9°Sr would be most beneficial. Laser-based ioni- where the first two excitations are performed with
zation techniques are not dependent on the single-frequency continuous wave CW dye lasers
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operating at wavelengths of 460.86 and 428.94 address background-level measurements, it is
nm, and a 10-watt CW CO2 laser is used for the adequate for many site-remediation needs. Also,
ionization step. The resulting ions were then the extreme sensitivity will allow microsampling
analyzed with a quadruple mass spectrometer, techniques that can be used to minimize worker
Test sample solutions were prepared from a exposure to high-level radioactive wastes.
National Institute of Standards and Technology
traceable radiochemical standard solution and The sensitivity that has been demonstrated in
diluted with solutions of the stable isotopes to these measurements may also be sacrificed (to
produce the desired concentrations arid relative some extent) to improve selectivity to the level
isotopic abundances of 9°Sr. Figure 1 shows the required for background environmental measure-
measurement on a sample containing 2.7x 10"17 ments. Currently, optical selectivity is limited by
grams of 9°Sr in the presence of a 1.8 x 108 residual Doppler broadening resulting from close
excess of the stable isotopes (solid line). This coupling of the graphite crucible atomization
was compared to a blank without 9°Sr present, source to the ionization lasers. Increasing the
but with an equivalent amount of the stable source-ionization distance by a factor of 3 will
isotope (dashed line). Integration of the signal for cause a loss of an order of magnitude in sensi-
the two samples over the period of 200 to 600 tivity but will reduce Doppler broadening by a
s_,conds yields a 3a detection limit of 2x10 18 factor of 3. With the gaussian lineshape of
grams, corresponding to 14,000 atoms or one Doppler broadening and the observed isotope
radioactive decay every 20 hours. Further shifts, this should improve the optical isotopic
studies, with higher concentrations of the stable selectivity by a factor of .-200. These modi-
isotopes, determined that overall isotopic fications are currently underway. Al._o, com-
selectivity for 9°Sr against eeSr was 3 x 109, Of prehensive, accurate measurements of isotope
this, spectroscopic studies of the off-resonant shifts and lineshapes are being performed to
88Sr line shape showed that optical selectivity determine which Rydberg state will afford the
was only -75, and thus the remaining 4 x 10' maximum selectivity.
selectivity is provided by the mass spectrometer.
While this selectivity is still not sufficient to Reference

Bushaw, B. A., and G. K. Gerke. 1989. "Double
Resonance Ionization Spectroscopy of 9°Sr." In

30 I Physical Sciences, Part 4 of Pacific Northwest

......t,mp.rot_,, 1 Laboratory Annual Report for 1988 to the DOE..............i ........... ,-. Office of Energy Research, PNL-6800, p. 11.
25 1500o Pacific Northwest Laboratory, Richland,
20 _ Washington.
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FIGURE I, Double-Resonance Laser-lnduced Ionization

Measurement of 9°Sr at the AttograrnLevel. The solidline

represents the measurement on a sample containing

2.7x 1017 g oi9°Srinthe presence oi 5x 10_ g oflhc stable

Sr isotopes,whilethe dashed lineisfora sample containing

onlythe5 x I0"_g ofthe stableisotopes,
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Radiological
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Physics



Radiation Physics

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

The radiation phys!_s studies continue to focus on understanding interactionsof heavy charged par-
ticleswith biologicallyrelevanttargetsand implementingthese data, alongwithmore realistictargetpro-
perties, into Monte Carlo simulations of energy deposition in tissue. Experimental studies have
addressedthe effects of both projectile andtarget structureon secondary electron productionby high-
and intermediate-velocityions. Differentialionizationcrosssectionswere measuredfor a wide range of
projectilechargestates and preliminarydata werecollectedfor condensed phasetargets. Collaborative
measurementswere also undertakento determinecharge transfermeasurementsof interestin radiation
biology. Monte Carlo code developmentsinclude new modelsof the angulardistributionof secondary
electrons, and initial strides were made toward simulatingelectron emissionfrom condensed phase
targets. This latter development is intended to provide the framework for careful evaluation of
condensed phase contributions to energy transport.

. o,,.oooc.,or.,oo,,ono, IT/6-Raysby FastIons o(e,w)= 4_a2 [A(0,w) In
T/---E (1)

W.E. Wilson

In ion-atom collisions, the angle at which the + B(O,w) + O(T-1)]
secondary electron is ejected relative to the ion
direction is a very important quantity for deter- The first term in equation 1 describes the

interactions involving small momentum transfersmining the spatial extent of the ion track structure.
For simulations, the ar;gle of emission is obtained that arise from distant collisions and is often
from the doubly r.lifferential cross sections referred to as the 'glancing collisions"term,
(DDCS). The algorithm for 'the DDCS used in the

MOCA series (Wilson et al. 1988)of positive ion lT }
track structure simulations is based on Bethe- Ogc(O,w) 4r'a2°=_ In A(e,w) (2)
Born theory (Inokuti 1971). T/R

According to Bethe-Born theory, the doubly differ- The second term is the "hard collisions" term,
ential cross section for electron emission can be which represents close collisions that often

expressed as (Kim 1972), transfer significant momentum to the target
particle,

4,, o2 (3)
°hc(O'w) = T/--Re(o,w)
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In the above equations, and thro_ughoutthis dis-

cussion, the quantities ao and R have their usual .1'1meaning of Bohr radius and Ry,dberg energy, 13j= max _ exp(0,168- 0.024w), j= 1,2,3,torespectively, T is the kinetic ener_; of an electron
having a velocity equal to that of tlhe ion. In the
present model, we ignore the higher-order terms _4 = 2 (6)
O(!/T).

Finally,
Glancing Collisions

In the optical approximation, the angular P2 = 3 cos2e_ 1 (7)2 2
dependent part, A(e,w), is given by (Kim 1972),

1

A(e,w) = _ _ Hard CollisionsJ

(4) The hard collisions component of the

ex er,me  a,a  u,a O, tr,,on  o urena O. -- 1 + O) Wilson 1977) are well represented by a
dw "2 (Gaussian) normal distribution (Wilson 1978)0

Therefore, we represent this term, equation 3, by
where a product of three functions,

hj(w) = a dfj (5) Ohc = gw(e) Sb°a(w) rhea(W) (8)
W+I l dw

The angular dependence is described by a
is the dipole optical oscillator strength for sthellj. normalized Gaussian function gw(e),
In equation 4, pj is the photoelectron asyrnetry

parameter' P2 's the Legendre p°lyn°miai °f [ [ ]]2

second order and Ii is the ionization threshold for cos 0 - c0--6-s-5 (9)
shell j0 gw(e) = 1 exp -

27 -r
For the hi(w), we use a piece-wise polynomial
representation of the Berkowitz tabulation of the For unbound electrons, the centroid of the binary
total oscillator strength (Berkowitz 1979), and encounter peak is related to the energy transfer-
branching ratios of Tan et al. (1978), and of Blake red, ER,by
and Carver (1967).

The asymmetry parameter, 13., is theoretically cos _ = _/Ea
equal to two for S states, (tt_e 2a1 orbital of
water); for other states, 131is energy dependent (See for example Evans 1955.) We find that better
(Kim 1972). We use a phenomenological fit to agreement is achieved with the experimental data
experimental DDCS data for water vapor for the bouhd electrons of water vapor if a small

('roburen and Wilson 1977). Empirically, 13j is energy dependent correction term, 6, is added.
taken to be, Then

t'---- (lO)
= (1 + 6) _/ER

where 6 is given by the phenomenological power
law relations,
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0-exp [: ( )
9 - w (15)

- exp

y= 2.303 o_+ _13IOgl0(ER) (11) fbea(W) = max
0¢= -2.5 + 2.27 exp(-1.066 Elon)

Cross sections produced by this model are illus-

13= -1.25 + 0,635 exp(-1.375 Elon) trated in Figure 1 for several energies of second-
ary electrons ejected by the positive ion.

Eion is the proton energy tn MeV. For use in track structure simulations, the cross
sections as probability density functions are

The Gaussian width parameter,:P,is given by, integrated to give probability distributions and
then inverted numerically to provide the cosine

(E2 W)1/2 variate of the angle of emission.
£ = (12)

E2+W

DDC8 algorithm,
with E2 = 20 eV from least-squaresfitting of the
experimental data, 1 MeV H* on water vapor

The amplitude of the hard collisions term is l o"'--_: ..... "" -' "" ' i .... '-_
determined primarily by the second function, d,,,,,y °.,,.
Sbea(w), in equation 8, For it, we use a simple .eK"
single differential binary-encounter treatment _-- ...................................................................
(Rudd and Macek 1972),

,. ,o"' ............_ ....._ .....................

> /

Oo
s,,.,(w)=_ / (13) (r/ ,v

"1'[';_\ 3"

O.=t3 ...................................................[ _ .- ...aI
1

\0 , 1;,> T 4 + A'I' I000 oV

The terms in equation 13 are defined as follows: I j .. --
U = binding energy of shell electrons, %'- - - --- -'_"
E = w + U = total energy transferred to the

electron, 10"=a ..............................
Ek = assumed kinetic energy of shell electrons,
T = kinetic energy of an electron with velocity I o.s o .o,5 .1

equal to that of the ion,
T4 = 4 T = classical maximum energy transfer Coslne(Ihela)

by a proton to a free electron,
FIGURE 1, Doubly Differential Cross Section, DDCS, for Delta-

AT = 4v/T- Ek, land Ray Emissioq as a Function of Cosine of Angle of Emission,
c o = 6.51 X 10 4 cm2/eV, Angular distributions for delta-rays of 100, 500, and 1000 eV

energy are shown,

To achieve better agreement with experiment, the
function fb is introduced to force the hard
collisions component, Cho,tO tend to zero as w
goes to zero,
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target atoms or molecules can also influence the
Toburen, L, H,, and W. E, Wilson, 1977, "Energy results of measurements intended to provide ab-
and Angular Distributions of Electrons Ejected solute interaction cross sections, This occurs
from Water Vapor by 0,3-1.5 MeV Protons." because most experimenters use the transmitted
J. Chem. Phys. 66:5202-5213. ion beam current as a measure of the number of

Wilson, W, E, 1978. "Analytical Expression for charged particles that pass through the target
Cross Section Data," Irl Physical Sciences, Part 4 region, The correlation of measured ion current
of Pacific Northwest Laboratory Annual Report for with number of particles through the interaction
1977 to the DOE Office of Energy Research, PNL- region is based on a presumed knowledge of the
2500, p. 2.7. Pacific Northwest Laboratory, particle charge. Ion beam experiments generally
Richland,Washington, rely on thin target conditions and expect

Wilson, W, E,, N, R Metting, and H. G, Paretzke,
1988, "Microdosimetric Aspects of 0,3- to 20-MEV (a) University of Nevada,Rene,Nevada.
Proton Tracks," Radiat.Res. 115:389-402, (b)TechnicalUniversity, Munich, Germany,
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negligible change In the incident charge when collisions with H2, He, N2,,and Ne for testtng the
correlating charge with Incident particle numbe,: reliability of the system against previously
However, when considerlng heavy ions at low published cross sections. Within experimental
and intermediate energy, the charge transfer uncertainties, the proton cross sections agreed
cross sections may be sufficiently large so that with the recommended values giVen in the ORNL
interactions with the target gas and with residual compilation (Barnett et al. 1990). Uncertainties in
molecules in the accelerator beam lines may be- the present work are estimated at approximately
come significant. Unfortunately, there is little 15% because of uncertaintiesinthe detection effi-
Information in the literature concerning the clencles, pressure measurement, and statistical
charge transfer cross sections for low- and variations in determining the slope of the linear
intermediate-energy ions of Interest tc. portion of the charge fraction versus pressure

' ,Curves.
radiobiology. ,

In order to provide additional data on charge ....',The only previously published data for singly
transfer cross sectiolls, we initiated a projeo_ in ,;"charged carbon ions in the energy range from
collaboration with Dr. Reinhard Bruch of the 100 keV to 1500 keV are for collisions with a
University of Nevada to experimentally determine molecular hydrogen target. Our results for
cross sections of ele_ron capture and'loss rene- electron capture in collisions of C+ with H2 are
vant to radiological physics. A system for mea- compared in Figure 1 to values recommended for
suring charge transfer cross sections was initially this energy range in the compilation of Phaneuf
set ur at the Pacific Northwest Laboratory (PNL) et al. (1987).. In general, the agreement is quite
Van de Graaff accelerator and later moved to the good; 'the data point at 300 keV from our mea-
University of Nevada, where the measurements surement is somewhat lower than expected, but
were conducted. The basic features of the sys- the other data are well w;:hin the uncertaintles in
tem include a differentially pumped gas target cell the two sets of data. Cross sections for several of
and electrostatic deflection plates, which were the molecules studied in this experiment are
used to analyze the final charge states of the shown in Figure 2. Further analysis of these data
transmitted beam. The charged and neutral is currently underway.
beam components were detected by impinging
them on metal surfaces and detecting the result-
ing secondary electrons with channel electron
multipliers. Tests indicated that the detection o_jOAKRSDCEc_.o,TABULAT_ONS.,
system was 100% efficient for each of the beam

components, C°,C l+,andC 2+, for iOn energies _o_,J- i I I I II!1i _1 i II ii
from 100 keV to 1500 keV. Measurements of the _ ii_.ili:iii, ;;iil;._ii!i-_i._;_'_;_.i;i'_i ,

I._,..I Illlllll t * II Ik_ll 1 Illl[lll /_ Ilillll! I"_N IN{IIt

charge state fractions of the transmitted beam _ _l_..,_r'T-_- _lJ,.,_ _i_ _,_,
.-, L II I_J_Ill.1 IIIIIlll-'l_t-_ II IIIiIl! I] I_.11_1I

exiting the collision cell were made as a function _,0.,J_,-t'rll II I III Frtk
of the target pressure. Cross sections for elec- ..% .E_';: ',,;;', _ _;!;i:: i',',_:,tii:.;.,:iii.. :,_

[ I I Itllllt I i _1 I _lillll'_*_l I

tron capture were determined from the linear L:::£2_o ,,o _JJ,,,,, ,ttt,tl t,,_,,_
LLL13 o _2: [ I IIIIIIII I IIii1111I IIIIIIII \_ I

increase in the neutral beam fractions with _. t'11111II!111111'I 11111tIIincreasing target pressure. _o-,:: ... : .-_: : ,,,,_.,,.... :

Cross section measurements for a single electron 10, _0_ lo_ _0, 10, 10,
capture have been completed for singly charged _oo,_(,v)
carbon iorls with energies from 100 keV to 1525 FIGURE1. Comparison of MeasuredCrossSectionsfor
keV passing through the gases H2, He, Ne, Ar, Single Electron Capture (_o) by C+ in Collision with H2 (,)

N 2, 0 2, CO, CH 4, NH 3, C2H 6, and (CH3)2NH, In with ValuesPublished by Phaneuf et al, (1987)
addition, cross sections were measured for H+
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To characterize collisions involving slow, partially
_F._---_---------._9__- " "---- stripped ion impact, we investigated electronl01 .-._

iL_____ emission produced in 100 and 150 keV/amu car-
-__ bon projectile-helium target collisions. Helium

.- __ was chosen as a target to emphasize projectile

ionization effects and also because single elec-
'°°- tron removal dominates the target ionization

t:)o .. _ cN4

: v .., spectra. The collision velocity was selected to
__ o co provide data in an energy regime where the Born
- "" approximation can no longer I_aexpected to pro-

,0" ,i ' ' ' ' ''' _ vide reliable information, lt is, however, in ato t tOt

,,o_,..,..,.(..v) ._,,,,,,, region where the ClassicalTrajectory Monte Carlo
(CTMC) technique has been used successfully

FIGURE 2. MeasuredSingle Electron Capture Cross Sections (Reinhold et al. 1990).
(olo) for Interactionsof C+ with Several MolecularTargets

Carbon projectile-helium target collisions were
studied systematicallyas a functionof the charge

References state of the incomingprojectile. For the collision
velocities studied thus far, a C+ beam was

Barnett, C, F,, H. T, Hunter, N. I, Kirkpatrick, passed through a gasstripper cell, and thetrans-
I. AIvarez,C. Cisneros,and R. A. Phaneuf. 1990, mitted beam components were electrostatically
ORNL-6086 Vo/. 1, Oak Ridge National Labora- analyzed for charge state, This provided usable
tory, Oak Ridge,Tennessee, beamsrangingfrom neutralcarbonatoms to four-
Phaneuf,R, A., R, K, Janev, and M. S. Pindzola, times-ionized ions. In the first stage of the
1987. ORNL.6090 Vo/. 5, Oak Ridge National experiment, absolute cross sections were mea-
Laboratory,Oak Ridge,Tennesse. sured for laboratory electron emission angles

between 20° and 150° and for electron energies

Differential Cross Sections for Electron between 1 and 1500 eV.
Emission in Carbon Ion-Helium

Examples of the l O0-keV/amu data for carbon
Collisions atom and triply charged carbon are shown in
R. D. DuBois and R.Herrmann(a) Figures 1 and 2, respectively, The data demon-

strate the strong forward peaking of tho low
Fission neutrons interacting with biological tissue energy electron emission that is indicative of
produce carbon, nitrogen, apd oxygen recoil ions these types of collisions, For neutral carbon
having energies from tens to hundreds of keV, impact, evidence of an 'electron loss peak'
information about interactions involving these centered at 55 eV is seen, This peak results from
ions is important for microdosimetric descriptions the ionization of loosely bound project le elec-
of the energy deposition that results from neutron trons, Because the majority of the projectile
exposures. In contrast to interactions involving electrons are emitted with little energy in the
fast, fully stripped ion impact, ionization resulting moving projectile frame, the peak is centered at
from slower, partially stripped ions is poorly the projectile velocity and is strongly forward-
understood. This is because 1) the bound pro- directed due to kinematic reasons, For C3*
jectile electrons partially screen the incoming impact no such peak is observed because the
nuclear charge, 2)loosely bound projectile elec- remaining projectile electrons are more tightly
trons can also be liberated during the collision, bound, lt should be noted that the data for
and 3) these recoil ions have lower velocities energies less than 10 eV are subject to larger
where electron capture processes can be experimental uncertainties due to background
important, scattering, electron transmission and detection,

etc, This is especially important in the backward
direction since the signal rates are much smaller

(alInstrtuteofNuclearPhysics, UniversityofFrankfurt, than in the forward direction. Thus, it is believed
'Frankfurt, Germany,
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FIGURE1. Doubly DifferentialCrossSectionsfor Electron
EmisstonIn 100keV/amuCarbonAtom.HeliumCollisions FIGURE2. Doubly DifferentialCrossSeotionsfor Electron

EmtsslonIn 100keV/ainuCa+-HellumCollisions

that the bump in the cross section observed near
2 eV for the larger angles of emission is an the 10 to 100 eV region where the cross sections

increase with incoming projectile charge.
experimental anomaly. However, for electron energies less than 10 eV,

One of the purposes of this experiment isto study the 0 to 3+ cross sections tend toward a
how the bound projectile electrons screen the common value at 1 eV. As discussed, data at
incoming nuclear charge and hence affect the tar- these extremely low energies can be subject to
get ionization spectra. In a simple picture, one larger absolute uncertainties. However, we are
expects that for very distant collisions that pri- confident in the data shown because they were
marily result in low energy electron emission, the measured under identical conditions in a short
screening should be complete and the cross sec- time period. Thus, although the absolute magni-
tions should scale according to the square of the tude of the cross sections may be subject to large

net projectile charge. For very close collisions, uncertainties, the relative change in the cross
the projectile-target separation can be smaller section for various charge state projectiles is
than the bound electron cloud, and the cross sec- believed to be accurate within 20%, Note that
tions should scale according to the projectile charge states 0 to 3+ ali tend toward a common
nuclear charge, which for the present experiment value near 1 eV, whereas the C". data do not.
is fixed. Thus, in the binary encounter region, the This could be the result of Iong-Hved metastable
cross sections should be the same for ali projec- components of the +4 beam. Another possibility

is that the +4 data might merge at a still lower
tile charge states, electron energy. This behavior is not understood,

In Figure 3, 150-keV/amu 20° electron emission nor is it predicted by any theoretical treatment
data are compared for different incoming charge and thus will require additional studies to verify
states. Screening effects are clearly noticeable in these preliminary findings.
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_0._z In a second stage of this experiment, coinci-
............................................................,. dences between the various outgoing charge
I; -.., • 150 keV/amu Cq+ on He states of the projectile and the emitted electrons

..,,.. " ,, 20 degrees were measured. This was done to separate the
",,, " .. electron emission resulting from direct target

'".. ". ionization from that resulting from electron-
10.18 "...

....-_-.. transferring (capture or loss) collisions, Figures 4
......-.:__;-_:-:.-.' and 5 show typical results for carbon-atom and

_,_i',,:_. Cs+ impact, respectively, For carbon-atom

' ,I, _'i_i\ impact, emission resulting from single, double,

__ I and triple ionization of the projectile plus any

'_ l0lg _ target ionization is shown, For C3+impact, only
r the single capture and loss channels were investi-

gated, Studying other charge state projectiles at
i .... c this collision energy showed that direct target
• -- c+ Lossc2. ionization always dominates the total electron

10-20 c3. emission spectra, The importance of the capture
•.• c4+ channel was found to increase with increasing

projectile charge state, whereas that of electron

10"17
10"21 .l...J ..[_I..LLIIJ...... I.__J__LJ.H_LI_I..... i__L_J..l..L

1 10 Energy (eV) 100 1000 ' i:i;'_i_1_J 150keV/arnu C on He
t_,'lL,.i,_j.

I _,_,] 20 degrees

FIGURE 3, Differential Electron Emission for 150eV/ainu 10._8 , {_J
cq+-He (0<q_;4) Collisions, The laboratory emission angle I_._.%_ ....
was 20°, The arrows indicate features attributable to electron _' [_-_6_'_'_q_:,_oj
loss by the projectile, binary collisions between the projectile I SINGLE LOSS • _-%_

nucleus and the bound target electrons, and inner shell _c. ) • • • t_J>
ionization of the projectile resulting in Auger relaxation. _ DOUBLE 'LOSS • t_c_J

E 10"19 " ' " "_

u')

In the binary encounter region, the simple picture _ "•""
discussed above predicts that ali the cross sec- _ _t "i•,,

tions should be the same. But the data exhibit an I TRIPLELOSS (ol
inverse q scaling effect that has been observed _°2° I _ '> ....

previously (Richard etal, 1990; Jagutzki etal. I ': /'' [1991), In a following section, this behavior will be ( ,;"_, ,_'_

discussed in more detail, _ ' _" "_ I '

One last interesting feature of the data shown in lo_I I . _....__._.L_I J_._.._.HI .........._....L._.J_JJ
Figure 3 is that ionization resulting from carbon- _ _0 _00 1000
atom impact is quite similar to that produced by EnergyleV)
singly charged carbon-ion impact. This again
demonstrates that a simple screening picture FIGURE 4, Differential Cross Sections for 2rf' Electron

Emission in 150 keV/ainu Carbon Atom-Helium Collisions, The

describing distant collisions is inappropriate upper curve is the electron emission trom ali processes,
because such a picture would predict a very whereasthe lower three curves are the contributions
small cross section for distant collisions between attributable to single, double, and triple ionization of the pro-
two atoms, jectile plus any associated target ionization,
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_o-'_7 Encounter Electron Production in Energetic
• Collisionsof Fq (q=3-9) with He and H 2 Targets.'

-'°h'_i'-_%_150_ keV/amuC 3* 013 He
J. Phys. B. 23:L213.

. -__ 20 degrees Differential Electron Emission for
1°18 0,5 MeV/amu Boron, Carbon, Oxygen,and FluorineIonson Helium

> . _ R.D. DuBois, O.Jagulzki,(a)and L. H. Toburen

CAPTURE, [] Understanding how bound electrons influence
_°19 " " _ the ionization process is important in modeling

co • •

o LOSS • , • • "" , [] the energy deposition as heavy ionsslow down in
• • • various media, For fast, fullystripped ion impact

• • it is wellestablishedthat the differentialcrossaec-
• A[]

_0.20 tionswillscale accordingto z=,wherez is the pro-
" , jectile nuclear charge. This scaling will hold

[] unless z becomes so large that additionaleffects
• become important (Schneider etal. 1989;
• L,J Stolterfoht et al, 1987).L_J

10"2| ...... J. I , J,Jllll I _ ,, '",J--___L_LL_.LU The situation is rr_re complicated for projectiles
10 100 _000 bringing bound electronsoftheir own into the col-

Energy(eV) lision. These electronscan partially screen the
nuclear charge or, if they are loosely bound, c_n

FIGURE5. DifferentialElectronEmissionfor 150eV/arnu be ionizedduringthe collision. To date, an accu.
cq+-He (0_;q<4) Collisions• Same as for Figure 3, except the rate theoretical treatment of ionization resulting
projectile is now C3+ and only the contributions associated
with the projectile capturing or losing a single electron are from heaW, partiallystrippedion impact does not
shown, exist. Orte of the essential features of such a

theory is knowing how the bound electrons
screenthe projectilenucleus.

loss decreased with increasing projectilecharge
state. Furtherresearch is planned to gather data In order to provideadditional insight intopartially
on lower impact energies where electron capture stripped ion-atomcollisions,we measuredthe dif-
processes become increasingly more important, ferential electron emission resulting from

0,5 MeV/amu boron, carbon, oxygen, and fluorine
References impact on a helium target. Neon and argon tar-

gets were also studied but only for carbon-ion
Jagutzki, O., S. Hagmann, H. Schmidt-Bricking, impact. The incoming charge states studied
R.E. Olson, D.R. SchuItz, R. DOrner, R. Koch, ranged from 2+ to 5+ for boron and carbon ions
A. Skutlartz, A. Gonzalez, T.B. Quinteros, and from 3+ to 6+ for oxygen and fluorineions.
C. Kelbch, and P.Richard. 1991. 'Abnormal The electron emissionwas measured for 10°, 15°,
Behaviorof Zero Degree 5-electron Emission on 30°, 45°, and 60° sinceour primary interestwasto
the ProjectileIonicCharge" J Phys B. 24:2579. investigate the inverse q scaling that has pre-

Reinhold, C. O., D. R. Schultz, R. E. Olson, viously been observed in the binary encounter
L. H. T0buren, and R. D. DuBois. 1990. "Electron region (Jagutzki et al. 1991; Richard et al. 1990).
Emission from Target and Projective in C++ He
Collisions.' J. Phys.B •23:L297-302. Of interest in this study was the determination ofhow the differential cross sections scale for
Richard, P., D. H. Lee, T.J.M. Zouros,
J. M. Sanders, and J. L. Shinpaugh. 1990.
"Anomalous q Depeqde,lce of 0-_ Binary (a)Institute of Nuclear Physics, University of Frankfurt,

Frankfurt, Germany.
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fixed q (the incoming charge state) when z is 12

varied, how they scale for fixed z when q is varied, 0.5 MeV/amu 3+ on He
and what is the effective projectile charge during
the ionization process. For the first case, fixed q, 45 degrees []
absolute cross sections are required. Therefore 10 - @

data were also accumulated for proton impact
under the same experimental conditions as for _J
the heavy ion data. By normalizing the proton 8 - +I Boron l_ ,i

data to known cross sections (Rudd et al. 1976), _l [] '"absolute cross sections can then be determined i Carbon [] #Oxygen _] • i,

for the heavy ion impact data. _ +--_-.
j6 - ,,'/

For the second case, fixed z, and for determining I_:t ,_!"
the effective projectile charge, only relative cross []
sections are required. We have determined the 4 - []ra[][],• ,-

/

projectile charge as a function of eiec- r__,., ,,.,r"
effective

tron emission angle and energy by comparing the [_ _ [] [] _ ,.,...,-r

partially stripped projectile data with that mea- ' t "
sured for fully stripped boron, e.g., z., = 2 -
5[DDCSpq+/DDCSBs+]. Results for q = 3 are
shown irl Figure 1 for an emission angle of 45°.
z,,, is shown versus the electron emission velocity
that is given in units of the projectile velocity 0 i I _ J
divided by cos(45°). Thus v = 1.4 corresponds to 0.0 1.0 2.0
the projectile velocity and is where the projectile v/cos(45)
ionization contribution is maximum. This angle of
emission was chosen in order to minimize any FIGURE 1. Effective Charges are Shown for Triply Ionized

projectile ionization contributions. The binary Boron, Carbon, and Oxygen Ions Interacting with Helium. The

encounter peak is at v/cos(45°) = 2. effective charges are shown as a function of the emittedelectron velocity giveh in units of the projectile velocity.

The data demonstrate that the effective projectile

charge is slightly smaller than the net ionic Richard, P., D.H. Lee, T.J.M. Zouros,
charge, q, for electrons emitted with velocities J.M. Sanders, and J.L. Shinpaugh. 1990.
less than the projectile velocity. For harder 'Anomalous q Dependence of 0° Binary
collisions, the screening of the projectile nuclear Encounter Electron Production in Energetic
charge is less effective and z_, increases, ze, Collisions of Fq++ (q=3-9) with He and H 2
continues to increase and eventually becomes Targets.' J. Phys. B. 23:L213.
larger than z. Figure 2 shows similar results for

q = 5 ions. lt also demonstrates that in the binary Rudd, M.E., L.H. Toburen, and N. Stolterfoht.
encounter region z_, is larger for lower charge 1976. 'Differential Cross Sections for Ejection of
state ions. This is the inverse q scaling effect Electrons from Helium by Protons." At. Data Nucl.
alluded to earlier. Data Tables 18:413.

References Schneider, D., D. DeWitt, A.S. Schlachter,
R. E. Olson, W.G. Graham, J.R. Mowat,

Jagutzki, O., S. Hagmann, H. Schmidt-B(3cking, R.D. DuBois, D.H. Loyd, V. Mont_.mayor, and
R.E. Olson, D.R. Schultz, R. D6rner, R. Koch, G. Schiwietz. 1989. "Strong Continuum-
A. Skutlartz, A. Gonzalez, T.B. Quinteros, Continuum Couplings in the Direct ionization of Ar
C. Kelbch, and P.Richard. 1991. J. Phys. B. (in and He Atoms by 6-MeV/uU38+ and Th38.
press). Projectiles." Phys. Rev.A. 40:2971.
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12 and simultaneous projectile-target ionization

events. These measurements were discussed in

0.5 MeV/ainu5+on He detail in last year's annual report. During the past
45degrees year, some of these data were reported in

10 - Nucear Physics and Methods (1990) anda paper
c_j I has been submitted for publication in Physical

ReviewA (1991).

-=-I Carbon
8 ;- Oxygen [] _._"_Fluorine []_ : References• .1,

_?-' T" Hell, O., R.D. DuBois, R. Maler, M. Kuzel, and
N_ " i K.O. Groeneveld. 1990, 'Electron Emissionin H°6 _ _J .=_-l-=

._ /, Atom Collision: A Coincident Study of Angular
• .-'-_ • Dependence.' Nucl. Inst. and Meth.t@ • '_-

4 _ L_%___j;_ ," B56/7:282-84.
Hell, O., R.D. DuBois, R, Maier, M. Kuzel, and

-. K.O. Groeneveld. 1991. 'Ionization in Fast
Neutral Particle Atom Collisions: H and He Atom

2 - Impacting on He." Submitted to Phys. Rev.A.

Measurement of Secondary Electron
0 L l , 1 Spectra from Gases and Thin Foils

0.0 1.0 2.0 C.Drexler,(a)R.D. DuBois, and L. H. Toburen

v/cos(45) Very fast computers, using parallel processing,
make it possible to conduct detailed model cal-

FIGURE 2. Effective Charges are Shown for Five-Times-
Ionized Carbon, Oxygen, and Fluorine Ions Interacting with culations of energy transport in col_plex hetero.
HeliumL The effective charges are shown as a function of the geneous target materials. Whel, studying
emitted electron velocity given in units of the projectile radiation-induced genetic damage, the target of
velocity, interest is DNA in a cellular environment. Several

different Monte Carlo models have been devel-

oped to study energy transport. These models
Stolterfoht, N., D. Schneider, J. Tanis, H. Altevogt, are based on either gas phase interaction cross
A. Salin, R D. Fainstein, R. Rivarola, J. P.Grandin, sections or on largely untested theoretical models
J.N. Scheurer, S. Andriamonje, D. Bertault, and of condensed phase interactions. The main goal
J.F. Chemin. 1987, "Evidence for Two-Centre of this project is to obtain experimental secondary
Effects in the Electron Emission from electron emission and transport data for inter-
25-MeV/uMo4°+ + He Collisions: Theory and actions of protons with DNA and other
Experiment." Euro. Phys. Lett. 4:899. condensed phase materials. Such data can strin-

gently test the validity of existing models of
Ionization in Fast Atom-Atom Collisions electron transport.

R.D. DuBois During the past year, an ultrahigh vacuum system
Doubly differential cross sections for electron was instrumented to measure the spectra of elec-
emission occurring for 0.5-MeV/amu hydrogen trons emitted from foil targets traversed by fast
and helium atom impact were measured in colla- protons. The spectra were recorded using the
boration with Dr. O. Hell from the Institute for Time-of-Flight (TOF) electron energy analysis
Nuclear Physics, University of Frankfurt,
Germany. In addition, ionized projectile ion-
emitted electron coincidences were measured to (a)TechnicalUniversity, Munich, Germany.

separate projectile ionization, target ionization,
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technique. We chose TOF analysis for these , . ,,,,,................
studies because differences in secondary elec- ",i,._i'_,,,,,,,',...........' _.......... ' ...........
tron production cross sections between gas ...............' ,_'.\ ..
phase targets and condensed phase targets are
expected to be most important in the ejected
electron energy range below 100 eV, where TOF , .

techniques are most efficient. Special care was .. '
taken to avoid any influence of the low energy '

electrons by residual magnetic and electric fields, .. ,+.,' ..
Ali high voltage and signal cables were elec- .., '

j. '.
i . /

trically shielded from the interaction region, ... .. ,
contact potentials were minimized by applying a ,..,._...........

carbon coating to exposed surfaces; and local _S.+,
magnetic fields were reduced by using /.,.;'
nonmagnetic materials The residual magnetic ' --'-_" ......................................* L IL_ It_,l l,.i,,

field was reduced to less than 0.2 mG in the .....................
interaction region by use of magnetic shielding
and a field-compensating current coil. FIGURE 1. Energy Spectra for 1-MEVProtons on Xenon Mea-

sured for Electron Ejection at 150°. Auger elec'tron energies
from K, Siegbahn (p. 163 1969).A pulsed proton beam was obtained from our

2-MV Van de Graaff accelerator by using a 2-MHz
oscillator that supplied a high voltage to vertical

from decay of autoionizing states of xenon.and horizontal (90°-phase-shifted) electrostatic
beam deflection plates. This electrostatic beam These autoionization lines agree well with the
'chopper" created one proton pulse every 500 ns, published transition energies verifying the
Geometric considerations and beam current accuracy of our energy analysis to electron
factors indicated that the proton pulse width was energies as low as 0.5 eV. This TOF spectrum is
less than 0.5 ns. Electrons ejected from the foil converted to an energy spectrum and replotted in
by the pulse of protons traversed a flight path of Figure 2, After conversion to the energy spectra,
approximately 8.9 cm and were detected by the Auger transitions are much less dramatic and

we see the more commonly recognized spatialmicrochannel plates (MCP). With this system,
ejected electron spectra can be measured
reliably for electron energies from approximately
0.1 eV to 200 eV in an angular range of 15° to .....'....".........................•.............

.... "_t_ .......... ' ..................

165°. ,""':;,",-,
• ,......,._o

Initial measurements of the spectra of ejected.,
electrons were conducted using gas targets to -..
test the performance of the system by comparing •
results to the extensive literature of gas phase . +' .+
cross sections. Preliminary results for ionization ; "
of xenon by 1-MEVprotons are shown in Figure 1. _ +..
This TOF spectra, plotted against the logarithm of +...
the ejected electron energy, clearly shows the ..................
NeC-Auger electron spectra resulting from ' 'I
de-excitation of inner shell vacancies produced in
proton-xenon collisions. The observed energies ....................................
of these lines are in excellent agreement with ' ,................... '...........
published values. In addition, there is structure in
the spectrum in the 0.5 to 1 eV region resulting FIGURE2. Energy Distributionfor1-MEVProtonson Xenon

Derived from the Energy Spectrum Shown in Figure 1
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shape representing electrons ejected from atomic
targets by charged particle impact. Preliminary
data for electrons emitted from a foil target are
shown in Figure 3. The primary difference in the
foil spectrum relative to the gas spectrum is the
rapid decrease in the yield of low energy elec.
trons as the ejected electron energy decreases
below about 1.5 eV. Studies are underway to
explore differences in the spectra for gases and
foils as a function of electron energy and emis-
sion angle, target thickness, and target
composition.
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FIGURE 3. Energy Distribution for 1-MEV Protons on
5 pg/cm2-Carbon Foil for Secondary Electrons Emitted at 30°

Reference

Siegbahn, K. 1969. ESC._, Applied to Free
Ener.qv Molecules. North-Holland Publishing
Company-Amsterdam.
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Radiation Dosimetry

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

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

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

Modeling Cell Lethality and Mutation as damage. This assumption has not generally
Consequences of the Same Type of been used in modeling because the relativebio-
Damage logical effectivenessfor a specific radiation is

higher for cell mutation than it is for cellsurvival.
L. A. Brabyand T.L. Morgan(a) This has led people to consider models that

assume that different types of DNA damage are
Last year we began [he process of exploring responsible for mutation and for lethality. How-
models of cell respe=lsewhich assume that repro- ever, most radiation-induced mutations involve
ductive death, mutation, and transformation are
different manifestations of the same type of bio- deleting a significant segment of DNA. If toolarge a segment is deleted, the mutation will not
chemical damage (Braby 1991). Because muta- be detectable because the deletion will be lethal.
tion obviously involves DNA damage, and These observations show that a single type of
because there is a great deal of evidence sug- damage, DNA deletion, can be responsible for
gesting that lethality also results from DNA both mutation and lethality. Because DNA dele-
damage, the simplest model would assume that tion will have to be included as a mechanism for
both endpoints come from the same type of

both mutation and lethality in any complete model
of cellular effects, it is important to explore the

(a) Presentaddress,Department of Radiation Oncology, possibility that this type of damage is the domi-
KaiserPermanenteRegional Medical Center, 4950Sunset Rant source (possibly even the only source) of
Boulevard, Los Angeles, CA 90027, these effects.
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The presence of well-defined split-dose repair even when they are actively growing and the
and delayed-plating ' repair for cell survival dose is delivered at a high rate. As a result, much
following low-linear-energy transfer (LET) of the initial damage is repaired and most muta-
exposure, and the absence of these effects for tions are the result of repair with poor fidelity.
high-LET exposures, initially led people to believe
that the damage produced by high-LET irradi- In the plateau-phase CHO cells, we observed two
ation was not repairable. However, measure- repair rates that seem to be related to different
ments (Ngo et al. 1981) of the interaction of types of initial damage, and that may relate to the
damage produced by high- and low-LET radia- two types of damage, of different severity, that
tions show that the damage produced by high- Goodhead (1987) has suggested as the origin of
LET exposures is repairable. As a result, a con- the increase in Relative Biological Effectiveness
cept of variable damage severity is being devel- (RBE) with LET. His data for the frequency of
oped. Irl general terms, it is assumed that the energy-deposition events greater than 100 eV in a
more energy deposited in a limited volume, the 2-nm-diameter cylinder 2-nm long, and for events
more chemical alterations will occur, and the less greater than 350 eV in a 10-nm-diameter cylinder
likely that a repair system will be able to eliminate 5-nm long (Figure 1) show that the larger events
the damage, in the larger site increase more rapidly with LET

than do the smaller events. If both types of
We have concentrated on developing a com- damage are repaired, but damage produced pre-
prehensive understanding of the response of dominantly by high-LET radiation is more likely to
Chinese hamster ovary (CHO) cells, to radiation be repaired with poor fidelity, then the RBE for
as a function of as many different exposure mutation will be higher than the RBE for lethality.
characteristics as possible. Our studies have This model requires that the majority of the
shown that 1)two repair processes with different damage produced by high-LET radiation be
repair rates are active in CHO cells, 2) the repaired; it also requires thatthe amount repaired
radiation damage is potentially lethal, and 3) the not depend on dose rate or delayed plating. This
LPL model (Curtis 1986) describe'_ the response would be the case if the time for damage to be
of each type of damage as a funct;on of dose and fixed is long as compared to the repair time for
dose rate. Our studies of DNA deletion lengths in this type of damage, and if the probability of
HPRT mutant lines of CHO cells (Morgan ,3t al. binary misrepair is small.
1991) have shown that there is very little, if any,
difference in deletion lengths for high- and low-
LET-induced mutations or for mutations produced

by low-LET with or without extensive opportunity
for repair. This suggests that the initial type of >, o
damage or its severity does not determine the _ 100 -

length of the deletion. However, it may be the _ 75
length of the deletion that determines whether it _ g
will be detected as a mutation. '-

50 '$fTL O
03

One possible model for the production of lethal *_ 25
and mutagenic damage from the same initial • •
damage begins with the production of very large w _ v I t i t I
deletions by unrepaired, or misrepaired, poten- 50 100 150
tially lethal damage. Repair of this damage would LET (Kev/|Lm)
reduce the size of the deletion and possibly elimi- 3g_00094.3
hate it. But repair would sometimes result in a
deletion of the length that is characteristic of FIGURE 1, The Number of Events oGreater Than 100 eV in a

observed mutations; that is, repair may occur with 2-nm-DiameterCylinder 2-nm Long and • GreaterThan350 eV in a 10-nm-Diameter Cylinder 5-nra Long per Cell per
poor fidelity. In this model, as in other appli-. Gray as a Function of LET
cations of the LPL model, it is assumed that the
cells have some opportunity to repair damage
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This model seems to be consistent with the major kineticsbetween normal and tumor cells or based
features of the response of CHO cells, but many on the hypothesis of different survival curve
details remain to be explored. One of the major shapes,
unknowns concerns the distribution of energy
deposition within those events that are charac- Following a single irradiation, the ratio between
teristic of high-LET radiation, These events may the fraction of cells killed to the radiation dose
each contain one of the 100 eV in 2 x 2-nm events administered is a continuously decreasing func-
that are also produced by low-LET radiations, tion of dose unless the survival curve is suffi-
This possibility, which will be investigated by ciently shouldered, in which case it has a
Monte Carlo calculations, may change the inter- maximum value at a finite dose. When choosing
pretation of the two types of damage, a radiation-dose fractionation regime, it would

seem desirable to maximize that ratio for the
References target cells while maintaining a low corre-

spondingratiofor adjacentcells. This is possible
Braby, L. A. 1991. 'Modeling Survival and if the shapes of the dose-survivalcurves of the
Mutation.' In Physica/Sciences, Part 4 of Pacific two populationsare different.
Northwest Laboratory Annua/ Report for 1990 to

the DOE Office of Energy Research, PNL-7600, Insofaras it fits the experimentaldata, the linear-
pp. 43-46. Pacific Northwest Laboratory, quadratic survivalequation, S = exp(-=D-13D2)
Richland,Washington. has consequencesthat are independent of the
Ngo, F.Q.H., E.A. Blakely, and C.A. Tobias. interpretation of ¢ and 13. The degree of
1981. 'Sequential Exposuresof MammalianCells 'shoulderedness, is frequently measured by the
to Low- and High-LETRadiations1. LethalEffects ratio 13/0¢or _/13(forexample,Thames 1985; Des-
Following X-ray and Neon-Ion Irradiation.' chavanne and Malaise 1989; IBarendsen1990).
Radiation Research, 87:59-78. The values of these ratios depend on the units

chosen to measuredose. Curves with the same
Goodhead, D. T, 1987. "Relationship of shape, but showing different radiosensitivity will
Microdosimetric Techniques to Applications in yield different values of 0{/13.However, the ratios
Biological Systems,' in The Dosimetry of Ionizing _/I'13 (Bettega et al. 1991) or _13/((x+ _r13)used
Radiation VolII. ed, by K. R. Kase, B. E. Bjarngard, here will not change under these conditions; they
and F,H. Attix, Academic Press are also independent of the choice of units and

Morgan, T.L., E.W. Fleck, J. Thacker, and J. H, correlate with an overall radiosensitivity index,
Miller. 1991. "Genetic Consequences uf Radia- o{+ q'l_, which has dimensions of (dose)"1. lt will
tion Damage to Mammalian Cells." In Physical be shown that the reciprocal of this parameter is
Sciences, Part 4 of Pacific Northwest Laboratory approximately equal to the dose needed to
Annual Report for 1990 to the DOE Office of reduce the surviving fraction to 1/e and con-
Energy Research. PNL-7600, pp. 53-55. Pacific versely that survival after receiving a dose of 1/(0_
Northwest Laboratory, Richland, Washington. + 4"13)lies between exp(-1) and exp(-3/4). The

quantity, 1/(_ + _13),is also approximately equal

Optimum Inactivation Dose and Indices to the mean inactivation dose.

of Radiation Response Based on the
The linear-quadratic equation for survival can be

Linear-Quadratic Survival Equation written in the form

B. S. Jacobson(a)
(1) -In S = L = (1-r)Ds + r2D2s 2

The rationale for hyperfractionation and traditional

dose fractionation in radiotherapy is either based where s = ¢ + 4"13(the sensitivity index) and
on the hypothesis of different growth and repair r = _13/(_ + _13) = _/s ('he shape index), For

simplicity, let us choose a unit of dose so that
s= _ + 4"{3= 1. Then, L = 1forD .= 1 ifrisat

(a) Visiting professor, Central Michigan University, either of its limits, 0 or 1. Thus, survival is equal to
Mt, Pleasant, Michigan, l/e, or 0.368 after receiving a dose D = 1/s if
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either (_ = 0 or 13= 0. Otherwise, survival is cross the S = 1/e line between D = 1 and
somewhat greater. At this dose, equation (1) D = 1.25. As can been seen here, 1/e survival
reduces to changes little throughout the normal range of

shape index, r.
(2) L = 1-r + r_

In Figure 2, the ratio of fraction killed to normal-
which has a minimum (i. e., survival has a ized dose, i.e., (1-S)/Ds, is plotted. For a shape
maximum) at r = 1/2, where L = 3/4, S = 0.472, index, r= V'13/(¢+#'13),greater than 0.4, this ratio,
and ¢ = V'I_. Using this dose unit, the mean which is tabulated in Table 1, has a maximum or
inactivation dose varies between 0.88 and 1.14. optimum value. The maximum or optimum shown

in Figure 2 is also plotted in Figure 3 and tabu-
If, on the other hand, survival is held constant at lated inTable 2.
1/e or L = 1, then, for s = 1, equation (1) reduces
to Implications for Therapeutic Dose

Fractionation

(3) r2D372+ (1-r)D37= 1
Figure 3 compares the mean inactivationdose

which defines D37 as a function of r. Setting and the 37-percent survival dose, in units of s; it
dD37/dr = 0, D37 is found to have a maximum of also shows the optimum or maximum value of the
5/4 (in units of s) occurring when r - 2/5. The ratio of fraction-inactivated to normalized dose. If
minimum value of D37 = 1 occurs at r = 0 and r > 0.5, in the case of various malignant and non-
r = 1. In other words, the dose needed to reduce malignant cells, the optimum dose approximates
the surviving fraction to 1/e lies between 1/s and the traditional radiotherapeutic fraction of 2 Gy.
1.25/s. For smaller values of r, the inactivation-dose ratio

is greatest for doses approaching zero. For cells
In Figure 1, a family of dose-survival curves is with this characteristic, very small fractions might
plotted as a function of dose in units of s, which be more efficient. Table 2 shows optimum doses,

1.0 -_',,/_ r 1.00 _.

0.80 - 0.90 r =0

0,60 = 0.4, Maximum D37 ¢_ 0,80

co_ _S o 0.70

0.4_0e ______r,,,,,, r = 0, No Shoulder ._

o Shoulder

0.20- _o 0.40

u. =u 0.30 =_

020
/0.10

0.10 r = 1.0

0.08 1.25 0.00 I I I
0 0.5 1.0 1.5 2.0 2.5 0 0.5 1.0 1.5 2.0

Dose in Units of Sensitivity Index, s Dose in Units of Sensitivity Index, s
39106026,1 39106026.2

FIGURE 1. Linear-Quadratic Dose-Survlval Cureves Having FIGURE 2. Ratio of the Fraction Killed to the Relative Dose for
Different Shape Indices, Plotted Against Dose In Units of Several Values of Shape index, r, Plotted Against Dose In Units
Sensitivity Index, s, When dose is expressed in these units, of Sensitivity Index, s
the dose for 1/e survival falls between 1.0 and 1.25 sensitivity-
index urlits.
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TABLE 1, Optimum Values for Shape Index, r Summary
Shape Index, r Optimum dose In "s' Units

For any linear-quadraticdose-survivalcurve, the
o,41 o,ooo fraction surviving a dose of 1/(_ + _'1_) falls
0,415 0,008 between exp(-1) and exp(-3/4). That dose is
0,42 0,060 approximately equal to the mean inactivation
0.43 0,160 dose. The dose corresponding to a surviving0.44 0,243
0,45 0,323 fraction equal to 1/e falls between 1/(0_+ _r13) and
0.46 0,396 5/4(_ + "/13)for ali non-negative values of _ and 13.
0,47 0,463 The sum, _ + V'l_, easily obtainable from a least
0,48 0,524 squares fit of the data, is proposed as a radio-0,49 0,581
0.50 0.632 sensitivity index and its reciprocal as a convenient
0.525 0,744 alternativeto mean inactivationdose. The dimen-
0,55 0,833 sionlessratio_13/(0_+ _13)isproposed as a simple
0,575 0,906 index of the shape of the survival curve, Any
0.60 0,964 linear quadratic dose-survival curve of the form0,625 1,010
o.65 1,048 S = exp(-_D+13D2) can be completely described
0,675 1,077 bythese two parameters.
0,70 1,099

0,75 1,129 Using these parameters, the ratio of the fraction
0,80 1,144 of cells inactivated to the dose can bu determined
0,85 1,147
0,90 1,143 as a unit-ipdependent quantity, For values of
0.95 1,133 #'13/(_+#'1_'_greater than 0.55, this ratio has a
1,00 1,121 maximum when the dose is approximately 1/s,

However, for values of #'13/(0_+#'13)less than 0.4,
this ratio is greatest when the dose is zero.

1,50

,1.oo.e(03 .s) References
1,25 _ Barendsen, G, W, 1990. "Mechanisms of Cell

_ Reproductive Death and Shapes of Radiation1.0o Dose-Survival Curves of Mammalian Cells," Int. J.
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•o 0.75 -

._ Bettega, D., R Calzolari, A. Ottolenghi, and L. T.
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Z / (Maximum of DI"_Ss) Biophys, 30:53-70

o.25- /t I I" Deacon, J,, M. J. Peckham, and G, G, Steel. 1984,0.00 I I "The Responsiveness of Human Tumours and the
0.0o 0.20 0.40 0.60 0.80 1.0o Initial Slope of the Cell Survival Curve,"

ShapeIndex,r Radiotherapy and Oncol. 2:317-323,
39106026.3

Deschavanne, R J,, and E. R Malaise. 1989,
"The Relevance of Alpha/Beta Ratios Determined

FIGURE 3, Normalized Optimum Dose, Mean Inactivation
Dose, and 1/e Dose, Plotted as a Function of Shape Index, r in Vitro for Human Cell Lines to the Understand-

ing of In Vivo Values," Int. J. Radiat. Biol,
53:539-542,

with respect to that ratio, based on various
published values of _ and 13, Most of these cell
lines fall in the second category.
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TABLE 2, Optimum Doses Calculated FromPublished Datafor Various Cell Lines

Cell Type A_LDIha Beta Shape(r) Index Unit Dose(Gy) OptimumDose(Gy)

Grp,A (Deacon,6 cell lines) 0,779 0,0129 0,127 1,12 0,0
SW403 (Leith) 0;347 0,0100 0,224 2,24 0,0
SW48 (Leith) 0,658 0,0831 0,259 1.13 0,0
Head & a_eokmean(b) 0,372 0,0250 0.298 1,89 0,0
SW1116 (Leith) 0,337 0,0261 0,324 2,01 0,0
OvariancK mean(b) 0,352 0,0300 0,330 1,90 0,0
Sarcomamoan¢)) 0,438 0,0660 0,370 1.44 0,0
HT.29(Leith) 0,246 0,0291 0,409 2,40 0,0
Grp, E (Deacon,25cell lines) 0,250 0,0433 0.454 2.18 0,77
SW948 (Leith) 0,261 0,0502 0,462 2,06 0,84
LS174T(Leith) 0,277 0,0568 0,462 1,94 0,79
Mouselung ('rravis)(a) 0,310 0,0720 0,464 1,73 0,73
HCT-8(Leith) 0.289 0,0726 0,482 1,79 0,90
HCT.15(Leith) 0,266 0,0820 0,518 1,81 1,29
WIDR (Leith) 0.176 0,0421 0,538 2.62 2,07
8TSAR-21(_) 0,259 0,0990 0,548 1,74 1.44

SW480 (Leith) O,185 0.0644 0.578 2,28 2,08
D (_eith) 0,206 0,0810 0,580 2.04 1,87
CaCO-2 (Leith) O,140 0,0381 0,582 2,98 2,75
COLO320HSR(Leith) 0,227 O,1220 0,606 1,74 1.70
Skin(AT)(Turesson)(a) 0,100 0,0240 0,608 3,92 3,84
HN-SCC-68(c) 0,117 0,0410 0,634 3,13 3,20
SW620 (Leith) 0,172 0,0927 0,639 2.10 2.17
Ratspinalcord (Ang)(a) 0,066 0,0190 0,676 4,91 5,29
STSAR-35(c) O,141 O,1210 0,712 2,05 2.27
HN-SCC-29(c) 0,068 0.0340 0,731 3,96 4,43

LoVe (Leith) 0,106 0,0844 0.733 2,52 2,82
A (Leith) 0,053 0,0961 0,854 2,76 3,17

(a) Cited in Hall (1991)
(b) Welchselbaumet al, (1989), 14 to 24 cell linesper group,
(c) Weichselbaum etal, (1989), individualcell lines.

Hall, E, J, 1991, "The Dose Rate Factor in Secondary Electron Emission from
Radiation Biology," (Weiss Lecture),, /nt, J. Foils
Radiat. 59:595-610.

W, E. Wilson and J. Song (a)
Leith, J, r., L. A, Faulkner, G. Papa, R Quinn, and
S. Michelson. "In Vitro Radiation Survival Para- We have adapted MOCA14 to compute the spec-

meters of Human Colon Tumor Cells," /nt. J. tra of low-energy electrons emitted from a thin

Radiat. Once. Bio/, Phys, 20:203-206, (simulated water) foil for fast penetrating ions,
The intent is to compare the predictions of simu-

Thames, H, D. 1985. "An 'Incomplete-Repair' lations based on vapor-phase cross sections with

Model for Survival After Fractionated and experimental measurements of emission from

Continuous Irradiations." Int. J. Radiat. Biol. solid foils (Drexler et al, in this report).47:319-339.

Weichselbaum, R., J. Rotmensch, S. A schematic diagram defining the quantities

Ahmed-Swan, and M, A, Beckett, 1989, scored is shown in Figure 1. The track structure

"Radiobiological Characterization of 53 Human of fast positive ions is computed for ion paths
Tumor Cell Lines." Int. J. Radiat. Biol, 56:553-560,

(a) Visiting scientist, from The Institute of Biophysics, The
Chinese Academy of Sciences, Beijing, China.
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The last collision experienced by the electron
before exiting the foil determines the pertinent
direction cosine and may be elastic or Inelastic,

o,.o,o,o,_m,,,_ This feature of the problem means that individual
,,_,_,_m.=,o, computer runs require more memory and time

than most previous track-structure calculations•" because the elastic collisionsmust be stored for
--,)(-!--N X _ * ..--

• to,i,=h scoring. Generally, the actual loci of the elastic
°" collisions are unimportant to the microscopic

• . distributionsof Ionizationand energy deposition,
;. provided elastic scattering is included in the

• ._.,.,.t.,.,.o,_., simulation to produce realistic (diffusion-like)
x .,o.,.,.,.o,,o., transport of the secondary electrons. Elastic

scatteringdoes contribute to the ultimatespatial

I I distribution of the energy and ionization deposi-
i_ F_,T,*k.., _i tion, but otherwise is not involved in the

dosimetry.

FIGURE 1.. Schematic Diagram of the Solid Foil and the Ion- The results of a preliminary computation are
Path Orientation. The number of secondary electrons emitted
as a function of their energy and their direction cosine relative shown in Figures 2 through 4. This exampleis for
to the Ion pathwasscored. 1-MEV protons passing through a 20-nm-thick

semi-infiniteslab of simulatedwater (vapor). The

perpendicularto and penetratingthrougha semi-
infinite absorber. The track structure data are ,0"' ........ | ........... . ....

then scanned for secondary electrons (delta-rays) __ _._ ,

that exit the foil, and their energy and Z - direction _-.-, -! -"" _)"

cosine are scored', the path of the ion defines the ,o i=-,,...= _:............................_..._.._,....._......._...........................Z axis. 1o

Algorithms were developed to .score the two >= LA =_ T...._._.._'"--" ""'"" " "_ \ _\ _l\
quantities in correlation; that is, the computed --- ,o"' • <ir ............................]....................................:.........._.:...i..:.._............,_.....;....]

yield of secondary electrons is doubly differential _-E til." t _'K" "'_"" " _ '"*_,_t'T'",_ \_1,
dynamicinsolid anglerangeandofintheenergy.possibleBeCaUseelectronOfenergiesthewide _ lo.', .........._...'..,..._....................................................T_................,.,.]

and the very low production of primary high- _. " ................. .energy electrons by the positiva ions, scoring % " -", "_ ,*_1

bins are defined on a piecewise-linear logarithmic E,°,,,o,,°.,0,,.v , I \J
(base 2) scale. Each factor of two of the log- lo"' -_-28 • ,..,8 ..i........................i ", '

............................' ""1................................]

arithmic scale issubdivided into four bins of equal -_ s2 _ ,32
_o- 104 - e- 1664 ' \ ,,mi

width. This manner of defining a scoring template _ .,'- _<- 208
or scale is natural in numerical computations for .... J . , , I ..............
any variate in the form of a real number in binary _o"'

representation; the method is also easily imple- , o.8 o.8 o.4 o.= o
mented in most high-level computer languages
frequently used in scientific computation. Equal- co_,._(_)
width bins are used to score the Z-direction
cosine; preliminary results were obtained with FIGURE 2. Computed Angular Distributions of the Doubly-

Differential Yield of Secondary Electrons for Electron Energieseleven bins covering 0 to 1 in cosine (90 to
0 degrees) of 26 to 1664 eV. The electrons are ejected by a 1-MEV proton' passing through a simulated 20-nra-water (vapor) foil.
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FIGURE 3. Computed Angular Distributions of the Doubly- FIGURE 4, Computed Angular Distributions of the Doubly-
Differential Yield of Secondary Electrons for Electron Energies Diffe__ntlal Yield of Secondary Electrons for Electron Energies
of 832 to 2304 eV. The electrons are ejected by a 1-MEV of 13 to 26 eV. The electTons are ejected by a 1-MEV proton

proton passing through a simulated 20-nra-water (vapor) foil. passing through a simulated 20-nra.water (vapor) foil, i

Figures show the angular distribution of the the production of the primary delta rays. The
doubly differential yield of secondary electrons for secondary structure that occurs roughly between
various secondary electron energies. For low- a cosine of 0.0 and a cosine of 0.5 (Figure 3)
energy secondaries (Figure 2), the angular distri- probably arises from oncescattered primary
butions exhibit no real structure and simply electrons.
monotonically decrease from zero degrees
toward ninety degrees, and likewise decrease For Figures 2 and 3, the sample size was 5 x 105
monotonically with energy to beyond 416 eV. proton tracks, and the electron cut-off energy,
This behavior is consistent with what one would below which secondaries are not followed, was

expect for multiply scattered low-energy elec- 25 eV. Irl order to see electron emission down to
trons. At 832 eV and above (Figures 2 and 3), the sub-ionization energy, we reduced the cut-off
peak yield occurs at angles greater than zero energy to 12.6 eV (Figure 4). We reduced the
degrees, but the peak angle shifts toward zero corresponding sample size to 2 x 105 because
with increasing energy. This dependence is a the elastic scattering of the very low-energy
reflection of the binary-encounter peak or Bethe- electrons increases the computation time by
ridge in the doubly-differential cross sections for more than a factor of two.
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Radiation Biophysics

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

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

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

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

Co ntain ing X- Ray-I nd u ced HPRT rearrangements at or near the HPRT locus
(Thaker 1986; Morgan et al. 1990)0 This studyMutations
was designed to test the hypothesis that large

B. S. Jacobson(a)and T.L. Morgan(b) deletion-type lesions frequently involve neighbor-
ing genes whose loss causes a reduction in

The hypoxanthine-guanine phosphoribosyl trans- growth rate and consequent underrecovery of
ferase (HPRT) gene is commonly employed in the potential mutant clones when extended expres-
study of radiation-induced mutagenesis in various sion times are used. This hypothesis implies a
mammalian cell lines (Chu et al. 1969; Cox and broad range of growth rates among our popula-
Masson 1978). When induced by ionizing tion of mutant clones (Morgan et al. 1990), in

which the slowest growing strains are those that
have large (i.e., full) deletions.

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

(b)Presentaddress,Department of Radiation Oncology, At the TK (thymidine kinase) locus in murine
Kaiser Permanente Regional Medical Center, 4950 Sunset L5178Y cells, large chromosomal changes are
Boulevard, Los Angeles, CA90027, associated with small colony size, i,e,, slow
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growth, and vice versa (Moore et al. 1987). We about 7 percent longer, while that for the controls
have searched for a similar effect at the HPRT was about 4 percent shorter. Eight of the mutant
locus in CHO cells. The HPRT enzyme system is clones produced generation times slightly, but
not required for gro'_h on standard tissue culture not significantly, shorter than the non-mutant
media; however, the possible significance of loci controls.
closely linked to this one is unknown. We have
att3mpted to correlate the growth rate or gener- There was no evidence of any relationship
ation time with the type and probable size of the between deletion type and growth rate.
induced mutation, as determined by Southern Evidently, the maximum size of an observable
biot analysis of DNA from mutant cell strains. DNA deletion is limited by the presence of out-

lying genes that are indispensable. Within this
The cells used in this study were derived from window of viability, detection of nonlethal muta-
31 mutant clones isolated previously (Morgan et tions depends on the presence of one or more
al. 1990), following x-irradiation, and an unir- functional but nonessential genes. The infor-
radiated control clone. They had been classified mation lost in HPRT-containing deletions in this
by Southern biot analysis according to mutation system has a negligible effect on growth under
type. Each mutant was classified as full deletion the conditions of this experiment.
if no HPRT coding sequences were detected,
alteration if only a portion of the gene remained or References
if band patterns were rearranged, or no change if
no change in HPRT coding sequences was vis- Chu EoH. Y., R Brimer, K. B0Jacobson, and E. V.
ible. Seven of the clones had been classified no Merriam. 1969. 'Mammalian Cell genetics I.
change, 13 alteration, and 11 full deletion. Two Selection and Characterization of Mutations
controls, derived from the unirradiated parent Auxotrophic for L-Glutamine or Resistant to
cells, were run. Each clone was grown to con- 8oAzaguanine in Chinese Hamster Cells <In
fluence, then diluted into a uniform set of 60-mm Vitro>.' Genetics 62: 359-377.

diameter Petri plates, and grown for 7 to 10 days. Cox R., and W. K. Masson. 1978. "Do
Two plates were counted daily at 1, 2, 3, and Radiation-lnduced Thioguanine-Resistant
4 days after plating, and again at 5 to 10 days, Mutants of Cultured Mammalian Cells Arise by
Growth was nearly always exponential between HGPRT Gene Mutation or X-Chromosome Rear-
days 1 and 4. Growth rates were determined by rangement?" Nature 276: 629-630.
unweighted least squares log-linear regression
using data from 1 to 4 claysafter plating. Moore M. M., K. H. Brock, D. M. Demarini, and

C, L. Doerr. 1987. "Differential Recovery of

Mean generation times for each class of mutant Induced Mutants at the TK and HPRT Loci in
are shown in Table 1. None of the differences Mammalian Ceils." In Banbury Rept. 28: Mam-
between means of mutant classes is statistically malian Cell Mutagenesis M. M. Moore, D, M.
signLficant by the criterion of Student's T test. Demarini, F. J. DeSerres and K. R. Tindall, eds.,
Mean doubling times for the no change mutants pp. 93-108. Cold Spring Harbor Laboratory, Cold
and the full deletion mutants were essentially Spring Harbor.
identical. The mean for alteration mutants was

TABLE 1, Generation Times

Class Number Mean doublinq time/hfs Standard Deviation Range/hfs

No change 7 131 0.96 11.9- 14,2
Alteration 13 14,1 1.6 11.8 - 16.9
Full deletion 11 132 1.5 11.6 - 16.7
Ali mutants 31 134 1,4 11.6 - 16,7
Control 2 127 --- 12.6 - 12.7
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Morgan T. L, E. W. Fleck, K. A. Poston, B.A. are probably the most abundant and reactive
Denovan, C. N. Newman, B. J. F. Rossiter, and species associated w_th this effect. Their for-
J. H. Miller. 1990 'Molecular Characterization of mation and moderation is affected by the ionic
X-Ray-Induced Mutations at the HPRT Locus in composition of the milieu adjacent to the genome.
Plateau-Phase Chinese Hamster Ovary Cells." Transition metals are often associated with this
Mutat. Res. 232: 171-182. process, and iron and copper are no exception

because both catalyze radical formation of theseThacker J.. 1986. 'The Nature of Mutants
most active forms.

Induced by Ionizing Radiation in Cultured
Hamster Cells. III. Molecular Characterization of

Iron is the most abundant transition metal in
HPRT-Deficient Mutants Induced By r-rays or mammals, and it plays a central role in meta-
"-particles Showing that the Majority have bolism. The deleterious consequences of ironDeletions of Ali or Part of the HPRT Gene. Mutat.

deficiency are well documented. However, the
Res. 160: 267-275. potential risks associated with excess iron have

been largely ignored; these risks are considered
Implications of Repair Observed at Low only when severe tron overload occurs. Iron is
Doses readily available, particularly in the Western diet,

L. A. Braby and J. M. Nelson and there is growing skepticism of the conven-
. tional wisdom concerning the importance of iron

At the Workshop on Biophysical Modeling of maintenance. This suggests that the biological
Radiation Effects, an invited paper based on consequences of only moderately elevated cellu-
conclusions drawn from our measurements of lar iron deserve serious attention.
repair at low doses was presented as a part of the
concluding session. The abstract of this paper, Increased stores of available body iron may
which will be published by Adam Hilger, increase the risk of radiation-induced cancer by
summarizes the conclusions we have reached either or both of two possible mechanisms
from several years' work. reviewed by Stevens and Kalkwarf (1990). Iron

can catalyze the production of oxygen radicals
Models for the response of cells exposed to low- that may deplete available reducing equivalents.
LET radiation can be grouped into three general This would render the cell more susceptible to the
types on the basis of assumptions about the variety of radicals produced by ionizing radia-
nature of the interaction that is produced in the tions. Iron bound to DNA may also be particularly
shoulder of the survival curve. The three forms of effective in increasing the ability of radiation to
interaction are 1) sublethal damage becoming damage DNA at that particular site. Further, iron
lethal, 2)potentially lethal damage becoming irre- may interfere with normal cellular repair pro-
parable, and 3) potentially lethal damage satur- cesses or even be a limiting nutrient required for
ating a repair system. The effects that these the growth and replication of transformed cells.
three forms of interaction would have on the Exposure to ionizing radiation, whether occupa-
results of specific types of experiments are tionally or from environmental sources, under-
investigated. Comparisons with experimental scores the need to identify tissue characteristics
results indicate that only the second type is sig- that might influence an individuars risk of radia-
nificant in determining the response of typical cul- tion injury. Tissue iron level may be one such
tured mammalian cells, characteristic.

Excess Iron and Cellular Radiation Iron concentrations vary substantially, both

Sensitivity day-to-day for the same individual and between
one individual and the next. The iron content in

J. M. Nelson and R.G. Stevens adult human blood is around 420-560pg/ml;

Indirect radiation effects, instigated by radical most of this is associated with the heme and is
formation in and around the target DNA, domi- contained in erythrocytes. Serum levels in normal
nate the lethal and mutagenic actions of ionizing healthy adults contain 0.75-1.75 i_g/ml of iron,
radiation in cells. Oxygen and hydroxyl radicals almost completely found in the ferric form in
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transferrin. Tissue iron content shows extreme plates at a given ferritin concentration to their
variations, considerably greater than those found respective unirradiated plates should then be
in serum. Normal liver tissue contains 28 to 0.51; this ratio is given in column 3, and is shown
162 I_g/g; kidney, 3.3 to 10.1 i_g/g; and spleen, normalized to 1.00 in column 4. Ratios greater
85 to 169 _g/g. The highest levels are found in than 0.51 would therefore indicate radioprotec-
lung and brain, where iron concentrations are tion, whereas those lower would indicate radio-
found to be around 200 I_g/g and 222 to sensitization. At concentrations of 0.5, 2, and
510pg/g, respectively. 8 pg/ml, these ratios were 0.45, 0.48, and 0.44,

respectively, showing virtually no interaction
We have cultured stationary-phase Chinese between ferritin and x-rays (p > 0.05). However,
hamster ovary (CHO) cells in a medium contain- at 32 pg/ml ferritin, this ratio fell to 0.14
ing ferritin (-19% iron by weight) added in con- (p < 0.001) and the adjusted ratio (column 4) fell
centrations ranging from 0 to 128pg/ml. One set to 0.27. This indicates a significant killing
of cultures was unirradiated, while another set enhancement not caused by the chemical toxicity
was exposed to 4 Gy of x-rays. Clonogenic cell of ferritin, because the relative survival of
survival was assessed for each set of cultures, unirradiated ferritin plates was effectively the
Preliminary experiments have shown that ferritin same as unirradiated ferritin-free controls (relative
(-19% iron by weight) is toxic at concentrations survival = 0.95; column 1). Takentogether, these
above 100 pg/ml, while apoferritin (the iron-free results indicate that 32 pg/ml ferritin effectively
protein) showed no toxicity at concentrations up sensitizes these cells to x-rays; yet by itself, this
to and including 1000 pg/ml, indicating that the dose of ferritin is not toxic.
protein itself does not play a significant role in this
toxicity. Results of this initial experiment were supported

by the results of four additional experiments, ali of
Results of the initial experiment are shown in which are shown in Figure 1. These subsequent
Table 1. In this experiment, ferritin doses ranging experiments confirmed the earlier findings
from 0 pg/ml (control) to 32 pg/ml were used. detailed above. In ali of these experiments,
The adjusted survival for cells in irradiated 32 pg/ml of added ferritin was not toxic (relative
(ferritin) control plates (assay plates prepared survivals of &95, 1.16, 0.82, 1.04, and 1.47),
from ferritin-free cultures)was 51% when normal- whereas it augmented radiation killing (loss of
ized to 100% for cells in unirradiated control reproductive integrity) so that survival after
plates. This indicates that 4 Gy, in the absence of 4 Gy x-rays was only 27%, 42%, 14%, 25%, and
ferritin, killed ---49%of the population (column 2). 20% (mean = 25.6%; p < 0.001 for each ratio) of
Assuming that ferritin killing is independent of that expected if ferritin had no effect. No killing
x-ray killing, the ratio of each set of irradiated was observed in unirradiated plates at ferritin

TABLE1. Effectof Ferritinon X-RaySensitivityof Stationary-PhaseCHO Cells. The column labeled fferritin'showsthe survivalof
cellsexposedto ferritinadjustedto thecloningefficiencyof ferritin.freeplates;'ferritin+ x-ray' showsthe adjustedsurvivalof cells
exposedto bothferritinand x-rays;'ratio' isthe ratioof column2 to column1; and 'adjustedratio'is the ratioshownincolumn3
normalizedto give a 0 pg]ml ratioof 1,00,

AdjustedSurvival
Ferritin Ferritin+ x ray Ratio AdjustedRatio

0 pg/ml 1.00 0.51 0.51 1.00
0.5pg/ml 0.98 0,44 0.45 0.88

2 pg/ml 1.05 0.50 0,48 0.94
8 pg/ml 1,13 0.50 0.44 0.86

32pgJml 0.95 0.13 0.14(a) 0.27

(a) Significantly lowerthan the ratio at 0 pg/ml (p< 0.001).
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2oo 3 to 6 times the normal iron concentration of the

• , ! _ milieu surrounding cells in serum and tissue. Yet,,oo • • : this modest elevation in iron added as ferritin was
o 8 8 :, a potent radiosensitizer to our stationary CHOo

o
-_ ° cells.
._ o

o Reference
0,10 o o

Stevens, R. G. and D. Kalkwarf. 1990. "Iron
o Radiation and Cancer." Environ. Health Perspec.
o 87:291.300.

Base Composition and the Probabilityo.ol --q--'// .... *_ ........ , , , , _,,,'1
o o., , ,o ,oo of Radiation Strand Scission

terrmn(,g/m_l J. M. Nelson, J. H. Miller, M. Ye,(a) and
E. W.Fleck(b)

FIGURE 1. Effect of Added Ferritin on Reproductive Survival Double-strand breakage of the DNA molecule,
of Chinese Hamster Ovary Cells. Relative survival, adjusted to with the concurrent rearrangement, substitution,that of controls, is shown at several added ferritin concentra-

tions with 4 Gy of x-rays (open circles) and without x-rays or deletion of information,appearsto be the win-
(solid circles). Results of five replicate experiments; each data cipal and most significant radiation-induced
point represents-36 assayplates, lesion associated with cellular radiation effects.

Although the initial physical interactions and
depositions of energy are entirely random, the

concentrations up to 32 pg/ml. However, at subsequent distributionof biologicallyimportant
64 pg/ml ferritin, survival of unirradiated plates lesions, such as strandbreaks,appears not to be
falls to about 60%, and at 128pg/ml, to about random. Plasmidsare naked circularDNA mole-
1,0% of the control value. Although toxic at 64 cules with defined primary and higher-order
and 128pg/ml, ferritin stillenhanced radiation cell structures. Plasmidsare particularly useful for
killing, In addition to being nontoxic, apoferritin studies, such as the investigation of such
had no effect on radiation sensitivity (data not non-random phenomena, because they are not
shown), associated with stabilizingproteins,as isgenomic

DNA, and the structureand its alteration can be
As shown in Figure 1, relative survival at each relatively easily identified.
ferritin concentration, with and without x-irradi-
ation, appears approximately parallel up to We demonstrated a correlation between negative
16/Jg/ml. At higher concentrations, x-ray killing is linking differences and susceptibility of pristine
significantly enhanced, indicating radiosensi- supercoiled plasmid DNA to induction of the first
tization by ferritin, single-strand break by ionizing radiation (Miller

et al. 1991). We then sought to determine if this
Ferritin is the normal tissue iron storage protein, breakage was non-random and most prevalent in
although it is also present in serum at low con- the AT-rich regions of the molecule where tran-
centrations ranging from 15 to 300/Jg/ml. Normal sient strand separation is most probable.
serum contains 1 to 2-,ug/mliron, primarily bound
to transferrin. The growth medium in which these Tbeoretical considerations suggest that spon-
cells are maintained contains -10% fetal calf taneous strand separation in duplex DNA will
serum, or -0.1 to 0.2-pg/ml iron. Since the ferri- most likely occur within the AT-rich regions of
tin used in these experiments contained -19%
iron by weight, 32-pg/ml-ferritin represents only
-6-/_g/ml iron. Therefore, even though ferritin (al Presentaddress, MontechEnvironmentalTechnology,

added at 32 pg/ml increased the iron content of Inc., RO. Box 1198, Kerr Laboratory Road, Ada, OK 74820.

our medium 30 to 60 fold, this represents only (b) Visiting professor, Whitman College, Walla Walla,
Washington.
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highly stressed molecules. Because transient range, in phosphate buffer having very low ionic
disruptions of base pairing in plasmid DNA would strength, and at a sufficiently low radiation dose.
be associated with the torsional stress of negative The low radiation dose was required to avoid the
supercoiling, we expect that this would increase complication of supplemental breaks that could
the probability of their occurrence within the mask the appearance of fragments produced by
AT-rich sequences. Hence, if open states are only the preferentially located breaks.
involved in the increased sensitivity to radiation-
induced strand scission observed in underwound The optimum dose of x-rays was chosen to pro-
plasmids, then at least part of this increase duce approximately one SSB in each supercoiled
should be caused by non-random breakage at molecule. This dose was determined by observ-
the AT-rich regions, ing the change in structure with increasing dose.

Negative supercoiling is an element of tertiary
Theory also predicts that the probability of dena- structure common in plasmids and to most
turation will increase with temperature and double-stranded DNA. lt is found in both the
decrease with the ionic strength of the buffer in prokaryotic and eukaryotic genomes. The excess
which the molecules are irradiated. We have free energy associated with this structural feature
investigated this hypothesis by assessing non- is related to gene stability and is believed to
random break induction in the plBI-30 plasmid, influence several biological functions of DNA,
Our findings indicate that preferential breakage including both DNA replication and transcription.
does occur at the most probable site, as
suggested. Plasmids can exist in three different forms, The

covalently closed circular supercoiled plasmid
Replicate samples of the plBI-30 plasmid were (Form I) is small, compact, and migrates quickly
irradiated with x rays sufficient to produce about in an electric field, If a single phosphodiester
one break per molecule. Following irradiation, bond has been broken, the relaxed circular
circular DNA was made linear by cutting it at its plasmid (Form II) is no longer supercoiled and
unique Pst-I restriction site. The duplex molecule migrates much more slowly in an electric field.
was then denatured, i.e., separated into single The linear form (Form III) is produced when two
strands, by treatment with glyoxal. The single- closely located phosphodiester bonds are
strand fragments produced by this procedure broken; it migrates between the other two forms.
were then separated electrophoretically using a Because Form II results from the first separation
denaturing gel to prevent their spontaneous of any single phosphodiester bond, conversion
recombination into the double-strand form. from Form I to Form II can be used to determine

the sensitivity of supercoiled DNA to SSB induc-
If strand scission is non-random and associated tion. Figure 1 illustrates this progressive con-
with momentary strand separation, then single- version from Form I to Form II, and subsequent
strand breaks (SSBs) should occur within one or conversion of Form II to Form III, with increasing
the other of two AT-rich regions with considerably doses of low ionizing radiation. From these data
greater frequency than at other sites throughout we find that nearly ali molecules of plBI 30 have
the molecule. Methods developed by Benham acquired at least one SSB after only 10 Gy of
(1990) have been used to calculate the probabil- x rays.
ity of helix-to-random-coil transitions as a function
of sequence location in plBI 30. These calcula- Several 5 to 10-pl samples of plasmid were irradi-
tions, although based on a somewhat higher ated simultaneously in micro-pipette tips at 46°C
negative linking difference, predict that melting of to 54°C. In each case, the temperature during
the double helix should be most probable near exposure was held to within 0.1"C. Following
base sequence 2000. Single-strand breaks at exposure, the plasmid was cut at the Pst-I
these predicted locations should increase the restriction site, denatured with glyoxal, and
yield of 18Kand12Kbasefragments. separated by gel electrophoresis in a 1.0%

agarose gel prepared and run in 10 mM (pH 7.2)
These fragment lengths were identified in plas- phosphate buffer.
mids irradiated within a specific temperature
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Figure 2 is an example of such a gel showing "_Ethidium-bromide fluorescence is very weak in
fragments of DNA irradiated with 5 Gy of x rays. Figure 2 because RNA and single-strand DNA
Most of the DNA remains as intact single-strand stain only very weakly relative to duplex
molecules of about 3000 bases (bright bands), molecules, and this DNA has been denatured.
but ahead of these brighter spots (slightly b,_low When intercolated into the DNA helix, ethidium-
each) is a distinct band of lighter weight m_c,ial, bromide fluorescence Isenhanced many fold.
This band is seen in each lane (at each temper-
ature). Two nearby bands of denatured Hind-III References
digest of lambda DNA (outer lanes) are 2322
bases (upper) and 2028 bases (lower). This indi- Benham, C. J. 1990. "Theoretical Analysis of
cates that the band of lighter weight material Heteropolymeric Transitions in Superhelical DNA
excised from the irradiated plBI 30 plasmid Molecules of Specified Sequence.' J. Chem.
contains about 1700-1900 bases. In addition, a Physics 92(10):6294-6305.

smear representing variable size fragments of Miller, J. H,, J. M. Nelson, M. Ye, C, E. Swenberg,
single-strand DNA leads the bright band and sur- J, M. Speicher, and C. J. Benham. 1991.
rounds this lighter one, indicating random nicking "Negative Supercolling Increases the Sensitivity of
of the duplex DNA. Plasmid DNA to Single-Strand Break Induction by

X Rays." Int. J. Radiat.Biol. 59(4):941-949.
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FIGURE 2, Agarose-Get Electrophoresis of Denatured plBI 30 Plasmid DNA, Most of the DNA is found as intact single-strand
molecules of about 3000 bases (bright bands), A large fragment is found as a light band of lighter-weight material sllghly below the
bright band. Tile location of this lighter band, just ahead of the two marker fragments (2322 and 2028 bases) of denatured Hlnd-III

digest of lambda DNA (outer lanes), confirms that this single-strand molecule contains about 1800 bases, The smear representing
variable-size fragments leading the bright band, and surrounding the lighter one, indicates that random nicking of the duplex DNAalso occurs,
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Modeling Cellular Response to Genetic Damage

This projectinvestigatesmechanismsof damage to the geneticmaterialof mammaliancellsby exposure
to energy-related environmentalpollutants.Currently,the work is focused on the role of damage to
deoxyribonucleic acids (DNA)in cell killing and mutation induction by ionizing radiation. The
conformation and chemical environment of DNA in cells is carefully controlled to ensure proper
expressionof genetic information. These regulatorymechanisms also influencethe interactionof DNA
sequenceswith Idiationand chemicals. Hence, studiesof DNA damage as a basis for understanding
cellular respons _ to carcinogenicagents must allow for the wide variety of secondary structures,
proteins, and smaller molecules that are associated with DNA in cells. Negative supercoilingis a
propertyof activegenesthat simulatesthe strandseparationneeded for transcription.Resultsobtained
with a plasmid DNAsystemsuggestthat negativesupercollingincreasesthe sensitivityof DNAto strand
scissionby x-rays. We are currently investigatingthe mechanism for this effect. Resultsobtained at
other laboratoriesindicatedthat base stacking and water of hydrationfacilitatelong.range energy and
charge migrationon DNA chains. We have used proton-beamirradiationof oriented DNA fibers to look
for effectsof energyor charge migrationon the yieldof radiation-inducedfree radicals.

Mechanisms for Enhancing Radiation- isunlikelyto be caused by increasedaccessibility
Induced Strand Scission by Negative of sugar moieties to solvent, As part of the
Supercoiling of DNA backbone, ribose is usually considered to be

maximally exposed unless folding of the DNA
J. H.Mi//er chain hinders access to solvent. Based on sol-

vent accessibility, the compactness of super-
We have observed that the torsional stress coiled DNA, which is usually given as the
developed in the DNA double helix by negative explanationof its higher electrophoreticmobility,
supercoilingincreasesthe sensitivityof the mole- should decrease OH-radical attack on sugar
cule to induction of strand breaks by ionizing moieties and consequently reduce the yield of
radiation (Milleret al. 1991). Under our irradiation DNAstrand breaks.
conditions, direct ionization of a supercoiled
plasmid is much less likely than attack by OH Ward has shown that in the normal B conforma-
radicals, which are produced by energy absorbed tion, the accessible area of OH-reactive sites on
!n the aqueous environment of the molecule. The sugar moieties is about 10times greater than it is
primary modes of OH-radical attack on DNA are on the bases (1985). Moreover, 80% of the OH
abstraction of hydrogen from the sugar- radicals scavenged by DNA add to the double
phosphate backbone and addition to the double bonds of base moieties. Hence these factors
bonds in bases moieties. In relaxed DNA indicate that OH abstraction of hydrogen from
sequences, about 20% of the OH radicals sugar is not diffusion controlled. Hence, a
attacking a double-stranded molecule abstract decrease in the energy barrier to OH abstraction
hydrogen from sugar and result in strand of hydrogen from sugar (primarily the C4'
scission. The remaining 80%, which form a wide position) by negative supercoiling would explain
variety of addition products with base moieties, its effect on strand scission. This effect fits the
are usually not considered to contribute to currently accepted framework of oxidative
strand-break induction, damage to DNA in dilute aqueous solutions by

The easiest way to interpret our observations sparsely ionizing radiation.
within the existing theory of the indirect mode of The following observations suggests that an
DNA damage by ionizing radiation is to assume effect of negative supercoiling on OH-reactivity
that the probability of interaction between OH with sugar moieties is probably not the correct
radicals and sugar moieties is increased by explanation for our data on x-ray induced strand
negative supercoiling, If this is true, the increase breaks in supercoiled plasmid DNA (Miller et al,
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1991), In single crystals of oligonucleotides, strand scission just as is the case with direct OH-
Fratini et al, (1982) found that sugar pucker was radical attack at this position (von So,mtag 1984).

correlated with helical winding so that C3'-endo
is more likely to be found in underwound DNA, The salt dependence of the decay of peroxyl
and C2'-endo is more likely to be found in base radicals in poly(U) is only one of several
overwound DNA, _nal et al, (1988) observed that observations that point to a relationship between
the efficiency of strand scission by OH radicals DNA flexibility and the induction of strand breaks
was much less in poly(A) than in poly(dA) and by ionizing radiation, This is the most likely
attributed this difference to the fact that the most mechanism for the greater yield of strand breaks
probable sugar puckers in poly(A) and poly(dA) in poly(dA) relative to poly(A), since the
are C3'-endo and C2'-endo, respectively, The differences in sugar pucker and base stacking
torsional stress of negative supercoiling tends to make the former more flexible (Evans and Sarma
produce underwound DNA (i,e., more base pairs 1976). The observation that OH-radical mediated
per helical turn than in the relaxed B confor- strand scission is reduced in double-stranded
mation); thus these observations suggest that the DNA at runs of three or more adenines (Burkhoff
effect of negative supercoiling on sugar pucker and Tullius 1987)may be due to a rigidity of these
should reduce the sensitivity of DNA to strand seq_ences that is similar to that found in
breaks by OH-radical attack on sugar moieties, poly(dAodT). Figure 1 compares electron micro-

graphs of relaxed and supercoiled plasmids
The arguments given above encouraged us to (Stryer 1981), The branched interwound second-
look at secondary radical processes for ways that ary structure of the supercoiled plasmid brings
negative supercoiling could enhance strand together nucleotides that are distant from each
scission. In the presence of oxygen, peroxyl base other in the primary sequence. We speculate that
radicals are the most probable result of this type of secondary structure is more favorable
interaction between OH and DNA bases, for the decay of peroxyl base radicals to strand
Because 80% of the OH radicals scavenged by breaks than is the unfolded conformation of
DNA interact with base moieties, we can expect a relaxed closed-circular DNA.
high yield of peroxyl base radicals under our
irradiation conditions. The lifetime of these base References
radicals is on the order of seconds, and the
kinetics of their decay in polyuridylic acid Burkhoff, A. M., and T. D, Tullius. 1987. "The
(poly[U]) parallels the induction of strand breaks Unusual Conformation Adopted by Adenine
in this single-stranded homopolymer (Schulte- Tracts in Kintoplast DNA," Ce//48:935-943,
Frohlinde et al. 1986), Hence, a possible expla- Evans, E E., and R, H. Sarma, 1976. "Nucleotide
nation for our experimental findings is that nega- Rigidity," Nature 263:567-572.
tive supercoiling increases the decav of peroxyl
base radicals tostrand breaks. Fratini, A. V., M, L. Kopka, H, R. Drew, and

R. E, Dickerson. 1982. "Reversible Bending and

The lifetime of peroxyl base radicals in poly(U) is Helix Geometry in a B-DNA Dodecamer:
three orders of magnitude longer than the lifetime CGCGAATTBrCGCG" J' Biol. Chem. 257:14686-
of the peroxyl radical of uracil. Since peroxyl 14707.

radicals in poly(U) are probably chemically Miller, J. H., J. M. Nelson, M. Ye, C. E. Swenberg,
identical to their monomeric form, the long lifetime J. M, Speicher, and C, J, Benham, 1991, "Nega-
in the polynucleotide is attributed to limited tive Supercoiling Increases the Sensitivity of
access to potentially reactive species. The Plasmid DNAto Single-Strand Break Induction by
observation that addition of salts decreases the X-rays." Int.J. Radiat.Biol. 59:941-949,
lifetime of peroxyl base radicals in poly(U)
suggests that folding of the homopolymer is a (_nal, A. M., D, G, E. Lemaire, E. Bothe, and
rate-limiting step. Folding is required to bring the D. Schute-Frohlinde, 1988. "Gamma-Radiolysis

of poly(A) in Aqueous Solution: Efficiency ofbase-centered radical close enough to a sugar
moiety on the chain to allow abstraction of Strand Break Formation by Primary Water
hydrogen from the C4' position, which leads to Radicals," Int. J. Radiat. Biol. 53:787-796,
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Proton Irradiation of Solid-Oriented

A. DNA Samples at Low Temperature

J. H. Miller and D. L. Frasco(a)

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

RelaxedCircular DNA high scavenging capacity of the chemical envi-
ronment of DNA and the efficiency of enzymatic
repair of minor perturbations of DNA structure.

B. If the most common precursor of cytotoxic and

¢__ mutagenic effects from radiation exposure is a

cluster of ionization in or,at least, very near to the
DNA molecule. Then, involvement of macromole-
cules in the early stages of lesion production
opens the possibility of intramolecular energy and .
charge transfer following excitation or ionization

Supercolled DNA by the radiation field. These processes acting in
the presence of traps for energy and charge pro-

39201019.1 vide a mechanism for concentrating energy depo-
sited in macromolecular systems, a mechanism

FIGURE1, ElectronMicrographs of MitochondriaPlasmid that is independent of stochastic processes in the
DNA in Relaxed (A) and Supercoiled (B) States slowing down of charged particles, Conversely,

energy and charge transfer along DNA chains
may dissipate clusters of excitation and ionization

Schulte-Frohlinde, D., G. Behrens, and A, (Dnal, before biologically significant lesions are formed.
1986. "Lifetime of Peroxyl Radicals of Poly(U), In general, the existence of energy and charge
Poly(A), and Single- and Double-Stranded DNA migration in macromolecules tends to decouple
and Their Reaction with Thiols," Int. J. Radiat. lesion production from the stochasitics of energy
Biol. 50:103-110, deposition just as ordinary diffusion tends to

decouple radiation chemistry on a long-time scale
Stryer, L. 1981, Biochemistry, 2hd ed. (W,H, from track effects in the radiolysis of homo-
Freeman, San Francisco), p, 574, geneous solutions of small molecules,
Von Sonntag, C. 1984. "Carbohydrate Radicals:
from Ethlene Glycol to DNA Strand Breakage." Recent findings at several laboratories have
Int. J. Radiat. Biol. 46:507-519. raised questions about the assumption that

radiation-induced DNA damage remains localized
Ward, J, F. 1985, "Biochemistry of DNA Lesions." on the nanometer scale during lesion formation.
Radiat. Res. 104:$103-$111, Arroyo et al, (1986) observed that the yield of

(a) Department of Chemistry, Whitman College,

Walla Walla, Washington,
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neutron-induced free radicals in oriented DNA
fibers depended on the orientation of the sample
relative to the neutron flux, These observations
were attributed to energy transfer between

stacked DNA bases, AI-Kazwlni et al, (1990) A
presented evidence that electrons can move

along DNA chains for distances up to about 100 _,_.._,_,_f
base pairs, Data obtained by van Lith et al,
(1986) on microwave conductivity in pulsed radi-
olysis indicated that electrons can migrate for
distances on the order of 100 nm in the
structured-water layers around macromolecular
chains,

We used direct proton-beam irradiation of ori-
ented DNA samples to lock for effects like those B
reported by Arroyo et al, (1986) for neutrons,
Samples were prepared by Professor Allan ..._t__/,_ /_ ,
Rupprecht at the University of Stockholm. For
proton irradiation, they were placed on a copper
block in contact with a reservoir of liquid nitrogen
and held in place by a thin polyester film. After
cooling to 77K, the sample was placed in a
vacuum chamber attached to the beam line of the
accelerator, Samples were exposed to graded
doses of 4-MEV protons in the range of 20 to 60
kGy at a dose rate of about 2,5 kGy/min, After
irradiation, the samples were placed in a pre- C
cooled quartz tupe for transfer to an Electron
Paramagnetic Resonance (EPR) Spectrometer, _..,J...u
Samples exposed to gamma-rays for comparison
with published data (Gr&slund et al, 1971) and
the results of proton irradiation could be sealed
into an EPRtube before irradiation because of the
penetrating power of the radiation,

Figure 1 compares EPR spectra of free radicals
produced by gamma-rays and protons, The FIGURE 1, EPRSpectra of Oriented DNA Exposed to 4 kGy of

proton flux was incident on the sample either Gamma-Rays (A), 56 kGy of ProtonsIncidentPerpendicularthe Fiber Orientation (B), and 48 kGY of Protons incident
parallel or perpendicular to the orientation of DNA Parallel to theFibersOrientation(C)
chains, Ali three spectra contain a central line
that is associated with anions and cations of DNA

bases (Gr_slund et al, 1971), For the proton not likely to be caused by sample warming during :_
irradiated samples, we see clear evidence of the transfer from the proton beam line to the EPR
another radical species which is the protonated spectrometer, THo radicals may have been pro-
form of the thymine radical anion (TH°). The duced by warming of the samples during irradi-
samples were kept in contact with liquid nitrogen ation because of the high dose rate, Our dose
cooled surfaces, and the magnitude of the central rate was less than the 10 kGy/min recommended
line relative to the structure in the wings did not by Henriksen and Smith (1970); however, this
change as a function of proton dose, Thus the recommendation is based on their experience
presence of TH. in proton-irradiated samples is with 6,5-MEV electron irradiation, where
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conversion of energy deposition into heat is References
probably less than with protonsthat stop in the
sample. AI-Kazwini,A. T., R O'Neill, G, E, Adams, and

E. M. Fielden. 1990. "Radiation-Induced Energy

Unlikethe resultsreportedfor neutrons(Arroyoet MigrationwithinSolid DNA: The Role of Misoni-
al. 1986), EPR spectra of radicals produced by dazole as an Electron Trap.' Rad,at. Res.
direct proton irradiation of oriented DNA in 121:149-153.

parallel and perpendicular geometries were not Arroyo,C. M., A. J. Carmichael,C. E, Swenberg,
significantlydifferent. Figure2 showsthat, within and L.S. Myers,Jr. 1986. "Neutron-InducedFree
experimentalerror,total radical yields were also Radicals in Oriented DNA.' Inr. J. Rad/at. Biol.
independent of the orientationof DNA fibers rela- 50:789-793.
tIve to the proton flux. To obtain these results,
differentialEPR spectra were recorded digitally Bernhard, W. A. 1981. 'Solid-State Radiation
and double integratedto givethe area underthe Chemistryof DNA: The Bases.' Adv. Rad,at. Biol.
absorption lines. This area was converted to 9:199-280,

number of spins by comparisonwith a standard Goodhead, D.T. 1989. 'The Initial Physical
sample of 2,2 diphenyl-l-picrylhydrazyl (DPPH) Damage Producedby IonizingRadiation.' Int. J.
dissolvedin paraffin. Hence, we did not find any Rad,at.Biol. 56:623-634.
evidence'forlong-rangeenergy or charge transfer
in DNA from experimentsin which oriented DNA Gr&slund, A., A. Ehrenberg, A. Rupprecht, and
was exposed to direct proton-beam irradiation. G. Strt_m, 1971. "ionicBaseRadicalsin Gamma-
This may be due to the high doses and dose IrradiatiedDNA.' Bloch,ro. Biophys. Acta 254:172-
rates in the proton exposures. Experiments with 186.

largersamples, higherproton energiesfor greater Henriksen,T., and W. Snipes. 1970. "Radiation-
penetration, and improved EPR detection sensi- Induced Radicals in Thymine: ESR Studies of
tMty might revealorientation effects that are not SingleCrystals.' Rad,at. Res, 42:255-269.
present in our data due to sample heating or pro-
cessesthat destroyfree radicalsat high exposure van Lith, D., J. M. Warman, M. R de Haas, and
levels (Bernhard 1981). A. Hummel. 1986. "Electron Migration in

Hydrated DNA and Collagen at Low Temperature.
Part I. Effects of Water Concentration," J. Chem,
Soc., Faraday Trans. 1 82:2933-2943.
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