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PREFACE 

This 1983 annual report from Pacific Northwest Laboratory (PNL) to the Department of 
Energy {DOE) describes research in environment, health, and safety conducted during 
fiscal year 1983. The report again consists of five parts, each in a separate volume. 

The five parts of the report are oriented to particular segments of our program. Parts 1 
to 4 report on research performed for the DOE Office of Health and Environmental 
Research in the Office of Energy Research. Part 5 reports progress on all research per
formed for the Assistant Secretary for Environmental Protection, Safety and Emergency 
Preparedness. In some instances, the volumes report on research funded by other DOE 
components or by other governmental entities under interagency agreements. Each 
part consists of project reports authored by scientists from several PNL research 
departments, reflecting the multidisciplinary nature of the research effort. 

The parts of the 1983 Annual Report are: 

Part 1: Biomedical Sciences 
Program Manager - ]. F. Park 

Part 2: Ecological Sciences 
Program Manager - B. E. Vaughan 

Part 3: Atmospheric Sciences 
Program Manager - C. E. Elderkin 

Part 4: Physical Sciences 
Program Manager - ]. M. Nielsen 

Part 5: Overview and Assessment 
Program Managers - S. Marks 

W. A. Glass 

D. l. Felton, Report Coordinator and 
Editor 

B. E. Vaughan, Report Coordinator 
C. M. Novich, Editor 

N. S. laulainen, Report Coordinator 
]. l. Downs-Berg, Editor 

R. M. Garcia, Report Coordinator 
]. E. Danko, Editor 

R. W. Baalman, Report Coordinator 
and 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 many scientists who performed the research and 
wrote the individual project reports, to the program managers who directed the 
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research and coordinated the technical progress reports, to the editors who edited the 
individual project reports and assembled the five parts, and to Ray Baa/man editor in 
chief, who directed the total effort. 

Previous reports in this series: 

Annual Report for 

1951 W-25021, HW-25709 
1952 HW-27814, HW-28636 
1953 HW-30437, HW-30464 

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

1954 HW-30306, HW-33128, HW-35905, HW-35917 
1955 HW-39558, HW-41315, HW-41500 
1956 HW-47500 
1957 HW-53500 
1958 HW-59500 
1959 HW-63824, HW-65500 
1960 HW-69500, HW-70050 
1961 HW-72500, HW-73337 
1962 HW-76000, HW-77609 
1963 HW-80500, HW-81746 
1%4 BNWl-122 
1965 BNWl-280; BNWl-235, Vol. 1-4; BNWL-361 
1966 BNWl-480, Vol. 1; 8NWL-481, Vol. 2, Pt. 1-4 
1967 8NWL-714, Vol. 1; BNWl-715, Vol. 2, Pt.. 1-4 
1%8 BNWL-1050, Vol. 1, Pt. 1-2; BNWL-1051, Vol. 2, Pt. 1-3 
1969 BNWL-1306, Vol. 1, Pt. 1-2; BNWL-1307, Vol. 2, Pt. 1-3 
1970 BNWl-1550, Vol. 1, Pt. 1-2; BNWl-1551, Vol. 2, Pt. 1-2 
1971 BNWl-1650, Vol. 1, Pt. 1-2; BNWl-1651, Vol. 2, Pt. 1-2 
1972 BNWl-1750, Vol. 1, Pt. 1-2; BNWL-1751, Vol. 2, Pt. 1-2 
1973 BNWL-1850, Pt. 1-4 
1974 BNWl-1950, Pt. 1-4 
1975 BNWL-2000, Pt. 1-4 
1976 BNWL-2100, Pt. 1-5 
1977 PNL-2500, Pt. 1-5 
1978 PNl-2850, Pt. 1-5 
1979 PNL-3300, Pt. 1-5 
1980 PNl-3700, Pt. 1-5 
1981 PNl-4100, Pt. 1-5 
1982 PNl-4600, Pt. 1-5 
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FOREWORD 

Part 4 of the Pacific Northwest laboratory Annual Report for 1983 to the Office of 
Energy Research, includes those programs funded under the title "Physical and Tech
nological Research." The Field Task Program Studies reports in this document are 
grouped under the subheadings and each section is introduced by a divider page that 
indicates the Field Task Agreement reported in that section. These reports only briefly 
indicate progress made during 1983. The reader should contact the principal investi
gators named or examine the publications cited for more details. 
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• Chemical Basis for the Biological Response to Coal Conversion Materials 

The major focus oi analytical chemistry components in the coal program has been to identify biologi
cally active constituents in materials related to coal conversion. Such studies at Pacific Northwest 
Laboratory have resulted in the evaluation of process modifications aimed at reducing the biological 
activity of certain process materials. The more basic aspects of this research are iunded by the Oifice of 
Health and Environmental Research; aspects relating to specific processes (e.g., integrated two-stage 
liquefaction) or modifications oi these processes (e.g., heavy distillate recycle oi SRC-11 materials) are 
funded by the Office of Fossil Energy. 

CHEMICAL CHARACTERIZATION OF COAL CONVERSION 
MATERIALS 

B. W. Wi 1 son and W, C. Weimer 
Supporting Staff: R. B. Lucke, C. W. Wright, 
D. W. Later, E. K. Chess, and D. R. Kalkwarf 

• Chemical Stability of Coal Liquefaction 
Materials 

Both long-term afld short-term stability stud
ies of the chemical composition and biolog
ical activity of Solvent Refined Coal {SRC) I 
and II liquids have been performed. Major 
sample constituency was 100nitored as a func
tion of storage time, temperature, dilution, 
cover atmosphere, and ambient lighting condi
tions. Biological activity was measured with 
the Ames assay Salmonella typhimurium TA98 
with S-9 metabolic activation. Chemical com
position was 100nitored using high resolution 
gas chromatography (GC) and gas chromatog
raphy/mass spectrometry (GC/MS). The data 
were analyzed by computer-based analysis of 
variance techniques (ANOVA). The parameters 
of the experiments performed at 4°C, 20°C, 
60°C, and 100°C, along with the results 
obtained, follow. 

Seventeert total samples of SRC-l light oils, 
wash solvents, and process solvents, and 
SRC-Il naphthas, middle distillates, heavy 
distillates, and fuel oil blends (FOB) were 
monitored during storage in the repository. 
Conditions of repository storage were 4°C, in 
the dark, under a nitrogen atmosphere, in 
inert (glass) containers. After storage for 
four years under these conditions, it was 
found there was no significant change in the 
chemical composition or biological activity 
of the SRC materials. 

The SRC-ll FOB were chosen as a sample to 
undergo storage at harsher conditions than 
those of the repository, since many of the 
components found in this sample are repre
sentative of the components found in the 
other SRC materials. Any changes that oc
curred in the FOB under harsher conditions 
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will serve as benchmarks for changes that may 
occur over lorLger periods of time in the re
pository. Samples of FOB were stored in 
duplicate under storage parameters of cover 
atmosphere {air versus nitrogen), ambient 
lighting (light versus darkness), and dilu
tion (undiluted versus methylene chloride) at 
-20°C and at room temperature { 20°C) for one 
year. No significant change in the major 
chemical constituency was found for any of 
the samples stored under these conditions, 
except the ones stored diluted in methylene 
chloride, under an atmosphere, in the light. 
For this sample, the creosols and more highly 
alkylated phenols, indan and alkylated 
indans, indanol, and tetralirt peaks showed a 
significant decrease in concentration. The 
only significant changes in biological activ
ity, as measured by the Ames test, occurred 
in the samples stored either diluted or undi
luted at room temperature, irt the light, 
under an air atmosphere. When diluted, the 
activity was completely eliminated; while 
undiluted, it decreased by about a factor of 
2 after storage for one year. 

Eighteen FOB samples were stored at 60°C and 
three at l00°C, in the dark, under an air 
atmosphere. The samples were monitored seven 
times over a 32-week period under these se
vere conditions, Monitoring of the major 
chemical constituency showed that the creo
so 1 s, a 1 ky 1 ated i ndans, and i ndanol decreased 
in concentrations most significantly. In 
addition, when the nitrogen-containirLg poly
cyclic aromatic fraction was studied 100re 
closely after storage at l00°C for 16 weeks, 
the indole and primary aromatic amines were 
found to have degraded. Biological activity 
was completely eliminated after storage at 
these increased temperatures. 

Overall, when degradation occurred, biolog
ical activity decreased and concentrations of 
hydroxylated polynuclear aromatic hydrocarbon 
(PAH), partially hydrogenated PAH, indoles, 
and amino PAH decreased. Thus far, degrada
tion of materials stored in the respository 
has not been noted. 



• Physical/Chemical Degradation of Coal 
L; q.lids 

Studies were continued to evaluate the ef
fects of environmental factors on the chem
ical stability and rrutagenicity of coal 
liq..~ids. In one of these studies, environ
mental conditions were arranged to simulate 
the exposure of coal liqJids to air and sun
light during an outdoor spill. Thin layers 
of an SRC-II fuel oil blend and an SRC-I pro
cess solvent were exposed to air in darkness 
or in light simulating the emission spectrum 
and maximum intensity of bright sunshine. 
During exposure, each sample was held at 23°C 
in a closed container to inhibit volatiliza
tion. After exposure, the samples were sepa
rated into fractions according to chemical 
class and these fractions were tested for 
mutagenicity by the histadine reversion muta
genicity assay using S. typhimurium TA98. 
In all samples, the amino polycyclic aromatic 
hydrocarbon (APAH) fraction was the most 
mutagenic, and its mutagenicity decreased 
with exposure of the total sample to air, 
either in darkness or simulated sunlight. A 
36-h exposure of the fuel oil blend to air in 
the dark reduced the mutagenicity of its 
APAH-rich fraction by 65%, whereas an eqc~ally 
long exposure in the light reduced the muta
genicity by 92%. Similar rates of reduction 
in mutagenicity were achieved in exposures of 
the process solvent. Analysis of the APAH
rich fractions by gas chromatography and gas 
chromatography/mass spectrometry showed that 
most of the amine constituents contained less 
than 4 rings, and their concentrations de
creased with exposure to air and sunlight. 
The mutagenicities of other sample fractions 
remained low and generally decreased during 
exposure. The results of this study suggest 
that the mutagenic activity of coal liquids 
spi 11 ed outdoors wi 11 be reduced gradually by 
exposure to air and sunlight. The speed of 
this process wi 11 depend on the abi 1 ity of 
air and light to reach all of the spilled 
material. 

In another investigation of environmental 
degradation of coal liq.~ids, a series of 92 
individual samples (70 samples from external 
surfaces, 22 samples from internal surfaces) 
was collected from the former SRC-I and 
SRC-II pilot plant at Ft. lewis, Washington, 
which has now been dismantled. The samples 
were selected to represent materials to which 
workers in a coal liqJefaction facility would 
be exposed, both during normal operating con
ditions and during welding or other repair 
operations on process-line pipes. Thus, the 
materials include coatings from eqJipment, 
railings, stairways, walls, floors, support 
structures, concrete pads beneath the process 
eq.dpment, and scrapings from within valves 
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and pipes. These samples were very diverse 
in physical appearance, heterogeneous in com
position (many contained varying cpJantities 
of insoluble mineral matter), and were solu
ble (in three solvent systems) to different 
degrees. The polynuclear aromatic hydrocar
bon (PAH) concentration in the soluble por
tions of the samples composed a significant 
fraction of the total soluble constituents. 
The mean concentrations and the concentration 
range for PAH compounds having two to six 
aromatic rings are as follows: two-ring 
PAHs, 630 ppm (0-8,700 ppm); three-ring PAHs 
74 ,400 ppm (1,300-434 ,000); four-ring PAHs, 
100,000 ppm (820-217,000 ppm); five- and six
ring PAHs, 19,500 ppm (740-232,000 ppm). 
Preliminary data from initiation/promotion 
skin tumorigenicity studies show biological 
activity that approaches that of certain 
heavy-end coal liq..~ids. These data suggest 
that extensive en vi ronmenta 1 weathering and 
exposure to sunlight and moisture have 1 ittle 
effect on the potential carcinogenic agents 
in these coal liq.~ids. 

• Integrated Two-Stage li qJefaction 

Separation of the initial solvation or liqJe
faction from the hydrogenation or upgradirrg 
steps in direct coal liqJefaction affords the 
opportunity to better optimize each as a unit 
operation. The Integrated Two-Stage liqJe
faction (ITSL) process currently being devel
oped by C. E. Lufllnus, with support from the 
U.S. Department of Energy, integrates these 
separate functions to a 11 ow more efficient 
use of available hydrogen and thermal energy. 
ITSL relies on a low-severity short contact 
time (SCT) initial li qJefaction step, fol
lowed by antisolvent deashing and catalytic 
hydrogenation by a proprietary process called 
LC fining. Resids and underflo.r; from the 
hydrogenation and deashi ng operations, re
spectively, make up the recycle solvent used 
to slurry fresh coal in the process. 

Results from Process Development Unit (PDU) 
operations to date indicate that the SCT 
product can be effectively deashed by an 
anti sol vent system; the SCT product can be 
upgraded by LC fining under fairly mild con
ditions without undue deactivation of the 
catalyst. The SCT approach results in mini
mal gas with most of the product oil produced 
in the 650° to 850°F boiling range. 

Sets of samples were collected under normal 
operating conditions from runs 3LCF7 and 
3LF9 during processing of Indiana No. 5 and 
Illinois No.6 coal, respectively. Set 2 was 
taken during alternate operation wherein feed 
was recycled back to the short contact time 
reactor, for an average of one cycle, prior 
to entering the LC finer for hydrotreatment 



to produce LC finer total liquid product. 
This mode of operation effectively increased 
the liquefaction reactor residence time for 
the process stream eventually entering the LC 
finer. This configuration does not consti
tute a regular operational mode for the !TSL 
process and was set up as a one-time study 
only. Sample set 3 was collected subsequent 
to a significant exothermic excursion in the 
first two of three series-coupled LC fining 
reactors, during which their catalyst beds 
were exposed to temperatures as high as 900°F 
and 1000°F, respectively. It should be 
noted, however, that simi 1 ar conditions may 
arise from catalyst deactivation resulting 
from extended run periods, etc. 

Chemical analysis of these materials showed 
that SCT products were composed of fewer com
pounds than analogous materials from Solvent 
Refined Coal (SRC) processes. Major compo
nents in the SCT materials were three-, 
four-, five- and six-ring neutral polycyclic 
aromatic hydrocarbons (PAH}. Methyl (Cl) and 
Cz homologs of these compounds were present 
in relatively low concentrations, compared to 
their nonalkylated homologs. Organic nitro
gen was primarily in the form of tertiary 
polycyclic aromatic nitrogen heterocycles 
(which will be designated here as 3°-PANH}, 
and carbazoles (2°-PANH). Little or no amino 
PAH {APAH} was detected in samples taken dur
ing normal PDU operations; however, mutagenic 
APAHs were produced during off-normal opera
tion as described below. 

Compared to SRC materials, the ITSL process 
streams contained fewer different organic 
compounds that could be detected by gas chro
matography, a fact which is due in part to 
the higher initial boiling point of the ITSL 
lillJids tested (650°F which is nominally 
100°F higher than that of SRC-II}. Com
parison of LC finer product to SCT product 
material showed that substantial partial 
hydrogenation had occurred in the fining 
operation, with concurrent reduction in the 
heteroatom content and aromaticity of the LC 
finer product. 

Catalyst condition in the LC finer reactors 
appeared to have substantial effect on chem
ical functional groups in the process streams 
as well as on their mutagenic activity: 
catalyst in good condition appeared to pro
duce materials that were more highly hydro
genated and had substantially less mutagen
icity than materials produced after the LC 
fining catalyst had undergone a slightly 
damaging exothermic temperature excursion. 
Total li q.Jid product {TLP) from the LC finer 
produced during single recycle of the LC 
finer feed through the SCT reactor also 
showed increased mutagenic activity compared 
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to products resulting from normal-mode opera
tion. Mutagenic activity of both SCT and LC 
fining product materials, produced under nor
mal operating conditions with good catalyst, 
was substantially lower than for SRC-11 heavy 
distillate, for example. 

The ITSL process can generate a TLP that is 
low in mutagenic activity compared to the 
total liquids produced in the reactor of 
SRC-l and SRC-11 processes. However, boiling 
ranges and composition of these materials are 
not directly comparable and none are analo
gous to products that wou 1 d be produced by a 
commercial facility. Thus, caution should 
be exercised when comparing mutagenicity of 
products produced by different processes. 

Organic nitrogen was found in the ITSL pro
cess in higher boiling distillate cuts than 
in SRC processes, The difference is probably 
due to reduced C-N bond {thermolytic} scis
sion in the JTSL SCT reactor. Microbial 
mutagenicity was attributed mainly to the 
presence of APAH. Formation of APAH was evi
dent after an accidental exothermic tempera
ture excursion of the catalyst bed, with much 
lower concentrations found in samples from 
normal LC finer operations. The slightly de
activated catalyst apparently fails to pro
mote deamination of nitrogen-containing 
hydroaromatics. APAHs were the most impor
tant microbial mutagens in these coal 
1 i qui ds, as shown by reduction of muta
genicity after nitrosation. However, mea
surements of APAH concentrations in the 
mutagenically active fractions of the total 
li qJid product (TLP} from the LC finer showed 
that the gas chromatographable APAH content 
alone was insufficient to account for all 
activity, suggesting possible synergism among 
TLP components. 

Carcinogenic activity of ITSL materials, 
as assessed by tumors per animal in the 
initiation/promotion rrouse skin painting 
assay, was slightly reduced for materials 
produced with good catalyst under normal op
eration compared to those collected during 
recycle of the LC finer feed. Initiation 
activity of the latter samples, however, was 
not significantly different from that of 
SRC-!I coal-derived heavy distillate that has 
a lower initial boiling point. The observed 
initiation activity was not unexpected, con
sidering analytical data that showed the 
presence of four-, five- and six-ring PAH in 
ITSL materials. However, if compared to 
materials derived from SRC-11 on an eq..tiva
lent boiling range basis, the ITSL 650° to 
850°F materials would probably be lower in 
initiating activity, since about 40 wt% of 
the SRC-Il heavy distillate boils between 
550° and 650°F. For comparison, this would 



be eq .. dvalent to diluting the lTSL materials 
with 40 wt% 650°F- SRC-II distillate, which 
has very low initiating activity. 

• Heavy Distillate Recycle of SRC-ll 
Materia 1 s 

Recent work from the Merriam Laboratory con
tinuous coal li QJefaction unit shows that 
heavy distillate from the SRC-ll process can 
be recycled to extinctiorL; hence, a distil
late product boiling er1tirely below 3l0°C 
(590°F) (or other selected boilir1g point) is 
feasible. In these runs, distillate yield 
was not reduced, gas make was unaffected, and 
hydrogen consumption increased only slightly, 
ifl keeping with the generally higher hydrogen 
content of lighter end products. Total dis
tillate yield (Cs-590°F) was 56 wt%, MAF coal 
in runs with subbituminous coal from the Amax 
Belle Ayr mine. Product endpoint is well 
below 371 °C (700°F), the temperature above 

4 

which coal distillates appear to become gena
toxic. The product was shown to be free of 
mutagenic activity in the Ames test. 

Chemical analyses showed both the <270°C 
(<5l8°F) and the <310°C (<590°C) distillates 
to be essentially devoid of several reference 
polycyclic compounds known to be care i nogen
ically active in laboratory animals. Tests 
for tumorigenic or carcinogenic activity were 
not carried out on these materials. However, 
comparing chemica 1 data from the Merriam 
heavy distillate samples with data from the 
other SRC-11 distillates (where carcino
genesis or tumorigenesis data are available) 
leads to the expectation that <371 °C ( <700°C) 
materia 1 s from the Merriam Laboratory wi 11 
have greatly reduced tumorigenic and carcino
genic activity in skin painting tests. Other 
studies suggest the product should be more 
readily upgraded than full- range ( Cs -900°F) 
distillate. 



• Oil Shale and Tar Sands Research 

Oil shale and tar sand in the United States represent a potential supply of at least 600 billion barrels of 
crude oil. Past and potential future commercial interest in developing these reserves has resulted in 
studies that should help provide assurance to developers that conversion processes are environmen
tally feasible. A vital part of these environmental studies is the physical and chemical characterization 
of the effluents that may be generated from the various proposed conversion schemes. Due to the 
complex nature of the effluents, their characterization has required the development of new proce
dures for sampling and analysis and for chemical separation. Characterization studies are important 
and should begin early in the development of a given technology, preferably at the pilot-plant or 
semiworks stage. This section presents results of the application of these techniques to the characteri
zation of oil shale effluents. 

DEVELOPMENT OF A MICROWAVE-INDUCED HELIUM 
PLASMA DETECTOR FOR GAS CHROMATOGRAPHY AND 
SUPERCRlTlCAL FLUID CHROMATOGRAPHY 

K. B. Olsen, D. S. Sklarew, J. C. Evans, 
H. R. Udseth, and R. D. Smith 

The microwave-induced helium plasma has ex
cellent potential as a detector for gas 
chromatography (GC) and supercritical fluid 
chromatography (SFC). Its major strength 
lies in its ability to simultaneously monitor 
a wide range of e 1 ements in the components of 
a mixture separated by GC or SFC. Two 
chromatographic-microwave induced plasma 
detector (MlP) systems have been assemb 1 ed, 
namely a low-pressure (Figure 1) and an 
atmospheric-pressure (Figure 2) microwave
induced helium plasma detector system. The 
main components are the separation system, 
the interface, the microwave cavity and gen
erator, the spectrometer, and the data acqui
sition system. The low-pressure system con
sists of a Hewlett Packard Model 5880 gas 
chromatograph interfaced to an Applied Chro
matography Systems MPO 850; the microwave 
cavity is a l/4-wave Enenson type. The 
atmospheric-pressure system consists of a 
Hewlett Packard 5840 GC interfaced to a 
Spectrospan Ill B Echelle spectrometer; the 
microwave cavity is a Beenakker type. 

Several considerations are important in the 
interface between the GC and the plasma de
tector; 1) to prevent degradatioro of the 
separation achieved by capillary column chro
matography, the dead volume must be mini
mized; 2) to prevent condensation of the sam
ple, cold spots rrust be eliminated and the 
interface must be able to be heated to the 
same temperature as the GC oven; 3) to pre
vent quenching of the plasma, the solvent 
peak must be vented; 4) to maintairo the 
plasma, a helium flow of -50-100 ml/min must 
be introduced; and 5} to preverot deposition 
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of the sample on the walls of the plasma 
tube, a scavenge flow of 1-2 ml/min must be 
maintairled. 

In both the low-pressure and the atmospheric
pressure MIP, the fused silica column is 
threaded through l/16-in. capillary nickel or 
stainless steel tubing and introduced di
rectly to a low dead volume switching valve 
for venting the solvent. In the low-pressure 
MlP, one port of the switching valve is con
nected directly to the quartz plasma tube. 
In the atmospheric-pressure MIP, a second 
piece of fused silica is threaded through 
nickel tubirog to connect the valve to the 
plasma tube. The tube was modified so that 
the nickel tubing could be sealed inside with 
Sauereisen cement and the fused silica column 
delivers samples directly into the plasma. 
In both the low-pressure and the atmospheric
pressure MIP systems, the nickel tubing is 
insulated, wrapped w1th nichrome wire, and 
heated to 200-300°C, depending on the 
application. Both additional helium flow and 
a scavenge gas (02., H2., or N2.) are introduced 
by means of a tee. 

Results obtained with the GC-MlP instruments 
are described in the next section arod indi
cate that the method is indeed useful for 
separating and detecting organometa 11 i cs. 

Gas chromatography has been utilized very 
heavily in this research program. However, 
GC requ1res that the analyte compourods be 
volatile. Thus, many compounds of environ
mental 1nterest are not ameroable to GC anal
ysis. To examine high molecular weight or 
thermally unstable compounds, a supercri t i ca 1 
fluid chromatograph/supercritical fluid ex
traction (SFC/SFE) microwave-induced helium 
plasma instrument has also been developed. 
The initial test of the supercritical fluid 
extraction microwave-induced p 1 asma (SFE/MIP) 
instrument involved the extraction of a high 
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sulfur coal using supercritical fluid COz. 
The extraction cell was coupled to the MlP 
using microbore 80/20 Pt/lr tubing placed 
within a l/16-in, heated stainless steel 
line. The initial flow rate at 70 atm was 
-5 )Jl/min, The temperature was held iso
thermal at 35°C. The pressure was increased 
at a rate of 10 atm/min to a maximum pressure 
of 400 atm. Elution of hydrogen-containing 
compounds first starts at 100 atm, is maxi
mized at about 260 atm, and returns to the 
base line at 370 atm. This experiment demon
strates the feasibility of interfacing the 
SFE system to the MlP spectrometer system. 

P. moderate power microwave-induced helium 
plasma detector for monitoring the SFC/SFE 
effluents is being developed. Supercritical 
solvents such as C02, NzO, and HzO require 
system modification to handle the additional 
solvent loading. The typical system consists 
of a modified Beenakker cavity, a mderate 
power ( 50-500 watt) 2450-MHz microwave gen
erator, a GC oven, and a spectrometer. Pre
liminary data indicate that this technique is 
very promising for the specific element moni
toring of nonvolat1le and thermally labile 
compounds. 

USE OF A GAS CHROMATOGRAPH-MICROWAVE INDUCED 
PLASMA DETECTOR FOR SPECIATION OF ORGANO
METALLICS IN FOSSIL FUEL PROCESS STREAMS 

o. s. Sklarew, K. B. Olsen, and s. P. Downey 

While a great deal of work has been done on 
analysis of major and trace eleme11ts i11 fos
sil fuel process streams and hazardous 
wastes, very little speciation information is 
available. As is well known, the form of the 
element will drast1cally affect its proper
ties. For example, orga11omercury compounds 
are more toxic than inorganic mercury; di
methyl mercury is mre volatile than diphenyl 
mercury, etc. 111 contrast, organic arsenic 
is less toxic tha11 inorga11ic arsenic. Knowl
edge of the particular species present will 
thus help determine the type and degree of 
control procedures needed in fossil fuel in
dustries. Organometallics that are particu
larly amenable to gas chromatography (GC) 
analysis because of their volatility i11clude 
mercury, arsenic, and selenium compounds. 
The GC-MIP (microwave-induced helium plasma) 
described in the previous section is ideally 
suited for speciation of these volatile or
ganometallics because of its unique capa
bility as a sensitive detector of metallic 
species. 

Ten mercury standards have been analyted by 
GC-MlP using a 30-m fused silica capillary 
column coated with !lurabond-5 {DB-5, a phenyl 
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methyl siloxane). The standards include 
dialkyl mercury compounds from dimethyl 
through di-n-hexyl {Figure 1); monoalkyl 
mercury chloride compounds {C1 and C2 ), ar1d 
diaryl mercury compounds (diphenyl a11d di
benzyl). Since these three compound classes 
can be separated by norma 1 phase high per
formance liquid chromatography {HPLC) or 
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FIGURE 1. Detection of Dialkyl Mercury Standards
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silica gel column chromatography, they were 
chromatographed separately; however, separa
tion of all ten compounds is feasible by 
capillary GC. Separating dimethyl mercury 
from the solvent peak is a more difficult 
problem. This can be accomplished either by 
using cryogenic cooling or by increasing the 
thickness of the liquid film on the capillary 
column from the 0.25 11m shown here to 1 )Jm. 

The peak shapes of the mercury standards are 
as symmetrical and sharp on the two GC-MIP 
systems as they are on the conventional 
GC-FID (flame ionization detector). This 
indicates that the interface designs are 
satisfactory with no dead volume and no cold 
spots. Detection limits on the carbon chan
nel for the low-pressure MIP are comparable 
to those obtainable with a conventional FID. 
These results are similar to those of Wasik 
and Schwarz (1980) who reported that the MIP 
carbon channel had the same sensitivity as 
the FID for diethyl mercury. The mercury 
channel is about an order of magnitude more 
sensitive than the FID (100 pg for the MIP 
versus 5 ng for the FlO absolute amount in
jected). For the atmospheric-pressure de
tector, the mercury channel is about two 
orders of magnitude more sensitive than the 
FlO for the same compounds. It should be 
noted that in this work parameters have 
not yet been fully optimized for maximum 
sensitivity. 

Selectivity of the atmospheric-pressure MIP 
is significantly better than for the low
pressure system {Figure 2). Selectivity of 
mercury over carbon is about 200:1 for the 
low-pressure system, while it was found to be 
greater than 10000:1 for the atmospheric
pressure system. This difference may be due 
to the much better resolution of the Echelle 
spectrometer combined with a better choice of 
analytical line for the atmospheric system, 
which is not limited by geometrical consid
erations as is the Rowland circle instrument. 

Selection of the scavenge gas for the low
pressure system has a pronounced effect on 
peak shapes for the mercury channel and peak 
heights for the carbon channel. When an oxy
gen scavenge is used for mercury compounds, 
peak symmetry on the mercury channel is 
destroyed. This is presumably due to oxi
dation of mercury onto the plasma tube, with 
resulting wall losses of the less volatile 
mercury oxides. Use of hydrogen as a scav
enge gas serves to keep the mercury in a 
reduced oxidation state. It thus eliminates 
the tailing problem and does not result in a 
significant change in sensitivity. Use of 
oxygen versus hydrogen scavenge gases for 
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mercury compounds results in no effect on 
peak sy.-ffiletry for the carbon channel. Oxygen 
was, however, found to provide considerably 
more sensitivity for the carbon response, 
presumably due to oxidation of the carbon and 
atomization of the resulting CO {Mclean, 
Stanton and Penketh lg73). 

Several arsenic standards have also been 
examined on the arsenic and carbon channels 
of the low-pressure MIP. Results for tri
phenylarsine are shown in Figure 3. The peak 
signal on the carbon channel is significantly 
greater than on the arsenic channel. This is 
mainly a consequence of the high ratio of 
carbon-to-arsenic atorrs in the standard 
(18:1) and the relative oscillator strengths 
of the arsenic and carbon lines. 
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EFFECT{S) OF WATER TREATMENT ON THE ORGANIC 
CONTENT OF OIL SHALE RETORT WATERS 

A. P. Toste, C. J. English, B. W. Mercer, and 
R. B. Myers 

In addition to the synfuels themselves, nu
merous potentially hazardous by-products may 
be generated during synfuel production. A 
by-product of special concern is the retort 
water co-produced during the retorting of oil 
shale. The quantity and chemical properties 
of the retort water vary, depending upon the 
retorting technology used; aboveground re
torting processes generate rruch less retort 
water than shale oil, whereas in situ pro
cesses generate approximately equal amounts 
of retort water and shale oil. All of the 
retorting processes designed to date provide 
for complete recycling of all process waters, 
with no discharge into the environment. Nev
ertheless, considering the enormous amounts 
of retort waters that may be produced in a 
large-scale shale oil ir~dustry, there is 
considerable concern about the health and 
environmental impacts associated with the 
recyclir1g of these waters and any accidental 
release into the environment. Past research 
has demonstrated that the organic content of 
retort waters can be toxic and/or mutager~i c. 
Perhaps as a result of such research, several 
treatment procedures typically used to clean 
up waste waters, e.g., wet air oxidation, are 
currently being applied to retort waters. In 
this study, we have begun e)(amining the ef
fect{s) of treatment on the organic content 
of retort waters. Two retort waters, one 
from an aboveground retort (Retort 1) and one 
from a modified in situ retort (vertical) 
(Retort 2), underwent wet air O)(idation for 
time periods ranging from 20 min to 2 h. A 
third water, obtained from Retort 2, was 
treated by Retort 2 personnel using a pro
prietary method. 

To date, several bulk properties of the 
treated waters have been analyzed: total 
dissolved solids (TOS), total carbon (TC), 
and nonvolatile organic carbon, typically 
referred to as total organic carbon (TOC). 
The results are summarized in Figure 1. Wet 
air oxidation does not appear to affect the 
concentration of TOS in the retort waters. 
The TOS concentration in the Retort 1 water 
did not decrease with time, whereas the TOS 
concentration of the Retort 2 water decreased 
by only 13% after 2 h of treatment. In con
trast, wet air oxidation reduced the TC and 
TOC concentrations of the waters markedly. 
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FIGURE 1. Wet Air Ox1dation of Retort Waters· a) retort 
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oxidation treatment for 20-1.20 m1n; b) retort water from 
Retort 2 (modified in situ) underwent treatment for 30· 
1.20 min. The concentration of total dissolved :.olids (TDS), 
total carbon (TC), and nonvolaTile organic carbon. or 
total organic carbon (TOC), was measured 

Both the TC and the TOC followed the same 
trends. The greatest reduction in the carbon 
content occurred in the first 20-30 min of 
treatment. Very little decrease occurred 
after 20-30 min, suggesting that treatment 
times greater than -30 min are not effective, 
at least relative to decreasing the carbon 
content of the retort waters. 

The treatment procedure used at Retort 2 was 
quite effective in decreasing the TOG content 
of the Retort 2 water. Compared to two un
treated retort waters collected at the retort 

10 

(3972 ppm and 2001 ppm), the content of the 
Retort 2 treated water (238 ppm) represents a 
16.7-fold to 8.4-fold decrease in TOe. Nev
ertheless, the treated retort water still 
remains fairly high in TOC, suggesting that 
further treatment is necessary. 

Detailed organic analyses using gas chro
matography (GC) and GC/mass spectrometry 
(GC/MS) are currently underway and will pro
vide information about the effect(s) of 
treatment on specific organic species present 
in the retort waters. Based on such anal
yses, it will be possible to determine, for 
example, whether certain classes of organic 
compounds are preferentially eliminated from 
solution upon treatment of the retort water. 

INORGANIC AND ORGANIC ANIONS IN RETORT WATERS 

D. S. Sklarew and M. McCulloch 

Ion chromatography (IC) and ion chromatog
raphy exclusion (ICE) were used to qualita
tively determine both inorganic and organic 
anions in retort waters from four different 
retorts. Knowledge of the presence of some 
of these constituents is important for both 
environmental and processing considerations. 

For IC, both "slow-run" and "fast-run" anion 
columns were used with the "standard" eluent 
(0.003 M NaHC03/0.0024 M Na.zC03) on a Dionex 
Model 16 IC. For ICE, two columns were used 
in sequence to improve the separation of a 
wide range of organic carboxylic acids. The 
eluent was 0.001 M HCl. Standard solutions 
containing inorganic and organic anions were 
run on both IC and ICE columns so that un
knowns could be identified by retention time 
values on two different columns. For exam
ple, glutaric and acetic acids were not sepa
rated by ICE but were readily separated by 
IC. Relative retention characteristics were 
established for the following anions: F-, 
Cl-, N02-, PO<t-3, Br-, N03-, 504", CJ-Ce
monocarboxylic acids, C2-C6-dicarboxylic 
acids, C<t·unsatu rated di carboxylic acids, 
glycolic acid, and lactic acid. Of these 
anions, F-, Cl-, NO.z-, S04"', and the Cl-Cs
monocarboxylic acids were observed in some or 
all of the four retort waters examined (see 
Table 1). The remaining anions were below 
detection limits. 



TABLE 1. Inorganic and Organic Ions Found in Sample 
Retort Water from Four Retorts 

Retort 1 Retort 2 Retort 3 Retort 4 

f- X X X 
(1- X X X X 
No,- n.d. n.d. 
SO/' X X X X 
Formic Acid X n.d. n.d. n.d. 
AcetiC Acid X X X X 
Propionic Acid X X 
Butyric Acid X X X 
Valerie Acid X X n.d. 

=not positively identified 
X =present 

n.d. " not detected 
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• Characterization of Synfuels and Combustion Products 

Characterization of process and effluent streams for synfuel plants requires instruments capable of 
detecting and measuring high molecular weight compounds, polar compounds, or other generally 
intractable materials. The purpose of this study has been to investigate the application of supercritical 
fluid chromatographic techniques to this important problem. In this report, the successful interfacing 
of a supercritical fluid chromatograph to a mass spectrometer is described. Applications include the 
analysis of polynuclear aromatic hydrocarbons and model high molecular weight polymers. 

SUPERCRITICAL FLUID CHROMATOGRAPHY/ 
MASS SPECTROMETRY 

R. 0. Smith, B. W. Wright, and H. R. Udseth 

The combination of capi 11 ary column super
critical fluid chromatography (SFC) with mass 
spectrometry (MS) offers unique advantages. 
The range of compounds that may be separated 
with SFC is quite similar to high performance 
liquid chromatography (HPLC). Both tech
niques allow the separation of materials that 
are thermally labile and of rruch higher mo
lecular weight than is possible using gas 
chromatography (GC). Supercritical fluid 
chromatography has the added capabilities of 
much greater chromatographic efficier~cies and 
of pressure progra1001ing, providir~g precise 
control of the solvating power of the mobile 
phase. The much higher volatility of most 
SFC mobile phases provides an additional sig
nificar~t advantage ir~ the design of the SFC/ 
MS interface. The use of wall-coated open 
tubular capillary columns also provides 
mobile phase flow rates ideally compatible 
with mass spectrometry. 

The goal of this program is to develop im
proved chromatographic and mass spectrometric 
techniques using supercritical fluids. The 
method of direct fluid injection-mass spec
trometry (DFI/MS) is being explored in our 
laboratory for the purpose of interfacing 
capillary column supercritical fluid chro
matography with mass spectrometry. While SFC 
technology continues to progress rapidly, the 
columns available to date are best suited for 
relatively nonpolar compounds. The DFl/MS 
(and DFl/MS/MS) methods, however, are readily 
applicable to a wide range of compounds using 
a variety of fluids. The DFl method allows 
mass spectra to be obtai ned for essentially 
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any compound soluble in a supercritical fluid 
and, hence, allows a rapid qualitative evalu
ation for fluid phase solubility. Our exper
ience indicates that the DFI methods have 
considerable potential for the rapid charac
terization of a wide range of compounds and 
complex mixtures. 

The DFI/MS method has the limitation of re
quiring solute solubllity in a supercritical 
fluid. This does not seem to be a severe 
limitation. For example, many highly polar 
components of coal liquids are surprisingly 
soluble in supercritical carbon dioxide at 
pressures of 250 atm. For more polar com
pounds, a more polar supercritical fluid is 
often required. Ammonia, with a critical 
temperature of 132°C, provides a reasonable 
choice for chemically compatible compounds. 
Figure 1 gives typical mass spectra for 
4-amino biphenyl, 4,4-diamino biphenyl, and 
3 ,3-di ch 1 oro-4 ,4-di ami no biphenyl obtai ned 
using ammonia at l50°C and 400 atm. 

The separations that can be obtained using 
capillary column SFC have improved consid
erably in the last year due to smaller bore 
columns and improved stationary phase prepa
ration procedures. Figure 2 gives an example 
of an SFC/MS separation obtained for a coal 
tar fraction using a column 100 11m w1de, 10m 
long. Improved results are anticipated as 
column preparation procedures are improved 
and as we progress to smaller diameter col
umns (25-60 llm). Other improvements being 
investigated involve preparing columns more 
suited to polar materials and more polar 
fluid systems. The development of less ex
pensive a 1 tern at i ve detectors to mass spec
trometry (which maintain the necessary sensi
tivity) is also being investigated. 
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• Lasers in Analytical Chemistry* 

Lasers have several unique properties that allow them to be applied to analytical chemistry in a variety 
of ways. Pacific Northwest Laboratory is actively involved in developing laser-based methods for mea
suring low levels of materials related to health and/or the environment. A major advance in the past 
year has been the development of a routine technique for rapid, accurate measurements of low 
concentrations of uranium in biological and environmental samples. A prototype instrument has been 
constructed and a plan for the transfer of this technology to the private sector has been formulated. 

'"This program was formerly titled "Trace Analysis by Laser Excitation." 

KINETIC PHOSPHORIMETRY: DEVELOPMENT Of NEW 
INSTRUMENTATION FOR LOW-LEVEL URANIUM 
ANALYSES 

B. A. Bushaw 

Kinetic phosphorimetry, described in the 1982 
annual report, has been developed into a 
routine measurement procedure. Sample pre
treatment methods have been optimized for 
simplicity and accuracy of the measurements. 
Several "real world" samples have been ana
lyzed by the technique, including ground and 
surface waters, brines, biological tissue 
digestions, simulated lung fluids, ore disso
lutions, and both real and simulated urine 
samples. The results from five repetitive 
analyses of a simulated-urine blind standard 
were averaged to give a measured uranium con
centration that was within 2% of the actual 
value consistent with the 1.8% relative stan
dard deviation (RSD) precision of the mea
surements. The concentration Of this sample 
(7 llg/.1.) was near the detection limit of cur
rently accepted fused-salt methods. Several 
brine water samples with uranium concentra
tions of less than 1 llg/.1. were obtained from 
sa1t dome structures and analyzed. These re
sults were verified by 233 u tracer filament 
source mass spectrometry. In each case, the 
results from the two different techniques 
agreed to within the error limits. 

Major improvements in the design of the orig
inal kinetic phosphorimeter have been incor
porated into a new prototype system. Light
gathering efficiency has been improved by 
approximately a factor of 18 over the orig
inal apparatus. The rather large laser sys
tem (including nitrogen laser, dye laser, 
vacuum pump, cooling water, and gas bottle) 
has been replaced with a very compact, self
contained nitrogen laser-dye laser combina
tion without significantly reducing the pho
ton cou11t rate. Thus, the overall size of 
the apparatus is reduced and the entire pro
totype system is transportable. 
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Improvements have also been made i11 the 
counting electronics. Two detectors ncrw feed 
i11to a OOal-input 111Jltichannel scaler (MCS) 
so that measurements can be simulta11eously 
made on the sample and a reference standard. 
A microcomputer has been interfaced to inter
actively control the MCS, gather data, per
fonn data reduction, and display prompts to 
the user. This has greatly simplified opera
tion of the instrument so that only minimal 
user training is necessary. 

The resulting instrument is relatively com
pact and requires only normal house current 
for operation. It is capable of making 
rapid, iiCCurate uranium measurements at con
centrations of less than one 119/L Operation 
is highly automated <~nd thus requires minimill 
operator training. We expect that generill 
availability of such an instrument will have 
a major impact on the field of low-level 
uranium analysis. We have therefore devel
oped a plan of action to transfer this tech
nology to the private sector, beginning in 
FY84. 

CONTINUOUS WAVE DOUBLE-RESONANCE IONIZATION 

B. A. Bushaw and T. J. Whitaker 

Resonance ionization is recognized as a sen
sitive analyticill technique, but practically 
all experiments to di!te have been performed 
with pulsed lasers. We have developed a sim
ple, theoretical model which shows that cw 
(continuous-wave) li!Sers can efficiently pro
duce ioniZiltion in iltomic systems. The tech
nique involves population of two resonant 
intermediates followed by photoionization by 
a powerful infrared laser. This double
resonilnce technique should have severill ad
vantages over pulsed laser methods. Among 
these are increased ion yield and the ilbility 
to selectively ionize spec1fic isotopes. We 
have ordered equipment that will allow ex
periments to be performed in FY84 to verify 
these predictions. 
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PHYSICAL PROCESSES IN RADIATION BIOLOGY 

The Radiological Physics programs address the physical processes of radiation 
action on biological systems. Through integrated, multidisciplinary studies, the 
interaction of radiation with matter of biological significance is examined. The 
resulting information is integrated into predictive models of biological 
response. 

Increased understanding of the physical, chemical, and biological mechanisms 
of radiation action results in a better understanding of dose-response 
relationships in terms of quantifiable characteristics of the radiation and the 
absorbing media. Experimental studies into the fundamental physical 
properties of energy deposition, energy transport, and cellular response are 
conducted to provide a data base for developing and testing chemical and 
biophysical models. Emphasis is on correlating radiation quality and energy 
transport with the formation of active chemical species, on understanding the 
mechanisms by which chemical agents interact at the cell level, and on 
developing models that correlate physical parameters of the radiation, 
chemical/biochemical interactions, and cellular repair phenomena with 
observed dose-response relationships. 





• Radiation Physics 

Initial Interaction Processes 

A fundamental knowledge of the mechanisms by which radiation interacts with matter is essential to 
understanding dose-response relationships in terms of quantifiable chemical and physical processes. 
Our study of the initial interaction processes in the absorption of energy from a radiation field has 
concentrated on measuring and interpreting absolute cross sections for the interaction of fast charged 
particles with atomic and molecular targets. Since ionization is the primary means of energy deposition 
by fast charged particles, we have emphasized measurements of total, differential, and partial ioniza
tion cross sections. Cross sections for the production of electrons, differential in ejected electron 
energy and emission angle, are required for detailed track structure information, whereas partial ioni
zation cross sections provide information on the final states of the target atom molecule. Of particular 
interest is the determination of cross section systematics and interaction mechanisms that enable 
extrapolation of experimental results into regions where experiments are either impractical or unfeasi
ble. During the past year, a major study of total ionization cross sections was completed and accepted 
for publication (this work done in collaboration with Prof. M. E. Rudd, University of Nebraska); and 
studies of multiple ionization of atomic targets by proton impact were completed. Evaluation of the 
Bet he-Born theory for extrapolation of single differential electron emission cross sections was pub
lished for atomic targets, and the extension to molecular targets was completed. Additional data were 
compiled for doubly differential cross sections for ionization of H20 and CH4 by protons. Data analysis 
was extended for ionization of several target systems by c+ ions. 

DOUBLY DIFFERENTIAL IONIZATION CROSS SECTIONS 

L. H. Toburen, R. D. DuBois, W. E. Wilson, 
and F. M. Cummings* 

The spatial distribution of primary events 
along a charged particle track has important 
consequences in the subsequent chemica 1 and 
biological processes. Accurate representa
tion of these distributions are obtained us
ing Monte Carlo techniques that require as 
input detailed information on the energy and 
angular distributions of secondary electrons 
generated in the slowing down process. In 
the past we have made detailed studies of 
doubly differential cross sections for elec
tron emission in co11is1ons of protons with 
atomic and molecular targets for proton ener
gies about 0.25 to 2 MeV. For the past few 
years we have undertaken to extend these re
sults to 4 MeV and to include the study of 
more complex ions representative of heavy 

*Mr. Cummings is a staff rrember of the 
Dosimetry Technology Section, Radiolog-
ical Sciences Department, at Pacific North
west Laboratory and is participating in a 
masters degree program through the Uni
versity of Washir~gton, Joint Center for 
Graduate Study. The study of differer~tial 
cross sections will provide the basis for 
his thesis. 
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recoil ions ger~erated by the absorptior~ of 
neutrons ln tissue. For this we have concen
trated on the study of ionization produced by 
carbon ions. 

The study of doubly differential cross sec
tions results in the accumulation, ar~alysis, 
presentation, and storage of large quantities 
of data. A major part of our effort in this 
area in the past year has been to develop 
computer software that would enable us to 
efficiently analyze, plot, and store these 
data. The ability to provide analysis on
line is a major step in performing efficient 
and accurate measurements. 

Analysis of data for 0.8 to 4.2 MeV c+ ioni
zation of helium, neon, argor~, and CHI. in 
terms of absolute cross sections has now been 
completed. Evaluation of cross section sys
tematics can now proceed using these data. 
Analysis of data for proton ionization of 
xenon (1.5-4.2 MeV), HzO (l.0-4.2 MeV) and 
CH4 (1.0-4.2 MeV) has also been completed; 
the use of HzO and CH~t results to evaluate 
the Bethe-Born theory will be discussed in a 
later element of this report. Analysis of 
the CH4 and HzO data still indicates consid
erable uncertainty in the evaluation of back
ground counts due to slit edge scattering of 
the primary beam. This is a particularly 
troublesome problem for the study of small 



molecules, such as CH,., by high energy pro
tons because the interaction cross sections 
are relatively small. New data acquired dur
ing the past year have reduced many of these 
uncertainties, but further data will be re
quired before results can be published. 

TOTAL ION AND ELECTRON YIELDS 

R. D. DuBois and M. E. Rudd* 

Total ion and electron production cross sec
tions for proton-gas collisions were initi
ated in 1981 in collaboration with Prof. 
M. E. Rudd (University of Nebraska). The 
emphasis of these studies was 1) to pro vi de 
accurate absolute cross sections over a broad 
energy range suitable for assessing the accu
racy of our existing data on doubly differ
ential ionization cross sections, and 2) to 
pro vi de more accurate normalization for track 
structure calculations. 

During the past year, a major portion of this 
work has been concluded and a paper entitled 
"Cross Sections for Ionization of Gases by 
5-400D keV Protons and for Electron Capture 
by 5-150 keV Protons" has been accepted for 
publication by Physical Review A. This paper 
(coauthored by M. E. Rudd and T.V. Gaffe of 
the University of Nebraska, and R. D. DuBois, 
l. H. Toburen, and c. A. Ratcliffe of Pacific 
Northwest laboratory) represents a comprehen
sive study of proton ionization of atomic and 
molecular gas targets. 

Using the parallel-plate capacitor method and 
a capacitance manometer to determine pres
sures, total cross sections for the produc
tion of positive and negative charges were 
measured for 5-4000 keV proton impact on He, 
Ne, Ar, Kr, Hz, Nz, CO, Oz, CH,., and COz. 
From these, ionization and electron capture 
cross sections were obtained and fitted to 
semi-empirical equations, describing the en
ergy dependence in terms of a few parameters. 
At high energies, very good agreement is ob
tained in comparing the ionization cross 

* Consultant, Department of Physics, Univer
sity of Nebraska, lincoln, Nebraska. 
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sections with earlier proton and electron im
pact measurements and with theoretical treat
ments where they are available, but discrep
ancies exist for some targets at ](JW energy. 
Above 10 keV the electron capture cross sec
tions are in agreement with earlier work for 
all the targets except CO and Cl-h,, where they 
are 20-40% higher. 

Our future plans are to continue the col
lab~ration for measurements involving He+ and 
HeZ impact ionization. 

PARTIAL IONIZATION CROSS SECTIONS FOR H+ AND 
He+ IMPACT 

R. D. DuBois 

No information on the final target charge 
state is obtained from our measurements of 
total and doubly differential ionization 
cross sections. For theoretical interpreta
tion, it is generally assumed that single 
ionization dominantly occurs and multiple 
ionization occurs only through the Auger 
channel fa 11 owing inner-shell i ani zat ion, a 
relatively rare event. 

To determine the degree of 11\J.ltiple ioniza
tio~, we h~ve meas~red ~ultiple/single i?ni
zatlon ratlOS of H , He -rare gas collislOI1S. 
This was done by a time-of-flight target ion 
charge state analyzer. Absolute cross sec
tions (oql for 10-4000 keV proton impact were 
obtained from these ratios by normalizing 
to our total ion production cross sections 

(oi), i.e., "i = ~qoq. In some cases (see 

Figure l), 11\J.ltiple ionization cannot be ig
nored in interpreting ionization cross sec
tion data"'- e.g., multiple ionization for 
1-4 MeV H -Kr collisions account for -60% of 
the total ionization cross sections. 

A paper entitled "Multiple Ionization of Rare 
Gases by H and He+" describes this work and 
has been accepted for publication in Physical 
Review A. 
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FIGURE 1. Partial Ionization Cross Sections for H+-Kr 
Impact. 

INTERPRETATION OF MULTIPLE IONIZATION 
PROCESSES FOR PROTON IMPACT 

R. D. DuBois, L. H. Toburen and S. T. Manson* 

A detailed understanding of the processes 
leading to multiple ionization is essential 
for making reliable comparisons between the
oretical and experimental data. In general, 
many processes, e. g. , direct multiple ioniza
tion or inner-shell ionization followed by 
Auger decay, can contribute to multiple ioni
zation. These processes can occur either by 
direct Coulomb ionization or by electron 
transfer processes . 

A year ago at the International Conference on 
X-Ray and Atomic Inner-Shell Physics (Eugene, 
Oregon) we presented a preliminary analysis 
of the multiple ionization that occurs in 

* Consultant, Department of Physics, Georgia 
State University, Atlanta, Georgia . 
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fast H+-Kr collisions (Toburen , DuBois and 
Manson 1982). Unfortunately , the complicated 
Auger structure of krypton made a comprehen
sive evaluation of the ionization pathways 
difficult . During the past year, we analyzed 
a simpler system: H+- Ne . By combining 
various experimental and theoretical data 
(R~dbro et al. 1979; Stolterfoht , Gabler and 
Leithauser 1973; Beyer , Hippler and Schartner 
1979), we were able to derive cross sections 
for all relevant channels leading to single 
and double ionization as shown in Figure 1. 
This work has been accepted for publication 
in Physical Review Letters . We plan to 
continue this type of analysis for other tar
gets and over a broader ion energy range dur
ing the next year • 

The analysis of interaction processes leading 
to multiply charged targets discussed above 
was restricted to fast proton collisions 
where any contributions due to electron cap
ture could be ignored . For proton energies 
less than 100 keV, electron capture plays an 
important , if not dominant , role in target 
ionization . To more fully understand inter
action processes near the end of charged par
ticle tracks , a greater knowledge of electron 
capture will be required. Previous studies 
of doubly differential ionization cross sec
tions have not provided information on the 
electron capture processes, since single 
electron capture produces no free electrons. 

To learn more of the final target charge 
states and the influence of electron capture, 
we have performed coincidence measurements 
for multiple target ionization resulting from 
direct Coulomb ionization and from single 
electron capture by th; projectile . Colli
sions for 15-100 keV H , and He+ ions with 
rare gases were studied. An example of the 
results is shown in Figure 2, which illu
strates that in some cases a large percentage 
of the total electron production (Rudd et al. 
1984) originates from the second order pro
cess 0102 (single electron transfer~ 
ionization), as compared to the first order 
process 0111 (direct single ionization) . 
Here the notation o;f represents the cross 
section in which i 1sqthe incident ion charge 
state, f is the outgoing charge state, and q 
is the target charge state following the 
collision . 

These data were described in a paper, "Multi
ple Ionization of Argon by Charge Transfer 
and Direct Ionization," presented at the XIII 
International Conference on the Physics of 
Electronic and Atomic Collisions (DuBois and 
Toburen 1983) held in Berlin in August 1983. 
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FIGURE 1. Cross Sections for Vanous Channels Leading 
to Single and Double Ionization of Neon by Proton 
Impact. Calculated 2s-1, 2p-'. 2s-2, and 2s-' 2p-1 cross 
sections from Beyer, Hippler and Schartner (1979); Auger 
channels from R<t>dbro et al. (1979) and Stolterfoht et al. 
(1973); 2p-2 channel by deduction 
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CONSTRUCTION OF A NEW DOUBLY DIFFERENTIAL 
CROSS SECTION APPARATUS 

R. D. DuBois 

A year ago we began constructing a new appa
ratus for the measurement of doubly differ
ential ionization cross sections. This ap
paratus is designed to be fully computer 
controlled , to incorporate the capability of 
coincidence measurements between the various 
collision partners, and to allow electron 
emission measurements to be performed for 
gaseous and solid targets over a broader 
angular range than is currently accessible . 
During the past year , magnetic shielding was 
installed and initial testing of a new paral
lel plate electrostatic spectrometer was 
initiated . Development of the angular drive 
mechanism is continuing. 

To use the new spectrometer in a way that 
takes advantage of its larger, solid angle 
capability, we require an electron detector 
with a larger area than that available with 
our standard electron multiplier. A multi
channel plate electron detector has been in
stalled and is being tested to determine its 
electron detection efficiency. This detector 
has both larger collection area and faster 
timing characteristics that will enable us to 
more readily perform coincidence measure
ments, e. g., separate electron emission from 
target and projectile ion collisions involv
ing structured projectiles such as He+, C. 

Initial measurements with the apparatus will 
commence within the next year. Initially 
gaseous atomic targets will be studied to 
determine the capabilities and limitations of 
the apparatus. 

ELECTRON CAPTUR~ LEADING TO L-SHELL VACANCY 
PRODUCTION IN H -Mg COLLISIONS 

R. D. DuBois , C. L. Cocke* and J. Giese* 

In collaboration with Kansas State Univer
sity, we have performed measurements of 2p 
electron capture and direct ionization cross 
sections for H -Mg collisions. These cross 
sections are important in the theoretical 
analysis (Berezhko, Kabachnik and Sisov 1980) 
of the angular distribution of Auger electron 
emission, which, in turn, is a sensitive mea
surement of the collision process . 

* Kansas State University . 
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The experimental portion of this work is 
completed and a draft of the paper to be 
submitted to Physical Review A has been 
written . 
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THEORETICAL SINGLE DIFFERENTIAL CROSS 
SECTIONS FOR HELIUM, NEON AND ARGON 

J . H. Miller, L. H. Toburen, W. E. Wilson and 
S. T. Manson* 

A model based on Bethe's theory for inelastic 
scattering of fast charged particles was de
veloped to extend single differential cross 
sections (SDCS) for ionization of helium, 
neon and argon by protons with energy between 
0.25 and 1.0 MeV to higher proton energies 
(Miller , Toburen and Manson 1983) . Results 
predicted by this model show good agreement 
with measured total and SDCS and with quantum 
mechanical calculations using the first Born 
approximation . 

Our approach focuses on determining coeffi
cients in the Bethe theory that depend upon 
the electronic structure of the target but 
are independent of the projectile . Hence, 
the coefficients used to predict SOCS for 
ionization by protons should also give good 
results for ionization of helium, neon and 
argon by electron impact. Figure 1 compares 
our calculations for electron impact ioniza
tion of helium with data obtained with 0.5 
and 2 keV electrons (Peterson, Opal and Beaty 
1971). Kim (1983) has analyzed these data 
and deduced cross sections that he feels are 
accurate enough to serve as normalization 
standards for experimental secondary-electron 
distributions . The good agreement between 
our calculations, which are based on photo
absorption data and SDCS with protons, and 
the cross sections recommended by Kim give 
strong support to the method we have devel
oped to predict SOC$ in regions of primary 
and secondary energy where data are limited 
due to experimental difficulties. These 
results are being prepared for publication 
in Physical Review A. 

* Consultant, Department of Physics, Georgia 
State University, Atlanta, Georgia. 
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Track Structure 

The initial spatial pattern of energy deposition by ionizing radiation plays a significant role in the 
subsequent evolution of biologically active chemical species. Radiochemical and radiobiological 
models of radiation action initiated by high linear energy transfer (LET) particles rely heavily on an 
accurate description of charged particle tracks. Our study of track structure includes both theoretical 
and experimental investigation of the spatial pattern of energy deposition. Incorporation of these data 
into models of energy transport in condensed phase clarifies the effects of the initial spatial patterns 
on evolving chemical yields. During the past year, a measurement of the radial distribution of 
ionization around high energy heavy ions was initiated at the Bevalac at Lawrence Berkeley Laboratory 
in collaboration with Columbia University (H. Rossi) and Lawrence Berkeley Laboratory (J. Howard). 
Because of experimental limitations on determination of energy deposition in nanometer-sized target 
sites, we continue to develop Monte Carlo codes to calculate ionization and energy imparted in small 
sites. During the past year, we have concentrated on analyzing molecular cross sections to determine a 
sounder theoretical basis for extrapolating data to higher ion energies. We have also investigated the 
systematics of energy loss derived from the track structure codes. The detailed description of energy 
deposition provided by track structure codes has been used to derive the initial spatial pattern of 
chemical species along a charged particle track. This information, coupled with the reaction kinetics of 
liquid water, provides a direct means of calculating the yield of transient species in liquid water, 
beginning with interaction cross sections and following through to final yields. These data are 
compared with time-dependent yields measured for proton, deuteron, and alpha particle impact; 
reasonable agreement has been obtained. 

MEASUREMENT OF ENERGY DEPOSITION NEAR HEAVY 
ION TRACKS 

N. F. Metting, L. A. Bra by, H. H. Rossi,* 
P. J. Kliauga,* J. Howard** and M. Rapkin** 

Preliminary experiments have been completed 
(in collaboration with Columbia University 
and Lawrence Berkeley Laboratory) that use 
microdosimetric methods to measure energy 
deposition as a function of the distance 
from the center of heavy ion tracks. 

It is generally agreed that most biological 
effects of exposure to ionizing radiation are 
a function of the spatial deposition of, as 
well as the rate at which, energy is deposi
ted in tissue. High energy heavy ion beams 
are used for radiobiology and radiotherapy 
because of their large LET and favorable 
ratio of dose at peak to dose at entrance 
plateau. The associated delta-ray spectrum 
produces a significant low LET contribution 
to the lineal energy distribution. The range 
of these delta rays is such that, in a 
uniformly irradiated medium, many events are 
produced by delta rays of primary particles 
passing outside the site. The number of such 
E'.vents depends on the charge of the primary 

*Columbia University. 
** Lawrence Berkeley laboratory, 
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ion, while the range of delta rays depends on 
the primary particle's velocity. 

The cross section data needed to calculate 
these lineal energy distributions are not yet 
available, so experimental measurements are 
required. To make this measurement, it is 
necessary to have conditions of charged par· 
ticle equilibrium. Early experiments using 
proportional counters mounted in 8-in. diame
ter tissue equivalent shells were hampered by 
wall effects. It was also realized that al
though it was possible to build a larger 
shell or tank to house and pressurize the 
detectors, it was not possible to expand the 
diameter of the Bevalac beam so that it com
pletely filled the tank. Therefore, the most 
practical method of obtaining accurate micro
dosimetric spectra of these beams is by tak
ing differential spectra; i.e., to record en
ergy events in the proportional counter that 
are coincidenced with primary ions at known 
simulated distances (impact parameters). The 
data will then be properly integrated to con
struct a complete spectrum. 

The experimental apparatus (see Figure 1) 
consists of a large aluminum tank, 8ft long 
by 2 ft in diameter, with a forward window of 
mylar and sail cloth. Two detectors are 
mounted inside: a solid-state, position
sensitive detector to determine the position 
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FIGURE 1. Experimental Apparatus. The interior of th(' 
vacuum tank shows the proportional counter, the 
position-sensitive solid-state detector, and the tissue 
equivalent plastic plate. 

of each primary ion; and a wall-less propor
tional counter, 0.64 em in diameter, capable 
of detecting low or high energy events. The 
tank was pressurized with propane gas to 
82 torr, so that the proportional counter 
simulated a 1 vm diameter volume of tissue. 

Measurements were made of 20Ne {670 MeV/amu), 
4 0Ar (570 MeV/amu) and 56Fe (600 MeV/amu) 
beams. To determine the existence of charged 
particle equilibrium, a 1/4-in. thick tissue 
equivale11t (TE) plastic plate was placed be
tween the proportio11al counter and the beam 
source at simulated distances rangi11g from 
52 to 140 ,..m from the proportional counter. 
Figure 2 summarizes the data for argon for 
three different impact parameter ranges. As 
illustrated, both the probability of energy 
deposition events per primary_ion (R), and 
the average lineal energies (y) of these 
events are esse11tially independent of the 
distance to the TE plate. Similar results 
were weasured for neon. Both of these quan
tities are expected to decrease as distance 
to the wall increases, if secondary particle 
equilibrium has not been established. There
fore, it appears that equilibrium occurs 
within 52 ,..m of the wall for these ions. The 
present experimental design prevented closer 
positioning of the TE plate, which would be 
necessary to determine when secondary charged 
particle equilibrium is established. 

Figure 3 shows the probability of energy 
deposition per primary ion (R), this time as 
a function of impact parameter for neon, 
argon, and iron. The unexpected shape of the 
neon curve may be the result of poor spatial 
resolution in the solid-state, position
sensitive detector. Figure 4 shows the 
energy distribution in the solid-state de
tector for neon and iron beams. The full
width half-maximum (FWHM) of the peaks is 
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much greater than the expected energy 1 oss 
straggling. Also, the FWHM decreases as 
stopping power increases; this is consistent 
with the width being caused by electronic 
noise. If this is the case, this noise 
translates to a position noise of 3 mn FWHM 
for neon, or about one-ha 1 f the proport i ona 1 
counter diameter. 

These experiments have de 1 i neated the ranges 
of impact parameter and wall distance over 
which measurements of this kind should be 
made. They have also provided information 
necessary to improve the design of the 
detector-positioning apparatus. Improvements 
in the signal-to-noise ratio of the position
determining detector electronics should also 
be considered. 

ANALYTICAL MODEL FOR PRIMARY IONIZATION BY 
POSITIVE IONS 

W. E. Wilson and J. H. Miller 

Development of reliable Monte Carlo track 
structure codes capable of providing accurate 
information over a wide range of experimental 
parameters requires cross section data that, 
in many cases, must be extrapolated beyond 
the range of available experimental data. 
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Such an extrapolation can be reliable only if 
it has a finn basis in theory that has been 
extensively tested by experiment. Our effort 
to obtain a theoretically sound analytic 
model for delta-ray emission probabilities 
has been continued. We have taken a careful 
look at Bethe-Born theory and the optical 
approximation. Bethe derived for the differ
ential cross section for energy-loss E by a 
structureless ion of charge z and velocity v, 

do/dE = 4n/ /;T [A{E) ln{4T/R) 
0 

+ B{E) + O(E/T)] I 11 

where a is the Bohr radius {D.529E-8 em), 
R is th8 Rydberg energy (13.606 eV) and T = 
m0v2 /2, where m0 is the electron mass. 

The ln(4T/R) term in Equation (1) accounts 
for the contribution to the cross sections 
from glancing collisions and the coefficient 
of this tennis related to the optical oscil
lator strength, df/dE, of the target by 

A(E) = R2/E df(E)/dE (2) 

The B(E) term in Equation (1) accounts for 
the contribution to the cross section from 
hard collisions. This coefficient can be 
derived from the generalized oscillator 
strength of the target if accurate wave func
tions for the ejected electron are known. 
However, for molecular targets, this quantum 
mechanical approach is not practical and em
pirical methods must be used. 

The basic purpose of the present work is to 
evaluate B(E) for a group of molecules using 
Bethe-Born theory and experimental single 
differential cross sections for electron 
emission (SDCS). Miller, Toburen and Manson 
(1983) have laid the groundwork by showing 
how to combine experiment with theory to ob
tain B(E) for atoms. That general procedure 
has been followed in applying it to mole
cules, with careful attention to molecular 
orbital effects. 

Inasmuch as the available cross sections do 
not distinguish the contribution from indi
vidual shells of the target and are measured 
in terms of secondary electron energy, w, 
rather than energy loss, E, Equation (2) 
should be written as a sum over shells and 
viewed as a function of w, 

A(w) =I R2 /(w+l.) df./dw {3) 
i 1 1 

where dfi/dw is the partial oscillator 
strength for ionization with energy loss 
Ei = w + J. and obtained from df/dE by apply
ing approp~iate branching ratios. It is the 



shape of A{w) that influences rost impor
tantly the SOCS at small energy losses. 

For energy losses E « T, measured SDCS and 
opt1cal oscillator strengths have been used 
to obtain the hard collisions component from 
the relationship, 

B(w) = T/(41Ta~ l 2) do(w)/dw 

- A(w) ln[4T/R] 

In this equation do(w)/dw is the differential 
cross section for ejection of electror1s with 
energy between w and w+dw by fast ions, and 
A(w) is given by Equation (3). 

We have evaluated B(w) for the iso-electronic 
target molecules CH<t, Nth and H20 for proton 
energies 0.3 to 2 MeV. The results have been 
used to predict sacs at 3.0 MeV (CH4 and H20} 
and at 4.2 MeV (H20) for comparison with SOCS 
data measured at these energies. 

The photoabsorptiorl data required for the 
evaluation of Equation (4} for the three 
subject molecules were, for the most part, 
obtained from Berkowitl's compilation {1979). 
The optical oscillator strengths were adapted 
from the photoabsorptior~ cross sections using 
the relation Rdf/dE = cr(E}/8.07 Mb. Effi
ciency for photoionilation and branching 

ratios was applied to produce the appropriate 
partial oscillator strength for ionizatior1, 
df i /dw, r1eeded to eva 1 uate Equati 0r1 {3). 

For methane and ammonia, B{w) was evaluated 
using sacs data at three ion energies 0.25, 
1.0 ar1d 2.0 MeV (Lynch, Toburen, and Wilson 
1976); for H20, data at four energies, 0.3, 
0.5, 1.0 and 1.5 MeV, were available for 
evaluation (Toburen and Wilson 1977); we show 
here the results for only H20 (Figure 1). 
According to Bethe-Born theory, B(w} should 
be independent of ion energy; the results in 
Figure 1 support this very well. The solid 
line (empirical) in the left panel of the 
figure is a simple average of the data 
points. The dashed line is calculated in 
the binary-encounter approximation (Rudd and 
Macek 1972) and is essentially given by 
Rutherford scattering, i.e., B(w) .., 1/Wl-. 
The right panel in Figure 1 presents B(w) 
plotted on a log-log scale in order to better 
show the sma11 values of B. The hard co1li
s ions compor1ent approaches the class i ca 1 
limit for very large energy losses. 

With B(w) evaluated from experimental data 
and recognilir1g that it is indeper~dent of ior1 
er~ergy, we can now predict the sacs at other 
ion energies. We have done this for methane 
ar~d water for which we have additional but 
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previously unpublished ionization data. Re
sults for our model are shown for water at 
0.5-4.2 MeV {Figure 2). 

Since the data for ion energies 2.0 MeV and 
less were used to obtain B(w), comparison 
with that data is no real test of our model; 
we rrust have good agreement for them. Never
theless, the B(w) used in the model is an 
average obtained from these several energies 
and the recalculation of this low energy SDCS 
data shows to what accuracy it is possible to 
fit the original data. The results shown in 
Figure 2 indicate that the model reflects the 
source data very well, easily within their 
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10·15 0 
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experimental error. Owing to experimental 
difficulties, the SDCS data at 3.0 and 
4.2 MeV in Figure 2 do not enjoy the same 
precision as the lower energy data. They are 
sufficiently accurate, however, to provide a 
useful comparison with model predictions at 
higher energies and with data not used in the 
model definition. With no additional assump
tions or modifications the 100del is able to 
predict very well the experimental results 
above 30 eV electron energy; and below that 
energy, the difficulties are clearly experi
mental ones. This good agreement gives us 
considerable confidence in the reliability of 
model-SDCS results for higher ion energies. 
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MEAN DELTA-RAY ENERGIES IN ION MOLECULE 
COLLISIONS 

W. E. Wilson 

In Monte Carlo track structure simulations, 
we often need reliable ways of testing or 
checking to see that results are realistic. 
To this end, a simple analytic expression was 
derived for obtaining the mean energy of en
ergetic delta-rays arising when positive ions 
pass through tissue-like matter; calculated 
values were compared with experimental mea
surements and the regions of app 1 i cabil ity 
were estimated. 

The energy spectra of secondary electrons 
ejected when energetic ions undergo ionizing 
collisions with the atoms and molecules of an 
absorber are of fundamental importance in 
high LET radiation dosimetry. A sizeable 
literature has been published on the ioniza
tion of atomic and molecular targets by pro
tons of up to a few MeV. This literature is 
sufficiently developed that some rather gen
eral observations and conclusions can be 
obtained about the secondary electron distri
butions that are important for developing 
concepts of ion-track structure. 

One of these general features is that the 
functional dependence of the delta-ray spec
trum on secondary electron energy is rather 
faithfully l/w2 for energetic delta rays. 
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This feature allows a very simple relation
ship to be derived for the mean delta-ray 
energy. 

We begin by generalizing the usual 
of the mean delta-ray energy, <w>, 
following way: 

<w(ll.) 
wm 

Jwo(w) 

' 

wm 
dw/Jcr(w) dw 

' 

definition 
in the 

I 1 I 

In this equation, <w(n)> is the expected 
delta-ray energy obtained from averaging over 
that portion of the spectrum for which w is 
greater than 6, Here n has the practical 
sigrlificance of a cut-off energy exactly in 
the sense of energy restricted LET. <w(l'.)> 
is the mean energy of the delta rays that are 
not localized when considering L8 • 

Values for <w(i'.)> for HzO and neon, numer
ically evaluated according to Equation (1), 
from experimental data (Lynch, Toburen, a11d 
Wilson 1976; Toburer~ a11d Wilson 1977) are 
indicated i11 Figure 1 by the broken lines. 
For clarity, each of the upper three curves 
is successively displaced upward by one dec
ade from the curve below it. The i11flection 
in the 1 311d 1,5 MeV data curves is caused by 
the respective Auger peak in the cross sec
tion data. 

The classical (Rutherford) cross section for 
elastic collisions is given by 

o(w) 2 ie4 1 

m0 v2 i 
(2) 

where m 1s the mass of the struck particle 
(electr8n 1n th1s case), and V is the veloc
ity of the striki11g particle (ion of charge 
Ze) [see, for example, Evans (1955, p. 571)]. 
If this expression is substituted into Equa
tion (1), the terms that do not depend on w 
can be factored out and cancelled because 
they appear i11 both 11umerator and denomi
nator, The resulting integral equation can 
be easily solved analytically to give 

<w(l'.)>"' [II*Wm/wm- !'.)] ln(wm/1'.) (3) 

wm is given by wm" 2m 0V2/{1-!l
2

) (4a) 

which simplifies tow "'4m E./m. (4b) m o 1 1 

for non-relativistic ion energies E; a11d mass 
mi (Evans 1955, p. 575). 

<w(i'.)> calculated from Equation (3) is il1di
cated ir1 Figure 1 by the solid lines for the 
four ion energies. The excellent agreeme11t 
for n greater thar~ about 50 eV reflects the 
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extent to which the collisions may be re
garded as classical and the binding of the 
electrons ignored for calculation of mean 
energies. The agreement is poorest for the 
0.3 MeV/amu data because at this low ion 
energy the experimental spectrum does not 
exhibit a w-2 dependence over a significant 
range of w (see Toburen and Wilson 1977). 
Nevertheless, the magnitude and major func
tional dependence on t,. is adequate for many 
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computation a 1 purposes. The divergence of 
experiment from Eq.Jation 2 for large t, arises 
because the experimental data in this energy 
region indicate a dependence of w-X, where 
x < 2. At present, this is considered to 
be an anomaly, perhaps arising from insuffi
cient doubly differential cross section 
data that are integrated to give the single 
differentials. 



These results indicate that Equations (1-4) 
can be used to predict mean delta-ray ener
gies for ion energies,_ Ei, greater than about 
0.3 MeV/amu and for w > :.0 eV where the SDCS 
spe~tra are reasonably well approximated by a 
l/w depende11ce. 
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ENERGY IMPARTED TO DNA-LIKE STRUCTURES BY 
HIGH LINEAR ENERGY TRANSFER RADIATIONS 

W. E. Wilson 

A collaborative effort was initiated with 
Drs. D. T. Goodhead and D. E. Charlton of the 
Medical Research Council-Radiobiology Unit at 
Harwell (UK). The purpose of the effort was 
to investigate patterns of energy deposition 
by protons, deuteror'ls and helium ior1s 1n var
ious geometries (including spherical and 
cylir'ldrical) with dimensions comparable to 
those of likely genetic targets. These tar
gets include the DNA molecule of diameter 
~2 nm and the higher order structures of DNA 
associ a ted with nucl eosomes and e 1 ementary 
chromatin fibers. The Monte Carlo code 
MOCA13 is used to generate full histories of 
segments of tracks of positive ions, includ
ing the histories of all secondary electrons 
down to low energies (-10 eV). The output 
data of energy deposition and spatial coordi
nates of inelast1c interactions are sampled 
with a scoring routine fo:- each of the var
ious geometries of interest. Initial work 
has focused on spheres and cylinders of vary
ing diameter and length covering dimensions 
of special interest from -1 nm to 100 nm. 
These data will be compared with existing and 
future experimental results Or'! the biological 
effectiveness of heavy ion irradiations of 
mammalian cells. These comparisons wi1l seek 
to identify properties that may be respon
sible for the biological action of the ions 
and to constrain possible rrechanisms of 
radiation action. 
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CALCULATING TRANSIENT YIELDS OF WATER 
RADICALS PRODUCED IN PULSE RADIOLYSlS WITH 
ION BEAMS 

J. H. Miller, W. E. Wilson, D. J. Brenner* 
and M. Zaider* 

A collaboration with Drs. Brenner and Zaider 
at the Radiological Physics Laboratory of 
Columbia University has led to the develop
ment of a more mechanistic approach to the 
calculation of transient yields in water 
irradiated by high energy ion beams. Previ
ous calculations of transient yields (Miller 
and Wilson 1982) were based on the spatial 
distribution of absorbed energy with the 
assumption that the initial concentration 
of radicals is proportional to the local 
energy density. The mechanistic approach 
attempts to identify the reactive species 
that evolve from each inelastic collision 
of the primary ion and a1l generations of 
secondary electrons. 

Little is known about the final state of 
inelastic collisions in liquid water. Our 
model assumes two types of energy loss 
events: neutral excitations that produce H 
and OH, and ionizations with final states 
that contain e- q• H30+ and OH. In water 
vapor the G va ~ ues (yi e 1 d per 100 eV of en
ergy absorbed) of neutral final states and 
ionizations are both about 3.8 (Miller and 
Green 1973). Based on this result and our 
assumption about final states in the 1iquld, 
we would predict initial yields of e~q and OH 
equal to 3.8 and 7.6, respectively. Using 
picosecond pulse radi olysi s with hi 9h energy 
electrons, Jonah and Miller (1977) observed 
Ge- ~ 4.5 and GOI--l = 5.9. This difference 
be~~een the yield of radicals in vapor and 
liquid phase can be explained by autoioniza
tion and geminate recombination that result 
from intermolecular energy transfer in a con· 
densed medium. Although these processes are 
not understood in detail, simple models with 
physically reasonable parameters can be de
veloped that wil1 account for the yield of 
e~q ar1d OK :Jbserved in liquid water at early 
times with radiation of low linear energy 
transfer. 

Given the initial yield and spatial distrlbu
tion of water radicals, the kinetics of their 

* Radi ol ogi ca 1 Research Laboratory, Columbia 
University, New York, New York, 



decay through diffusion and chemical reac
tions can be calculated by several numerical 
techniques. We developed a semi-analytic 
method by assuming that the concentration of 
radicals is a linear superposition of Gauss
ian distribution functions (prescribed dif
fusion approximation). Figure 1 compares our 
calculated results with measurements of the 
yield of hydrated electrons produced in a 
water jet by a pulsed 3 MeV proton beam (Rice 
et al. 1982). Although the shape of the cal
culated decay is similar to the data, the 
magnitude is too small by 25% to 50%. 

Possible sources of this discrepancy are 
currently being investigated. These results 
do not include the recent improvements in 
source terms for production of secondary 
electrons discussed above. A part of this 
discrepancy between theory and experiment may 
result from our use of the prescribed diffu
sion approximation. This possibility will be 
testeri by comparing our present results with 
a stochastic diffusion model (Clifford et al. 
1982). It is also possible that the differ
ence between theory and experiment results 
from the fundamental assumption in our model 
that the initial G value for hydrated elec
trons produced by proton irradiations is the 
same as that observed with high energy elec
trons (Jonah and Miller 1977}. We will test 
this possibility by varying the parameters of 
our model that influence the initial radical 
yields. 
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FIGURE 1. Compar"rson ol Calculated and Experimental 
Yields ol the Hydrated Electron Produced by a 3 MeV, 
Pulsed Prawn Beam Stopped in a Water jet. 
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• Radiation Dosimetry 

Dosimetry 

The basic goal of the Radiation Dosimetry task is to explore the connections between the primary 
physical events produced by the interaction of radiation with matter and their subsequent biological 
consequences. Dosimetry concentrates on the physical aspects of the problem, emphasizing the use of 
fundamental physical data in deriving detailed dosimetric information. Special mathematical and 
experimental techniques are developed to investigate specialized dosimetry problems arising in radio
biological research and encountered in the environment. During the past year, the experience gained 
from these studies has been applied through national and international committees studying special 
dosimetry problems. 

MOMENTS AND THEIR USE IN MICRODOSIMETRY AND 
DOSIMETRY 

W. C. Roesch 

Kellerer and Rossi (lg?O) showed that the 
mean square of the specific energy, z, a 
microdosimetric quantity, was linear
quadratic in the absorbed dose, D: <z2> = 
hD + [)2, where h is independent of the dose. 
I extended the theory of such moments by 
showing how some of them could be calculated 
for internally deposited sources (Roesch 
Jgn). Kellerer and Rossi (1972) used their 
relation in developing what they called the 
dua 1-act ion theory of radi obi o l ogi ca 1 damage. 
Regardless of the status of their theory, 
they opened a usefu 1 route for 1 inking mi era
dosimetry with radiobiological theory. To 
further open up this route, I completed the 
derivations for the moments for all the cases 
of internally deposited radioactive particu
lates (and some external radiations) known to 

"· 
Most of these moments can be put in the form 

where h is the same quantity found by 
Kellerer and Rossi and h' is another quantity 
independent of the dose. The quantity a i"s 
the mean number of charged particles emitted 
by each particulate, and the product ah' 
represents the effect of more than one par
ticle emerging from the same particulate. 
Such a tenn does not enter into the Kellerer
Rossi expression because they considered only 
external radiations that produce charged par
ticles at random in a medium, with negligible 
probability of more than one particle being 
produced at the same point. While h' does 
not depend on the dose, the quantity a may. 
For example, if a (the number of particles 
per particulate) is changed, the dose will 
change. But, if a is kept constant, the dose 
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can still be changed by changing the number 
of particulates. Equation (1) correctly re
flects the dependence on dose for this latter 
case. But, when the number of particles 
emitted changes, a = kD, where k is inde
pendent of dose; and 

for a different dependence on dose. 

Much experimental data, at low doses, can be 
represented byE= AD+ s[J2, where E is the 
yield of the effect and A and B are con
stants. The above considerations about mo
ments suggest how such a linear-quadratic 
relation might arise. For example, the 
Kellerer-Rossi hypothesis is that the effects 
are proportional to the mean square of z; 
this leads to both linear and quadratic 
dependence on dose. The results reported 
here show that for internally deposited 
particulates the situation is more compli
cated: the coefficients A and B can depend 
on how the experiment is carried out, i.e., 
on whether the dose is changed by changing 
the number of particles per particulate or by 
changing the number of particulates (or by 
some other method). 

The linear-quadratic dependence of <z2 > on 
dose comes about because the z values have a 
stochastic distribution. I have also been 
studying the effect on the E = AD + BDZ rela
tion of a much different form of dose varia
tion. Ideally, the relation can be thought 
of as that established under conditions where 
every cell is exposed to the same dose. But 
in many situations, particularly in radiation 
protection and in epidemiological studies, we 
assign a person a single dose--neglecting the 
actual variation of the dose in his body. In 
these circumstances then, there is a distri
bution of doses for different cells apart 
from the stochastic differences studied 



above; and the dose effect relation that 
should be used is 

E " AD + BD2 (3) 

where the bars indicate that the rrean and 
mean-square over the distribution of doses 
should be used. This relation can also be 
written in terms of just the mean dose and 
the variance, s2 , of the dose: 

E "!liT+ B{1)2 + 52) (4) 

This fonn suggests, as one might expect, that 
the simpler form is applicable only when the 
variance of the dose distribution is small. 

Calculations for typical dose distributions 
{exponential absorption, surface transition 
dose, variation in dose across a beam) all 
show a result similar to that for the mean
square specific energy: the mean-square dose 
is a linear-quadratic function of the mean 
dose. The implication is that a dose-effect 
relation determined from the type of incom
plete dosimetry being discussed will give 
linear and quadratic components, but the di
vision between these components wi 11 depend 
on the particular dose distribution that 
exists. And that division w1ll not be the 
same as in the "good-dosimetry" situation 
described by Equation (3). 
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RE-EVALUATION OF THE HIROSHIMA-NAGASAKI 
RADIATION DOSES 

W. C. Roesch 

The re-evaluation of the doses of the atom
bomb survivors is proceeding vigorously. The 
National Academy of Sciences Panel on Re
assessment of A-Bomb Dosimetry met in October 
and May. The Pane 1 and their Japanese coun
terparts co-sponsored the U.S.-Japan Joint 
Workshop for Reassessment of A-Bomb Dosimetry 
in Hiroshima and Nagasaki, which was held at 
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Nagasaki in February. A second joint work
shop 1s scheduled to be held at Hiroshima in 
November. In September a seminar was held at 
Los Alamos National Laboratory to present the 
results of criticality measurements and mea
surements of the radiation external to a du
plicate of Little Boy, the Hiroshima weapon. 

The aim of these cooperative efforts is to 
develop a computer program that can be used 
to calculate doses from the data base con
cerning the bomb survivors. This data base 
is held at the Radiation Effects Research 
Four1dation, a joint U.S.-Japanese effort lo
cated at Hiroshima. The program is not yet 
at the stage of designir1g the computer code, 
The bits and pieces of information that will 
go into the computer code ar1d the data base 
are sti11 being assembled and reconciled. 
There are so many such pieces that an exten
sive effort is under way to determine the 
validity of each piece, and therefore, ulti
mately, the confidence we have in the final 
dosimetry. 

BETA-PARTICLE DOSIMETRY 

W. C. Roesch 

About 25 years ago, Radiological Physics had 
an extensive program of research and develop
ment in the measurement of beta-particle dose 
(Roesch and Donaldson 1956). Interest in 
this old work was revived two years ago when 
the Nuclear Regulatory Commissiorl began re
viewing how beta-particle dosimetry was being 
performed by its licensees. ln December 
1981, 1 attended the Beta Dosimetry Workshop, 
held at the DOE Environmental Measurements 
laboratory in New York, to consult about our 
old results. During the past year I was irl
vited to present a paper (Roesch l9B3a) and 
chair a workshop (Roesch 19B3b} at the Inter
national Beta Dosimetry Symposium held in 
Washington, D.C. 

One of the recommendations of the 1981 work
shop was that the Natior1al Council on Radia
tion Protection and Measurements (NCRP) be 
asked to rev1ew the conditions under which 
beta-particle doses in the skin should be 
measured for radiation-protection purposes. 
I was assigned to refer the question to them. 
The NCRP responded by having a representative 
at the 1982 symposium. After the symposium, 
the NCRP agreed that skin dosimetry should be 
re-examined ar1d set up the NCRP Scientific 
Committee No. 80, Radiobiology of the Skin 
(and Beta-Particle Dosimetry) to do it. I 
was appointed chairman of the committee. The 
other members of the committee are being se
lected now. 
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CONCEPTUAL BASIS OF CALCULATIONS OF DOSE 
DISTRIBUTIONS 

W. C. Roesch 

In 1980, the National Council on Radiation 
Protection activated a scient i fie corm1ittee 
{SC 52) to prepare a broad analysis of the 
principles of dose calculations. Under the 
chairmanship of Dr. H. H. Rossi of Columbia 
University, the committee completed a first 
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draft of its report and met in March to re
view it. The committee is still working on 
the extensive revisions resulting from that 
review. 

Last year a study growing out of the com
mittee work was reported. Its aim was to 
estimate the effect of the nonuniformity of 
source distribution in conventional dosim
etry. That study was extended and incorpor
ated into computer programs for cal cul at i ng 
microdosimetric distributions for internally 
deposited radionuclides. In essence, the in
corporation represents merely a "turning off" 
of the microdosimetry part of the computer 
program. The program had been developed for 
use with alpha-particle emitters; suitable 
approximations to the microdosimetry data for 
beta-particle and gamma-ray sources were 
added so their dosimetry could be studied 
also. This work was reported at the Radia
tion Research Society meeting {Roesch 1983). 
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Modeling and Ce llular Studies 

The effects of ionizing radiation on living systems begin with the basic physical processes of energy 
deposition and develop through many stages of chemical reactions and biological responses. The 
modeling effort attempts to develop mathematical descriptions of the response of cells to radiation 
and to provide a systematic means of interpreting the biological response in terms of quantifiable 
physical parameters of the radiation field. Studying the kinetics of cell response as a function of dose, 
dose rate, and radiation quality provides a means of testing fundamental assumptions regarding the 
mechanisms of damage and repair. 

Mathematical modeling and cellular studies complement each other. Modeling provides guidance in 
designing experiments capable of disproving the model, while the experiments themselves provide 
new input to the model. Based on previous experimental results, the model for the accumulation of 
damage in Chlamydomonas reinhardi has been extended to include various multiple two-event 
combinations. Since conventional split-dose experiments at low linear energy transfer (LET) cannot 
discriminate between these models, they have been extended to include ion irradiations at LET up to 

100 keV/J.Im. 

THE LINEAR ENERGY TRANSFER DEPENDENCE OF ONE
EVENT AND TWO-EVENT DAMAGE IN ChLamydomonas 
reinhardi 

L. A. Braby and B. S. Jacobson 

In previous studies using electron irradia
tion, it was shown that at least two differ
ent types of damage, repaired by separate 
processes, are involved in the response of 
C. reinhardi to ionizing radiation (Nelson, 
Braby and Roesch 1980). In addition, these 
cells show a remarkably large increase in 
relative biological effect (RBE) with de
crease in electron energy (Braby, Nelson and 
Roesch 1980). Since this increase in RBE 
occurs without measurable single-event dam
age, we have concluded that there must be two 
steps in the production of potentially lethal 
damage in these cells. First, the damage is 
produced by single charged-particle tracks in 
some way that depends on radiation quality. 
In addition, the products of separate tracks 
interact in some way. 

We refer to this general scheme as a multiple 
two-event model, on the assumption that the 
damage that is dependent on radiation quality 
involves the interaction of two or more ini
tial products of the radiation. There are a 
great many possible forms of multiple two
event models with two or more repair pro
cesses. As a result, it is difficult to de
vise experiments that are capable of disprov
ing all but the kinetic system used by the 
cells. Data on the dose dependence of sur
vival in split-dose irradiations have pro
vided guidance regarding the characteristics 
a model must possess (Nelson, Roesch and 
Braby 1982). Further guidance in formulating 
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multiple two-event models can probably be 
found in the response of h rei nhardi to 
radiations of different linear energy trans
fer (LET), and to its response to split-dose 
irradiations using different LETs. However, 
the response of cells to radiations of dif
ferent qualities depends not only on the 
rates of damage interaction and repair, but 
also on the distance between initial prod
ucts. Thus, these experiments also provide 
information needed to determine which track 
structure characteristics control the produc
tion of damage. 

In an effort to provide the information 
needed to further develop models, experiments 
have been undertaken using hydrogen, deuter
ium, 3He and 4 He ion irradiation. Prelimi
nary results were reported at the Radiation 
Research Society meeting (B raby and Jacobson 
1983). These ions have stopping powers rang
ing from 10 to 100 keV/vm in water. Typical 
survival data for a range of ion energies are 
shown in Figure 1. When plotted as lnS/D 
(Figure 2) these data show an essentially 
zero intercept for all of the hydrogen ions. 
Thus, we must conclude that the probability 
of producing lethal damage in h reinhardi 
in a single proton or deuteron event is ex
tremely small. On the other hand, the proba
bility of producing damage that can interact 
with additional damage, proportional to the 
slope of these lines, more than doubles be
tween 13 and 26 keV/vm. This increase in the 
probability of two-event damage without ap
parent single-event damage is consistent with 
multiple two-event models in general. How
ever, the helium ions show a very different 
situation. At 81 keV/vm the intercept is 
0.17 Gray-1 and increases threefold at 
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FIGU RE 1. Survival of C. reinhardi Cells Exposed to the Specified Mono-Energetic Ions. 

99 keV/~m. This indicates that if initial 
products along tracks are of high enough den
sities, there is a relatively high probabil
ity of a single track producing all of the 
damage needed to kill a cell. Interestingly, 
the slope of lnS/D increases even more rap
idly , by almost a factor of 5, between 81 and 
99 keV/~m . As expected , there is no simple 
relationship between stopping power and slope 
or intercept . Rather , we expect the rela
tionship to involve some characteristic of 
the track structure that includes the dis 
tance between ionizations or groups of ioni
zations. These measurements are now being 
refined and suitable track structure calcu
lations are being made. 
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EFFECTS OF LINEAR ENERGY TRANSFER ON CELLULAR 
REPAIR RATES 

L. A. Braby and B. S. Jacobson 

A wide variety of different models of the 
effects of ionizing radiation on cells has 
been proposed by various researchers. These 
models differ widely in assumptions made 
about the fundamental mechanisms of damage 
and repair. However, because of the com
plexity of biological processes, many of 
these models have not been formulated in 
mathematical detail. As a result, these 
models cannot be evaluated with respect to 
the kinetics of cellular response . In fact, 
several different kinds of kinetics may be 
compatible with each type of model, depending 
on how the fundamental mechanisms are assumed 
to interact. If some of these proposed 
mechanisms can be eliminated , i t will greatly 
simplify the problem of developing alterna
tive models that can be tested in detail, and 
that can then be used as a basis of extrapo
lation to low doses . 
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One assumption, which appears to be testable 
and which is common to many models of poten
tially lethal damage, is that only one type 
of damage is produced but that it is less 
repairable when produced by high linear en 
ergy transfer (LET) radiation . A variation 
of this assumption is that two different 
types of damage are produced by high- and 
low-LET radiations, but both are repaired by 
the same process. A result of this assump
tion is that the repair rate observed in 
split-dose experiments is expected to in
crease for damage produced by higher LET 
radiation. Other models, includi ng those 
that assume a single type of sublethal damage 
with the probability of interaction increas
ing as LET increases, lead to the conclusion 
that the repair rate should be unchanged, but 
the maximum amount of damage repaired should 
decrease with increasing LET. 

We are testing these alternative hypotheses 
with C. reinhardi as a test system. Similar 
experi"ments using mammalian cells , which re
quire additional modifications to our cell 



irradiation beam line, are planned for the 
future. Split-dose irradiations using pro
ton, deuteron, 3 He, and "He ions giving a 
stopping power range from 10 to 100 keV/um 
are being used to measure repair rates. The 
results for protons and 3He ions with stop
ping powers of 13 and 81 keV/um are shown in 
Figure 1. These results will be reported at 
the 1984 Radiation Research Society Meeting . 
The mean repair time with both ions is about 
33 min, only slightly longer than the 29 min 
measured with electron irradiation. Results 
for "He ions show a marked increase in 
single-event damage and the corresponding 
decrease in the amount of repairable damage. 

5 

Because the irradiated field in these ex
periments is small, statistics are still 
limited, and the uncertainty in the repair 
rates could conceal differences as large as 
about 50,. However, it is unlikely that even 
a 5~ change in the rate at which potentially 
lethal damage is repaired could be respon
sible for the observed increase in RBE, a 
factor of 3. Thus, we tentatively conclude 
that the increased effectiveness of high LET 
radiations is not due to the production of 
repair resistant damage, but rather to the 
difference in the spatial distribution of 
damage. 
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FIGURE 1. Split-Dose Survival Data for C. reinhardi Exposed to Proton and 1He Tracks Plotted as lnSm/ S, So That t he Mean 
Repair Time for Sublethal Damage Can Be Easily Determined. These two radiatons, with widely different stopping power 
and RBE, result in the same mean repair time, 50 min. 
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These experiments tested the rate of the re
pair process that is dominant near the opti
mum culture temperature (25°C) for these 
cells. There is a faster repair process 
(Nelson, Braby and Roesch 1980) observed only 
at temperatures above 25°C, which remains to 
be tested for change in rate with radiations 
of different LET. 
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• Radiation Biophysics 

Experimental studies in cellular radiobiology are undertaken to provide comprehensive tests of theo
retical models that relate biological phenomena with their initiating physical events. These studies are 
closely coordinated with the models being developed in the Radiation Dosimetry task, giving labora
tory support and guidance to development of the theory. Studies involving synchronized mammalian 
cell cultures [Chinese hamster ovary (CHO) cells] and various irradiation parameters such as dose rate, 
dose fractionation, and radiation quality are designed and selected to provide optimum tests of the 
theory. To perform dose and dose-rate measurements at low doses, cells with constant radiosensitivity 
are required. To provide this consistency with mammalian cells, stationary-phase cultures must be 
used. Methods of arresting growth of Chinese hamster ovary cultures have been developed, and the 
kinetics of stationary cell systems produced by such methods have been thoroughly evaluated. Repair 
of cumulative damage resulting from exposure of these and other cell systems to ionizing radiation is 
being investigated. 

CHARACTERIZATION OF CHINESE HAMSTER OVARY 
(CHO) CELLS IN PLATEAU-PHASE CULTURES 

J. M. Nelson and N. F. Metting 

Accurate measurements of characteristic re
pair times are required as input into the 
modeling effort of the Radiation Dosimetry 
program. These repair constants may be de
termined by either split-dose or dose-rate 
methods, provided that cellular radiation 
sensitivity remains relatively constant 
throughout the experiment. However, radia
tion sensitivity of mammalian cells changes 
rapidly as the cells progress through the 
intermitotic cycle and irradiation itself 
affects the rate of cell-cycle traverse. 
This makes it difficult, if not impossible, 
to gain useful information from exponentially 
growing cell cultures by either method when 
the experiments last more than just a few 
minutes. Consequently, stationary-phase 
cells, whose radiation sensitivity is not 
expected to change with time, should be suit
able for such quantitative determinations. 

long-term culture with either periodic medium 
refreshment or continuous nutritional depri
vation produce plateau-phase cultures in 
which no net increase in cell number occurs. 
These cultures often include a proportion of 
stationary-phase cells that do not progress 
through the intermitotic cycle. Histori
cally, most investigators have assumed 
plateau-phase mammalian cells to be static, 
noncycling populations. These cells were 
believed to have exited the proliferative 
cycle as G1-phase cells, and little differ
ence was expected between the starved and 
fed cultures. However, cells brought into 
plateau phase by these different methods have 
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been found to respond differently to ionizing 
radiation and data now available suggest a 
less simplistic characterization of nonpro
gressing cells. 

Our Chinese hamster (CHO-K1) cells are grown 
in monolayer cultures and have been evaluated 
long after they reach confluence. They are 
found to have ceased proliferative activity 
and entered stationary (nonprogressing) phase 
at different positions within the inter
mitotic cycle. Aged cells in starved and 
fed, late plateau-phase cultures were ana
lyzed by four methods. Reproductive integ
rity and cell viability were determined daily 
by clonogenic-cell assay and eythrosine-b 
dye-exclusion techniques. Time lapse video 
microscopic observations of dividing cells 
were used to measure mitotic frequencies of 
cells harvested from 18-day-old cultures . 
Tritiated-thymidine (3H-TdR) autoradiography 
was used to determine the fractions of DNA
synthesizing cells in cultures entering 
plateau phase and during regrowth after har
vest. The rate of labeled precursor uptake 
and incorporation into DNA was measured by 
liquid-scintillation or gamma counting after 
labeling with 3H-TdR or f25I-UdR. In addi
tion to being different from exponentially 
growing cells, the cycle phase distributions 
in the two types of plateau-phase cultures 
were found to differ substantially from one 
another (Figure 1). 

Noncycling cells in starved cultures are 
found to have accumulated primarily in G1 
phase, with the balance in G2 phase. Very 
few cells (<2%) are found in S phase . In 
contrast, however, nearly half of the cells 
in fed cultures are found in S phase. This 
fraction was found to vary considerably in 
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FIGURE 1. Estimates of the Duration of Cell Cycle Phases and Approxtmate Distributions of Cells Throughout the Cell 
Cycle for Exponentially Growing, Starved and Fed Plateau-Phase Populations of CHO Cells. 

response to the frequency and pattern of me
dium replacement. Upon harvest and recul
turing, populations of both types of plateau
phase cultures demonstrate extremely coherent 
cyclic patterns of DNA synthesis. They re
tain this high degree of synchrony for more 
than three generations after the resumption 
of growth. We conclude that nutritionally 
deprived (starved) late plateau-phase cells 
can become stationary in both G1 and G2 
phases, while density-inhibited cells that 
are fed periodically never actually stop 
proliferating. Rather, these fed cultures 
contain a very large and variable fraction of 
active, but slowly cycling cells. Regardless 
of their origins, starved cultures and fed 
ones are very different from one another in 
terms of composition, cell age distributions, 
and most other characteristics. Only in 
superficial appearance and various qualita
tive growth criteria are they similar. 

A manuscript describing this work, entitled 
"Kinetic Differences Between Fed and Starved 
Chinese Hamster Ovary Cells," by J. M. 
Nelson, P. W. Todd, and N. F. Metting, has 
been prepared and submitted for publication. 
The paper also discusses the implications of 
our experimental observations relative to 
conclusions drawn from plateau-phase cell 
experiments by other investigators. Publi
cation of this paper will represent a sig
nificant milestone in the investigation of 
plateau-phase kinetics. However, a number of 
other questions relative to interpreting and 
understanding the influence of cell kinetics 
on radiation repair phenomena remain unan
swered. Consequently, further refinements in 
the understanding of the behavior of plateau
phase cell populations may be necessary. 
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KINETICS OF SUBLETHAL AND POTENTIALLY LETHAL 
DAMAGE REMOVAL BY SIMULTANEOUS REPAIR PRO
CESSES IN PLATEAU-PHASE MAMMALIAN CELLS 

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

Interaction of radiation-induced damage re
sulting from both high- and low-LET irradi
ations, has been, observed by several inves
tigators (Ngo, Blakely and Tobias 1981; 
R. P. Bird et al. 1983). This interaction 
has been interpreted in terms of biophysical 
models that assume either 1) the accumulation 
and interaction of biochemical sublesions, or 
2) the saturation of some damage-removal sys
tem. The increased survival with time be
tween doses, observed in split-dose experi
ments, as well as the shape (shoulder region) 
of the survival curve in dose rate experi
ments, may be explained by either of these 
assumptions. Several of these models differ 
only at the molecular or biochemical level, 
e.g., the assumption about the nature of the 
interaction and the fate of the damage if it 
does not interact . Consequently, models 
assuming sublethal and potentially lethal 
lesions could not be distinguished from one 
another on the basis of the cell survival 
alone. However, many other aspects of these 
models can still be tested by comparing ob
served with predicted cellular response 
patterns. We have studied the kinetics of 
repair processes which remove both sublethal 
and potentially lethal damage following pho
ton and electron irradiations in starved 
plateau-phase cultures of CHO cells. These 
split-dose , delayed-plating, and dose-rate 
experiments were done in an effort to clarify 
the relative roles in cell survival of damage 



repair processes for both sublethal and po
tentially lethal damage. 

Several split-dose experiments using two 
equal doses of either 1.5 MeV electrons or 
250 kV X-rays, separated by i nterva 1 s ranging 
from 1/2 min to 24 h, have now been ana
lyzed. As seen in Figure 1, the electron 
data clearly demonstrate two distinct repair 
processes. One of these has a characteristic 
time (T) of about 60 min, the other about 
16 to 20 h. Sufficient data from split-dose 
photon experiments are not yet available to 
accurately determine the repair constants. 
However, values forT have been determined 
from photon dose-rate survival data. These 
appear consistent with the electron split
dose data. This implies the existence of two 
distinct types of damage since two repair 
processes operating on one type of damage 
would show only a single, average repair 
rate. 

Delayed-plating experiments using plateau
phase CHO cells irradiated with photons have 
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FIGURE 1. Split-Dose Survival Data from Starved 
Plateau-Phase CHO Cells Irradiated With Two Equal 
Doses of 1.5 MeV Electrons. Data are plotted such that 
data from cells having only a single exponential repair 
process would fall on a straight line. The maximum 
survival, Sm, is estimated by the product of the survivals 
for each individual dose fraction. 
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demonstrated a small, but significant amount 
of repair of potentially lethal damage, as 
may be seen in the lower curve in Figure 2. 
We have completed only a limited number of 
experiments with electrons, but the data 
available are consistent with that of the 
photon experiments. In both cases the repair 
rate observed for removal of potentially 
lethal damage is also on the order of 16 to 
20 h, and appears to correspond to the longer 
process observed in split-dose experiments. 
As seen in the same figure, the amount of 
damage removed during the interval between 
irradiation and subculturing in delayed
plating experiments was found to be consid
erably less than that removed during pro
tracted irradiations in dose-rate experi
ments. Simple repair depletion models 
predict a greater increase in survival (less 
residual damage) after a given amount of time 
for repair in delayed-plating experiments 
than during protracted exposures of the same 
length. In order for protracted exposures to 
yield greater survivals, some damage fixation 
process that is dependent on damage concen
tration must exist. Such concentration de
pendence can only result from the interaction 
between damage produced by different energy 
deposition events; we refer to this sort of 
damage as sublethal damage. From these ex
periments we have concluded that the starved 
plateau-phase CHO cells repair both sublethal 
damage, with a characteristic time of about 
1 h, and potentially lethal damage, with a 
time on the order of 16 to 20 h. 
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FIGURE 2. Increase m Relative Survival with Time After 
Irradiation (Lower) and Immediately after Protracted 
Exposures (Upper), for the Same Cells Irradiated with 250 
kV X- rays. Delayed-plating data are plotted as survival of 
cells subcultured at various times after irradiation relative 
to the survival of cells subcultured immediately following 
exposure. Survival after protracted exposure is plotted 
relative to that after the same dose given at a high dose 
rate and subcultured immediately. 
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DOSE RATE EVIDENCE OF DAMAGE ACCUMULATION IN 
STATIONARY-PHASE MAMMALIAN CELLS 

N. F. Metting. W. C. Roesch. L. A. Braby. and 
J. M. Nelson 

The Accumulation Model of radiation damage 
(Braby and Roesch 1978) allows for the 
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existence of both single-event and multiple
event killing. Dose-rate studies using 
plateau-phase CHO cells were reported last 
year (Metting et al. 1983). These results. 
analyzed according to the Accumulation Model. 
indicated that both types of damage were 
occurring in the cells in response to X-ray 
insult. 

Additional dose-rate survival experiments 
were performed this year to reduce uncertain
ties in t he determination of T• the repair 
time for t wo-event damage. Figure 1 shows 
the survival data plotted in the traditional 
way. i . e •• as survival versus dose. Much 
repair is evident. 

Some authors say that this repair is the 
same as that observed in delayed-plating 
experiments. To determine the extent of 
delayed-plating repair in these cells. an 
additional series of delayed-plating 
experiments was performed. Plateau cell 

D 
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FIGURE 1. Survival Versus Dose for Stationary-Phase CHO Cells Exposed to 250 kV 
X-rays at Five Dose Rates. 
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populations were treated with various doses 
at a high dose rate , and then incubated in 
spent medium for varied lengths of time be
fore exponential growth was initiated. 
Figure 2 shows the amount of repair that 
occurred within 4 to 48 h of delay; clearly, 
it is not enough to account for all of the 
dose- rate effect. 

Another possible mechanism that has been 
proposed to account for the higher survival 
at lower dose rates is that the initial radi
ation damage triggers an increase in repair 
capacity that enables the cell to more suc
cessfully repair subsequent damage. Another 
interpretation of the experimental evidence 
for this process might be that the initial 
dose eliminates the most sensitive cells in a 
heterogeneous population, leaving the more 
resistant cel l s to be damaged by the remain
der of the dose. In such experiments, cell 
populations are subjected to a moderate dose 
of radiation, held for varying periods of 
time, and then irradiated again. Some re
searchers have seen an enhancement of sur
vival to predosed populations of some cell 
lines, as manifested by a shallower slope on 
the subsequent survival curve. The largely 
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FIGURE 2. Survival of CHO Cells Exposed to 250 kV X
rays at 100 rad / min, and Then Assayed After Incubation 
of 4to 48 h. 
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parallel curves of Figure 3 indicate the lack 
of a significant repair potentiation in the 
plateau-phase CHO cells. 

Figure 4 shows the dose- rate data plotted as 
(- lnS/02) versus t . The heavy line i ndicates 
where these points would fall if only two
event damage were present, according to the 
Accumulation Model . It is possible to sub
tract the effect of single-event killing 
(C/O) from the experimentally obtained values 
of -lnS/02, thereby generating the two-event 
damage curve seen in Figure 5. Analysis of 
this curve yields a probable value for t of 
59 min . 

Braby and Roesch (1978) have previously shown 
that this type of response is not compatible 
with the many models which assume that damage 
progresses through successive steps until the 
cell sustains potentially lethal damage. In
stead, these results demonstrate that damage 
accumulates, and that there is a correspond
ing increase in the probability of this dam
age becoming lethal. Several models devel
oped recently (Curtis 1982) incorporate some 
form of interaction that is proportional to 
the dose squared. Our results indicate that 

DOSE RATE= 100 rad/min 
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FIGURE 3. Survival of CHO Cells Given a First Dose of 
400 rads at Various Periods Before a Second Dose of X
rays Was Administered. 
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such an interaction must be of the accumula
tion type, at least in pleateau-phase CHO 
cells. 
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• Modeling Cellular Response to Cenetic Damage 

The role of cellular biochemical processes initiated by radiation or by chemical carcinogens on the 
production and repair of genetic damage is a key element in developing predictive models of cellular 
effects at low doses and dose rates. This program focuses on understanding the mechanisms by which 
chemical alterations in mammalian cell chromosomes produce toxic and mutagenic effects. Our exper
imental studies have concentrated on the rodent cell line CHO-K1 where replica plating techniques 
have proved useful in isolating mutants with altered repair capability. Characterization of these 
mutants has lead to investigations of the role of DNA precursor pools in the ability of cells to repair 
chromosome damage. Theoretical studies have focused on biochemical mechanisms for pool imbal
ance induced by radiation or chemical exposure and on the effect of this pool imbalance on other cel
lular processes. Our theoretical modeling effort is also extended to human cell lines through an active 
collaboration with Dr. R. H. Heflich at the National Center for Toxicology Research in Jefferson, 
Arkansas. 

CONTROL OF DNA SYNTHESIS BY OEOXYNUCLEOSIOE 
TRIPHOSPHATES (dNTPs) IN PERMEABLE CHINESE 
HAMSTER OVARY CELLS 

C. N. Newman and J. H. Miller 

A previous report (Newman 1983) suggested an 
important role for deoxynucleoside triphos
phate {dNTP) pools in effecting repair of DNA 
in Chinese hamster ovary cells (CHO-Kl) that 
have been damaged by dimethylsulfate or UV 
radiation. This idea was surmised from 
studies of Mut 8-16, a carcinogen-resistant 
mutant of CHO-Kl whose only demonstrable bio
chemical defect is a dNTP imbalance. The me
chanism by which altered dNTP concentrations 
affect biological responses to carcinogens is 
not clear; however, the work of Nicander and 
Reichard (1981) suggests that one such dNTP, 
deoxycyti dine triphosphate (dCTP}, may act at 
an allosteric site on the DNA-replicase com
plex to increase the affinity of the DNA syn
thesis system for all dNTP substrates. Thus, 
regulation of DNA synthesis by dNTP pools may 
be one mechanism that mediates the biological 
response of cells to carcinogens. 

We have examined DNA synthesis in permeable 
CHO cells to ascertain the significance of an 
altered dNTP pool balance on replication, 
both in CHO-Kl and in Mut 8-16 cells (Newman 
and Miller 1983). In Figure 1 rates of rep
lication in a standard reaction mixture con
taining all four dNTP substrates and per
meable cells (here assigned a value of unity) 
are compared to rates obtained by singularly 
increasing the concentrations of each of the 
four dNTP substrates. No effect on the rate 
of synthesis was observed with up to a 
22-fold increase in the concentration of 
deoxyadenosine triphosphate (dATP). Only a 
small (and equivalent} stimulation of syn
thesis was obtained in both cell lines when 
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deoxyguanosine triphosphate (dGTP) was in
creased by the same magnitude. In contrast, 
a dramatic effect on the replication rate 
resulted when excess deoxythymidine triphos
phate (dTTP) or excess dCTP was added to the 
standard mixture. A 20-fold excess in dTTP 
inhibited synthesis to -5% of norma 1 in both 
cell lines, while a 23-fold excess in dCTP 
enhanced synthesis up to twofold. The effect 
of dCTP was most dramatic in CHO-Kl cells; 
little stimulation of replicative activity in 
Mut 8-16 was observed at or below dCTP con
centrations of 1 rrM (10-fold excess) compared 
to a 1.4-fold increase in parent cells. 
Judging from the absence of response or small 
response of both cell lines to excess dATP 
and dGTP, respectively, substrate concentra
tions were not otherwise rate-limiting. 

Replication in Chinese hamster ovary cells 
thus appears to be stimulated by excess dCTP. 
This finding agrees with the hypothesis of 
Nicander and Reichard (1981). A new finding 
is that replication is inhibited by excess 
dTTP. Thus, a mechanism depicting the regu
lation of DNA synthesis (and possibly the 
biological response of cells) via allosteric 
control of DNA synthesis by dCTP and/or dTTP 
is now clearer. The reason for the greater 
resistance of the replicase complex in 
Mut 8-16 to regulation by dCTP is not yet 
apparent but is probably related to its in
creased resistance to chemical carcinogens 
and to ultraviolet radiation {Newman 1982). 
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FIGURE 1. Effects of dNTP Substrate Concentrations on 
Rate of DNA Synthesis in Permeable Cells. Rates of DNA 
synthesis were determined in the standard reaction 
mixture (relative rate= 1.0) or in the standard mixture 
containing excess dCTP l•.o), dGTP (l, Q). dATP (•.oJ 
or dTTP (•.t:.) at the '.ndicated concentrations. ['H JdTTP 
was maintained at a constant specific activity (3.4 x 106 

dpm/nmol). Open symbols are permeable CHO-K1 Ct"lls; 
closed symbols are permeable Mut 8-16 cells. 
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"Mutagen-Induced Changes in Cellular De
oxycytidine Triphosphate and Thymidine 
Triphosphate in Chi rtese Hamster Ovary 
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114:34-40. 
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CARCINOGEN-INDUCED DEOXYNUCLEOSIDE TRI
PHOSPHATE POOL IMBALANCES: EFFECT ON DNA 
SYNTHESIS IN GROWING CHINESE HAMSTER OVARY 
CELLS 

C, N. Newman and J. H. Miller 

In a presentation at the Symposium on Genetic 
Consequences of Nucleotide Pool Imbalance 
(May 9-11, 1983), we proposed that radiation 
or chemical insult, by inducing transient 
inhibition of DNA synthesis (Edenberg 1983), 
predisposes cells to secondary DNA lesions, 
possibly via a type ll topoisomerase acting 
on partially replicated DNA (in accordance 
with the model of Painter [1980]). We sug
qested that the irlitial inhibition leading to 
secondary damage may occur in response to a 
carcinogen-induced deoxynucleoside triphos
phate (dNTP) pool imbalance (Figure 1). This 
possibility is further explored by examining 
at various times after exposure both the con
centrations of dNTP pools and the rates of 
DNA synthesis in UV-treated cells. 

There is, indeed, a marked dNTP pool imbal
ance beginning 10 min after irradiation of 
CHO-Kl cells (see Figures 2 and 3). The most 
dramatic effects are in cellular dCTP, which 
decreases (Figure 2), and in cellular dTTP, 
which increases (Figure 3}. These effects 
are observed even at a UV-fluence (3Jm-2 ) 

that kills less than 5% of the cells (Newman 
1982}. These changes in dCTP and dTTP are 
initially quite large, on the order of three
to tenfold; recovery to normal levels takes 
over 5 h for dTTP and 12 h for dCTP. For 
comparison, levels of dATP are also illu
strated (Fi()ure 2). No change in the concen
tration of this DNA precursor is observed for 
1-2 h; thereafter, only a gradual decrease to 
30% to 50% of normal occurs. The level of 
dATP recovers to nearly normal 8 h after i r
radiation. No significant variation in 
cellular dGTP is observed during the same 
period (not shown). 

The rapid increase in dTTP and/or decrease in 
dCTP would be expected to favor inhibition of 
DNA synthesis, as discussed in the previous 
section and earlier (Newman and Miller 1983). 
To further examine this possiblity, the rate 
of DNA synthesis in untreated (control} cells 
and in cells 8 min or 8 h following exposure 
to 3Jm-2 of UV radiation was measured. 
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FIGURE 1. Two Hours Alter UV- or Dimcrhylsulfatc
lnduced Changes in Relative Concentrations of dTTP and 
dCTP. Cell monolayer\ were expo;ed to UV, then 
incubated in fresh growth medium for 2 h, or C<?ll<; were 
grown 1n the presencp of dimethylsulfate for 2 h_ The 
conn,mrations of dNTP pools in extracts from treated 
cells were compar('d to that from unHeated control 
< ultures. Survival values after UV or d1methyl<>ulfate 
cxposure were obtained earlier {Newman 1982). RelcltivP 
dDP: after UV (•.D) or after dimerhylsulfate ( l , \1), 
relative dCTP: after UV {e,ol, or after dimethylsultate 
(A,LI.). Clo1ed symbols are CHO-K1; open <>ymbob MC 
Mut B-16. 

Figure 4 illustrates that pulse-incorporation 
of 3H-thymidine into DNA at 8 min after expo
sure, when dCTP and dTTP levels are lowest 
and highest, respectively, (Figures 2 and 3) 
is reduced to ~25% of that observed in the 
control. At 8 h after exposure, when the 
dTTP level is normal and the dCTP level is 
partially recovered, the rate of replication 
is greater, ~75% of normal. The rate of DNA 
synthesis at 8 min is lower than would be 
expected if only UV-induced lesions in DNA 
were blocking ongoing replication forks 
(Edenberg 1983). This is illustrated by 
comparison with Chinese hamster V-79 cells. 
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FIGURE 2. Relative Levels of dCTP and dATP Following 
Exposure To 3 Jm-' (dashed lines) or 10 )m-' (solid lines) of 
UV. There were 18.77 pmol dCTP/~Jg DNA and 11.1 pmol 
dATP/tJg DNA in unirradiated control cells. 

These cells have genomes, biochemical repair 
pathways and rates of replicon fork movement 
comparable to those of CHO-Kl cells (Kapp and 
Painter 1983). However, carcinogen-induced 
dNTP imbalances in V-79 cells, unlike results 
with CHO cells, do not occur for at least 2 h 
following exposure (Das, Benditt and Loeb 
1983). It is, therefore, significant that in 
a similar measurement the DNA replication 
rate of V-79 cells at 10 min after irradia
tion (even after exposure to 5Jm-2 of UV), 
was only slightly reduced (80% to 90%) in 
comparison to untreated cells (Doniger 1978; 
Dahle, Griffiths and Carpenter 1980}. 

We believe these findings represent a con
vincing argument to support a direct role for 
dNTP pools in regulating DNA synthesis in 
response to damaging agents. Coupled with 
our analysis of a pool-altered, carcinogen
resistant mutant of CHO-Kl, Mut 8-16, which 
we a 1 so presented at the Sympos i urn on 
Genetic Consequences of Nucleotide Pool Im
balance, a relationship between the extent of 
carcinogen-induced inhibition of DNA repli
cation (mediated by dCTP and/or dTTP) and the 
biological consequence of this inhibition 
must be strongly considered. Finally, while 
the series of events resulting in a dNTP pool 
imbalance follow1ng an insult is not yet 
clear, the possibility of a non-DNA target 
intermediate is being investigated (see next 
section). 
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MECHANISMS OF UV-lNDUCED dNTP POOL IMBALANCE 
AND ITS RELATIONSHIP TO INHIBITION OF DNA 
SYNTHESIS 

J. H. Miller and C. N. Newma11 

Tne DNA molecule has lo11g been considered as 
the primary target for the genetic and car
cinogenic effects of exposure to radiation 
and chemicals. The results that we presented 
at the Symposium on Genetic Consequences of 
Nucleotide Pool Imbalance, (May 9-11, 1983) 
and findings at other laborator1es (Ashman 
and Davidson 1981; Meuth 1981) suggest 
another possible mechanism for the damage 
induced by low doses of these agents. 

As discussed i11 earlier sections of this 
report, we find that small doses of ultra
violet (UV) radiation or dimethylsulfate 
(OMS), which have practically no effect on 
cloning effic1ency, produce significant im
balance in the deoxynucleoside triphosphate 
(dNTP) pools of Chinese hamster ovary (CHO) 
cells. Furthermore, the kinetics of UV
induced pool imbalance, discussed in the 
previous section, appear to be correlated 
with the inhibition of DNA synthesis in these 
cells. These kinetics are distinctly differ
ent from those observed in Chinese hamster 
V-79 cells (Das, Benditt and Loeb 1983). We 
are developing models based on biochemical 
mechanisms that explain the different pool 
imbalances in V-79 and CHO cells in their 
response to UV, and the corre 1 at ion between 
pool imbalance and inhibition of DNA 
sy11thesis. 

Figure 1 shows the pathway for pyrimidine 
nucleotide metabolism in mammalian cells 
(Robert de Saint Vincent, Dechamps and Buttin 
1980}. We observe that CHO cells maintain 
their pool of dTTP primarily through dCMP 
deaminase which converts dCMP to dUMP; the 
latter is then converted to dTTP. In con
trast, V-79 cells show little deaminase 
activity. Consequently, in V-79 ce11s dTTP 
must be derived from direct reduction of UDP 
by UDP reductase, ultimately yielding dUMP, 

PYRIMIDINE METABOLISM IN MAMMALIAN CELLS 

UOP reductase 
CMP - CDP dCDP - dCTP - -

Ucd li It l1 kmase dCyd 
lara-C) kmase 

c,d CTP dCyd - dCMP -c,d I CTP t c,d I l dCMP deaminase deammase l synthetase deaminase I Tdc 
I kinase 

Ucd UTP dUrd - dUMP ..... dTMP ;:!'.;:! dTIP -
Ucd li 11 11 

dTMP 
kmase synthetase 

UOP reductase de novo 
UMP - UDP dUDP synthesiS - -

FIGURE 1. Pyrimidine Metabolism in Mammalian Cells. Double arrow<; indicate reversible steps, reinforced arrows 
indicate irreversible steps and dotted arrow<; o;how r!"actions thdt are not present in some cell straim. 
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which, as noted earlier, is converted to 
dTTP. We a 1 so observe that deami nase act i v
ity in CHO cells is not blocked by low doses 
of uv. Hence, a possible mechanism for the 
rapid increase of dTTP and simultaneous de
crease in dCTP in CHO cells (see previous 
section, Figures 2 and 3) induced by low 
doses of UV is the loss of dCDP produced from 
the COP substrate. The presence of deaminase 
activity would then favor an equilibrium 
shift converting the residual dCTP to dTTP. 
This would also explain why the rapid in
crease in dTTP and the decrease in dCTP are 
not observed in V-79 (Das, Benditt and Loeb 
1983) since the deaminase pathway is not 
active in these cells {results not shown). 
To ascertain why dCDP is reduced we have 
investigated whether UV inhibits COP reduc
tase. However, preliminary results show no 
diminution in this activity resulting from 
radiation. Hence, our tentative conclusion 
is that the rapid UV-induced dCTP/dTTP pool 
imbalance in CHO must result from limitation 
on the substrate for reductase, COP. 

Experiments with drugs that block DNA repli
cation {Nicander and Reichard 1981, McMillan 
and Fox 1981) suggest that dCTP is a consti
tutive component of a multi -enzyme-DNA com
plex required for chain elongation. If bind
ing of dCTP to the DNA polymerase regulates 
its affinity for all dNTP substrates, then a 
decrease of dCTP would reduce the number of 
replicons that function at a given time 
rather than slow down the rate of synthesis 
at operational forks by random competition 
for substrates. This is consistent with the 
results of DNA fiber autoradiography follow
ing low doses of UV {Doniger 1978). 

We are currently investigating this mechanism 
to explain the correlation between pool im
balance and inhibition of DNA synthesis that 
we observe in UV-irradiated CHO cells. We 
speculate that regulation of DNA synthesis by 
dCTP might be a mechanism to protect cells 
from IIUtation due to miscoding that is more 
probable when DNA synthesis continues during 
a dNTP pool imbalance. 
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THE EFFECT OF BIPHASIC REPAIR KINETICS ON THE 
SURVIVAL OF HUMAN CELLS EXPOSED TO RADIATION 
AND CHEMICAL CARCINOGENS 

J. H. Miller and R. H. Heflich* 

Biphasic kinetics are frequently observed 
when repair in human cells is measured by 
adduct removal {Kaneko and Cerutti 198D), by 
removal of sites that are susceptible to UV 
endonuclease {Zelle and Lohman 1979) and by 
unscheduled DNA synthesis {Zelle, Berends and 
Lohman 1980). Our previous model for the 
influence of excision repair on survhal 
{Miller and Heflich 1982) assumed a single, 
first-order repair process. Although this 
model was successful in accounting for the 
slope of the exponential part of the survi~al 
dose-response, it could not explain shoul
dered survival cur~es. \ole are currently in
vestigating the hypothesis that these shou 1-
ders result from biphasic repair kinetics. 

Kaneko and Cerutti {1980) attribute the re
pair kinetics that they observe to a single 
repair process operating in different chem
ical en~ironments due to chromosome struc
ture. This can be treated as a special case 
of a two component, first-order IJ\Odel in 

*National Center for Toxicological Research, 
Jefferson, Arkansas. 



which the fraction of damage remaining at 
time t after a dose D is 

were f1 is the fractior1 of type 1 damage that 
results from the treatmer~t. The survival, 
s+, of a repair proficient cell is then re
lated to the survival, s-, of a repair defi
cient cell by the equatior1 

log(S+{r,D)] "log[S-{D)]f(r,D) (2) 

where r is the average time available to re
pair a lesion before it is fixed by other 
biochemical processes in the cell, such as 
DNA replication. 

To apply this type of roodel requires accu
rate, dose-deper~der~t, kir~etic repair data to 
determine the rate constar~ts k1 and kz and 
the function ft{D). Data meeting all these 
requirements are not currently available. 
Hence, in this report we can only speculate 
0r1 possible implications of the model that 
can be tested as more data become available. 
The most promising test of the model appears 
to be the difference ir1 survival of normal 
human fibroblasts and fibroblasts from xero
derma pigmentosum XP patients in complementa
tion group F (Arase et al, 1979), Normal 
human fibroblasts (NF) have a rapid component 
in their repair of damage induced by UV light 
(Zelle, Berends and Lohman 1980). The frac
tion of damage repaired by this component 
varies from about 4D% at a dose of 2.9J/m2 to 
an undetectable level at 23.2J/m2 • This 
approximately corresponds to the shoulder 
region of the UV dose-response for NF. XP 
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cells from complementation group F do not 
exh1bit the rapid repair component and do not 
have a shoulder on their UV dose-response, 
The initial test of the model will be to 
predict the shoulder on the UV dose-response 
of NF from measured characteristics of the 
fast repair component. 
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• Internal Microdosimetry 

The purpose of this study is to develop practical methods for calculating microdosimetric distributions 
for plutonium or other alpha-emitting elements that are deposited internally, especially as particulates, 
in soft tissue and lung tissue. This S(udy will aid the correlation and extrapolation of radiation effects 
measured at different levels of exposure, different distributions in dose and in different species. Com
putational methods are developed and tested in the Radiological Physics Section. Concurrently, the 
Dosimetry Technology Section develops cell and tissue models in which those methods are applied. 

LUNG MlCRODOSIMETRY CALCULATIONS 

W. C. Roesch 

Last year work was started on calculating the 
probability of fir1ding an alpha-particle
emitting particulate as a function of dis
tance from a sensitive site by means of a 
formal relation between certain Fourier 
transforms, 

H (l + G) 
1 - GF 

where H is the trar1sform of the probability 
density for the distance between the site and 
the ne)(t alveolar wall; G that for the dis
tance across an alveolus; and F that for the 
thickness of an alveolar wall. The diffi
culty in handling this expression was a 
singularity at the value zero for the trans
form variable. The difficulty was circum
vented by using a modified version of the 
e)(pressi on, 

H (1 + G) (1 - [GF]n) 
1 - GF 

where n is a number of alveolar walls plus 
alveoli traversed. This expression gives the 
density only out to this number n of alveoli. 
But beyond that, the density is a constant 
that can be derived from the ori gina 1 ex
pression, and the constant can be smoothly 
attached to the result of the calculation 
from the last expression to give the required 
probability. 

DOSE DISTRIBUTION EFFECTS AT THE CELLULAR 
LEVEL 

D. R. Fisher and M, E. Frazier 

Experiments are in progress to demonstrate 
the biological effects on cells from varying 
alpha particle dose distributions. The pur
pose of this work is to demonstrate the ap
plicability of computer codes for internal 
microdosimetry_ 

Microdosimetric theory suggests that the 
biological effects of irradiation by alpha 
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particles will vary with changing dose dis
tribution patterns, even though the absorbed 
dose is held constant. We wished to test 
this prediction of the theory using 1) a uni
formly distributed alpha particle emitter, 
and 2) "hot particles"--alpha particle 
emitters in particulate form. 

Cultured Chinese hamster ovary (CHO-Kl BI-ll.) 
cells were exposed in vitro to inert, irJsol
uble ceramic microspheres of zirconium di-. 
oxide labeled with i39pu,* The average ex1t 
energy of the 5,15 MeV alpha particle was 
calculated to be 4.3 MeV. Exposure times 
varied from four to seven hours to achieve 
the desired dose level. 

The CHO cells and 239puZr02 microspheres were 
mix:ed forming a planar geometry on the bottom 
surface of a plastic culture dish measuring 
25 cm2. The cells and microspheres were 
separated by centrifugation at the end of the 
exposure period. 

Cells were exposed to hot particles, uni
formly distributed a 1 pha particle radiation, 
and oOco gamma radiation (Tables 1 and 2), A 
uniform distribution of alpha-emitting 239pu 
was achieved by gently rocking one group of 
culture dishes during the exposure period; 
the rocking motion caused the mi crospheres to 
roll about on the bottom of the dishes while 
the CHO cells remained attached. Approxi
mately 106 cells per dish were exposed-

Biological effects monitored ir1 this study 
include cell survival, mutation rates and 
primary DNA damage. Preliminary results for 
cell survival and mutation frequencies in two 
e)(periments are reported here. Initial sur
vival was determined by a clonal growth 
assay. The rrutation assay involved scoring 
for specific mutations at the HGPRT locus, 

Absorbed doses were ca 1 cul a ted by determining 
the mean specific energy imparted to CHO cell 

* Generously provided for this work by 
Dr. l. M. Holland of Los Alamos National 
laboratory, Los Alamos, New Mexico. 



---------------------------------------------
TABLE 1. Cell Survival and Mutation Frequencies (a) (per 10' surviving 
cells) for CHO Cells Exposed to 0.07 pCi Plutonium Microspheres or 
Gamma Radiation 

Group Condition 
----- --

A 0.07 pCi 210Pu 
B Undorm "'Pu 

'"Co Gamma 
Sham Expo:.ed 

(a) Mean± Standard Error. 
Sr =Relative Survival 
Sa= Absolute Survival 

Dose Mutation 
(rad) Sr(%) Sa(%) Frcquency/10" 

70 67 41 -t 0.9 6.4:::: 1.6 
70 74 45 ± 2.2 238±8.0 
69.5 95 58 :t: 2.0 12.3 ± 2.2 

0 100 61 ± 3.8 4.5 ::': 1.2 

·---------------- -------- ---· --

·----··---------------- ----
TABLE 2. Cell Survival and Mutation Frequencies (a) (per 1()6 surviving 
cells) for CHO Cells Exposed to 1.87 pCi Plutonium Microspheres 

Dose 
Group Condition {rad) S,('X,) 

c 1.87 pCi "'Pu 70 94 
D Uniform "'Pu 70 103 
G Control> 

(a) Mean± Standard Error. 
Sr = Relative Survival 
S.o =Absolute Survival 

0 

nuclei for each exposure condition. The 
mathematical rrethods of Roesch (1977) for 
internal microdosimetry were employed. Cell 
nuclei were assumed to be spherical (diam. = 
9.0 micrometers}. 

100 

The numbers and distributions of microspheres 
per dish were counted by photomicrographs. 
The emitted radiation was also measured by a 
3-in. Nal(TI} crystal detector and a multi
char~nel analyzer. 

The survival and mutation frequencies for CHO 
ce 11 s that were given one of seven different 
exposure regimer~s are shown in Table 1 (for 

Mutation 

Sa(%) frequency/10' 

57::': 2.6 7.3 ± 0.9 
63 ± 5.0 18.4 ± 3.2 

1_2±0.3 

the 0.7 pCi microspheres) and Table 2 (for 
the 1.87 pCi microspheres). 

Our results confirm the importance of dose 
distribution in the analysis of biological 
effects from internal emitters. Differerlt 
levels of cytotoxicity were observed for 
alpha radiation from particulate sources 
compared to the more uniformly distributed 
activity, even though the absorbed (mean) 
doses were the same. 

The order of increasing !Tlltation frequency 
for equivalent total absorbed dose (70 rad) 
was found to be: 

Stationary microspheres 
(alpha radiation) 

GO co (gamma 
' ' 

Uniformly distributed 
mi crospheres 

(alpha radiation) radiation) 
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This was true regardless of the microspheres' 
specific activity. With mutation frequency 
as an endpoint, we found that the biological 
effectiveness of "equivalent doses" of alpha 
radiation can vary from <1 to ~10 (relative 
to gamma radiation) with the only variable 
factor being the physical distribution of the 
dose. 

When cell survival was the endpoint, cell 
killing was slightly greater in the presence 
of stationary microspheres than in cultures 
e){posed to the same numbers of mhed (uni
formly distributed) microspheres. In addi
tion, cell death was greater in cultures 
e){posed to microspheres with the lowest spe
cific activity (but the highest number of 
microspheres) regardless of particle distri
bution. Again, with cell survival as the 
biological endpoint, the relative biological 
effectiveness of alpha radiation varied from 
>1 to -7, depending on dose distribution. 

These dose levels were sufficient to assure 
that a large portion of the surviving cells 
received one or more alpha particle interac
tions. These data support the concept that 
multiple hits are required to kill a cell. 

Assuming that mutation frequency is an indi
cator of the potential for radiation-induced 
carcinogenesis, these results agree with ani
mal studies that suggest the carcinogenic 
effect of hot particles is cor~siderably less 
than the effect of uniformly distributed 
alpha activity. Finally, the data clearly 
show that cellular response to radiation is 
not simply a function of "average" dose. 
Indeed, dose distribution at the cellular 
level is of utmost importance. Further ex
periments are necessary to quantify the 
relative biological effectiveness of alpha 
particles and to more fully define the sig
nificance of various dose di stri but ion 
geometries. 
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LUNG DOSE CALCULATIONS FOR BEAGLE DOGS 
EXPOSED TO 239 Pu02 

0. R. Fisher, W. C. Cannon, R. T. Hadley, and 
J. F. Park 

The objectives (Fisher, Cannon and Blanton 
1983) of this work are: 1) development of 
capabilities for calculating the microdo
simetry of alpha-particle emitters in the 
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lung, and 2) correlation of the microdo
simetry with long-tenn biological effects. 

During the past year, calculations were 
begun on the microdosimetry for each of about 
120 beagle dogs exposed at this laboratory to 
plutonium dio){ide. The surviving dogs are 
being followed for life-span radiation 
effects (Park et al. 1983). 

A computer method for internal microdosimetry 
(Roesch 1977) was revised and combined with a 
statistical model of the microanatomical 
structure of the dog lung (Fisher, Hadley and 
Roesch 1982) to form a computer code for lung 
microdosimetry. The complexity of the calcu
lations performed by this code is not fully 
appreciated by most observers. It requires 
detailed information concerning the distri
bution, concentration, specific activity, and 
number of radioactive particulates deposited 
in the lung. It takes into account the resi
dence time for particulates in the lung over 
the life-span of the dog, and with consider
able computing, calculates a probability 
distribution of "doses" received by cells in 
the lung. The mean specific energy of the 
probability di stri buti on is equivalent to the 
cumulative absorbed dose. The code also pro
vides the probability that cells or other 
biological targets in the lung are irradiated 
or not durir~g a specified exposure period. 

The end-product of a microdosimetry calcula
tion is a probability density in specific en
ergy (a distribution of doses to individual 
cells or cell nuclei). Microdosimetry calcu
lations show that the actual doses to indi
vidual cell nuclei of the lurog are highly 
variable, and range from 0-20,000 rad, de
pending upon the proximity of the cell to 
nearby plutonium particulates. 

We are in the process of calculatir~g proba
bility densities for each dog lung in the 
current Z39puOz inhalation study at this 
1 aboratory, taking into account the charac
teristics of the inhaled aerosol and indi
vidual plutonium retention parameters. The 
results for each dog will then be compared. 
An example comparison for seven dogs is shown 
ir1 Figure 1. It illustrates the specific 
energy di stri buti ons for seven different 
cases where the average doses were 25, 
80, 150, 500, 1200, 2500, and 6000 rad, 
respectively. 

It is of interest to relate the microdo
simetry of plutonium i11 the beagle dog lung 
to long-term radiobiological effects. Lung 
tumors predominate in dogs receivin~ 500-
2500 rad to the lung from inhaled 2 '~PuOz. 
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FIGURE 1. A Comparison of Specific Energy 
D11lributions for Seven Sample Exposures. Cumulative 
absorbed doses rangf' from 25 to 6000 rad. 

Early death due to radiation pneumonitis pre
dominates at doses above 4000 rad. The ef
fects of inhaled plutonium appear to be non
specific at doses of less than about 300 rad 
(refer to Figure 1). Further work will be 
required to understand how the information 
provided by microdosimetry can be used to in
terpret the dose-response relationships and 
predict biological effects in the lung. 
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