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By irradiating cell; attached to thin Mylar foils
with diatomic deutercn beams, the role of interaction
distance in radiobiology can be investigated in a '
unique aanner. The molecule breaks up into two sepa-
rate Ions which diverge from each other because of the.
multiple scattering process in the foil and in the cel-
lular material. A distribution of separation distances
results whose characteristic separation depends on the
Mylar foil thickness. An experimental facility to use
diatomic beams is described. Cell survival results for
V79 Chinese hamster cells synchronized In late S phase
show that damage does result from tracks separated by
as much as 250 no. However, damage also results from
Interaction at nanometer dimensions.

Introduction

A wide variety of ionizing radiations have been
used to irradiate cultured mammalian cells. According
to the theory of dual radiation action*, biological
damage results fron interaction between sublesions pro-
duced by ionizing events spaced by up to i urn. The
experiments described here investigate the interactions
that result in cell killing by using pairs of deuterons
whose cracks are separated by fractions of a micron and
traverse a cell simultaneously. These spatially re-
lated deuteron pairs were obtained from accelerated di-
atomic deuterium ions at the Radiological Research
Accelerator Facility (RARAF) at BNL. The RASAF facil-
ity is dedicated to research in radiobiology
and radiological physics and uses the 4 MV Van
de Graaff accelerator originally used as the Cosraotron
injector. The series of experiments described here re-
quire such a dedicated facility because the apace and
time scheduling would not be available elsewhere.
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Fig. 1. The aolecular beam experiment compares bio-
logical effect for irradiations with paired
ions generated by a diatomic molecule which
breaks apart in the Mylar foil which is the
cell substrate.

In the molecular beam experiment illustrated in
Fig. 1, ce.Us attached to thin Mylar foils are irradi-
ated with either molecules or single ions with the same
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energy loss or linear energy transfer (LET). In the
foil, the molecule dissociates and the particles do in-
dependent randon walks so that a distribution of sepa-
ration distances result. Use of different foil thick-
nesses results in different characteristic separatiens.
By directly comparing the biological effects at the
sane dose (i.e., fluence) for Irradiations with single
and correlated ions, interaction for the distribution
of separations is measured. These deuteron pairs were
used to irradiate Chinese hamster cells, synchronized
by hydroxyurea treatment to be at either the Gj/S
transition tine or late S-phase.

This work has been described in greater detail in
a series of four papers describing the motivation2,
multiple scattering, the facility, and dosinetry3, the
cell survival measurements4, and interpretation of
these results3.

Multiple Scattering Distributions

Multiple scattering occurring in the Mylar foil
and cell material causes the separate ions of a mole-
cule to diverge as they enter the cell yet they remain
correlated because of their common origin. The angular
distribution resulting from multiple scattering is es-
sentially Gaussian except far away from the peak. The
characteristic width of the distribution is
proportional to the square root of foil thickness and
inversely proportional to particle energy. Measure-
ments described elsewhere^ of the scattering distribu-
tion from Mylar foils were made with deutsron and pro-
ton beams and the shape of these distributions are very
well described by the theory of Marion and Zimnernan6.
The mean ratio of experimental widths to values cal-
culated from the teory was 0.957+0.055.

For biological experiments we need to know the
distribution of spacing within a scattering material
rather than the distribution at a distance far removed
from the scatterer, as wa3 directly measured. This
development is done in three steps: 1) deriving a dis-
tribution of- lateral distance from the angular distri-
bution, 2) determining two-track, mutual separations
from distributions of distance for a single particle,
and 3) integrating the differential contributions along
the particle track from foil entrance to the point of
interest in the irradiated cells.

Figure 2 shows the shape of the scattering distri-
bution for the Gaussian approximation and the Marion
and Zimmerman6 scattering shape. The dependence of
characteristic separations SQ on depth is shown for
several representative cases. In separate experiments
we have determined that the radiosensitive region of
Chinese hamster cells lies between 0 and 5 pra depth.

Design of the Irradiation Apparatus

Use of the close track separations requires that
the flight path length between the surface where the
molecules dissociate and the regions of interest in the
irradiated calls be minimized. This fundamental re-
quirement was set by designing the apparatus for cells
attached to a Mylar foil, the foil serving simulta-
neously as i-he bottom of a dish fox cell culture and
as a window between the cell environment and the accsl-
ator vacuum system.
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Fig. 2. The top half shows the distribution of parti-
cle separations resulting from multiple scat-
tering at separation s relative to character-
istic separation s0. The solid curve repre-
sents a Gaussian approximation and the dashed
curve corresponds to the theory of Marion and
Zimmerman6. The bottom half shows how this
characteristic separation depends on Mylar
thickness and how it increases with depth in
the cell.

For irradiation, up to 22 diohes are placed in a
wheel which acts as a sample changer and controls the
cell environment! and which contains dosimetry equip-
ment for precise control of absorbed dose. Dishes are
irradiated with a line-shaped beam which passes through
the nearly-rectangular, current-monitoring aperture.
This technique was selected because of the relative
ease of establishing and verifying the uniformity of a
line image beam. However, since the collimated beam
is smaller than the area to be irradiated, it is nec-
essary to aove each dish through the beam. A dish is
irradiated by rotating its position on the sample wheel
through the beam at a race proportional to the instan-
taneous dose rate and inversely proportional to the
desired dose.

Figure 3 Is a schematic of the beam line from the
RARAF Van de Graaff accelerator to the sample chamber
for the molecular ion beam experiment. Either diatomic
deuterons or a doubly charged helium-3 beam Is selected
with che 4S° bending magnet. . 4-1066-75
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Fig. 3. Arrangement of the beam line leading to che
molecular beam experiment.

Both elements or' the magnetic quadrupole doublet
are set to focus vertically and defocus horizontally
co spread che beam, giving the required uniformity. A .

solid state detector is mounced on a two-dimensional
traverse mechanism near the sample wheel co subtan-
tiate uniformity across the beam.

The beam transport system is tuned to deliver a
beam of polyatomic molecules, and this beam is used
directly for those dishes irradiated with correlated
tracks. For irradiation with single, uncorrelated
tracks the molecular beam is converted to a singi". ion
beam by the insertion of a thin (̂  1 vim) polystyrene
foil 1.5 m upstream of the cell wheel. Passage through
this foil breaks up all the molecules and thereby pro-
vides a simple and reliable means for alternating be-
tween the two radiation qualities to be compared for
biological effectiveness. Control of the break-up foil
Insertion, beam stop, and dose is managed by a computer
program operating from an experimenter-supplied list.
A typical experimental protocol requires 10 to 40 sec-
onds for the irradiation of each dish.

Molecules which dissociate between the bending
magnet and the cell wheel appear as contaminant mon-
atomic Ions when Irradiating with molecules. To re-
duce this effect four Vac-Ion pumps reduce the pres-
sure in the 20 m beam line to less Chan IO~& torr ex-
cept near the cell wheel where it rises eo •v. 10"5 corr.

In the molecular ion beam experiment, fast evac-
uation tiaes are desired rather than ultra-high vacuum.
In addition, the cells are separated from the high vac-
uum by a thin (4-10 ym) Mylar substrate which will not
withstand large differential pressure.

Absorbed dose is measured with a parallel-plate
ionization chamber which is built into the irradiation
wheel and whose electric field is perpendicular to the
beam. A standard cell irradiation dish is used as the
window between the ionization chamber and che beam
transport vacuum system. This dish is electrostat-
ically isolated from the collecting volume, so that it
need not be electrically conducting. For this experi-
ment, the primary dosimetry requirement is that the
relative doses for molecules and single ions are pre-
cisely known and stable.

An independent determination of absorbed dose is
available from the observed count in a silicon surface-
barrier deeeccor mounced adjacent to the ionization
chamber on the wheel. The absorbed dose is propor-
tional to the product of particle fluence and LET. For
an appropriate count rate at the dose rates used in
this experiment, fluence is sampled through an aperture
of approximately 3xlO~4 cm2. The principle uncertainty
of this dose determination arises in the measurement of
this small, somewhat irregular area.

Cell Culturine

Chinese hamster V79 cells were synchronized with
hydroxyurea which synchronizes bv arresting cell pro-
gression at the Gj/S transition and by killing cells
that are in S-phase at treatment time. An additional
four hours of incubation after removal of the hydroxy-
urea <HU) provides a viable population in late S-phase.

This technique distorts certain aspects of the
normal cell cycle but maintains a large variation in
sensitivity to radiation from the sensitive Gj/S time
to the resistant late S time and is convenient and
suitable for this particular series of experiments.
Measurements were made with cells both at Gj/S and in
late S, but only the late 3 results are shown here.

Thin Mylar sheets ceaented to stainless steel rings
serve as culture and irradiation dishes. They have an
internal diameter of 3.5 en, which Is too large to



allow a full atmospheric pressure difference across
the thin Mylar. Therefore, a reduced pressure of 70
torr la used for the cell environment as supplied by
a gas mixture of air and 52 CO? bubbled through a
water column and maintained by a MKS Baratron pressure
regulator. To prevent dehydration, a small amount of
agar is added to the medium.

Cells are grown on the Mylar for a few genera-
tions (40 hours), sunchronlzed by HU treatment, irra-
diated, and them removed by trypsinization for replac-
ing into commercially available plastic Petri dishes
as single cells to assay for colony growth. ID this
procedure, the use of chemical synchronization leaves
the cultures with uniformly flattened cells as ob-
served microscopically. The irradiated cells are
incubated for seven days after which the colonies are
stained with aethylene blue and scored under low mag-
nification.

Results and Discussion

The survival ratios as a function of dose and
Mylar thickness shown in Fig. 4 for late S cells are
direct comparisons of survival after irradiation with
single deuterons relative to the survival after irra-
diation with paired deuterons. Each survival ratio
datum relates the average from three to five dishes
irradiated with paired and single Ions in the same
irradiation setup. Unirradiated controls were Includ-
ed in each setup in order to check for consistency
between setups. The error bars are the standard er-
rors of the ratio. Lines drawn through the data for
each Mylar thickness show an approximately linear dose
response up to doses of 800 rads corresponding to sur-
vival fractions of 1Z. At higher doses, the survival
ratio does not increase. 5-528-78
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Fig. 4. Survival ratio defined as the surviving frac-
tion after irradiation with single deuteron
ions divided by the surviving fraction after
Irradiation with paired deuteron ions as a
function of dose. Data points with standard
errors indicated are shown for late-S phase
cells irradiated on three different Mylar
thicknesses. The lines are guides to the eye.

Figure 5 shows survival curve data for irradia-
tions of late S cells with single deuterons or with
helium ions. The solid lines were fitted by eye. Data
from two or three setups with each ion are included.
In Fig. 5 the broken line represents a survival curve
using the survival ratio results in Fig. 4.

The survival ratio data shown In Fig. 4 is unique
to this experiment. Interaction between adjacent par-
ticle tracks definitely exists for late S cells using
characteristic separations between 90 and 250 nm in
support of the theory of dual radiation action which

asserts interaction at distances considerably larger
than a few nanometers. However, since the interaction
is comparable for irradiations with the 4 and 6 urn
Mylar and not strong enough to simulate the 3He data,
some of the biological response is due to interaction
at distances less than probed with these experiments.
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Fig. 5. Survival curves for late-S phase cells irra-
diated with either deuterons or with helium-3
ions with twice the LET to simulate two deu-
terons with zero separation. The dashed line
Indicates the survival for paired deuterons
with the cells on 4 or 6 um Mylar foils based
on the data in Fig. 4 and the survival curve
for single deuterons.

In conclusion, these experiments use accelerated
diatomic deuteron beams-and coulomb multiple scatter-
ing in a unique way to probe radloblological interac-
tion between particle tracks at distances between 30
and 500 nm. The results demonstrate an interaction in
late-S cells out to *• 250 nm separation between tracks.
The experinents are being extended to larger character-
istic separations, the results also imply that biolog-
ical damage due to ionizations within very small (nano-
meter) dimensions are important.
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