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Abstract
Purpose: To determine the relationship between the relative biological effectiveness (RBE) for cell inactivation and linear
energy transfer (LET) in the Bragg peak region of 12C and 20Ne ions.
Materials and methods: Chinese hamster ovary (CHO-K1) cells were exposed to high LET 12C (33.2 MeV, 20.3 MeV, 9.1
MeV at cell entrance) and 20Ne ions (56.2 MeV, 34.7 MeV, 15 MeV at cell entrance) and to low LET x-rays. Technical
details of the irradiation facility are presented which is based on the Monte Carlo simulation of the lateral spread of heavy
ions as a result of the multiscattering small-angle process in physical conditions of the experimental set-up.
Results: RBE has been measured for LET values close to the Bragg peak maximum, i.e., 440–830 keV/mm for 12C and for
1020–1600 keV/mm for 20Ne ions. RBE values at several levels of survival were estimated and were found to decrease with
increasing LET. The inactivation cross sections were calculated from the final slope of dose-response curves and were found
to increase with increasing LET.
Conclusions: The RBE decreases with increasing LET in the range between 440 and 1600 keV/mm for the two types of
radiations forming a single line when plotted together, pointing towards LET as the single determinant of RBE. The
inactivation cross section describing the killing efficiency of a single particle at the end of particle range comes close to the
size of the cell nucleus.
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Introduction

Knowledge of the radiobiological effects of heavy

ions at the cellular and molecular level is of

fundamental importance in the field of radiation

therapy (for example C ions) and space radiation

biology (for example Ne ions). One of the issues that

require deeper investigations is the determination of

the relative biological effectiveness (RBE) values for

a wide range of linear energy transfer (LET), for all

relevant doses, for many cell types and various kinds

of radiations (Kraft 2000).

Carbon ions are of special interest for radiation

therapy due to their special physical properties:

thanks to small lateral scattering a high precision of

dose delivery can be achieved. The possibility to

deliver a high dose to the tumour while sparing the

surrounding healthy tissue is the main advantage of

ion therapy. To reach this effect, the energy of the

ions must be such that they will stop inside the

tumour.

In the tissue exposed to heavy ions the RBE is low

in the entrance at high energy and increases at the

end of the particle range (Kramer et al. 2003). It is

known that RBE increases as a function of LET

up to a maximum value which, for high Z high

energy (HZE) charged particles, is found at LET

values between 100 and 250 keV/mm (Kraft 2000).
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mail: czub@pu.kielce.pl
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However, cell killing caused by heavy ions strongly

depends on the cell and ion type (Kraft 2000).

During recent years, the biological effectiveness of

heavy ions has been widely investigated with the aim

to identify physical characteristics relevant to biolo-

gical actions. These investigations are pertinent to

the use of heavy ions in radiosurgery and radio-

therapy. What has not been investigated as thor-

oughly is the biological effectiveness of heavy ions at

low energies and very high LET values. The LET,

which is equal to the stopping power of heavy

particles, increases sharply at the end of the particle’s

path, forming the Bragg peak. The shape of the

Bragg peak depends on the type of particle. Because

overlying beams with different energies and compo-

nents of primary and secondary particles are used in

radiotherapy, the knowledge of RBE values of very

high LET radiation need to be well characterized.

An experimental set-up designed for such investi-

gations was constructed at the isochronic cyclotron

in Heavy Ion Laboratory (HIL) of the Warsaw

University. In this paper we present the technical

instrumentation of a dedicated beam together with

the irradiation resolution, the results of the dosi-

metric studies and the measured RBE data as a

function of LET values for 12C and 20Ne ions.

Materials and methods

Cell line and culture conditions

CHO-K1 cells have been used as a suitable biological

system for our studies. The cell line is characterized

by genetic stability, the ability to form colonies, a

relatively rapid growth rate with a cell cycle of 12–14

hours. The cells were cultured in 5A McCoy (Gibco,

USA) medium, containing 10% fetal bovine serum

(FBS) (Gibco, USA), 1% penicillin and streptomy-

cin (Gibco, USA) and incubated in humidified

atmosphere at 378C with 5% CO2. CHO-K1 cells

were kindly provided by Prof. G. Obe University of

Essen, Germany.

For irradiation with ions cells were seeded in

specially designed Petri dishes (48 mm in diameter

with a thin Mylar (Goodfellow Cambridge Limited,

Huntington, UK) bottom – see Table I) 12–24 h

before irradiation. The denstity of cells was different

for various doses reaching from 2�105 to 9�105 cells/

ml (100–750 ml/plate). This was performed at the

Institute of Nuclear Chemistry and Technology

(INCT). In the morning of the irradiation day, cells

were placed on ice, transported to HIL and kept

there on ice except for the time of exposure which

was performed at room temperature.

The 60Co irradiation experiments were performed

in the Holycross Cancer Center in Kielce. Standard

Petri dishes (606 5 mm Falcon, Becton Dickinson,

USA) were used for culturing and irradiation. Before

exposure the Petri dishes with seeded cells were

placed on ice, transported to the Holycross Cancer

Center and kept there on ice except for the time of

exposure which was performed at room temperature.

Thus, with the exception of dishes, the experimental

conditions were identical for the heavy ion and

gamma ray experiments.

Irradiation facility

A view of used facility with a horizontal beam-line is

shown in Figure 1. In the design process the cardinal

assumption was made that the facility should be used

for radiobiological experiments using various ions at

a wide range of LET.

The Warsaw Cyclotron provides heavy ions from

boron to argon with energies from 2–10 MeV/u

(u¼unified atomic mass unit), so the facility allows

to use almost all types of ions that are potentially

used in ion radiotherapy. In the present work the

partially stripped 12C2þ and 20Ne4þ ions were

accelerated in the cyclotron to 48 MeV and 100

MeV, respectively, and deflected magnetically along

a beam pipe. The ion beam was transported from the

cyclotron area to the exposure set-up by a horizontal

beam line with a conventional beam tuning compo-

nents. Then the collimated beam (diameter of

collimator f¼ 2 mm) was passively spread out by

scattering gold foils (Goodfellow Cambridge Lim-

ited, Huntington, UK) with a thickness of 9–17 mg/

cm2. The gold foils allow to receive the desired exit

ion energy and to achieve a homogeneous radiation

Table I. The physical parameters of used 12C and 20Ne beams where FWHM (full width at half maximum).

Ion

Au foil thickness

(mg/cm2)

Havar thickness

(mg/cm2)

Air gap

thickness (cm)

Mylar thickness

(mm)

Final energy

(MeV)

FWHM

(MeV)

12C 9 2.3 0.5 6 33.2 1.1

13 1.9 11 9.1 4.6

17 0.5 6 20.3 2.3
20Ne 9 0.5 6 56.2 5.8

13 1.5 6 34.7 9

17 1.5 6 15.0 6.6
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field over an area of 1 cm6 1 cm of the exit window.

According to experimental requirements for different

beam types and energies a suitable scattering gold

foil can be inserted into the beam line using a

multiposition foil changer.

The ion beam intensity was controlled on-line by

an integral monitoring system consisting of a silicon

detector (ORTEC, USA) placed inside the scattering

chamber at an angle of 208 detecting scattered

projectiles. In front of the particle detector a 4 mm

in diameter collimator was placed to define a

detection solid angle and to obtain a reasonable

counting rate during the irradiation. The beam

extraction into air occurred through a square

window, 1 cm6 1 cm, sealed by a Havar foil

(Goodfellow Cambridge Limited, Huntington, UK)

with 2.3 mg/cm2 thickness. The thickness of the foil

prevents the rupture of the window due to the

pressure gradient (Czub et al. 2006).

The beam monitoring factors describing the ratio

of the ion intensity measured at 08 through the exit

window to the intensity measured at 208 towards

primary direction of the beam detected by a silicon

detector were examined by a removable diagnosis

system positioned outside of the exit window for

different ion types and various scattering Au foils

during separate measurements. The silicon detectors

were calibrated using a particles from standardized
241Am (5.48 MeV) and Th C (6.05 MeV) and Th C’

(8.78 MeV) source (the Andrzej Soltan Institute for

Nuclear Studies, Otwock-Świerk, Poland). Typical

beam currents in the range of 1–10 enA were

applied.

The intensity and the distribution of the scattered

ions was measured outside the exit window (at the

position of the Petri dish holder) by a surface-barrier

silicon detector fastened to a x-y-z sliding table

(Stepping Motor Nanotec-Munich, Germany) and

moving across two-dimensional array centers that

were positioned at a distance of 1 mm to each other.

An Al collimator with an opening diameter of

0.5 mm was placed in front of the Si detector in

order to reduce the count rate and to obtain

information about the local particle flux. The fast

electronic circuit of the charge sensitive pre-amplifier

measured up to 105 particles/s without intolerable

losses. Simultaneously, a stationary detector was

mounted in the scattering chamber at the angle of

208 for on-line measurement of scattered ions at the

scattering foil.

A typical beam profile of x and y directions of the

scattered beam of 12C and 20Ne ions over the exit

window area is presented in Figure 2. However,

Figure 3 presented measured two-dimensional in-

tensity distribution for ions scattered over the

1 cm6 1 cm exit window at the cell container

position normalized to the intensity of the elastically

scattered ions at the 208 silicon detector with fitted

plane using Principal Components Analysis (PCA)

in Matlab 7.1 program. The measured beam

uniformity was better than +2.5%.

The 12C and 20Ne ion beam spreading as a result

of the multiscattering small-angle process of selected

ions passing through the matter (various scattering

Au foils, Havar foil of the exit window, the air gap

between the exit window and the bottom of the Petri

dish, and the dish bottom foil) was simulated by

Monte Carlo (MC) using a self developed code. The

MC simulation showed that the adopted experi-

mental geometry resulted in an overall beam homo-

geneity better than +2.5% over the 1 cm6 1 cm exit

window at 08 to the beam direction and a distance of

233 cm from the scattering foil (Czub et al. 2006).

Additionally, the energy losses suffered by 12C and
20Ne ions during passage through the succeeding

foils and matter before reaching the biological target

Figure 1. The schematic view of the set-up for radiobiological studies with the horizontal beam line.

RBE of 12C and 20Ne ions 823
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were calculated using a self-developed program and

the Transport of Ions in Matter (TRIM) 2006 code

(Ziegler 2006). The calculated values matched the

experimental data within experimental errors.

By combining the scattering of ions with a

mechanical displacement of the remotely controlled

x-y-z system of the Petri dish holder, a beam

uniformity of 2.5% over an area of 66 6 cm2 was

obtained. The experimental set-up, electronic system

and the programmable movement of the x-y-z axis

stepping motor were tested in separate measurements

of the ion intensity distribution of the scattered beam

using X-ray films (type CP-BU New Agfa, AGFA

Graphics, Warsaw, Poland) (Czub et al. 2006).

The beam dosimetry was based on single-particle

counting. The preset number of counts detected by

the monitor detector (detector at 208), characteristic

for the type of ions and their energy represents the

irradiation dose deposited in the sample. The

measured flux of particles detected by the 08 detector

placed at the Petri dish position is proportional to the

count rate of the 208 detector registering ions

scattered at the gold foil. Thus, the measured

calibrating factor C (taking into account the geome-

trical configuration) was calculated as the ratio of

fluence (F) measured by a detector in air over the

exit window area to the intensity of elastically

scattered ions measured by a particle detector at

208. During radiobiological irradiation the 08 detec-

tor was replaced by a sample and the measured

number of particles by the 208 detector was

recalculated to the flux of particle at the sample

Figure 2. Measured beam profiles of the 12C and 20Ne ions intensity scattered over the 1 cm61 cm exit window at the cell dish normalized

to the intensity of the elastically scattered ions at the 208 silicon detector. The inhomogeneity of intensity distribution was equal+2.5%.

Figure 3. The measured two dimensional intensity distribution of 12C LET 438 keV/mm (panel A) and 20Ne LET 1017 keV/mm (panel B)

ions scattered over the 1 cm61 cm exit window at the cell dish normalized to the intensity of the elastically scattered ions at the 208 silicon

detector with fitted plane using Principal Components Analysis (PCA, Matlab 7.1). Circles represent counts registered by detector 08/
detector 208. Solid circles represent values above and open circles represent values below this plane. The inhomogeneity of distribution

was+2.5%.

824 J. Czub et al.
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position through the appropriate factor C. From the

measured particle flux the dose was calculated by the

following formula:

DðGyÞ ¼ 1:6 �10�9 � 1
r
�C �

X
k

X
j

Fjð20�Þ �dE
�
dxj

� �
k

ð1Þ

where: j is a channel of scattered particle energy

measured under 208 during cells irradiation; k is a

number of cell sublayers in which dE/dx can be

assumed as constant; dE/dxj is a linear energy

transfer (keV/mm) for ion with energy corresponding

to a particular (j) channel of energy spectra; Fj is an

ion fluence (ions/cm2) depending on particular

channel of energy spectra; r is a water density (g/

cm3). A cell thickness of 9 mm was assumed based on

the data of Fisher et al. (1985).

In the above equation, the problem of increasing

the dE/dx values with the depth of penetration by an

ion is taken into account. In the energy regions of

ions used by us (Table I) the variation of LET value

within the cell thickness is as large as 7–20% for 12C

and 6–40% for 20Ne and decreased rapidly with

increasing energy. Finally, taking into account all

experimental uncertainties we have estimated that

the dose uncertainty is less than 3%.

Typically, in radiobiological experiments doses are

expressed as average doses received by the cells using

the LET value at the cell midplane (Belli et al. 1998).

Such estimation should be accepted in all cases in

which the ion residual ranges at the entrance of a cell

monolayer are higher or at least comparable with

twice the cell thickness (Belli et al. 1998). In the

present work, where CHO-K1 cells were exposed to

very high LET at the Bragg peak, the dose absorbed

by the cell is estimated by the integral of sharply

changing value of dE/dx along the track length.

Irradiation

For exposure to ions the Petri dishes were filled with

medium, sealed by a parafilm (Bionovo, Legnica,

Poland) cover and placed in a vertical sample holder

mounted in an x-y-z table, which was connected to a

special stepping motor. The irradiated sample moved

under the beam according to a planned route.

Movement was initiated when the number of counts

detected by the 208 particle detector reached the

preset value. When all fields have been exposed the

sample holder returned to the start position. Stored

information enabled to evaluate the beam stability

and intensity. The whole setup was surveyed by a

digital camera.

The total time of exposure per dish was between

1–5 min. depending on the dose and beam intensity.

The dose rates were changed from 0.05–1 Gy/min

depending on the dose. The physical parameters of
12C and 20Ne ions are given in Table I. One dish was

irradiated per dose point.

A therapeutical 60Co source (Siemens Theratron

Elite 80, dose rate of 1.1 Gy/min) was used for

exposing cells to g-rays. During exposure the Petri

dishes were irradiated with a vertical beam from the

bottom through a 1 cm layer of a special gel destined

to assure electron equilibrium.

Clonogenic assay

To assess the clonogenic survival irradiated cells was

made analysis of colony forming capacity. Immedi-

ately after ion irradiation cells were transported on

ice to the INCT where fresh medium was added and

they were incubated in humidified atmosphere at

378C in 5% CO2. After a period of 9 days (12C ions

of energy 33.2 MeV and 20.3 MeV and 20Ne ions)

and of 12 days (12C ions 9.1 MeV) the medium was

removed, the cells were washed with phosphate

buffered saline (PBS) (Sigma Chemical, USA), fixed

with methanol (Chempur, Piekary Śląskie, Poland)

for 5 min, and stained with 25% Giemsa (Sigma-

Aldrich, USA) solution for 20 min and counted. The

results were expressed as plating efficiency (PE) and

survival fraction (SF): PE¼number of counted

colonies/number of seeded cells in unirradiated

culture and SF¼number of counted colonies/num-

ber of seeded cells6PE (Hall 2000).

After g-rays irradiation cells were transported on

ice to Jan Kochanowski University where fresh

medium was added and they were incubated in 5%

CO2 with temperature 378C through 9 days until

harvest as described above.

The survival curves for ions are based on single

experiment. The experiments with gamma rays were

performed six times. Also, a set of experiments were

performed to verify if culturing cells on Mylar foil

had an impact on the radiation sensitivity as

compared to plastic Petri dishes. For this purpose,

CHO-K1 cells were grown on Mylar and Petri dishes

as described above and exposed to different doses of

gamma radiation. Cell survival was analysed.

Finally, the size of CHO-K1 cell nuclei was

measured in live cells using an ocular micrometer

of Nikon E400 microscope (ProFoto, Szczecin,

Poland).

Fitting of survival curves, calculating of inactivation

cross section and measuring cell nuclei

To obtain the RBE values cell survival data were

fitted by the linear quadratic model SF(D)¼
exp(7aD7 bD2) where SF is the survival at dose

D. Fitting was performed by the nonlinear least

RBE of 12C and 20Ne ions 825
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squares method using a Trust-Region algorithm

implemented in the commercial Matlab 7.1 software.

The inactivation cross section, s, was calculated

from the final slope of the survival curves using the

equation exp(7skFk)¼ exp(7skDk) where k is the

survival level, Fk is the fluences relative to the dose

Dk and sk is the slope of the curve in a semiloga-

rithmic scale at dose Dk as sk¼ aþ 2bDk (Belloni

et al. 2002).

To calculate the area of CHO-K1 cell nuclei, cells

were seeded on a microscope cover slip and cultured

in a Petri dish. After 24 h, the cover slip was

recovered, inverted, placed on a microscope slide

in a drop of medium and analysed under a light

microscope (Nikon E400, 10006magnification).

The diameter of nuclei was measured in 100 cells

with the help of an ocular micrometer.

Results

Survival data for the CHO-K1 cell line at various

energies of 12C and 20Ne ions in dependence on the

absorbed doses are shown in Figure 4. The dose

response curves are presented for the inactivation of

CHO-K1 cells irradiated with 12C ions with LET

(evaluated at cell entrance) of 438, 576 and 832

keV/mm, and for 20Ne ions irradiated with LET of

1017, 1245 and 1616 keV/mm. Also shown are the

survival curves for 60Co. The fit values for 60Co are

in good agreement with the data from Murakami

et al. (2004). For ion survival curves errors

representing 10% of surviving fraction were calcu-

lated as described by Bettega et al. (2005). No

difference in cell survival was observed following

exposure of to gamma radiation of cells grown on

Mylar dishes and standard Petri dishes (results not

shown).

The estimated values of a and b together with the

standard errors from the fitting procedure and the

coefficient of determination R2 are given in Table II.

The RBEM (maximum of RBE) values, obtained as

the ratio of a-terms for particle and 60Co irradiation,

were deduced from the initial slopes of the survival-

dose curves (Kramer et al. 2003). The RBEM

generally decreases with increasing LET.

The RBE values for 12C and 20Ne ions with

various energies, i.e., for different values of LET, are

plotted in Figure 5 as a function of photon dose. In

accordance with the trend for RBEM the highest

RBE was observed for the lowest LET. This is valid

both for 12C (panel A in Figure 5) and for 20Ne ions

(panel B in Figure 5). Overall, the RBE decreased

with increasing photon dose, this being a conse-

quence of the decreasing cell survival in the high

dose range.

The RBE for survival values of 0.5, 0.1 and 0.01

were plotted for both types of ions as a function of

LET in order to check if the LET is the only

determinant of RBE. The results are shown in Figure

6. In accordance with the data shown in Table II, the

RBE decreases with LET. For each level of survival,

the LET-RBE relationships estimated for the two

types of radiations form a single line when plotted

together.

It was interesting to calculate the inactivation

cross-sections for 12C and 20Ne ions. For this

purpose the survival level of 0.05 was chosen. The

numerical results for 12C with LET 438, 576, 832

keV/mm were as large as 74.2, 72.6, 68.7mm2,

respectively, and for 20Ne with LET 1017, 1245,

1616 keV/mm were 69.3, 82.7, 87.6 mm2, respec-

tively. Simultaneously, the measured nucleus area

of CHO-K1 was 98 mm2 with a standard error of 5

mm2.

The results of inactivation cross-sections are

shown in a graphical form in Figure 7 together with

the data form Weyrather et al. (1999). Figure 7

shows that the inactivation cross-section at a LET

value between 440 and 830 keV/mm for 12C reaches a

plateau. However for 20Ne at a LET between 1250

and 1600 keV/mm s tends to increase, approaching

the size of the cell nucleus of CHO-K1 cells, i.e.,

98+5 mm2. A statistical analysis using the Z-test

(Pocock 2006) revealed that the differences between

the size of the cell nucleus and the inactivation cross

section for 12C and 20Ne ions (LET 1017 keV/mm)

were statistically significant. In contrast, the differ-

ences for 20Ne ions (LET 1245, 1616 keV/mm) were

not statistically significant.

Figure 4. Survival curves of CHO-K1 cells as a function of

irradiation dose for 12C, 20Ne ions and 60Co g-rays. The lines

represent linear-quadratic or linear fits (see Table II) using Trust-

Region algorithm (Matlab 7.1). Results for ions are from single

experiments. In these cases error bars represent 10% of surviving

fraction. Vertical error bars for g-rays 60Co indicate the standard

error of the mean (SEM) from six independent experiments.

Horizontal error bars: 3% of dose.

826 J. Czub et al.
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Table II. Irradiation energies, LET at cell entrance, parameters of the cell survival fits, standard errors and coefficient of determination R2

and RBEM. Standards errors for ‘a’ and ‘b’ values were calculated by the Trust-Region algorithm (Matlab 7.1) during the fitting procedure.

Results for ions are from single experiments. Results for gamma irradiation are from six independent experiments.

Type of irradiation

Energy at cell

entrance (MeV)

LET at cell

entrance (keV�mm71) a (Gy71) b (Gy72) R2 RBEM

12C 33.2 438 0.7+ 0.06 0.05+ 0.04 0.99 4.1

20.3 576 0.64+ 0.13 0.01+ 0.07 0.97 3.7

9.1 832 0.52+ 0.06 0.94 3.0
20Ne 56.2 1017 0.45+ 0.03 0.96 2.6

34.7 1245 0.38+ 0.03 0.97 2.2

15 1616 0.36+ 0.03 0.97 2.1
60Co 0.17+ 0.04 0.02+ 0.01 0.96 1

RBEM ¼
aion

aphoton

Figure 5. The RBE relationship between the photon dose and 12C (panel A) and 20Ne (panel B) ions. Data on photon dose and ions dose

were obtained from the survival curves in Figure 4.

Figure 6. RBE values at a survival levels of 0.5, 0.1 and 0.01 for

CHO-K1 irradiated by 12C and 20Ne ions. The error of RBE was

calculated by error propagation from the errors on photon and ion

doses (Lehnert et al. 2006).

Figure 7. Inactivation cross section s (mm2) as function of LET for

CHO-K1 cells irradiated by 12C and 20Ne ions. Data in the low

range of LET taken from Weyrather et al. (1999). Vertical error

bars: 10% of inactivation cross section.

RBE of 12C and 20Ne ions 827
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Discussion and conclusion

The aim of this study was to assess the RBE values

for a LET range in excess of 500 keV/mm, where the

RBE has not been extensively studied (Weyrather

et al. 1999, Kraft 2000). The RBE value is defined as

the ratio of photon dose (in this paper 60Co) to the

dose of particle radiation leading to the same

biological effect (Kramer et al. 2003). The RBE is

not a constant value for LET, but depends on the

analysed endpoint, the dose of radiation and the cell

type. With respect to the cell type, a major

determinant of RBE is the capacity of DNA repair

(Weyrather et al. 1999).

A good indicator of the repair capacity of a cell is

the value of the a/b ratio measured on the survival

curve (Douglas & Fowler 1976). A high repair

capacity corresponding to a small a/b ratio is

associated with a variation of RBE with dose and

LET (Weyrather et al. 1999). In this study the a/b
ratio for 60Co is *8.5 corresponding to a medium

repair capacity and, consequently, we observed a

strong impact of dose on RBE which is in agreement

with the data of Weyrather et al. (1999).

Based on the a values we calculated the RBEM for

each LET of ions. RBEM corresponds to the

maximum RBE assuming a monotone decrease of

the effectiveness with increasing dose (Kramer et al.

2003). Not unexpectedly, RBEM decreased with

increasing LET, independently of the ion type.

The LET-RBE relationships estimated for survival

values of 0.5, 0.1 and 0.01 following exposure to the

two types of ions form a single line when plotted

together (Figure 6). This points towards the LET

and not any physical characteristics of the ions as the

single determinant of RBE. In the very high LET

region the RBE-LET dependence of heavy ions is

mainly caused by the variation of the a parameter.

The result is in good agreement with the data of

Weyrather et al. (1999).

In order to compare the sensitivity of cells in terms

of the killing efficiency per particle, the inactivation

cross section should be estimated. The inactivation

cross section (s) is a concept introduced by Pollard

et al. (see Kiefer 1985) to describe the killing

efficiency by a single particle. It is known that the s
value increases with LET up to a plateau value which

is reached at LET between 200 and 700 keV/mm and

which is specific for the particular test system. The

inactivation cross-sections have been calculated in

the present work for 12C and 20Ne ions as a function

of LET for the survival level of 0.05. For the

exponential curve with b� 0 the inactivation cross

section was estimated according to the method given

by Weyrather et al. (1999). The inactivation cross-

section at a LET value between 440 and 830 keV/mm

for 12C and for 20Ne ions at a LET between 1000

and 1600 keV/mm tends to approach the size of the

cell nucleus of CHO-K1 cells that was estimated to

be 98 mm2 (+ 5 mm2). A statistical analysis revealed

that the differences between size of the cell nucleus

and the inactivation cross section were statistically

significant for 12C and 20Ne ions (LET 1017 keV/

mm) but not for 20Ne ions (LET 1245, 1616 keV/

mm).

It is assumed that the increase of RBE with LET up

to 100–200 keV/mm is caused by an increased spatial

accumulation of DNA double-strand breaks that lead

to cell death (Han et al. 1998). The decrease of RBE

at LET above 250 keV/mm is caused by the deposition

of more energy than necessary for cell deactivation

(Hall 2000, Barendsen et al. 1963). The excess

energy results is an ‘overkill’ effect and, per unit of

Gy, the number of hit cells is reduced leading to an

increased survival (Han et al. 1998). Goodhead et al.

(1980) pointed out that an individual cell which

survives irradiation with very high LET ions may

either have received no lethal lesions despite having

been intersected by one or more tracks, or it may have

been missed entirely by the tracks. Similar conclu-

sions were reached by Mehnati et al. (2001, 2005)

who demonstrated that the fraction of CHO cells

whose nuclei are not hit by 4 Gy of 56Fe-ions (2000

keV/mm) is *20%. This conclusion is based on long

term time-lapse observations of individual irradiated

cells. Interestingly, the surviving fraction was *30%

indicating that more than half (60–65%) of the

survivors have not been hit. The presence of non-hit

cells among hit ones is one of the features character-

istic for exposure to very high LET heavy ions. A

wider discussion on the decrease of RBE in the high

LET region along with the evaluation of the fraction

of non-hit cells will be presented in our forthcoming

paper (Czub et al. in preparation).

In conclusion, our results show that the RBE of

ions depends strongly on the LET forming solid line

for two different ions (12C and 20Ne) with very high

LET. The inactivation cross sections describing the

killing efficiency of a single particle at the end of

particle track come close to the size of the cell

nucleus.
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