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The single cell irradiation using the tandem-type proton/ion accelerator is previewed for microdosimetry purposes in the
biological media (yeast cells). Individual cells can also be targeted within a population to obtain the new in vivo data concerning
a bystander effect. Usually the strong focusing systems are used for compression of the beam to µm diameter. In this work we
assess the possibility to apply a simple mechanical collimator. The detailed modelling with MCNPX v.2.6 and GEANT4 v.9.1
codes shows that the 1.4–1.8 MeV proton beam energy deposition can be distributed in the 100 µm cell layer with a narrow
collimator. An additional focusing system is needed for single cell irradiation. The method for calculation of the microbeam
proton doses deposited in separate cells is prepared for the dose rate prediction in the 1.0–2.5 MeV proton and 3.5–3.7 MeV
He2+ ion energy range. The experimental proton beam measurements are performed and compared with modelling data.
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1. Introduction

Micro-irradiation technique is being used to study
the ionizing radiation interaction processes in the cells.
One of such phenomena is the bystander effect, where
unirradiated cells are damaged through signaling path-
ways initiated by a nearby irradiated cell. The fact
that they are observed at low doses has suggested that
they may be important in carcinogenesis and radiation
risk and may call into question the linear non-threshold
model currently used for extrapolating risk from high
doses to low doses [1]. Further research is required to
confirm or deny whether this may be the case. Recently
bystander effects have been detected in the unicellu-
lar eukaryote, the fission yeast Schizosaccharomyces
pombe [2].

One of the applications of the tandem ion acceler-
ator “Tandetron 4110A” is the mutant Saccharomyces
cerevisiae yeast strain cell irradiation [3] for micro-
dosimetry and bystander effect in yeast population ex-
periments. The yeast cell immobilized on the self-
assembled monolayer further can be exposed to charged
particles targeted to regions (patterned arrays) of indi-
vidual cells to look for mechanisms of response.

Fig. 1. Simplified sketch of biological sample (yeast) irradiation
with a 1.4 MeV proton beam and two collimators: 300 µm thick
iron foil with a 100 µm diameter pinhole or 80 µm thick tungsten

foil with a 10 µm diameter pinhole.

Depending on the initial ion type, in the tandem ion
accelerator the maximal achievable energy for H+ is
2.5 MeV, for He2+ 3.75 MeV, and for heavy ions (C,
Fe, Sn, etc.) triple charged (Z3+) 5.0 MeV, quadru-
ple charged (Z4+) 6.25 MeV. It is possible to focus
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Fig. 2. 1.4 MeV proton beam spread and intensity reduction in the
air gap in front of a biological sample in the case of the Fe collima-
tor with the 100 µm diameter pinhole. Flux is normalized per one

incident proton.

Fig. 3. 1.4 MeV proton energy distribution in the cell layer.

the ion beam into the 4 mm diameter spot of 10 pA–
100 nA beam current. The modelling of the 1.4 MeV
energy proton beam optimization for the cell layer ir-
radiation is performed. The method for calculation
of the microbeam proton doses deposited in separate
cells is proposed for the dose rate prediction in the
1.0–2.5 MeV proton and 3.5–3.7 MeV He2+ ion en-
ergy range. The proton energy distribution and radia-
tion dose are modelled using the MCNPX v.2.6 [4] and
GEANT4 v.9.1 [5] code packages. Experimental pro-
ton beam measurements were performed using the tan-
dem ion accelerator “Tandetron 4110A” with the Si de-
tector, and the calibration curve according to modelling
data was obtained.

2. Proton beam for cell layer irradiation

A simplified sketch of the yeast cell monolayer irra-
diation with the proton beam in air is presented in Fig. 1.
The proton beam reaches a biological target through the

collimator (100 µm diameter pinhole in the case of a
300 µm thick iron (Fe) collimator and 10 µm diame-
ter pinhole in the case of a 80 µm thick tungsten (W)
collimator) and the 5 µm thick polyethyleneterephtha-
late (PET) film window preserving the vacuum cham-
ber from atmospheric pressure. The air gap between
the PET window and the biological sample (H2O in
GEANT model case) is supposed to be as small as pos-
sible: 4 mm in this case because of the proton energy
loss along their path in air. The default minimal track-
ing energy for protons in MCNPX is 1 MeV. It was
reduced to 0.01 MeV for present calculations to in-
clude the lower energy proton transport. The secondary
electrons and photons are not tracked but implicitly in-
cluded in the total energy deposition of protons. Due
to the low energy of protons and ions only atomic in-
teraction processes have been taken into account and
nuclear interaction libraries were not included in MC-
NPX calculations. This approach has been checked
with GEANT4 where the low energy electromagnetic
interaction process library was used, and secondary par-
ticles (electrons and photons) were tracked explicitly.
The calculated proton beam spread and intensity reduc-
tion in the air gap in front of the biological sample are
presented in Fig. 2. The 1.4 MeV proton flux intensity is
reduced by three orders of magnitude starting with the
backward surface of the PET window. The 1.4 MeV
proton energy distribution in the cell layer is presented
in Fig. 3. The largest part of protons are in the 0.9–
1.0 MeV energy range and this remains sufficient for
penetration through the yeast cell and the surrounding
water film.

The energy deposition modelled with MCNPX for
different collimators and the proton flux modelled with
GEANT (for a wide collimator) in the yeast cell layer
are presented in Figs. 4(a–d) and 5. The maximum of
deposited energy is up to 27 µm in the sample depth and
further the deposited energy decreases (see Fig. 4(a, c)
for different collimators). It means that protons cross
the cell layer almost with the same intensity. The en-
ergy deposition on the first cell surface perpendicular to
proton beam is presented in Fig. 4(b, d) for 100 µm and
10 µm diameter pinholes for different collimators, re-
spectively. The highest energy deposition occurs in the
100 µm diameter region. It is interesting to note that the
beam spread is almost the same for the narrow collima-
tor as for a wide one. It is caused by the beam scatter in
the PET window and in the air gap, and the collimator
pinhole does not determine the beam profile after 4 mm
air gap. One must note that the proton energy deposi-
tion probability presented in Fig. 4(a–d) is normalized
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Fig. 4. 1.4 MeV proton beam energy deposition in the cell layer calculated using MCNPX code: (a) energy deposition along the 35 µm cell
layer; (b) energy deposition on the first cell layer surface perpendicular to the proton beam in the case of the Fe collimator with the 100 µm

diameter pinhole; (c, d) the same as (a) and (b), respectively, in the case of the W collimator with the 10 µm diameter pinhole.

per incident proton. It is worthwhile mentioning that
at the same accelerator beam current the power deposi-
tion will be two orders of magnitude higher for the wide
collimator.

The similar result was obtained with GEANT mod-
elling of the 1.4 MeV proton beam interaction with the
H2O layer. Proton flux on the first H2O layer surface
perpendicular to the proton beam is presented in Fig. 5.
The most intensive protons fall in ∼200 µm spot in the
cell layer region.

As the beam spread at the distance of a few mm ex-
ceeds 100 µm, for the single cell or selective irradiation
of cell parts one needs either to use a different or addi-
tional collimation system or to ensure the cell separa-
tion before exposure to the beam.

3. Experimental measurement of the external
proton beam properties

The experimental set-up presented in Fig. 1 was as-
sembled for the Tandetron 4110A accelerator in the

Center for Physical Sciences and Technology (Vilnius).
The pinholes in collimators have been made by laser

Fig. 5. GEANT modelling of the 1.4 MeV proton flux in the H2O
layer: proton flux on the first H2O layer surface perpendicular to

the proton beam.
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Fig. 6. Energy spectra of protons in atmosphere measured with the
Si detector (points) together with Gaussian fits (curves).

Fig. 7. Energy calibration curve of the Si detector (see text for de-
tails).

drilling: the 100 µm diameter pinhole in a stainless
steel foil and the 10 µm diameter pinhole in the tungsten
foil. Tungsten was found to be a more suitable material
for the narrow pinhole formation due its hardness and
higher melting temperature. The dimensions of the col-
limator holes were checked by the optical microscope.
Protons were registered with the DKPsd–125 type Si
detector with the surface area of 125 mm2, the depletion
layer of 188 µm thickness, and the given energy res-
olution of 70 keV. The multichannel analyzer (MCA)
DSA–1000 (Canberra) was used for spectral analysis.
Proton spectra for some beam energies are presented in
Fig. 6. It is necessary to point out that the poor energy
resolution FWHM>200 keV is caused by the high elec-
tronic noise level due to the measurements in air.

In order to calibrate the energy spectrum of the semi-
conductor detector, the energy peaks were fitted by a
Gaussian profile and the peak centres were found. The
peak centres were assigned to calculated beam energies
at the detector, because one must take into account the

proton energy loss in the beam window and in the air
gap between the window and the detector. The results
are presented in Fig. 7. One can note a good energy
scale linearity validating MCNPX modelling of the pro-
ton beam interaction and energy losses outside the vac-
uum chamber.

Despite the possibility of registration of protons in
the 100 µm diameter beam, it was not possible to obtain
quantitative measurements of the proton beam inten-
sity and relate them to the beam current in the vacuum
chamber under our measurement conditions. The main
problem was the long dead time of the detector and
MCA limited to proton beam intensities up to 105 s−1

(corresponding external beam current was a few tens of
fA).

The narrow pinhole (10 µm diameter) collimator was
used for the quantitative beam intensity measurements.
The experimental results are presented in Table 1. Due
to proton beam current and terminal voltage fluctua-
tions, it was difficult to measure the focused beam cur-
rent value. In order to obtain a homogeneous and steady
beam, it was defocused to 10–12 cm2 area. We estimate
the beam current density measurement uncertainty as
30% of its value from current measurements using the
Faraday cylinder. The external proton beam intensities
calculated from the measured proton beam current den-
sity in the vacuum chamber, taking into account mod-
elled transfer efficiency by collimator, are presented for
comparison. As seen in Table 1, there is a reasonably
good agreement between the calculated and measured
external proton beam intensities.

4. Simulation of an additional collimation system
for single cell irradiation

As an additional collimator, the tantalum (Ta) disc
of 40 µm thickness with a 2 µm pinhole was simu-
lated in front of the PET window. The 1.0–2.5 MeV
proton and 3.5–3.7 MeV He2+ ion beam irradiation of
the cell monolayer was evaluated within the microme-
tre precision. The cross-sectional view of energy de-
position in the cell monolayer irradiated with 2.5 MeV
proton and 3.7 MeV He2+ ion beam is presented in
Fig. 8. One can observe that in the case of proton irra-
diation the maximal deposited energy is distributed in
the 10 µm region, which corresponds to the yeast cell
size. He2+ ion irradiation is more dispersed as com-
pared with protons. Distinct from the proton irradiation
case, the 3.7 MeV He2+ ions Bragg peak is at the 6th
µm of the cell monolayer (yeast cell nucleus region) and
therefore the possibility of different cell part irradiation
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Fig. 8. Simulation of the (a) 2.5 MeV proton and (b) 3.7 MeV He2+ ion beam energy deposition on the cell monolayer surface using an
additional collimator.

Table 1. The external proton beam parameters.

Proton energy, Proton beam current Calculated proton beam Experimental proton beam
MeV density, pA cm−2 intensity, s−1 intensity, s−1

1.8 100±30 490±150 510±20
1.9 100±30 490±150 550±20
2.0 90±30 440±150 410±20

Table 2. The proton/ion microbeam parameters and calculation results of dose deposition in the yeast cell.

I , pA (for single particle per cell) Energy deposition, MeV/(g s−1) Dose rate, mGy/s

Proton energy, MeV
2.5 65 2.44E+08 39.1
2.0 116 2.88E+08 46.1
1.0 888 4.23E+08 67.8

He2+ ion energy, MeV
3.7 531 1.48E+09 236.6
3.5 656 1.20E+09 192.5

becomes feasible by changing the ion energy and/or the
collimator pinhole position.

In reality the above modelled proton beam collima-
tion is complicated because of difficulties in manufac-
turing a pinhole of 2 µm diameter with right edges and
aligning along the incident beam line.

5. Microbeam proton/ion dose prediction for yeast
cells

Single cell irradiation with the exact number of
charged particles down to one particle per cell can be
achieved using the accelerator-based microbeam tech-
nique. The calculation of the microbeam proton doses
deposited in the yeast cells is performed in the 1.0–

2.5 MeV proton and 3.5–3.7 MeV He2+ ion energy
range. The calculation results are presented in Table 2.

In the second column of Table 2, the proton/ion mi-
crobeam parameters are defined in order to obtain one
particle per yeast cell. The deposited dose rate was
recalculated from the proton/ion energy deposition in
MeV/g (units used in MCNPX code) for the corre-
sponding beam current. We should note that the ob-
tained beam current (hundreds of pA) is exactly in the
optimal current range for the Tandem type ion acceler-
ator “Tandetron 4110A”.

6. Conclusions

Single cell irradiation with the exact number of
charged particles down to one particle per cell can be



368 M. Gaspariūnas et al. / Lithuanian J. Phys. 50, 363–368 (2010)

achieved using the accelerator-based microbeam tech-
nique. We show that one can use a simple mechanical
collimator without the precise focusing system to obtain
external beams of the order of 100 µm in diameter. For
the single cell or selective cell part irradiation one needs
either to use a different or additional collimation sys-
tem or to ensure that the cells are separated before the
beam exposure. The calculation of the microbeam pro-
ton dose rates deposited in the yeast cells is performed
in the 1.0–2.5 MeV proton and 3.5–3.7 MeV He2+ ion
energy range using the additional collimator.
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PROTONŲ IR JONŲ MIKROPLUOŠTELIO KOLIMAVIMAS BIOLOGINIŲ BANDINIŲ APŠVITAI
ORE
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Santrauka
Jonizuojančiosios spinduliuotės poveikio gyviems mikroorga-

nizmams (mielėms) tyrimai, naudojant greitintuvais kuriamus jonų
pluoštelius, įmanomi švitinant protonų pluošteliu ore – gyvybei pa-
lankioje terpėje. Paprastai naudojamos stipraus fokusavimo siste-
mos suspaudžia pluoštelį iki kelių mikrometrų dydžio. Šiame darbe
tiriamos alternatyvios mechaninio pluoštelio kolimavimo galimy-
bės.

Modeliavimas MCNPX ir GEANT programomis parodė, kad

1,4–1,8 MeV protonų pluoštelis gali būti paskirstytas 100 µm ląste-
lių sluoksnyje, o atskirų ląstelių apšvitinimui reikalinga papildoma
kolimavimo sistema. Atliktas 1,0–2,5 MeV protonų ir 3,5–3,7 MeV
jonų mikropluoštelio apšvitos dozių mielių ląstelėms modeliavimas
su papildomu kolimatoriumi.

Sukurtas protonų pluoštelio, gauto greitintuvu Tandetron 4110A,
išvadas iš vakuumo į orą ir atlikti eksperimentiniai jo savybių ma-
tavimai. Duomenys palyginti su modeliavimo rezultatais.
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