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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 timevnavdata concerning
a bystander effect. Usually the strong focusing systems are used for compression of the beadicimeter. 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 ¢€0layer 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
He?* ion energy range. The experimental proton beam measurements are performed and compared with modelling data.

Keywords: single cell irradiation, external ion beam, MCNPX, GEANT4 modelling
PACS: 41.75.-i, 02.70.Uu, 87.53.Bn

1. Introduction
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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 1 300um| | 4mm Air  POMM
doses to low dose5]|[1]. Further research is required to " Eum PET i
confirm or deny whether this may be the case. Recently or W =
bystander effects have been detected in the unicellu- 80um
lar eukaryote, the fission yeaSthizosaccharomyces o o o

Fig. 1. Simplified sketch of biological sample (yeast) irradiation

pombe2]. L . with a 1.4 MeV proton beam and two collimators: 30 thick
One of the applications of the tandem ion ac- jron foil with a 100um diameter pinhole or 8m thick tungsten
celerator “Tandetron 4110A" is the mutaaccha- foil with a 10 m diameter pinhole.

romyces cerevisiageast strain cell irradiation [3] for

microdosimetry and bystander effect in yeast popula- Depending on the initial ion type, in the tandem ion
tion experiments. The yeast cell immobilized on the accelerator the maximal achievable energy for id
self-assembled monolayer further can be exposed t®.5 MeV, for H&+ 3.75 MeV, and for heavy ions (C,
charged particles targeted to regions (patterned arraysye, Sn, etc.) triple charged {Z) 5.0 MeV, quadru-
of individual cells to look for mechanisms of response. ple charged (Z") 6.25 MeV. It is possible to focus

or 10um

100um

4MeV protons
i

1
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get through the collimator (100m diameter pinhole
in the case of a 30@:m thick iron (Fe) collimator
and 10pum diameter pinhole in the case of a gfn
Flux, plom’ thick tungsten (W) collimator) and the pm thick
1E+00 polyethyleneterephthalate (PET) film window preserv-
ing the vacuum chamber from atmospheric pressure.
The air gap between the PET window and the biolog-
ical sample (HO in GEANT model case) is supposed
1E+04 to be as small as possible: 4 mm in this case because of
1E+05 the proton energy loss along their path in air. The de-
fault minimal tracking energy for protons in MCNPX
is 1 MeV. It was reduced to 0.01 MeV for present cal-
Fig. 2. 1.4 MeV proton beam spread and intensity reduction in ¢j|ations to include the lower energy proton transport.
the air gap in front of a biclogical sample in the case of the Fe 1 gocondary electrons and photons are not tracked
collimator with the 10Qum diameter pinhole. Flux is normalized . o . .
per one incident proton. but implicitly included in the total energy deposition
of protons. Due to the low energy of protons and ions

12 ' ' ' ' ' ' ] only atomic interaction processes have been taken into
account and nuclear interaction libraries were not in-
5 107 1 cluded in MCNPX calculations. This approach has
@ gl / | been checked with GEANT4 where the low energy
>3<' / electromagnetic interaction process library was used,
i 6} / 4 and secondary patrticles (electrons and photons) were
S tracked explicitly. The calculated proton beam spread
[Ci’ 4r 1 and intensity reduction in the air gap in front of the bi-
2l ological sample are presented in Fig. 2. The 1.4 MeV
proton flux intensity is reduced by three orders of mag-
0 s s : nitude starting with the backward surface of the PET
00 02 04 06 08 10 12 14 window. The 1.4 MeV proton energy distribution in
E, MeV the cell layer is presented in Fig. 3. The largest part of
Fig. 3. 1.4 MeV proton energy distribution in the cell layer. protons are in the 0.9-1.0 MeV energy range and this

_ _ _ remains sufficient for penetration through the yeast cell
the ion beam into the 4 mm diameter spot of 10 pA- 54 the surrounding water film.
100 nA beam current. T.he_ mo_dellmg of the 1.4 Me_V The energy deposition modelled with MCNPX for
energy proton beam optimization for the cell layer ir- gjterent collimators and the proton flux modelled with
radlatlon_ is performed. The method for c_alculatlon GEANT (for a wide collimator) in the yeast cell layer
of the microbeam proton doses deposited in separate o presented in Figs. 4(a—d) and 5. The maximum
cells is proposed for the dose rate prediction in the ¢ deposited energy is up to 27Zm in the sample
1.0-2.5 MeV proton and 3.5-3.7 MeV Fi_*ewn €N~ depth and further the deposited energy decreases (see
ergy range. The proton energy distribution and radi- g 44 ¢) for different collimators). It means that pro-
ation dose are modelled using the MCNPX v.2.5 [4] {ons cross the cell layer almost with the same inten-
and GEANTA4 v.9.1[5] code packages. Experimental iy, The energy deposition on the first cell surface per-

proton beam measurements were performed using thge, jicyjar to proton beam is presented in Fig. 4(b, d)
tandem ion accelerator “Tandetron 4110A’ with the Si for 100 um and 10um diameter pinholes for differ-

detector, and the calibration curve according to mod-

ent collimators, respectively. The highest energy de-
elling data was obtained. P 4 J gy

position occurs in the 10@m diameter region. It is
interesting to note that the beam spread is almost the
2. Proton beam for cell layer irradiation same for the narrow collimator as for a wide one. Itis
caused by the beam scatter in the PET window and in
A simplified sketch of the yeast cell monolayer ir- the air gap, and the collimator pinhole does not deter-
radiation with the proton beam in air is presented in mine the beam profile after 4 mm air gap. One must
Fig. 1. The proton beam reaches a biological tar-note that the proton energy deposition probability pre-
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Fig. 4. 1.4 MeV proton beam energy deposition in the cell layer calculated using MCNPX code: (a) energy deposition alopgthelB5

layer; (b) energy deposition on the first cell layer surface perpendicular to the proton beam in the case of the Fe collimator wifinthe 100
diameter pinhole; (c, d) the same as (a) and (b), respectively, in the case of the W collimator withutheliEineter pinhole.

sented in Fig. 4(a—d) is normalized per incident proton. Center for Physical Sciences and Technology (Vilnius).
It is worthwhile mentioning that at the same acceleratorThe pinholes in collimators have been made by laser

beam current the power deposition 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
H-O layer. Proton flux on the first 4D layer surface
perpendicular to the proton beam is presented in Fig. 5.
The most intensive protons fall 1200 m spot in the
cell layer region. e

As the beam spread at the distance of a few mm ex- £
ceeds 10Qum, for the single cell or selective irradia- >
tion of cell parts one needs either to use a different or
additional collimation system or to ensure the cell sep-
aration before exposure to the beam.

3. Experimental measurement of the external

proton beam properties
Fig. 5.
The experimental set-up presented in Fig. 1 was astayer:
sembled for the Tandetron 4110A accelerator in the
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the proton beam.



366 M. Gaspari unas et al. / Lithuanian J. Ph$§, 363—-368 (2010)

1000 ¢ ' : : ' ' gies at the detector, because one must take into account

Data  Gaussian fit the proton energy loss in the beam window and in the
= 1.4MeV . .

I ; . 15MeV - - - air gap between the window and the detector. The re-
100 L 47 > 3 ‘“’& 1.6MeV sults are presented in Fig. 7. One can note a good en-
: 0 A BT reren ergy scale linearity validating MCNPX modelling of
the proton beam interaction and energy losses outside

’ the vacuum chamber.
g ": E Despite the possibility of registration of protons in
! the 100um diameter beam, it was not possible to obtain
e e guantitative measurements of the proton beam inten-
Ay sity and relate them to the beam current in the vacuum
T chamber under our measurement conditions. The main
Channel problem was the long dead time of the detector and
Fig. 6. Energy spectra of protons in atmosphere measured with thdVICA limited to proton beam intensities up to16!
Si detector (points) together with Gaussian fits (curves). (corresponding external beam current was a few tens of
fA).

The narrow pinhole (1Q:m diameter) collimator
was used for the guantitative beam intensity measure-
ments. The experimental results are presented in Ta-
ble 1. Due to proton beam current and terminal volt-
age fluctuations, it was difficult to measure the focused
beam current value. In order to obtain a homogeneous
and steady beam, it was defocused to 10-12 area.

i We estimate the beam current density measurement un-
certainty as 30% of its value from current measure-
ments using the Faraday cylinder. The external proton
. . beam intensities calculated from the measured proton
e b a0 e s beam current density in the vacuum chamber, taking

Channel into account modelled transfer efficiency by collimator,
Fig. 7. Energy calibration curve of the Si detector (see text for gre presented for comparison. As seen in Table 1, there
details). is a reasonably good agreement between the calculated

drilling: the 100 um diameter pinhole in a stainless 2Nd measured external proton beam intensities.
steel foil and the 1Q:m diameter pinhole in the tung-
sten foil. Tungsten was found to be a more suitable, gimylation of an additional collimation system
material for the narrow pinhole formation due its hard- ¢, single cell irradiation
ness and higher melting temperature. The dimensions
of the collimator holes were checked by the optical mi-  As an additional collimator, the tantalum (Ta) disc
croscope. Protons were registered with the DKPsd—-12%f 40 um thickness with a 2um pinhole was simu-
type Si detector with the surface area of 125the  lated in front of the PET window. The 1.0-2.5 MeV
depletion layer of 18&m thickness, and the given en- proton and 3.5-3.7 MeV He ion beam irradiation of
ergy resolution of 70 keV. The multichannel analyzer the cell monolayer was evaluated within the microme-
(MCA) DSA-1000 Canberrg was used for spectral tre precision. The cross-sectional view of energy depo-
analysis. Proton spectra for some beam energies arsition in the cell monolayer irradiated with 2.5 MeV
presented in Fig. 6. It is necessary to point out that theproton and 3.7 MeV H& ion beam is presented in
poor energy resolution FWHNM-200 keV is caused by Fig. 8. One can observe that in the case of proton irra-
the high electronic noise level due to the measurementsliation the maximal deposited energy is distributed in
in air. the 10um region, which corresponds to the yeast cell
In order to calibrate the energy spectrum of the semi-size. Hé™ ion irradiation is more dispersed as com-
conductor detector, the energy peaks were fitted by gyared with protons. Distinct from the proton irradiation
Gaussian profile and the peak centres were found. Thease, the 3.7 MeV He ions Bragg peak is at the 6th
peak centres were assigned to calculated beam enepsm of the cell monolayer (yeast cell nucleus region)
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Fig. 8. Simulation of the (a) 2.5 MeV proton and (b) 3.7 MeV?Hdon 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 cn? intensity, s intensity, s
1.8 10Gt30 4906+150 516t20
1.9 10630 490G+150 55620
2.0 90+30 4406+150 41020

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, MEgs ') Dose rate, mGys

Proton energy, MeV

2.5 65 2.44E-08 39.1

2.0 116 2.888-08 46.1

1.0 888 4.236-08 67.8
He?™ ion energy, MeV

3.7 531 1.48B-09 236.6

35 656 1.20B-09 192.5

and therefore the possibility of different cell part irra- 2.5 MeV proton and 3.5-3.7 MeV Hé ion energy
diation becomes feasible by changing the ion energyrange. The calculation results are presented in Table 2.
and/or the collimator pinhole position. In the second column of Table 2, the proton/ion mi-
In reality the above modelled proton beam collima- crobeam parameters are defined in order to obtain one
tion is complicated because of difficulties in manufac- particle per yeast cell. The deposited dose rate was
turing a pinhole of 2um diameter with right edges and recalculated from the proton/ion energy deposition in
aligning along the incident beam line. 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
5. Microbeam proton/ion dose prediction for yeast  gptimal current range for the Tandem type ion acceler-
cells ator “Tandetron 4110A".

Single cell irradiation with the exact number of
charged particles down to one particle per cell can bes. Conclusions
achieved using the accelerator-based microbeam tech-
nigue. The calculation of the microbeam proton doses Single cell irradiation with the exact number of
deposited in the yeast cells is performed in the 1.0—charged particles down to one particle per cell can be
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PROTONUY IR JONY MIKROPLUOSTELIO KOLIMAVIMAS BIOLOGINIY BANDINIU APSVITAI
ORE
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Santrauka Modeliavimas MCNPX ir GEANT programomis paredkad

Jonizuojaiosios spinduliudis poveikio gyviems mikroorga- ~ 1:4—1,8 MeV protony pluoStelis gali b uti paskirstytas A60las-
nizmams (migtms) tyrimai, naudojant greitintuvais kuriamus jony t€liy sluoksnyje, o atskiry lasteliy apSvitinimui reikalinga papil-
pluostelius, jmanomi Svitinant protony pluoteliu ore — gyvybei pa- doma kolimavimo sistema. Atliktas 1,0-2,5 MeV protony ir 3,5-
lankioje terggje. Paprastai naudojamos stipraus fokusavimo siste-3:7 MeV jony mikropluoStelio apSvitos doziy mieliy lasteis mo-
mos suspaudzia pluostelj iki keliy mikrometry dydzio. Siame darbe deliavimas su papildomu kolimatoriumi.
tiiamos alternatyvios mechaninio pluostelio kolimavimo galimy- _ Sukurtas protony pluostelio, gauto greitintuvu Tandetron 4110A,
bes. iSvadas i§ vakuumo | ora ir atlikti eksperimentiniai jo savybiy ma-

tavimai. Duomenys palyginti su modeliavimo rezultatais.
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