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Abstract: 
An overview of the project recently started at the IFJ proton microprobe facility is presented. 
Single ion irradiation is achieved by reducing the beam current down to about 103 protons per 
second using high precision slits and then by deflecting the beam after detecting single 
passage of proton through the window. Biological cells in a dish containing their culture 
medium are located in a scanning unit outside the vacuum chamber in close proximity of the 
window. Specialized optical system is responsible for semi-automatic cells recognition and 
delivery of their plane coordinates to a scanning unit built around the XY stage with 0.1 µm 
positioning precision. The automatic optical/scanning system is integrated with the 
microprobe control and data acquisition system and should allow for irradiation of several 
hundreds of cells during single short (~0.5 h) experiment . Main fields of research accessible 
after setting-up the single proton hits facility are studies of effects of low dose, very well 
controlled irradiation, particularly the so-called bystander effect.  
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The technique of single ion irradiation. 
 

Single ions regime introduces the next, refined stage of development of the 
microbeam technique. The two main fields of possible application are biology / medicine and 
microelectronics (single event upset phenomena). The research direction at the IFJ facility has 
been defined towards the first topic, therefore in the following discussion only biological 
aspects of the technique and setup design will be concerned.  
The pioneer work has been done mainly in two research centers: Gray Laboratory Cancer 
Research Trust in United Kingdom and radiological research accelerator facility (RARAF) at 
Columbia University. Both these centers have been using a collimated (not focused as in 
“standard” microbeam facilities) ion beam, delivering single ions at precisely predefined 
coordinates [1]. A convenient online source of information may be found at the WWW 
address http://cpmcnet.columbia.edu/dept/radoncology/raraf.  In recent years many other 
laboratories report their efforts in constructing facilities of this type, e.g. heavy ion 
microprobes at GSI (Darmstadt, Germany) [2], JAERI (Takasaki, Japan) [3] or proton/alpha 
microbeam at CENBG (Bordeaux, France) [4].  
Controlling the beam at the single event level allows biophysical studies of the low dose 
radiation effects with precise determination of the ion track. In particular it becomes possible 
to irradiate cellular targets (nuclei, cytoplasm) using predetermined number of ions hitting 
precisely (with the micrometer resolution) the region of interest. Such studies are free of 
effects of spatial and quantitative averaging inherently present in experiments with broad 
beams, when ions are randomly distributed. The examples of possible research are the process 
of apoptosis (a “programmed” cell death [5,6]), its occurrence as a function of the number of 
hits of the cell by protons, the cell repairing ability, DNA and RNA mutations, and others.  
Among the other benefits of the method, it becomes possible to better study the “low 
percentage” radiation effects, in particular the so–called bystander effect, which at present is 
probably the most “hot” research direction in microbeam biological studies [7]. 
 
 

 
Fig.1. An illustration of the bystander effect [RARAF information leaflet]. 

As it is illustrated in the Fig.1, in effect of a single cell ion hit, multiple cells are affected, not 
only the irradiated cell. The process is distributed in time and affects not only the closest 
neighbors – its dimensional range extends even to millimeters. Such non-targeted response 
leads to non-linearity in the dose-response of cells in the low-dose region and may have 
crucial influence on the radiation risk evaluation [1]. The effect may also bring new 
discoveries concerning cell-to-cell communication and studies of the apoptosis process.  
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The following figure is an example of a bystander effect measured using a collimated beam of 
single alpha particles. Please note that the excess death ratio achieves a level of single 
percents only. However, there are studies [8] showing enormous bystander effect, e.g. when 
single helium ion hit into the nucleus of a cell produced damaged cells in a 25% of cells 
population (!). The effect was independent of the number of helium ions targeted through the 
cell nucleus and to the number of targeted cells. 

1 2 3 4

0,0

0,5

1,0

1,5

2,0

2,5

3,0

5 a lphas, 100%

1 alpha, 100%

1 alpha, 10%

Control, not irradiated

TC
D 

fra
ct

io
n,

 %

Sample No.

 
Fig.2. The bystander effect measured using a collimated beam of single alpha particles at the 
RARAF laboratory. The TCD (Total Cell Death) fraction is plotted against four cell 
populations where “Control” denotes not irradiated particles (100% survival after 72 hours), 
1 (or 5) alpha is the number of particles hitting the single cell nucleus, and 10–100% is the 
percentage of irradiated particles in the predefined region (much smaller than the range of 
observed effect).   
At the IFJ microprobe we have started (in the year 2002) development of the setup focusing 
the proton beam in atmosphere and to use it in the single-ion – single-cell irradiation research 
program with a spatial resolution better than the size of a cell. The following is the description 
of the system. 
In order to operate in the single ion beam regime the following measures must be undertaken: 

– The proton beam must be reduced down to intensities of ~103 protons per second. This 
requirement is raised by the fact that proton detection and beam deflection systems 
need certain time to be activated. Assuming 20–30 µs time for detection of a proton 
passage and subsequent beam deflection, the average proton–proton distance of 1 ms 
is sufficient to reduce the probability of multiple proton hits due to finite time of 
system reaction. 

– Fast and very efficient proton detection system must be applied. Detection efficiency 
should be as close to 100% as possible. In practice, many research groups report 
detection efficiency of their systems of 99% and better. It is also desirable to observe 
the cells with an optical microscope simultaneously with irradiating them. 

– As several hundreds of single irradiations must be accomplished in a relatively short 
time, the application of automated target system is required. This concerns both the 
sample positioning system and optical recognition and localization of irradiation 
targets.  
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The general outline of the IFJ Single Proton Hits setup 
 

The Cracow microprobe facility (Cracow MicroBeam, CMB) working at the IFJ Van de 
Graaff accelerator. Accelerator is a HVEC KN-3000 type machine with proton beam energy 
up to 3 MeV and the energy stability of ∆E / E ≈ 10-3.  The focusing elements of the 
microprobe (two doublets of magnetic quadrupole lenses) were manufactured in the Micro 
Analytical Research Centre (MARC, Melbourne, Australia).The more detailed description of 
the Cracow MicroBeam construction and operational parameters is presented elsewhere 
[9,10]. Comparing to the facility status presented in [1], the following improvements have 
been introduced recently: 

• new ion source and belt charge supply,  
• new beam transport system basing on the precise quadrupole lenses, 
• remote focusing magnets control 
• several CCD cameras along the ion guide to control the beam transport system, 
• the new data acquisition and evaluation system. 

Main applications of the Cracow microprobe are at present geology (in particular 
determination of geological age [11,12]) and studies of elements distribution in lichens [13].   
 
A further development of the microprobe is a construction of the single proton hits (SPH) 
facility to study the radiobiology at the single cell level. The requirements listed earlier in the 
description of the single ion technique are met by the following accelerator beam setup 
presented in Fig.1. Though the facility is now in early construction stage, most of its modules 
is already produced or purchased. Below follows the more detailed description of the 
solutions applied. 
 

 
 

Fig.3. The outline of the Cracow microbeam working in the single proton regime. 
 
Proton beam is reduced by the slit system and focused by a pair of magnetic quadrupoles 
down to the size of 2–3 µm. Next protons arrive to the measurement chamber, pass a thin exit 
window and leave the vacuum chamber. When a proton hits the window, secondary electrons 
are ejected from the window surface and detected by a channeltron device producing a fast 
detector pulse. This event delivers information for the control system about the passage of a 
single proton and is the start signal for the prompt deflection of a beam. Only after certain 
time, needed for acquisition the data corresponding to a single hit event and for readjusting 
the target for the next hit, beam is restored and the operation is repeated. In this way it is 
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possible to acquire hundreds and more well controlled single events. The target is located in 
air on an automatic positioning table in close proximity of the window. The optical system 
linked to the positioning table is responsible for automated (or semi–automated) process of 
target readjusting. 

 
 

Fig.4. End stage of the single proton hits facility – exit window, cells dish, automated XY 
motion stage and optical system. Please note that the drawing is not in scale.  

 
Main parts of the constructed facility are described in subsequent paragraphs: 
 
1. High precision beam slits (construction Technisches Büro S. Fisher, Ober-Ramstadt, 
Germany [14]) allow adjustment of the beam slit size from 50 µm downwards. Slits may be 
also fully opened and therefore its placement in the ion guide is not harmful for the normal 
microprobe operation (i.e. for the beam intensity of 100 pA and more, not for the single 
protons regime). 
 
2. Next to beam reduction slits the electrostatic deflection plates are located. Their function is 
to stop the beam immediately after detection of proton passage registered by the electron 
detector at the exit window. Deflection plates are electrostatically driven by a fast high 
voltage amplifier, allowing rising the deflection voltage up to 2000 V in short time not 
exceeding 6 µs. The length of deflection plates is 100 mm and their distance is 2 mm, 
therefore taking into account the proton beam energy (2–2.5 MeV) the voltage value of 2000 
Volts applied to the plates adds transversal proton velocity component (roughly 1% of the 
velocity parallel to the beam line) sufficient to deflect the beam towards the ion guide and 
therefore completely stopping it. Deflection plates and a fast amplifier are also a construction 
of Technisches Büro S. Fisher. 
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3. The sketch of the measurement chamber is presented in Fig.5: 

 
Fig.5. The measurement chamber. Remark: An external X-ray, Peltier module cooled detector 
(AMPTEK) is not needed for single protons experiments. Its placement has been however 
foreseen in order to allow the micro–PIXE measurements of samples located outside vacuum . 
Inside the chamber two channeltron detectors are located. These devices are the source of the 
“Stop” signal described in the previous topic. The most sophisticated and precise part of the 
chamber is the part containing the exit window. Its construction must provide not only the exit 
possibility for single protons but also beam adjusting and testing functions. A very important 
factor is also the exit window width and the distance from exit window to the target. As the 
protons hit the target that is located not in vacuum but in air, even small window–target 
distances contribute very significantly to proton scattering in air and in the window material. 
Due to this fact the hit precision is strongly worsened and may significantly exceed IFJ 
microprobe resolution of 2–3 micrometers. Monte Carlo calculations performed using the 
TRIM code [15] show that the reasonable distance that introduces precision degradation 
which still may be tolerated should not exceed 200–300 µm. This imposes severe requirement 
on position of a target holder, its dimensions and construction.  
 
4. The proposed exit window (Fig.6) consists of a 200 nm thick Si3N4 membrane [16]. This 
value assures satisfactory mechanical endurance (exit window must withstand the 
atmospheric pressure) and tolerable beam scattering.  
 

     Fig.6. A 200 nm thick Si3N4 membrane. 
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The secondary electrons ejected from the exit window during single proton passage are 
detected by a channeltron (SJUTS, Göttingen, [17]) located at close proximity of the window. 
This signal is essential for the single protons regime operation as it is used by the beam 
control system to temporarily deflect (stop) the beam. The single proton passage detection 
efficiency must be as high as possible – in practice a value of 99% seems to be a minimum. 
Unfortunately, pure Si3N4 surface cannot serve as a very efficient source of secondary 
electrons and the detection performance of such setup is far from satisfactory. Therefore a 
study has been performed [18] in order to find such coverage of Si3N4 membranes that would 
rise significantly the detection efficiency. At present, a two layers system consisting of 
~300 Å CsI layer evaporated on the ~100 Å Indium layer has been found to be most 
promising (Fig.7).  
 
 

      
Fig.7. Difference between the surface of  the Si3N4 membrane covered with the CsI layer 
evaporated on In (right, ~85% of detection efficiency in experimental setup described in [17]) 
and on Au (left, ~75% efficiency) conductive layer. Please note the significant difference in 
scale. 
However, in our pilot experiments, the highest detection efficiency of only 85% was achieved 
and therefore further studies are still required. 
 
5. The automated target positioning system is built around the high precision XY stage (type 
Voice Coil V–102S, Physik Instrumente [19]). The stage is driven using step motors 
controlled by a PC board and assures fast (up to 50 mm/sec) and very accurate (0.1 µm) 
displacement up to 6 mm in both directions.  The microprobe control system positions the 
stage according to experiment requirements using a specialized C++ functions library.  
Due to the horizontal construction of the Cracow microprobe the target position must be 
vertical. This is rather unfortunate geometry for the measurement of biological cells, as they 
are cultured in a liquid medium on a bottom of a dish, which must be put vertically for the 
measurement. Though it was shown that cells (or at least some of their species) survive well 
these conditions and do not flow down with gravitation, problems raised by the vertical 
geometry cannot be underestimated [2]. 
 
6. The main part of the optical system is a CCD camera equipped by a microscope objective. 
The optical image of a sample is registered by a PC and next passed to software modules 
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responsible for image processing. To avoid position synchronization (practically impossible) 
it is required that this operation is performed prior to the irradiation at the experimental stand 
(i.e. directly at the microbeam chamber exit window) and not in external laboratory.  
Optical system is responsible not only for target observation but mainly for preparing input 
data for positioning system. This includes construction of a map of coordinates (and their 
sequence) that correspond to target positions that should be irradiated. As the planned field of 
research of SPH setup this corresponds mainly to positions of biological cells (or, e.g. their 
nuclei). This task may be performed in two ways: semi–automated and automated. 

♦ In semi–automated mode the operator chooses manually (e.g. with a mouse clicks on a 
computer display) positions where single hits should take place. This mode is rather tedious 
and restricts the number of irradiated positions, but is absolutely necessary for system testing 
and in case of more difficult targets (e.g. for certain biological cells which are not easily 
distinguishable from their native, liquid environment). 

♦ In automated mode the user only initially adjusts the target and launches the recognition 
module. Next the system automatically scans the display, selects all positions suitable for 
irradiation and constructs the input data map for a target scanning system. Just prior to the 
irradiation, the user may modify the map by excluding (or adding) several positions, what is 
accomplished similarly as in semi-automated mode. 

Main factor impeding the automatic cells recognition system is the poor visibility of more or 
less transparent biological material on a background of transparent liquid medium.  

     
Fig.8. The microscopic image of the unstained Chinese Hamster ovarian cells. Left: standard 

optics, right: cells imaged using differential interference contrast (DIC) method. 
Due to the geometry of the end stage (very small space for optics placement), illumination 
problems etc., obtaining a clear picture of cells and their nuclei directly at the irradiation stand 
is very difficult. Alternatively, working with stained cells is easier, but has obvious 
disadvantage of introducing additional chemicals into the investigated system. This problem 
is widely recognized, but it has not yet been solved in a satisfactory way [2]. The most 
promising seems to be the technique of differential interference contrast [20,21], but at its 
present status this method is very expensive in application. Therefore, in present version of 
the constructed IFJ setup, during initial research the stained cells will be used. 

The construction described above is in the advanced stadium. The measurement chamber is 
mostly ready (only the part containing the exit window needs further elaborating). Precision 
slits and deflection plates are ready to be mounted into a beam line in January 2003. Target 
positioning XY stage is currently in test phase. The last module of the system, the software of 
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automatic optical cell recognition needs some more discussion. However, in initial stage it is 
possible to test the whole setup using manual, less sophisticated mode. 
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