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A single-particle microbeam facility has been constructed at the Key Laboratory of Ion Beam Bioengineering

(LIBB), Chinese Academy of Sciences (CAS). The system was designed to deliver a defined number of hydrogen ions

produced by a Van de Graaff accelerator, in an energy range of 2.0-3.0MeV, into an area smaller than the nuclei of

individual living cells grown on thin plastic films. The beam is collimated by a borosilicate glass capillary that forms

the beam-line exit. An computer integrated control program is developed to recognize the cells and to target them one

by one for irradiation.

Experiments for finding (capturing and recognizing) the microbeam position in the microscope imaging system and

measuring the overall targeting accuracy of the facility are presented in this article. When a borosilicate glass capillary

with 5um inner diameter and 980um length is used as the microbeam collimator, the overall targeting accuracy is that

91% aimed pit clusters are located within 2.4 ym radius, and 98% are within 3.6 pum radius.
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1. Introduction

Microprobes for the study of radiation damage to
biological systems have been known since the 1950s.!"]
However, they were not used extensively until a recent
resurgence of interest2~% due in part to recent devel-
opments in computer-based microscopy systems that
allow rapid location and accurate positioning of target
cells.[5—8

Microbeam offers a unique method for selecting
and irradiating individual cells with a defined number
of charged particle.®~'3] That makes the microbeam
an exquisite tool for radiobiological researches to sim-
ulate low dose environmental irradiation. For a mi-
crobeam to truly fulfil its role in modern radiobiology,
it must excel in two key technical parameters: the

single particle detecting efficiency and the microbeam

targeting accuracy. The particle detecting efficiency
has been reported in Refs.[14,15]. This paper mainly
focuses on the studies of the beam finding and the tar-
geting accuracy of the CAS-LIBB (Key Laboratory of
Ton Beam Bioengineering, Chinese Academy of Sci-

ences) single-particle microbeam.

2.Beam finding

Collimated protons accelerated by a 5.5MeV Van
de Graaff accelerator(”®! are used to irradiate indi-
vidual living cells. For irradiation, cells are grown on
a specially designed dish consisting of a 3.5um thick
Mylar film. The cell dish is mounted on a sample
stage (Marzhauser, Wetzlar GmbH, Germany) driven
by stepping motors. A computer-controlled charge-
coupled device (CCD) camera (CCD-72E, Dage-MTI,
Michigan City, USA), a variable-gain image intensifier
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(GenlISys, Dage-MTI, Michigan City, USA), and a
fluorescent microscope (Olympus BX2, Japan) jointly
perform to scan the cells in the dish. Then an im-
age analysis program automatically finds and records
the position of each stained cell. These components
compose the image analysis system of the microbeam
facility (as shown at the top of Fig.l). To irradi-
ate cells, the microscope objective is replaced with
a photomultiplier tube that detects!”) photon pulses
produced when a particle traverses a thin scintilla-
tor (BC400) situated between the collimator and the
cell dish. Thereafter, every cell is precisely positioned
over the beam exit and exposed to a chosen number of
protons automatically. The schematic diagram of the
microbeam facility and the integrated control system

is shown in Fig.1.
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Fig.1. Schematic drawing of the microbeam facility

and the integrated control system.

The overall targeting accuracy of a microbeam
system is limited not only by the properties of the col-
limator, but also by the accuracy with which the cells
can be aligned relative to the microbeam. A 980um-
long borosilicate glass capillary with a 5um bore is
mounted at the end of the beam line as the microbeam
exit. To align cells relative to the beam accurately,
it is required that the beam position should firstly
be found and determined as the origin of coordinates
in the image analysis system (i.e., the so-called beam
finding step). Basing on this origin, every cell can
then be moved one by one to the beam position by
the motorized stage.

The borosilicate glass capillary collimator with
5um bore is mounted at the beam line exit and capped
with a 3.5um Mylar vacuum film. After the Mylar is

a 7Tum aluminium foil as photon reflector (for shield-

ing the spurious photons from underside entering the
photomultiplier window), and an 18um thick scintil-
lator (Bicron BC400). At the end they are all packed
with another 3.5um Mylar (the details are shown in
Fig.2). The beam position is identified by visualizing
the light spot produced when particles hit the scintil-
lation foil. Using the Matrox Imaging Library package
(Matrox Electronic Systems, Dorval, Canada), a ded-
icated image analysis program has been developed to
acquire the CCD pixel signals of the fluorescent spot
and to analyze the spatial distribution of the parti-
cles, thus to determine the exact microbeam position

in the image analysis system.
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Fig.2. The layout of the substances that particles

pass prior to the beam exit.

Figure 3 is a typical image of the fluorescent spot
produced in the scintillator (BC400) by the particle
beam (3.0MeV protons beam with 500 particles per
second, 5um collimator, 18 um BC400, and 1 second
integration). Generally, 10-20 frames of the fluores-
cent spot images are picked up by the image analysis
system, and the gray value of each pixel in every im-
age is calculated. Then the brightest pixels in the
fluorescent spot of each image are selected. Their cor-
responding coordinates (relative to the top-left corner,
that is, the origin of coordinates is at the top-left cor-
ner) are used to determine the microbeam position by
the appearance probabilities of these coordinates. An
analysis result of 10 frames of spot images in Fig.4
showing that 4 results are coordinates (418,344), and
3 of them (419,344). That is, the probability of the
coordinates (418,344) is 40%, and the probability of
the coordinates (419,344) is 30%. Based on the prob-
abilities and the average of these coordinates in Fig.4,
the beam position coordinates are calculated to be
(418,344). Using the calculated beam position, coor-
dinates of cells are transferred relative to the beam

point (regarded as origin of coordinates) and each cell
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is moved to the microbeam exit for irradiation. As
an important factor for the targeting accuracy in the
microbeam system, the beam finding ability will be
evaluated in the following tests of the overall target-

ing accuracy.

Fig.3. An image of the spot of light produced within
the scintillation foil by the particle beam.
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Fig.4. Probabilities of the beam position coordinates

calculated from the acquired spot images.

3.0Overall targeting accuracy of

the microbeam

Generally, there are two key parameters con-
tributing to the overall targeting accuracy of the mi-
crobeam: (1) spatial distribution of the collimated
particles at the beam exit, and (2) the abilities of the
integrated control system to recognize the targets, to
record their positions and to move each target to the

microbeam exit precisely.
3.1. Beam collimation

Nuclear track-etch detectors are extensively used
to assess the performance of microbeam facilities. CR-
39 plastic detector (flake shape, 10mmx10mmx 1mm)
has been employed to log every particle impact point

and quantify the extent to which particles are scat-
tered off-axis at the sample position for certain colli-
mator assemblies. The targeting accuracy of the colli-
mator is evaluated by exposing a CR-39 detector (at-
tached on the cell dish) to the beams at the sample
position. After irradiation, CR-39 detector is etched
in 6x103mol/m® NaOH at 70°C for about 2 to 2.5h,
depending on the linear energy transfer of the ions.
The tracks of the ions are visualized as micrometer-
size pit clusters on the surface of the CR-39 detec-
tor, and the spatial distribution of etched ion tracks
is observed by the image analysis system. Using 2.0—
3.0MeV proton ions and a 5um diameter by 980um
long borosilicate glass capillary collimator, the testing
results show that more than 91% of the pit clusters
(100 protons in each pit cluster, totally 500 pit clus-
ters have been analyzed) are smaller than 6.8um in
diameter, and 95% of the particles are within 3um of
the mean hitting position. Figure 5 shows a 10x10
grid etched by the CAS-LIBB microbeam, with 100

particles at each grid point.

Fig.5. A 10x10 grid etched on CR-39 by the CAS—
LIBB microbeam with 100 particles at each grid point.

3.2. Overall targeting accuracy measurement

Besides the beam collimation, a complete evalu-
ation of the overall targeting accuracy requires other
relevant aspects as well, such as the beam finding ac-
curacy, the automated cell-finding and positioning ac-
curacy of the image analysis system, and the target-
locating accuracy of the motorized sample stage. In
our facility, we adopt a method developed by the Gray
Laboratory group and published in Ref.[18].

Firstly, a data file of coordinates, generally a
10x10 grid with 100pum spacing between neighbours
is generated. Then the data is used to move the mo-

torized stage automatically, and a pre-defined num-
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ber (50 or 100) of particles are delivered to each grid
point. After etching in NaOH, a microarray of pit clus-
ters produced by the particles from the microbeam is
formed on the CR-39 track detector film. When each
grid point is irradiated by 100 proton ions, each pit
cluster at these grid points appears as a single pit
cluster about 6um in diameter. Here, these irradiated
pit clusters can be made to simulate the cells during
a second exposure of the detector, such that the video
signal is captured by a Matrox Genesis image process-
ing board using the Matrox Imaging Library. A pro-
gram written in Visual Basic under the Windows NT
operating system controls the motorized stage motion

19,20] After the image

and the image analysis system.|
of the pit clusters is captured, a threshold in intensity
is set to separate the etched clusters from the back-
ground and the central coordinates of each pit cluster
are calculated using the control program.

The second exposure of the CR-39 detector is a
“cluster-inserting” test by inserting new pit clusters
into the mid-point between the adjacent pre-etched
clusters. The overall targeting accuracy, which re-
flects the capability of the system to align the target
and the beam properly, is evaluated by measuring the
discrepancy between the actual irradiation pit clus-
ter and the expected position. Note that it is actually
the midpoint between adjacent pit clusters that is tar-
geted; otherwise, a “direct hit” over the pre-etched
clusters would not be apparent when the detector is
etched for the second time. To obtain the data file of
the mid-point coordinates for driving the motorized
stage motion in the new “inserting irradiation”, coor-
dinates of the mid-points of either two or four adja-
cent pit clusters are calculated based on the recorded
coordinates of the irradiated pit clusters in the first
exposure. But before the motorized stage is moved
to the beam exit automatically, the coordinates of the
midpoints need to be transferred relative to the beam
exit point (which has been recorded in the beam find-
ing step). Each mid-point is then positioned over the
beam exit by the motorized sample stage automati-
cally to be irradiated.

Figure 6 is an example of the CR-39 image af-
ter two irradiations. 100 protons were delivered to
each mid-point (between adjacent pit clusters formed
in the first irradiation). The smaller pit clusters are
the “inserted” clusters, while the larger ones are the
pre-etched clusters (they are larger than the inserted
clusters because they were etched twice in NaOH).

By analyzing the pit clusters in Fig.6, the results (in

Fig.7) show that 98% of the inserted pit clusters are
located within the discrepancy of 3.6um from the de-
sired mid-point position, and 91% of the inserted clus-
ters are located within the discrepancy of 2.4um. The
performance could be further improved by reducing
the air gap between the beam exit and the target po-
sition. The air gap reducing could be realized using
a recently improved automatic sample stage with the
ability of precise Z-axis motion (in addition to the
X-axis motion and Y-axis motion), which can move
the culture dish to an irradiation position as close as
possible to the beam exit and move it slightly away

during the drive movement.

Fig.6. A typical CR39 image after two etches used to

assess the overall targeting accuracy.
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Fig.7. Overall targeting accuracy of the microbeam
system. The performance of beam finding, video iden-

tification, and sample stage motion are included.

4. Results and discussion

From the researches discussed

above, when the borosilicate glass capillary of 5um in-

experimental

ner diameter is employed as microbeam collimator, the
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measurement results show that 95% of the delivered
particles are located within 3um radius area. With
the performance of beam finding, video identification,
and sample stage motion, an overall targeting accu-
racy has been achieved that 98% inserted pit clusters
are located within 3.6um of the desired position, and
91% are within 2.4um of the desired position. Con-
sidering the common size for mammalian cells (about

10-50um) used for radiobiological researches in the

laboratory, the microbeam targeting accuracy is suffi-
cient for irradiation of individual cells.

From the outset, the CAS-LIBB microbeam has
been in a constant state of evolution. A number of
aspects including increasing the cell throughput, the
targeting accuracy, the penetration of the radiation,
and the implementation of non-UV-radiation methods
for target visualization are scheduled to be improved

in the near future.
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