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Single-particle microbeam is uniquely capable of precisely delivering a preset number of charged particles to

individual cells or sub-cellular targets to be determined in vitro. It is crucial to find a reference point that relates the

microbeam’s location to the microscope’s plane, and align individual targets at this reference point for cell irradiation.

To choose an appropriate reference point, an approach based on analysing the intensity distribution of fluorescence in a

thin scintillator excited by traversing particles is newly developed using the CAS-LIBB single-particle microbeam, which

features decisive physical signification and sufficient resolution. As its bonus, this on-line analysis provides precise and

fast response to the determination of beam profile and potentially optimizes the microbeam quality by further adjusting

hardware setup.
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1. Introduction

All biological effects of ionizing radiation are de-
rived from events that take place at the level of indi-
vidual cells. The radiation of charged particle beams
deposits their energies in target regions surrounding
the travelling paths of the particles. The random in-
teractions of the particles as well as secondary par-
ticles such as displaced atoms with different parts of
a cell can cause some effects. In the process, inter-
and intra-cellular signaling pathways play an impor-
tant role. However, the biological effects of radiation
spread beyond the field that is directly subject to hits
from the ionizing radiation tracks — known as the
physical penumbra. The limits of spread — known as
the biological penumbra — are unknown and might be
systemic.[!l Therefore, we have developed a novel mi-
crobeam technique to study effects of radiation tracks
on induced damage and initiation processes in critical

cellular targets.

The single-particle microbeam (SPM) provides a
unique opportunity to precisely control the number
of ions traversing individual cells and the localization
of dose within the cells in vitro. There exist currently
more than 15 SPMs in the world and they are still im-
proved. Their recent developments and applications
are reviewed.2~7] A single-particle microbeam facil-
ity using the collimation technique, CAS-LIBB SPM,
has been built at the Key Laboratory of Ion Beam
Bioengineering (LIBB), Chinese Academy of Sciences
(CAS), Hefei, China.[*~12]

For a collimated SPM, it is crucial to find a ref-
erence point of beam exit and align individual targets
at this reference point for highly-localized cell irra-
diation. Folkard et al suggested a calibration proce-
dure wherein the reference position was established
by simply imaging the top of the collimator for vi-
sual interpretation.['3] Randers-Pehrson et al reported
that the reference point of beam exit was defined by

grabbing images of laser light directing to the colli-
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mator system from below the last bending magnet.14
In fact, the physical signification of reference point is
that the probability of traversing particles appearing
there is maximum. To choose an appropriate refer-
ence point, an approach based on analysing the inten-
sity distribution of fluorescence in a thin scintillator
excited by traversing charged-particles is newly devel-
oped using the CAS-LIBB single-particle microbeam,
which features decisive physical signification and suf-
ficient resolution. Furthermore, this on-line analysis
possesses the capability to determine beam profile ac-
curately and can optimize the microbeam quality by

further adjusting hardware setup.

2.Materials and methods

2.1. CAS-LIBB microbeam facility

The source of ions for the CAS-LIBB microbeam
is generated by a model CN 5.5 MV van de Graaff ac-
celerator. Most of work to date on the microbeam
has been done with protons of 3 MeV corresponding
to a linear energy transfer (LET) of approximately
30keV/um at the centre of the cells.

ing through quadrupole magnets and two beam bend-

After pass-
ing magnets, the monoenergetic beam goes vertically

through collimator. Figure 1 shows the overall layout

of the microbeam endstation and the collimator. The
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custom-made dish is supported on a motorized X-Y
microscope stage (Marzhduser Wetzlar GmbH, Ger-
many) that is positioned using a stepper-motor cou-
pled lead-screw on each axis. The cells can be viewed
in situ using an epi-fluorescent microscope (Olym-
pus, type BX2-FLB), either through the eyepiece,
or more often, with an image intensifier (Dage-MTI
Inc., Michigan City, IN) and a charge-coupled device
(CCD) (CCD-72E, Dage-MTTI Inc., Michigan City, IN)
imaging system. The CCD image is digitized (12 bits)
and transferred to a Matrox 1280 image processing
board (Matrox Electronic Systems, Dorval, Canada)
installed in a personal computer, and it is displayed
on a high-resolution monitor. A borosilicate glass cap-
illary with 1 gm in inner diameter, 210 um in outer
diameter and 980 ym in length is used as a collima-
tor, which is mounted in the centre of a holder at the
end of the beam line. The verticality of the collimator
is adjustable with fine adjustment screws. A multi-
layer film system composed of a 3.5-ym vacuuming
Mylar film, a 7-pm aluminium photon-reflector and
an 18-pum scintillator film (Bicron, BC400) for parti-
cle detection, which are piled in layers, is mounted on
the collimator exit. The exit of the assembly is cov-
ered with another piece of 3.5-um mounting Mylar, as

shown in Fig.1.
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Fig.1. Schematic drawing of the overall layout of the microbeam endstation and the instal-

lation of the collimator.

2.2. Basic principle of beam profile determina-
tion

Monte Carlo modelling of the proton transmis-

sion in a borosilicate glass capillary with an aspect
ratio of 980:1, compared with the energy spectrum of
the transmitted particles, indicates that about >99%
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of the protons are within the nonscattering core of
the beam, which initially has a diameter of 1 ym and
spreads little more than 1 pym due to Coulomb scat-
tering in the exit window. Since the de Broglie wave-
length of an accelerated proton in the CAS-LIBB mi-
crobeam is about 10~*A, much smaller than the di-
mension of the medium, the wave-effect of these parti-
cles can be neglected when they are transferred, that
is, the particles-transferring process can be regarded
as line-transfer. It is reasonable to assume that the
scintillator is homogeneous and individual traversing
On this as-

sumption, the bombarding beam profile that one can

particles produce equal photon yields.

observe at the target only depends on the interaction
between the beam particles and the target. The inter-
action surface between the scintillator and traversing
particles can be regarded as a plane. The total num-

ber of reaction products, N, can be formulated by

N ﬂ D (. ) n(z,y) ddy, 1)
Ss

where S, is the total interaction area, n(z, y) is the
beam particle distribution in the beam cross section,
D(z, y) is the scintillator’s mass distribution that is
usually considered as a constant, D, and x and y are
the coordinates in the interaction or scintillator plane.
If the beam scans a unit square in (z, y) directions,
and then scans the whole plane, square by square, on
the scintillator plane, Eq.(1) can be used to express
the total number of the reaction products for the (3,

j)th square as

N, ; x D ﬂ n(z,y)dzdy. (2)

square

The integral actually represents the total number
of the particles, or the particle flux, falling into the
square. The count difference, N;;q j+1-IV; ;, between
two sequential scanning positions is proportional to
the flux, which passes through a micro-square with
the sides of Az = x;41 — x; and Ay = Y41 — ¥i-

The plastic scintillator (PS), BC400 (C;oHyy),
consists of a polyaromatic hydrocarbon base,
polyvinyltoluene (PVT), containing one or two flu-
orescent dyes. Energy absorbed from ionizing radia-
tion excites the base molecules, which non-radiatively
transfer the energy to primary dye molecules. The
dye molecules in turn emit primary scintillation pho-
tons that are wave-shifted to longer wavelengths by

the secondary dye. Ideally, a PS dosimeter should

have a scintillation efficiency independent of the en-
ergy and type of ionizing radiation particle, and the
light output would be proportional to the energy de-
posited in the scintillator. However, it is well known
that the PS sensitivity is reduced for high-LET ra-
diations such as alpha particles, low-energy protons
and deuterons(Figure 2).1'%16] It is thought that dense
ionizing charged particle tracks give rise to reac-
tive molecular species which can dissipate the exci-
tation energy of solvent or solute particles, compet-
ing with radiative de-excitation (fluorescence).'”) The
progressive loss of light output with the LET or stop-
ping power increasing is usually explained by ioniza-
tion quenching: creation of excited/ionized molecular
species by dense ionizing charged particles that inhibit
The reported

data generally support the well-known unimolecular-

light emission nearby collision sites.

quenching model proposed by Birks:

drjde = —SWE/dD) (3)
1+ kg(dE/dx)
where dL/dz is the differential light output, dz is the
path length traversed by the charged particles, S is
the absolute (unquenched) sensitivity, dE/dz is the
collisional stopping power and kg is Birks’ parameter,
which is reported to range from 0.0066 to 0.019 cm
MeV ! for unit-density scintillators.[18]
By integrating Eq.(3) over the electron slowing-
down spectrum, the inherent sensitivity, a(F), of a
PS to the complete absorption of a secondary electron

with an initial energy of E can be derived as follows:
S E
o(B) =2 / [+ kg(dB/de)] " dE.  (4)
0

By averaging «a(FE) over the spectrum of initial
kinetic energies of the secondary electrons movement

caused by photon collisions, a) can be evaluated:
ay Z{S/ Dy (v) {ope(v)(v — Ex)a(v — Ex)
0

N /07r ‘hingin(v,a)a(E(v,e)) sinade} dv}

X {/Ovmax Px(v) |:U'pe(’l))(v — Ex)

-1

+/7r 410 (0,6) 1, g) sinedﬁ] dv} . (5)
0 dg

where v is photon energy, &,(v) is the photon flu-

ence in the detector centre, Fx is the K-edge bind-

ing energy, ope is the photoionization cross section,

doin./df2 is the differential cross section for incoher-

ent scattering and E(v, ) is the initial kinetic energy
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of Compton electrons scattered at an angle 6. There-
fore, the fluorescent intensity distribution may directly

reflect the responsive beam particle distribution.
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Fig.2. Premium BC400 response to atomic particles.

2.3. Choosing a reference point and aligning

targets at beam exit for irradiation

For cell image processing, at first the position of
the microbeam exit is located by a program as the
reference point. The cell image recognition and pro-
cessing are carried out jointly using the microscope,
the image intensifier, the CCD camera and the im-
age processing board using the Matrox Imaging Li-
brary (Matrox Electronic Systems, Dorval, Canada)
in a computer. A series of fluorescent images of weak
spots excited by traversing particles bombarding the
scintillator is recorded by this imaging subsystem. We
can obtain a series of sharp images from these beam
profiles captured after removing blurs, and grey-scale
transform. To choose the candidates for the calibrat-
ing spot, we use a segmentation-based recombination
and selection (SBRS) strategy, in which there appear
no statistical uncertainty. Firstly, fluorescent intensity
distribution of each sharp image is produced (Fig.3).
Then, candidates emerge according to the following se-
lection regulation. If g; ; is the grey scale of pixel(t, j),
then the sum of grey scales of the adjacent pixels, G; ;,

is

gi—1,j-1 Gi-1,57 Gi—1,5+1
Gij = E Gioi 9ij gij+1 ,  (6)
i,j
9i+1,j-1 Gi+1,j 9Gi+1,5+1

where 7 and j are the coordinates of pixels in individ-
ual sharp images. When the value of G; ; is maximum,
gi,; is selected to be a candidate. Only one candidate
for each image can enter the decisive stage. The fi-

nal winner is defined as the referential location of the

beam exit from the candidates set based on maximal
probability.

Since the sample stage is used to move the reticule
a fixed distance within the visual field of microscope
and measure the corresponding number of pixels tra-
versed, the calibration factors between um and pixels
under different objectives can be determined. Data
of the calibration factors and origins are stored in a
computer and used for all movement and measurement
calculations. Based on the above origin, coordinates
of the interesting point in each imaged cell can be set
up. Then, a relationship is established between the
pixel position of an object in the microscope camera
and the real number of the z—y steps required to move
the object to the microbeam exit. During cell irradi-
ation, the XY sample stage locates cells one by one
to the calibrating point along a preset route. A preset
number of particles delivered to each cell are exactly
controlled by a particle detector coupled with an elec-
tric beam-shutter. The manipulations above are all

controlled by our developed program.
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Fig.3. Side view of landscape of grey scales of indi-

vidual pixels, showing the beam particle distribution.

3. Results

The normal energy of the CAS-LIBB microbeam
is 3.0 MeV for protons, with the FWHM <40keV after
the 3.5-pm vacuum Mylar or the FWHM <64.5keV
after the multi-layer system. The average counting
rate is 1000—2000 cps. Figure 4 demonstrates the re-
sults of Monte Carlo transport simulations of a 3-MeV
proton beam. The diameter of the beam profile after
monoenergetic protons passing through the collimator
and traversing the multiplayer-film system perpendic-
ularly is about 3.58 um. Without the outmost vacuum
Mylar (C10HgO4), the diameter of the beam profile is
about 3.03 pm.
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Fig.4. Beam profiles obtained by Monte Carlo transport simulation of 2000 3-MeV monoenergetic protons

passing through the collimator and traversing the multiplayer-film system perpendicularly. (a) Beam profile

along the Z-axis. (b) Transverse view.

The accuracy in measurements of the particle
detection system and the cell targeting system is
demonstrated using a CR39 detector (flaky form,
10mmx10mmx 1mm). With the aid of the particle de-
tection system, 100 protons are delivered to the CR39
surface to form a pit cluster (Fig.5). Analysis of 500

Fig.5. Confocal microscopy image of a 100-proton pit
cluster etched on CR39.

clusters shows that the average microbeam size is less
than 5 pm in diameter for 81.78% of hits, less than
10 pm for 93.85% of hits or less than 15 um for 98.75%
of hits. Regarding the air gap between the mounting
Mylar and CR39, Fig.5 shows a close agreement be-
tween the measured and predicted transmission pro-
files.

A series of fluorescent images of weak spots ex-
cited by traversing particles bombarding the scintilla-

tor is measured by the imaging subsystem. Figure 6

10pm

Fig.6. A sharp image from a beam profile captured
after grey-scale transform and invert contrast.

Fig.7. (a) Fluorescent image of monolayer-attached human epithelial cells stained with Hoechst 33342 dye,

viewed by the image analysis system under a 40X objective lens. The nucleus of each cell is outlined. (b)

The corresponding intensity 3D-peaks with an elevation angle 18° and a rotation angle 45°.
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demonstrates a sharp image from a beam profile cap-
tured after grey-scale transform and invert contrast
(Fig.6). The diameter of a typical beam profile after
removing blurs is about 6.4pm. From images shown
in Fig.7(a), individual monolayer-attached human ep-
ithelial cells and their nucleus are all recognized and
marked by the image analysis system. Figure 7(b)
shows the corresponding intensity 3D-peaks where the

particles were delivered.
4. Discussion and conclusions

The overall cell targeting accuracy of the CAS-
LIBB microbeam can reach ~ 3um. For the two kinds
of cells that are currently being researched in the lab-
oratory, i.e. Ay, cells (the average cross-sectional area
of the nucleus of an attached living Ay, cell was deter-
mined to be 108um?)™° and AGO cells (fusiform, av-
eragely 40um wide and 100 pm long), the microbeam

area confirms a sufficient spatial resolution. For an

SPM, it is crucial to provide high speed and accu-
rate radiation targeting for either cell or sub-cellular
irradiation. The most important factor determining
these performances is the ability of the mechanical as-
sembly to position individual cells to the correct place
accurately. To improve the target accuracy, several
factors should be taken into consideration, including
reducing the focal diameter of the beam, improving
the cell finding efficiency, avoiding error propagation
of cell positioning, elaborating the calibration proce-
dure, and so on. Here, we discuss an important but
less-regarded aspect—calibration procedure. On the
other hand, this on-line approach can offer more mi-
crobeam characteristics of real-time beam profile than
existing ones, such as beam halo, beam asymmetry
and so on. Therefore, it makes possible optimizing
the microbeam quality by further adjusting pertinent

hardware setups.
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