
C-Ion- and X-ray-Induced Sucrose Radicals Investigated
by CW EPR and 9GHz EPR Imaging

Kouichi Nakagawa,*1 Hideyuki Hara,2 and Ken-ichiro Matsumoto3

1Division of Regional Innovation, Graduate School of Health Sciences, Hirosaki University,
66-1 Hon-cho, Hirosaki, Aomori 036-8564

2Bruker BioSpin K. K., 3-9 Moriya-cho, Kanagawa-ku, Yokohama, Kanagawa 221-0022

3Quantitative RedOx Sensing Team, Department of Basic Medical Sciences for Radiation Damages,
National Institute of Radiological Sciences, National Institutes for Quantum and Radiological Science and Technology,
4-9-1 Anagawa, Chiba 263-8555

E-mail: nakagawa@hirosaki-u.ac.jp

Received: August 17, 2016; Accepted: September 29, 2016; Web Released: December 8, 2016

Kouichi Nakagawa
Kouichi Nakagawa received Ph.D. degree in Chemistry in January of 1989. After three years postdoctoral
research associate in the Department of Chemistry at Northwestern University and University of Denver, he
became Assistant Professor at Fukushima Medical University in 1992. Then, he promoted to Professor of
Radiological Sciences at Hirosaki University in December of 2010.

Abstract
We investigated stable radical distribution and particle tracks

in sucrose irradiated by C-ion irradiation with continuous wave
(CW) electron paramagnetic resonance (EPR) and 9GHz EPR
imaging. Both EPR results were compared with X-ray irradia-
tion at a similar dose. Radical distribution in sucrose crystals
induced by C-ion and X-ray irradiation were completely differ-
ent. The 2D EPR imaging results suggested that radical species
were mostly located inside the sucrose crystal. Fewer radicals
were found on the surface region of the sucrose crystal. The
high radical intensities in relation to the C-ion energy deposi-
tion are clearly observed at Bragg peak region. No trace of
the stable radicals was found after the peak region. The stable
radicals of sucrose were distributed as a result of recombination
of radicals induced by particle interaction. For the first time, the
present EPR images showed the stable radical distribution and
particle tracks in the crystal in association with particle-sucrose
interaction.

1. Introduction

Sugar (sucrose) is a universal sweetener. Various foods and
dry fruits contain sucrose. It is known that powdering as well as
irradiating sugar produce radicals.1 When sucrose is irradiated,
some bonds in sucrose are lost and become partially bonded
radicals undergoing recombination processes. Over time, the
radicals became stable radicals and stay at similar intensities.2,3

Thus, sucrose radicals have long life (stable radicals) at room
temperature if no moisture is present.

Sugar grain crystal morphology is an important factor to
estimate granulated sugar quality and storage stability.4 EPR
and simulation studies of spectra of crystalline sucrose radi-
cals were performed by Matthys et al.5 The multicomponent
character of the EPR spectrum of X-ray-irradiated sucrose was
suggested. They pointed out that the radical sites were carbon-
centered radicals.

Understanding the effects of radiation on various materials
is very important for providing information about decom-
position/recombination due to radiation­material interaction.
Especially, the effects caused by heavy ion particles are of
special interest. Heavy ion radiation of sucrose under the same
linear energy transfer (LET) and dose produces a large number
of stable radicals. This was further studied by changing the
LET and irradiation dose for different particles.6,7 Recently,
Nakagawa and co-workers reviewed heavy ion induced sucrose
radicals.8 In previous sucrose research, they were able to mea-
sure the existence and concentration of radicals in irradiated
samples but could not identify the part of the sample from
which the signal came using CW EPR.2,3,6­8 Therefore, there
remain many questions in relation to sucrose and heavy ion
interaction such as radical distribution and particle tracks.

Neither distribution of the radicals nor the particle tracks
could be determined by CW EPR. A new approach, 9GHz
EPR imaging, was performed to determine the radical distri-
bution in the irradiated sample by applying a magnetic field
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gradient. Furthermore, EPR imaging can be used to find details
of stable radicals produced by the interaction of particle beam
and sucrose crystals.

In this report, we used EPR imaging to determine the particle
tracks and the distribution of radicals induced by C-ion. The
sucrose crystals were irradiated from two different directions to
produce sucrose radicals in order to trap the C-ion in the crys-
tal. Using EPR imaging, the radical distribution induced by C-
ion and X-ray were compared. In addition, we analyzed particle
range as well as the radical distribution in sucrose.

2. Experimental

Samples. Commercially available sucrose single crystals
were purchased from Nishin Seitou Co. Ltd. Tokyo, Japan. The
crystals are monoclinic with space group P21 and have two
molecules per unit cell.4 The crystals were pasted onto an EPR
rod for CW EPR and EPR imaging measurements. The size of
the crystals was approximately 2mm © 3mm © 5mm to fit the
EPR cavity. Note that further in the text sucrose crystals are
simply called sucrose.

Irradiation of Samples. Schematic illustration of sucrose
and two-irradiation directions are presented in Figure 1. The
arrows indicate radiation direction. Approximate crystal sizes
are also indicated. Schematics of the experimental setup for
C-ion irradiation of sucrose is also indicated in Figure 2. Irradi-
ation using C-ion beams was performed in a biology experiment
room of the C-ion Medical Accelerator in Chiba (HIMAC) at
the National Institute of Radiological Sciences (NIRS). The

biology room was equipped with an irradiation system similar
to that found in a treatment room, including dose monitors, a
binary filter, and a wobbler system.9 A target in the atmosphere
was placed at a distance of 50 cm from a thin aluminum window
that sealed the vacuum in the beam ducts. The wobbler system
realized a 10 cm diameter uniform field with a uniformity of 2%
or less. The beam intensity was measured using dose moni-
tors installed in the beam course. A binary filter composed of
poly(methyl methacrylate) plates with thicknesses ranging from
0.5 to 128mm was used to adjust the LET.9 The radiation dose
was maintained at 50Gy at the sample, unless otherwise noted.
A schematic illustration of the experimental setting for C ion
irradiation of sucrose is presented in Figure 3. EPR measure-
ments were performed after a couple days of irradiation because
our laboratory locates in the north-end of Main Island.

In addition to C-ion irradiation, X-rays (200 kV, 20mA) were
used. The dose rate was 1.23Gy/min, and 0.5mm copper and
0.5mm aluminum were used to filter the low energy radia-
tion.10,11 All irradiated samples were maintained at ambient
temperature for a few days prior to the EPR measurements.

CW EPR Settings. A commercially available JEOL RE-
3X 9GHz EPR spectrometer was used. The sample crystal was
mounted as shown in Figure 3a. All CW EPR spectra were
obtained with a single scan. Typical CW EPR settings were as
follows: microwave power, 5mW; time constant, 0.1 s; sweep
time, 4min; magnetic field modulation, 0.16mT; and sweep
width, 10mT. All measurements were performed at ambient
temperature.

EPR Imaging Settings. Images were acquired at room
temperature on a Bruker E500 ELESYS system (Bruker
BioSpin Gmbh, Karlsruhe, Germany) equipped with a high
sensitivity TM resonator (10mm diameter, Bruker). The system
was operated in X-band mode at ³9.6GHz, 100 kHz modu-
lation frequency. For imaging, the system was equipped with
water-cooled gradients allowing a magnetic field gradient up to
20mT/cm along the X-, and Y-axes.

Sucrose (average weight ³0.0510 g) was pasted side by side
onto an EPR rod (outer diameter (o.d.) ³4.0mm) for imaging
measurements as shown in Figure 3b. The rod was positioned
in the center of the microwave cavity. For each measurement,
the microwave power was selected within the linear section
of the power intensity curve. Amplitude modulation values
were chosen in such a way that they did not induce any signal
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Figure 1. Schematic illustration of a sucrose crystal (space
group P21) for C-ion and X-ray irradiation is presented.
The arrows indicate two-radiation directions: (1) and (2).
Approximate crystal size is also indicated.
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Figure 2. Schematics of the experimental setup for C-ion
irradiation of the samples is presented. The acrylic plate
was used to adjust the LET. Sucrose crystals were inserted
in an EPR tube.
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Figure 3. Schematic illustration of EPR setup for the crys-
tal measurements is presented. Two settings (a) and (b)
were used.
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distortion, and were always limited to the linewidth value. The
conversion time, time constant, field sweep, for images, and
gradient intensity of images are optimized for each sample and
are given in Table 1.

Two-dimensional (2D) images were reconstructed from a
complete projection set, which were collected as a function of
the magnetic field gradient, using the backprojection algorithm
provided in the Xeprμ software package from Bruker. Before
reconstruction, each projection was deconvolved using fast
Fourier transformation with the measured zero-gradient spec-
trum to improve the image resolution. To reduce noise ampli-
fication and avoid possible division by zero at high frequencies,
a low pass filter was used. The deconvolution parameters, includ
ing the maximum cut-off frequency and the width of the
window in the Fourier space, were set up after viewing the shape
of all projection. Spectral deconvolution and filtered back-
projection were performed using the Xepr software package.

The typical EPR imaging settings were as follows: micro-
wave power, 2mW; time constant, 1 s; total acquisition time, 50
min; magnetic field modulation, 0.5mT; sweep width, 15mT;
field of view, 6mm; pixel size, 0.15mm; and gradient strength,
5­12.5mT/cm. The detailed acquisition parameters for sucrose
are listed in Table 1. Allmeasurements were performed at ambi-
ent temperature.

3. Results

CW EPR. Figure 4 shows EPR spectra of X-ray- and C-
ion-irradiated sucrose. EPR spectra of X-ray-irradiated sucrose
(top), C-ion at LET 50, 94Gy, direction (1) (middle), and C-ion
at LET 50, 94Gy, direction (2) (bottom) are presented. EPR
spectral intensities for X-ray-irradiated sucrose were stronger
than those for C-ion-irradiated sucrose. In addition, slightly
different EPR line-shapes were observed for C-ion-irradiated
sucrose as shown in Figure 4.

EPR Imaging. Figure 5 shows EPR imaging of sucrose
irradiated with C-ion and X-ray. Both crystal sizes were similar.
The sucrose radicals irradiated by C-ion at LET 50, 94Gy
(top), and X-ray at 60Gy (bottom) showed completely different
images. The high color intensity is directly proportional to the
radical concentration induced by C-ion irradiation. Although
only half of the crystal has radical related color for C-ion
irradiation, the crystal for X-ray irradiation showed the whole
crystal was colored. The results indicate that C-ion impact very
differently to produce free radicals. It is noted that the red color

for X-ray irradiation can be characteristic of the dose distri-
bution in the crystal.

Figure 6 shows EPR imaging of sucrose irradiated with C-
ion and X-ray. EPR imaging of sucrose radicals irradiated by
C-ion at LET 50, 94Gy (top), and X-ray at 60Gy (bottom). The
radiation direction (2) was used for the crystals. Both crystal
sizes were similar. The arrow indicates radiation direction for
C-ion. Both crystals showed color. The intensity of color for
the X-ray-irradiated sucrose was stronger than that resulting
from C-ion irradiation.

Figure 7 shows EPR imaging of sucrose irradiated with C-
ion. Two layers of the crystals were used for the irradiation.
The second crystal showed a half of it was colored. This is
the very clear results of C-ion-irradiation of sucrose. The C-ion
disappeared around the middle area of the crystals.

4. Discussion

CW EPR and EPR imaging are noninvasive techniques used
for the detection of unpaired electrons and have been applied
to study free radicals in various materials.12­14 Although EPR
spectra of the irradiated sucrose show multiple lines (e.g.
Figure 4), the peak-to-peak linewidth (¦Hpp) at around the

Table 1. EPR imaging data acquisition conditions for the
sucrose crystals

Acquisition condition Values

Field of view/mm 6

Pixel size/mm 0.15

Gradient strength/mTcm¹1 12.5

Sweep time/sec 90

Total acquisition time/min 50

Modulation amplitude/mT 0.5

Microwave power/mW 2

Figure 4. EPR spectra of sucrose irradiated by X-ray (top),
by C-ion at LET 50, 94Gy, radiation direction (1) (middle),
and by C-ion at LET 50, 94Gy, radiation direction (2)
(bottom) are presented.
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Figure 5. EPR imaging of two sucrose crystals irradiat-
ed by C-ion at LET 50, 94Gy (top), and X-ray at 60Gy
(bottom) is shown. The arrow indicates radiation direction
for C-ion. Both crystal sizes were similar sizes. The dashed
circle indicates the intense color region in the middle of
the crystal.
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center is approximately 0.32mT. The resolution of the images
is approximately 320¯m.

Figure 5 indicates that EPR imaging of sucrose irradiated by
C-ion showed intense radical concentration at approximately
2.5mm of the crystal. EPR images of sucrose radical indicated
that the irradiated crystal had a more intense color in the middle
as shown in Figure 5 (the dashed circle). The dashed circle in
the figure corresponds to the so-called Bragg peak. The Bragg
peak can be characterized by the highest particle energy loss
in a medium. The results show that EPR images corresponding
to the high radical intensities in relation to the C-ion energy
deposition were clearly observed. In addition, there are traces
of particles as weaker signals (light green color) toward the
intense region. The traces are related to stable radicals gener-
ated by C-ion. No trace of the particle track in the sucrose after
the Bragg area was observed. Radical distribution in sucrose
induced by C-ion and X-ray irradiation were completely
different. In the case of X-ray irradiation sucrose radicals were
almost uniformly distributed throughout the crystals (the lower
image in Figure 5).

EPR image of the sucrose irradiated by the direction of
(1) (Figure 1) shows the whole crystal colored as shown in

Figure 6 (top). The C-ion went through the crystal thickness
and produce stable radical in the crystal.

Two sucrose crystals were stacked for C-ion irradiation. The
first crystal showed the radical distribution throughout the
sucrose. The dashed line indicates the first crystal position and
the data is not shown in Figure 7. Sucrose radicals of the
second one exist on the region of the second crystal where
particles stopped as shown in Figure 7. The red color region
indicates that C-ion released their energies and disappeared in
the second sucrose. It is noted that the curved shape of the color
region is due to the crystal edges. The range of C-ion at LET
50, 94Gy can be approximately 2.5mm in sucrose. Although
the red color is not uniform, the red color is indication of high
radical concentration in the crystal.

5. Conclusion

The present EPR and EPR imaging investigation showed
quantitative information regarding paramagnetic species distri-
bution in the sucrose. Both 9GHz EPR imaging and CW EPR
can be useful for determining and analyzing the location of
paramagnetic species in sucrose and other materials. Therefore,
identifying particle tracks in the crystals can provide further
insights into material-particle interaction.
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Figure 6. EPR image of two sucrose crystals irradiated by
C-ion at LET 50, 94Gy, radiation direction (1) (top) and
by X-ray (bottom) is presented. Two crystals were pasted
on an EPR rod side by side.
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Figure 7. EPR imaging of sucrose radicals irradiated by C-
ion at LET 50, 94Gy is shown. The arrow indicates radia-
tion direction (1). The schematic depiction of the radical
distribution indicated the left-hand side of the figure. The
dashed line indicates the first crystal position.
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