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 As part of the next generation PET development 

project, performances of one-dimensional GSO crystal arrays were 

measured and analyzed for the development of the 

depth-of-interaction (DOI) detector constructed of 

three-dimensional GSO crystal arrays. We considered two 

structures of one-dimensional crystal arrays, one is a “straight line 

type” which has the crystals of the array stacked in series, and the 

other is a “U shaped type” which is a crystal block of stacked 

crystals bent at the center. By scanning collimated gamma rays 

along the crystals, we measured the pulse height distributions from 

one end or both ends of the crystal array for different conditions of 

the surface of each crystal (rough or chemical etching) and 

arrangement of the reflector. On the average, there is almost no 

position dependence for individual crystals because the gamma ray 

beam response in each crystal is uniform within 2.0% for chemical 

etching and 5.6% for rough surface. From this result, we irradiated 

the gamma ray beam on the center of individual crystals in the 

following experiments. 

The “straight line type” has a better light yield and 

crystal identification than the “U shaped type”. When trying to 

develop the DOI detector with the “straight line type”, DOI 

information is acquired by arranging a PMT at each end and 

calculating the ratio from two PMT outputs. However, there are 

problems on the structure so it is difficult to make a practical 

application. Then we focused on the “U shaped type”. In order to 

overcome the low light yield of the “U shaped type”, we tried to 

optimize the arrangement of the reflector, and the combination of a 

crystal surface. In order to examine how the combination of crystal 

surface and arrangement of the reflector affects the performances, 

we also measured two-dimensional pulse height distributions for 

the “U shaped type”. The analysis of these data showed how these 

conditions affected the performances of the DOI detector. 

Examination results of continuous crystals or discontinuous crystals 

the “U shaped type” array revealed that using continuous crystals 

had an advantageous light yield, but crystal identification was not 

better because there was little position dependence for an individual 

crystal. 

Fig.1 shows a two-dimensional map for the “U shaped 

type” which allows comparison of the reflector arrangement and 

conditions of the surface of each crystal. We use “c” to denote the 

chemical etching surface crystal and “r” to denote the rough surface. 

The crystal identification by arranging one crystal with the rough 

surface in the 3rd or 4th stage (“ccrc” or “cccr”) was better than the 

case of “cccc” and as good as the case of “rrrr”. By these 

experiments, we found that various features might be acquired by 

changing parameters in the discontinuous type detector. And since 

these results of the “U shaped type” indicated that there was a 

limitation for this structure, We concluded it was necessary to 

obtain a larger light yield from the upper stages of the crystal block. 

One solution would be to make a light path on the upper stages 

using three-dimensional crystal arrays.  
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Figure caption: 

Fig.1. Two-dimensional map for experimental “U shaped type” 

array with reflector in 1st and 2nd stages. 
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A high-performance PET scanner, which measures 

depth-of-interaction (DOI) information, is under 

development at the National Institute of 

Radiological Sciences. This scanner is designed to 

improve spatial resolution and scanner sensitivity 

simultaneously by the DOI measurement of 

multi-layered thin crystals. The latest design of the 

DOI-PET scanner is 5 rings of 24 detector blocks, 

and each detector block consists of 1,024 GSO 

crystals of 2.9 mm x 2.9 mm x 7.5mm, which are 

arranged in 4 layers of 16 x 16 arrays. On the other 

hand, image reconstruction methods with accurate 

modeling of the system response functions have 

been successfully used to improve PET image 

quality. It is, however, difficult to apply these 

methods to the DOI-PET scanner because the 

dimension of DOI-PET data increases in proportion 

to the square of the number of DOI layers.  

In this paper, we propose an image reconstruction 

approach dedicated for DOI-PET imaging, which 

reduces computational cost while keeping image 

quality. The basic idea of the proposed method is 

that the DOI-PET imaging system is highly 

redundant because the neighboring spatial response 

functions of different DOI-layer pairs correlate 

with each other. First, DOI-PET data are 

transformed into compact data so that data bins 

with highly correlating sensitivity functions are 

combined. Next image reconstruction methods 

based on accurate system modeling, such as the 

maximum likelihood expectation maximization 

(ML-EM), are applied. Four DOI layers result in 16 

pairs of DOI layers, and the number of DOI-layer 

pairs to be preserved, D, works as a tuning 

parameter that controls the trade-off between 

computational cost and image quality.  

The proposed method followed by ML-EM was 

applied to Monte Carlo simulated data for the 

DOI-PET scanner. For comparison, ML-EM with 

no compression was also applied. The number of 

DOI-layer pairs to be preserved was chosen as D=1, 

2 and 3. We also applied ML-EM to a non-DOI 

PET scanner to show the effect of DOI information. 

The non-DOI PET scanner, which had the same 

geometric size as the DOI-PET scanner, consisted 

of crystals of 2.9mm x 2.9mm x 30mm arranged in 

a single layer. The conventional filtered 

backprojection (FBP) method, which does not deal 

with the accurate system model, was also applied in 

order to show the effect of accurate system 

modeling. At this stage demonstrations have been 

restricted to 2D implementation, though our final 

goal is fully 3D image reconstruction. Two figures 

of merit (FOMs), background noise and spatial 

resolution, were used to evaluate the image quality. 

The spatial resolution was measured as the average 

of radial and tangential full widths at half 

maximum (FWHM) of three point spread functions. 

A warm phantom of 100 mm diameter was used to 

measure the background noise as the normalized 

standard deviation (NSD). The trade-off between 

the background noise and the spatial resolution was 

investigated, using ML-EM with each iteration and 

FBP with a ramp filter of different cut-off 

frequencies. Comparison between ML-EM and FBP 

shows the improvement of image quality by using 

accurate system modeling. And comparison 

between DOI-PET and non-DOI PET shows the 

improvement of image quality by using DOI 

information. The trade-off results indicate that 

images reconstructed by the proposed method with 

D=3 followed by ML-EM have almost the same 

image quality as ML-EM does although the 

proposed method with D=1 or 2 shows a slight 

decline of image quality. The averaged calculation 

time of the proposed method (D=3) is about 3/16 of 

the ML-EM with no compression. 



In summary, numerical simulation results show that 

the proposed method followed by ML-EM reduces 

computational cost effectively while keeping the 

advantages of the accurate system modeling and 

DOI information. 

 

Publication: 

Yamaya, T., Obi, T., Yamaguchi, M., Kita, K., 

Ohyama, N., Hasegawa, T., Haneishi, H. and 

Murayama, H. : Med. Imag. Tech., 21, 166-169, 

2003 (in Japanese) . 

 

Figure caption: 

Fig. 2. Graph showing the trade-off between 

background noise (NSD) and spatial resolution. 

“Proposed method” denotes the proposed method 

followed by ML-EM, and “ML-EM” denotes ML-EM 

with no compression. D is the number of DOI-layer 

pairs to be preserved when the DOI-PET data are 

compressed. 
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We are developing a 3D PET scanner with 

depth-of-interaction (DOI) detector capable of high 

sensitivity and high resolution. In this work, we 

estimated the data transfer rate of the data 

acquisition system of this PET scanner by 

simulation studies. This PET scanner has a small 

ring diameter and large axial view. The number of 

coincidence pairs is 40G for a structure of four 

stages in the DOI detector. Therefore, measurement 

data are collected by a list-mode data format (event 

by event) as opposed to conventional histogram 

format. The maximum data transfer rate of 

coincident pair event information is 10 Mcps and 

one coincidence event has a 64-bit data format. The 

data acquisition system which fulfills the 

specifications of this PET scanner is considered for 

parallel collection with banks including several 

coincidence units. Fig. 3 shows an example 

construction of the data acquisition system using 

several parallel PCs. One node with banks 

including several coincidence units consists of PCs 

and has the Small Computer System Interface 

(SCSI) protocol. Constructions can be applied 

flexibly; when the composition of a detector system 

changes, the remaining computer resources can be 

used for calculation of image reconstruction. 

A simulator for the parallel collection system is 

composed of two stand-alone simulators and the 

server PC. Each stand-alone simulator is composed 

of the data generation PC, data processing circuit, 

SCSI and data acquisition PC. The data generation 

PC generates list-mode data at imitate counting rate 

configured in advance. These list-mode data 

provide for Monte Carlo simulation. Data 

processing circuits modify the list-mode data 

format, adjust the timer tag, and so on. The 

maximum imitate counting rate is 2.5 Mcps per one 

node, but this value is restricted to the maximum 

data transfer rate of SCSI (ULTRA SCSI). The data 

acquisition PC receives modified list-mode data 

through the SCSI and buffers them for sending to 

the server PC through Gigabit Ethernet 

(1000BASE-T). The data acquisition PC has a 

32-bit Ethernet board and the server PC has a 64-bit 

Ethernet board for concentrating the coincidence 

data. 

In simulation studies, the maximum data transfer 
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rate of the stand-alone simulator was 12.0 MB/s, 

and the maximum data transfer rates at the server 

PC with one and two nodes were 11.0 and 21.8 

MB/s, respectively. We could expect a good data 

transfer rate with a full system from these results; 

10 Mcps could be achieved for ULTRA-WIDE 

SCSI which has 2 times the bandwidth of 

ULTRA-SCSI and a parallel collection of six nodes. 

Data transfer rate was improved by parameter 

optimization of message size and multi-processing 

of data acquisition software using RAM-DISK.  
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Figure Caption: 

Fig.3. Example construction of data acquisition 

system for next generation PET scanner. 

 

Fig.3 Example construction of data acquisition 

system for next generation PET scanner. 
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For next generation positron emission 

tomography (PET) that realizes high sensitivity and 

high resolution, we proposed the design of a 

depth-of-interaction (DOI) detector. In our previous 

work, we found the upper stage crystal elements 

which are further from the photocathode of the 

PMT have a tendency to show lower energy pulse 

height and we measured the ratio of the minimum 

full energy pulse height to the maximum as 0.3. We 

designed a new DOI detector to overcome this 

problem by optimizing following the detector 

parameters; reflector arrangement, condition of 

crystal surface, and optical coupling between 

crystal elements.  

The DOI detector is constructed of rectangular 

crystal elements with cross section dimensions of 

2.9mm x 2.9mm and 7.5mm depth. They are 

arranged in 2 by 2 arrays and stacked to four stages. 

Between stages, silicone oil is inserted. For crystal 

elements, two kinds of Gd2SiO5 (GSO) crystals 

differing in doped Ce concentration are used; 

0.5mol% Ce having a 60 ns scintillation decay time, 

and 1.5mol% Ce having a 35 ns decay time. The 

0.5mol% GSO crystals are used for the 2
nd

 and 4
th
 

stages and 1.5mol% GSO crystals are used for the 

1
st
 and 3

rd
 stages. The optimized structure was 

determined through performance tests of DOI 

detectors in various parameter combinations. Fig.4 

illustrates the structure. Crystals in the 1
st
, 2

nd
, and 

4
th
 stages are replaced by chemically etched ones, 

while rough surface crystals remain in the 3
rd
 stage. 

A reflector is inserted between crystals in the 1
st
 

and 2
nd

 stages, and there is an air gap in the 3
rd
 and 

4
th
 stages. Multilayer polymer mirrors, 65 um thick, 

is used as the reflector. This optimized DOI 

detector was optically coupled to a 16ch PS-PMT 

(H6568MOD Hamamatsu Photonics K.K.) by 

silicone oil and uniformly irradiated by 

gamma-rays from a 3.7MBq 
137

Cs point source 

placed 10 cm above the top face of the crystal 

blocks. Pulse height distribution performance, 

crystal identification performance in 2D 
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positioning histograms calculated by an Anger-type 

position calculation, and full energy peak 

uniformity were assessed.  

Fig.5 shows pulse height distributions of all 

crystal elements in this structure. We got an energy 

pulse height in the upper stage which was almost 

the same height as for the bottom stage crystals. 

The maximum difference in relative full energy 

peaks of this structure was 0.19. This represented 

much progress from the previous structure. As a 

further analysis of this structure, the light yield of 

individual crystal element was measured to 

estimate light attenuation by passing through other 

crystal elements in the same crystal block to reach 

the PS-PMT photocathode. The results included the 

interesting fact that the attenuation of light from the 

2
nd

 stage crystal was larger than the light from the 

3
rd
 stage crystal. This favorable attenuation 

contributed to achieving full energy pulse height 

uniformity in this crystal block. Since there was 

good uniformity of pulse height, photoelectric 

events could be extracted by applying a threshold at 

the valley on the pulse height distribution of all 

events. Misidentification in the pulse shape 

discrimination process was estimated as less than a 

few percent after the pulse height discrimination. 

This good separation and enough distinction in the 

resultant 2D position histograms indicated the good 

capability of the optimized DOI detector regarding 

decay time and light yield fluctuation among so 

many GSO crystal elements in mass production for 

a PET system. 
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Figure caption: 

Fig.4: Previous structure and optimized structure. 

Fig.5: Energy histograms of each crystal element. 

Vertical axes are normalized by the max value. 

 

Fig.4 

 

Fig.5 
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We plan to utilize a 256ch flat panel position 

sensitive photomultiplier tube (FP-PMT) for the 

DOI detector of the next generation PET, jPET-D4, 

to get high sensitivity while maintaining high 

spatial resolution. The 256ch FP-PMT having a 

52mm x 52mm large opening area and a high 89% 

effective area ratio was newly designed by 

Hamamatsu Photonics K.K., Japan (Fig. 6(a)). It 

contains a 16 x 16 matrix multianode arranged at a 

3.04mm interval to each other. The anode 

configuration contributes to identification of small 



crystals even on the peripheral region of its 

photocathode. Capability of independent 

processing of all anode outputs will also allow 

high count rate detection in a PET system. Right 

now, only a prototype of the 256ch FP-PMT has 

been produced. To verify the 256ch FP-PMT for 

application to the jPET-D4 DOI detector, light 

spread in it and its crystal identification ability 

were estimated using the prototype and 

Gd2SiO5:Ce (GSO) crystals sized 2.9mm x 2.9mm 

x 7.5mm which will compose the DOI detector. 

For latter estimation, GSO crystals assembled in a 

16 x 16 array were optically coupled to the 256ch 

FP-PMT by silicone oil and 511keV gamma-rays 

from 
18

F were irradiated onto them uniformly. 

Light spread function of the central anode was 

found to be Gaussian with a 4.9mm full width at 

half maximum (FWHM). This was comparable 

with a 16ch position sensitive PMT which is in 

general use and was obtained despite the rather 

large difference in thickness of the opening 

window glass, 2.0mm for the 256ch FP-PMT and 

0.8mm for the 16ch PS-PMT. Fig. 6(b) is the 

resultant 2-dimensional position histogram of the 

16 x 16 GSO crystal array. Crystals of interaction 

could be clearly identified on it. Its profiles and 

pulse height distributions in some regions of 

interest (ROIs) indicated lower photoelectron 

collection at the peripheral region than the central 

region. However, this can be improved by 

accurate gain adjustment. 

Assuming future applications of the PMT having 

a large useful area such as the 256ch FP-PMT, we 

looked at an easier way to construct an array with 

many crystal elements. The way introduced in Fig. 

6(c) using multilayer polymer mirrors as the 

reflector has possibility of application to detectors 

containing very small crystals or detectors in 

complicated structures of crystals and reflector 

arrangement. It should save much time and labor 

for quantity detector production for whole PET 

systems. 
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Figure caption: 

Fig. 6. (a) Schematic of a 256ch FP-PMT. (b) 

Resultant 2-dimensional position histogram of a 

16 x 16 GSO crystal array with a 256ch FP-PMT. 

(c) Proposed way to pack many crystal elements 

into an array. 
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  A method to establish the relationship between 

CT number and effective density for therapeutic 

radiations is proposed. We approximated body 

tissues to mixtures of muscle, air, fat, and bone. 

Consequently, the relationship could be calibrated 

with just a CT scan of their substitutes, for which 

we chose water, air, ethanol, and potassium 

phosphate solution, respectively. With simple and 

specific corrections for non-equivalencies of the 

substitutes, the calibration accuracy of 1% was 

expected to be achieved. We tested the calibration 

method with some biological materials. Fig. 7 

shows an example of the calibration of a CT 

scanner for the relationship between relative 

attenuation coefficient (CT number) and stopping 

power of heavy charged particles (effective 

density). The calibrated polyline agrees well with 

the numerically calculated human tissue responses 

and with the tested biological samples.  

 The proposed CT calibration method offers 

accuracy, simplicity, and specificity, which are 

required for a standard in radiotherapy treatment 

planning, in particular, with heavy charged 

particles. Subsequent efforts to establish a standard 

in quality assurance of CT systems for radiotherapy 

treatment planning are being made, based on the 

proposed method. 
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Fig. 7. Test of the polybinary calibration for 

fine-ground biological materials, where the solid 

line shows the relationship between relative 

attenuation coefficient  and relative stopping 

power S calibrated for body tissues. The circle 

markers with error bars show the observed 

responses for fatty meat, lean meat, and 

hydroxyapatite-added meat, the asterisks show the 

responses of ethanol and 40% potassium phosphate 

solution and the dots show the ICRU body tissue 

responses predicted by the stoichiometric 

calibration. 
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 Monochromatic x-ray computed tomography (CT) 

at two different energies provides information 

about electron density of human tissue without 

ambiguity due to the beam hardening effect. This 

information makes the treatment planning for 

heavy-ion radiotherapy more accurate. We started a 

feasibility study of the dual energy x-ray CT by 

using synchrotron radiation. We proved that the 

electron density was directly measured by 

dual-energy x-ray CT using monochromatic x-rays 

with accuracy of 1% or less on average using the 

one-dimensional scanning system developed in 

2001. 

 When using two monochromatic x-rays individually 

in the CT scanning, it takes about 15 minutes or even 

longer to switch the x-ray energy from one to the 



other. In the case of clinical practice, this may 

require an examinee to keep his/her attitude 

immobile for a while. We have proposed a method to 

solve this problem that uses two x-rays of different 

energy simultaneously instead of using 

monochromatic x-rays individually. Using two mixed 

x-ray beams with different mixing ratios, transmitted 

x-rays through an object are described as follows, 

 

,   (1) 

 

where indices A and B denote mixing ratios. I1 and 

I2 are incident x-ray intensities of energy E1 and E2, 

respectively. The incident x-ray intensities can be 

easily measured in a combination of dosimetry and 

pulse height analysis. Solving the simultaneous 

equations yields exponential functions of 

integration of the linear attenuation coefficient. In 

CT reconstruction algorithms, x-ray attenuation 

coefficients of µ(E1) and µ(E2) can be obtained. 

Then, we obtain the electron density and the 

effective atomic number employing the algorithm 

we developed. 

 We carried out experiments at the beamline of 

NE5A of the light source facility AR at KEK in 

Tsukuba. The beamline was equipped with a double 

crystal monochromator of a silicon crystal with 

(220) reflection plane. When tuning the angle of the 

Si(220) crystal plane to the Bragg reflection angle 

of 40 keV, the 80 keV x-ray beam was reflected 

simultaneously with the 40keV x-ray beam. A 

metallic filter could easily change the mixing ratio 

of the two x-ray beams; that is I1A/I2A ≠I1B/I2B 

where the indices of A and B denote the different 

filters. For each projection in CT scanning, two 

transmission images were taken while alternatively 

inserting filters one after the other into the 

beamline. In the experiments, a 1 mm thick copper 

plate was used as one filter and the other filter was 

“empty”. While the “empty” filter gave the ratio of 

40 keV to 80 keV of 1 : 0.04, the copper filter gave 

a ratio of about 1 : 2.5. The translate-rotate 

scanning mode CT system (1-D CT system) was 

used. An ionization chamber was upstream from the 

rotating table to count the number of incident 

photons. The rotating table on which a sample was 

set was moved horizontally in a step of 1 mm. Data 

were taken every step by being exposed to the x-ray 

beam for a few hundred ms. At the end of the stroke, 

the object was rotated by 0.8°. This was repeated 

until the rotation angle was 180°. 

 Several samples were used (1) tissue equivalent 

phantoms: soft tissue, adipose tissue, cartilage bone, 

compact bone and lung tissue; (2) solutions of 

K2HPO4 in water; (3) sausage; (4) boiled egg; and 

(5) graphite. In order to verify the electron 

densities measured with the dual energy x-ray CT, 

we compared them (i) with the theoretical values 

for the liquid samples, and (ii) with the reference 

values which were the electron densities of other 

samples derived from carbon ranges in water. The 

electron densities of the liquid samples agree with 

the theoretical values within about 2 to 3 %. Those 

of the other samples agree with the reference values 

within about 1 to 2 %. In the dual-energy x-ray CT 

using mixed x-rays, the measured electron density 

is less precise than density measured with the 

dual-energy x-ray CT individually using 

monochromatic x-rays. In the 1-D CT system, it 

took typically about ten hours to scan from 0° to 

180°. During the scanning, the mixing ratio of the 

40 keV and 80 keV beams varies according to 

deformation of the crystals of the monochromator 

due to heat load. The variation in the mixing ratio 

causes an error in the solution of the simultaneous 

equations (1). However, this will not be a crucial 

problem in the case of the 2-D CT system in which 

CT scanning is carried out in a few minutes. 

We conclude that: 

(1) The new scenario for dual-energy x-ray CT 

using two x-ray energies simultaneously is 

valid to measure the electron density even 

though the accuracy is less than that by the 

dual-energy x-ray CT individually using 

monochromatic x-rays.  

(2) The 2-D CT scanning system is likely to 

improve the accuracy of measurement. 
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  A non-destructive ionization beam profile 

monitor has been developed to measure a very 

narrow beam size, which is expected to be 1 mm 

(FWHM) or less. The monitor utilizes tandem-type 

micro-channel plates (MCP) and a resistive anode 

for the detector, and it is operated by the 

charge-division method. Two monitor units for 

measuring the transverse horizontal and vertical 

density distributions of a circulating beam were 

installed in the HIMAC synchrotron. The monitor 

has been used for an electron-cooling experiment 

with a spatial resolution of less than 0.38 mm, as 

well as for studies of beam dynamics under routine 

operation in the synchrotron. Fig. 8 shows a typical 

example of consecutive variations of the horizontal 

beam profiles at different times just after injection 

in an experiment concerned with cooling time 

measurement. The profiles were measured with an 

acquisition time of 0.3s during one injection-cycle 

with an 
40

Ar
18+

 beam of 6 MeV⁄u. As can be seen 

from the figure, the measured beam size Mσ  

(given in r.m.s.) reached an equilibrium size of 0.68 

mm at about 3s after injection. The measured beam 

size, however, included some incidental lateral 

deviations. Those independent sources are added to 

the true beam size Bσ  as follows: 

( Mσ )2 = ( Bσ )2 + ( Iσ )2 + ( Eσ )2 +( Nσ )2 . 

In this case Iσ  is the intrinsic error exists because 

of an electric field created by the circulating beam 

itself, the thermal motion of the residual gas 

molecules, and the resistive noise generated by the 

detector, itself; Eσ  is an external electric field 

distortion which exists in the work area; and Nσ  

is the error caused by the noise mixed on the 

readout circuit. 

 The error caused by the thermal motion of the 

residual gas ion was calculated by a simple 

equation and found to be 0.07 mm with the mean 

kinetic energy of the residual gas ions being 13 

meV for one degree of freedom at room 

temperature. For the noise mixed in the event signal 

on the readout circuit, in our case, the 

noise-to-signal ratio was reduced to less than 

0.35 %; the resolution limit of the readout circuit 

was Nσ  = 0.23 mm, where the total noise level 

was observed to be less than 30 mVp-p with a signal 

pulse height of around 4 V.  The errors caused by 

the other sources were estimated to be negligibly 

small. On the whole, the true beam size of Bσ  in 

the measurement was found to be 0.56 mm. The 

spatial resolution of the monitor was obtained as 



less than 0.38 mm for the horizontal direction, 

represented by as standard deviation of 1 σ . 

Consequently, the emittance-reduction ratio was 

supposed to be less than 2701  compared to that 

of the injection beam, due to electron cooling. 
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Fig.8. Measured horizontal beam profiles of a 

cooled 
40

Ar
18+

 beam of 6 MeV⁄u at different times 

after injection. 
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  We precisely measured the exit charge fraction of 

6.0 MeV/n heavy ions (C, Ne, Si, Ar, Fe, and Cu) 

for carbon foil thicknesses between 10 and 350 

µg/cm
2
 at the NIRS-HIMAC injector linac facility. 

In this energy region, few data concerning the 

charge fraction have been reported yet, particularly 

for ions heavier than Ne; data are necessary not 

only to design and operate accelerators, but also to 

improve model calculations for heavy-ion beam 

interactions in solids. Accelerators usually require 

the highest charge states (which occur at the 

equilibrium charge state distribution) with the 

thinnest foils, which minimize the energy loss, and 

multiple scattering and energy straggling. Fig.9 

shows the measured charge fractions at the 

equilibrium charge state distribution. For example 

for Ar, we found that the fraction of Ar
18+

 ions 

could be improved to 33% at 320 µg/cm
2
 from the 

previous value of ~15% at 100 µg/cm
2
. 

  An attempt was made to compare our results to 

the calculations by the computer program ETACHA 

(Rozet, J.P et al. Nucl. Instrum. and Meth. B107, 67 

(2000)). Concerning the fully-stripped fractions, 

the calculated values were generally larger than our 

results, except for C; the differences became large 

as the atomic number (z) of incident ions increased. 

For C to Ar, the calculations were not very far from 

our data, and the model calculation seemed 

basically correct, though the precision in the cross 

sections used was somewhat unsatisfactory. For Fe 

and Cu, however, the calculations did not agree 

with our results. For example, the maximum charge 

fraction was 47.23% for Fe
24+

 in the calculation, 

while it was 37.53% for Fe
23+

 in our data; the 

charge state distribution was considerably shifted to 



a higher charge state in the calculation. A similar 

tendency could also be clearly seen for the case of 

Cu. The present calculations by ETACHA could not 

be used for such heavy atoms. 

 For C to Ar (6≤z≤18), the thickness of the 

equilibrium charge state increased monotonically 

from 21.5 µg/cm
2
 to 346 µg/cm

2
 with increasing 

atomic number, z, while it rapidly decreased to 121 

and 143 µg/cm
2
 for Fe and Cu (z=26 and 29). In the 

latter two cases, the equilibrium condition should 

be determined primarily by the behavior 

(loss/capture) of the L- and outer-shell electrons. 

Since their interaction cross sections are much 

larger than those of the K-shell electrons in the 6.0 

MeV/n region, charge state equilibrium is obtained 

at a small thickness. In the rest frame of the 

projectile, the velocity of a 6.0 MeV/n projectile 

corresponds to an electron energy of 3.26 keV. The 

binding energies of K-shell electrons are 9.0 keV 

for Fe and 11.2 keV for Cu, respectively; the 

energy of 3.26 keV is too small to effectively 

remove the K-shell electrons. 
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Figure caption 

 

Fig.9. Exit charge fractions at the equilibrium 

condition. 
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An irradiation method for spot scanning has been 

developed in order to provide accurate irradiation 

even for an irregular target shape. In spot scanning 

irradiation, the beam is turned off while the beam 

position is shifted to the next spot for precise dose 

management. For this precise dose management in 

spot scanning, we investigated the characteristics of 

fast beam switching, which can switch a beam 

many times during a single flattop by turning on/off 

both the transverse and longitudinal RF fields. 

Owing to the fast beam cut-off method, the cut-off 

time, for each turning off, was kept at around 50 µs. 

On the other hand, the momentum spread of the 

extracted beam changes with an increase of the 

switching number. It was estimated that the 

momentum spread of the extracted beam changed 

from 0.02% to 0.1% at σ after switching fifty times. 



This change is not very large for practical use, 

because a ridge filter provides a wider momentum 

spread of around 0.3-0.5% at σ. In order to 

maintain the beam size, an achromatic condition 

was realized. We experimentally verified that the 

beam size growth rate was suppressed within 10% 

even after switching a hundred times. The 

fluctuation of the lateral dose distribution could be 

suppressed within ±2% in the HIMAC spot 

scanning system, even under the beam-size 

fluctuation within 10%. As shown in Fig. 10, in 

addition, the advanced RF-knockout method makes 

it possible to supply a smooth spill even under a 

small chromaticity of –1. 

The advanced RF-knockout extraction method 

and the intensity control method combining with 

the fast beam switching technique will give a 

method to play an important role in the precise 

irradiation with spot scanning.  
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Fig. 10. Spill structure in this switching method 

with the advanced RF-knockout method. From the 

bottom, the spill structure, the transverse RF field, 

the longitudinal RF field and the beam gate signal. 
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 Reconstruction methods of radiation source 

distribution images from scattering-projection data 

obtained by Compton cameras can be categorized 

into two classes: iterative methods and analytical 

methods.  The former were used until analytical 

solutions appeared.  R. Basko et al. (1998) 

presented an analytical algorithm in terms of series 

expansion with the complex supherical harmonics 

system.  The series expansion gives cone-surface 

back-projection values: integrated radioactivity on 

the cone-surface.  However, this algorithm 

requires numerical calculations of complex 

spherical harmonics, which are associated with 

computational difficulty at zenith edges of their 

domain.  L.C. Parra (2000) also presented an 

analytical algorithm based on series expansion with 

respect to the complex spherical harmonics system.  

In his algorithm, the series expansion leads to 

direction-line back-projection values: integrated 

radioactivity on the direction lines, which contain 

more infomation than the cone-surface 

back-projection values.  In addition, the complex 

spherical harmonics are replaced by the 

singurality-free Legendre functions with the aid of 

the addition theorem of complex spherical 

harmonics.  However, since these algorithms 

require scattering-projection data by the Compton 

scattering in all directions, the rear detector must 

entirely surround the front detector. 

 In 2002, we presented an improved algorithm for 

Parra’s algorithm, with which the direction-line 

back-projection values are derived only from the 

scattering-projection data with limited Compton 

scattering angles, ω, of ω1 to ω2.  This practical 



algorithm holds for the ideal scattering-projection 

data.  Real data include scattering angular 

uncertainties due to the finite energy resolution of the 

front detector and the Doppler effect from moving 

electrons.  Then in 2003, we have extended the 

idealized algorithm to compensate for the 

uncertainties.  The compensated algorithm is as 

follows:  

   (1) 

     (2) 

and

 

 (3) 

where Pn and h denote the Legendre function of 

n-th degree and the normalized Klein-Nishina 

formula, respectively, g(t; ω) represents the 

scattering-projection datum in a scattered 

gamma-ray direction vector, t, and with a measured 

scattering angle, ω, and f(s) denotes the 

direction-line back-projection value with the 

incident gamma-ray direction vector, s.  <s,t> is 

inner product of s and t, and Br describes the 

scattering angle uncertainty defined by  

 

 

   (4) 

 

where σ is the standard deviation of the stochastic 

distribution on the scattering angle uncertainty. 

Fig. 11 shows an example reconstruction 

simulation with the idealized (pre-compensation) and 

compensated algorithms.  The utilized 

scattering-projection data include scattering angle 

uncertainties with σ of 3.8 through 2.0 deg when the 

Compton scattering angle increases from 10 to 30 deg.  

These uncertainties degrade spatial resolution of the 

reconstructed image with the algorithm without 

compensation (b), but the resolution is recovered with 

the algorithm with compensation (c).  Angular 

uncertainties are pronounced at low gamma-ray 

energy.  The analytical algorithm with compensation 

can almost completely recover the spatial resolution 

even at low energy.  Therefore the analytical 

algorithm with compensation extends the applicability 

of Compton cameras to lower energy gamma-ray 

imaging. 

 

 

 

 

(a) Original phantom       (b) Reconstruction 

without compensation  (c) Reconstruction with 

compensation 

Fig. 11  Reconstruction simulation using 

scattering-projection data with angular uncertainties 
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 Tandetron (HVEE, High Voltage Engineering 

Europe Ltd.) was installed for PIXE (Proton 

Induced X-rays Emission) analysis in 1999 in the 

NIRS Electrostatic Accelerator Building. 

 A vertical beam port driven from the horizontal 

main port by a 90°magnet, as a whole, is installed 

in a cradle which is hung on a rigid frame structure. 

In the end of the vertical beam port, a focusing 

triplet Q-magnet, an automated x-y stage of cell 

dishes and a video microscope are assembled as a 

unit solid structure. This special structure of the 

beam port will ensure the system is relatively 

insensitive to unavoidable environmental vibrations. 

At a height of 4.6m from the floor, a platform for a 

workbench is built on the frame structure with 

spiral steps to access the platform. This platform is 

a workspace for the operator when manipulating 

the modules such as the triplet Q-magnet, beam 

monitoring, the controller of the cell dish stage, the 

particle detector, and the PC and electronics, and 

for users when exchanging sample dishes. The 

main structure of SPICE is shown in Fig.12(a). 

 The horizontal beam port is located at a height of 

125 cm from the floor. Two frame structures (outer 

and inner) are built strong enough to support (1) the 

platform at a height of 460 cm on which the 

irradiation workroom is built, and (2) the cradle of 

the vertical beam port for SPICE. The distance 

between the object slit and focus point is designed 

as 320 cm to allow focus rate by the triplet 

Q-magnet from 1/7 to 1/10. Accurate adjustment of 

width of the object slit in a range of less than 10 

µm may achieve a beam spot size as small as 2 µm 

at the focus point. From the object slit to the upper 

end, the microscope stage is constructed in a cradle 

as a solid unit. The irradiation workroom is a 

working space to which users’ access by steps. The 

electrostatic deflector (not shown in this figure) is 

located just before or upper stream of the bending 

magnet. 

 Effort has been made to reduce irradiation time to 

as short as possible from data acquisition to 

repeated irradiations. At present our estimation as 

best performance is around 2000 cells / h. 

 

Figure caption 

Fig. 12. Schematic diagram (a) and a photograph 

(b) of the SPICE facility 
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 Two types of gamma ray detectors, which 

positively show directional dependence on 

incoming gamma rays, have been developed to 

identify the location of radioactive materials such 

as lost radiation sources and radioactive 

contaminations in a field by determining 

simultaneously directions and energies of incoming 

gamma rays. In the tandem detector (Fig.13, (a)), a 

cylindrical NaI(Tl), the same size BGO scintillator 

and a fitted photomultiplier tube (PMT) are 

combined optically in this order. In the parallel 

detector (Fig.13, (b)), a half cylindrical NaI(Tl) is 

combined, parallel to the same shape CsI(Tl) 

scintillator. Both scintillators are vertically 

connected to the PMT. Since the passing lengths of 

gamma rays in each scintillator will change with 

directions of incoming gamma rays, the directions 

can be determined by counting changed photopeak 

counts in each spectrum obtained from each 

scintillator and by calculating the ratio of 

photopeak counts. This procedure for the tandem 

detector is given by the formula   

 R = peak counts by BGO / peak counts by NaI(Tl) 

= f (θ)  (1) 

 where θ is a incoming direction from 0 to 90 

deg. The same procedure for the parallel detector is 

given by a formula of 

 R = peak counts by CsI(Tl) / peak counts by 

NaI(Tl) = F(θ)  (2) 

where θ is a incoming direction from 0 to 180 

deg.  

 Using both detectors, the following experiments 

were carried out for purposes of 1) confirmation of 

the measurement principle and 2) verification of 

the performance. A 
137

Cs source of 3.7MBq was 

placed 100cm in front of the detector (θ=0). 

Incoming gamma rays were counted for 60-300 s 

and the counting ratio was calculated from the 

spectrum. The source was moved by 10 deg 

intervals around the for detector until it reached 90 

deg (θ=90) or 180 deg (θ=180) . From the results 

of the experiments, it was proven that the ratio, f 

(θ) was changed approximately from 0.5 to 5.0 

when the direction θchanged from 0 to 90 deg. 

The ratio F(θ) was between about 0.5 and 4.0 in 

the range of 0 and 180 deg. This meant that the 

incoming direction could be determined when the 

(photopeak) counting ratio was given. At the same 

time, it was confirmed that the energy 

characteristics of both detectors were the same as 

those of an NaI(Tl), a BGO, and a CsI(Tl) detector. 

  As a result, it has been shown that both detectors 

had a possibility of identifying the radioactive 

materials in a field by determining simultaneously 

the incoming directions and the energies of gamma 

rays. 
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Fig.13. Structures of two types of directional 

detectors.  


