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was greater than 99%, and the yield was 42.41+3.2% (EOB).
The specific activity calculated by the analytical HPLC
system was more than 111 GBg/umol.

2.3. PET imaging

All subjects fasted more than 4 h prior to FES PET
examination to eliminate the excretion of FES from the
hepatobiliary system and the gastrointestinal tract, which
would otherwise interfere with image interpretation in the
pelvic space. Three milliliters of blood was obtained just
before FES injection to measure the endogenous estrogen
level [estradiol (E2)]. FES PET data acquisition started
60 min after the injection of 185 MBq of FES. Emission
scans were performed for 3 min in the pelvic portion (two
bed positions) and for 2 min in the remaining positions (five
bed positions) to cover the area from the head to the inguinal
region. Postinjection transmission scans for 2 min at the
pelvis and for 1 min in other parts were performed after the
emission scans for attenuation correction. The acquired data
were reconstructed using an iterative reconstruction method
with 14 subsets and two iterations. The reconstructed image
was converted to standardized uptake value (SUV) image
according to the subject’s body weight and net injected dose
for the data analysis.

2.4. Magnetic resonance imaging

All subjects underwent MRI examination on the same
day FES PET was performed or 1 day before FES PET was
carried out to obtain positional information regarding the
endometrium and myometrium. 7,- and T,-weighted
images (WIs) in the transaxial plane and T>-WI in the
sagittal plane were acquired using a 1.5-T superconducting
MRI system (Signa, GE Medical Systems). The imaging
sequence of T}-WI and T,-WI was 533/8 and 4700/90 ms
(TR/TE), respectively.

2.5. Data analysis

On the midsagittal image of FES PET, circular regions of
interest (ROIs: 8 mm in diameter) were placed using
guidance by T7,-WI of MRI in the sagittal plane. By
comparing FES PET and MRI visually, the endometrium,
which usually has high uptake of FES compared with the
myometrium, was identified. The myometrium was defined
as the faint FES uptake area surrounding the endometrium.
Three ROIs were placed on the endometrium and nine were
placed on the myometrium, as shown in Fig. 1. The
averaged SUVs in the endometrium and myometrium were
plotted against the number of days from the onset of menses
and the endogenous estrogen level.

In this study, the menstrual cycle was classified into two
groups because of the limited number of subjects: (1) the
proliferative phase (6 to 14 days afier the onset of menses)
and (2) the secretory phase (15 to 28 days from the onset of
menses). SUVs between these two phases were compared in
the endometrium and myometrium. Nonparametric Mann—
Whitney U test was used for statistical comparisons.
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Spearman nonparametric correlation analysis was performed
to analyze the relationship between SUVs in both the
endometrium and the myometrium and E2. In each
statistical analysis, P<.05 was considered to represent
statistical significance.

3. Results

Characteristics of the subjects and a summary of the
results are shown in Table 1.

One subject had an irregular menstrual cycle and was
excluded from the analysis regarding the relationship
between FES uptake and menstrual cycle. Based on the
menstrual cycle classification mentioned in the Data
analysis section, six subjects were classified as being in
the proliferative phase and seven were classified as being in
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Fig. 2. Changes in FES uptake in the uterus during the menstrual cycle.
Endometrial FES uptake (A) was significantly higher in the proliferative
phase (filled circle) than in the secretory phase (open circle). By contrast,
myometrial FES uptake (B) was similar when the two phases are compared.
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the secretory phase. Two subjects were in the menstrual
phase and were also excluded from this analysis. In the
analysis of the relationship between FES uptake and E2
level, no subjects were excluded.

Fig. 2A shows the relationship between endometrial
SUV and the menstrual cycle. SUV was significantly
higher in the proliferative phase than in the secretory phase
(6.03+1.05 vs. 3.97£1.29, P=.022).

The relationship between myometrial SUV and the
menstrual cycle is illustrated in Fig. 2B. No significant
difference in SUV was noted when the proliferative and
secretory phases were compared (2.75%£0.22 vs.
2.531+0.37, P=.23).
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Fig. 3. Relationship between FES uptake and endogenous estrogen level.
Linear regression analysis (solid line} was performed only in the
proliferative phase (filled circle). No significant linear correlation was
observed in the endometrium (A) (y=0.05x+2.95, r*=.56, P=.09) or the
myometrium (B) (y=0.006x+2.37, r*=.20, P=.38). Open circles represent
SUV in the proliferative phase, and open squares represent SUV in the
menstrual phase.

Further, there was no relationship between FES uptake
and E2 level in the endometrium (Fig. 3A) or myometrium
(Fig. 3B) in the proliferative phase.

4. Discussion

Physiological FES uptake in the endometrium is affected
by the menstrual cycle secondary to changes in endogenous
estrogen level in healthy women. However, the present study
demonstrated that endometrial SUV was not directly corre-
lated with plasma E2 level or FES uptake in the myometrium.
Yoo et al. [19] reported that FES preferentially binds the ERa
subtype with 6.3-fold higher affinity than that for ERP.
Further, the uterus is one of the target organs of E2 and
expresses both ERa and ERB. ERa predominates in the
uterus, breast, kidney, liver and heart, whereas tissues that
have high ERP levels include those of the prostate, testes,
ovaries, gastrointestinal tract, lung, bladder and hematopoi-
etic and central nervous systems. Many tissues contain both
ERa and ERB, such as breast, epididymis, thyroid, adrenal
and bone tissues. Wang et al. [20] used immunohistochem-
istry to demonstrate that the myometrium and leiomyomas
have ERa-dominant expression. These results suggested that
uterine ER expression is a good target for study with FES
PET. However, physiological FES uptake in the uterus of
healthy women remains unclear and may vary with the
menstrual cycle observed in FDG PET [21].

Several investigators have used immunohistochemistry
to characterize the relationship between ER expression and
menstrual cycle measured in the endometrium [8-17] and
myometrium [9-16]. In these reports, endometrial ER
concentration in the proliferative phase was higher than
that in the secretory phase, which is consistent with results
from the present study. Further, several studies have
reported a significant difference between myometrial ER
concentration in the proliferative and secretory phases. By
contrast, the present study showed no significant difference
in myometrial FES uptake when the proliferative and
secretory phases were compared. This finding is supported
by some papers [14—16]. Noe et al. [15] and Vienonen
et al. [16] reported that in the myometrium, ERa was
regulated in the layer adjacent to the endometrium in an
endometrium-like pattern during the menstrual cycle,
whereas expression pattern in the outer part of the
myometrium was more stable. In the studies that showed
a significant difference between myometrial ER concen-
tration in the proliferative and secretory phases, only the
myometrium immediately underlying the endometrium
was analyzed as the representative of the whole uterine
muscular wall [9-11]. In the present study, ROIs that
were placed on the myometrium, which surrounded
endometrial ROIs, evaluated the outer part of the
myometrium because of the limited spatial resolution.

In this study, there was no significant relationship between
FES uptake and E2 even in the proliferative phase. A previous
study reported that a large concentration of endometrial ER in
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the late proliferative phase conelates with the plasma E2
surge [22]. Further, Levy et al. [8] reported that a significant
correlation was observed between ER concentration and E2 in
the proliferative phase. In the present study, there was a trend
toward a relationship between E2 and SUV in the endome-
trium in the proliferative phase (P=.09), but the difference
did not reach the level of statistical significance. Repetition of
the present study with a large population size may result in
data consistent with those reported by Levy et al.

The relationship between ER concentration in the
myometrium and endogenous estrogen level demonstrated
no statistical significance. FES uptake in the myometrium
was almost constant throughout the entire menstrual cycle
and may be independent from the change of endogenous
estrogen level in healthy volunteers.

Although FES represents the level of unoccupied ER and
ER measured with immunohistochemistry represents total
ER, our results and the previous reports showed the same
behavior. Katzenellenbogen et al. [23] reported that the FES
uptake in the uterus was suppressed by the coinjection of a
high dose of E2 or the tamoxifen pretreatment in the rat.
However, although total ER and occupied ER by endoge-
nous estrogen in the endometrium will increase in the
proliferative phase, the proportion of unoccupied ER
measured with FES will not change. In the secretory phase,
the opposite phenomenon will occur and the proportion of
unoccupied ER will not change as well. Therefore, it is
speculated that the behavior of total ER and unoccupied ER
will be similar. In the myometrium, total and unoccupied ER
in the proliferative phase did not change when the
endogenous estrogen increased. The proportion of occupied
ER against total ER may be small enough, although further
examination will be required.

FES has been used for the evaluation of breast tumors
[2-6] and may also have a clinical application in patients
with uterine endometrium-related gynecological diseases
{24,25]. Indeed, Okazawa et al. [25] reported that the
combination of FDG PET and FES PET improved the
diagnostic accuracy in various uterine endometrium-related
gynecological diseases including uterine endometrial can-
cer, adenomyosis and endometrial hyperplasia. For the
assessment of FES uptake, SUV or lesion-to-normal ratio
will be feasible. The present study demonstrated that FES
uptake in the endometrium varied with the menstrual cycle,
whereas myometrial FES uptake was stable throughout the
entire menstrual cycle. These data suggest that the myome-
trium may serve as a good internal control during FES
studies of other organ systems and that the menstrual cycle
should be taken account of when the endometrium was
considered for an intemal control.

5. Conclusion

The change of ER concentration relative to menstrual
cycle as characterized by FES was consistent with those

from previous reports that used an immunohistochemical
technique. Further, these data suggest that FES PET is a
feasible, noninvasive method for characterizing changes in
ER concentration.
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Abstract

We report on the development of a large Compton camera with the full reconstruction of the Compton process based on a prototype.
This camera consists of two kinds of detectors. One is a gaseous time projection chamber (micro-TPC) for measuring the energy and the
track of a Compton recoil electron. The micro-TPC is based on a p-PIC and a GEM, which are micro-pattern gas detectors (MPGDs).
The size of the micro-TPC was 10cm x 10cm x 8cm in the case of the prototype, and we enlarged it to 23cm x 28cm x 15¢cm. The
other detector part is a Nal (Tl) Anger camera for measuring the scattered gamma-ray. With these informations, we can completely
reconstruct a Compton event, and determine the direction of the incident gamma-ray, event by event. We succeeded in reconstructing
events of incident 662 keV gamma-rays. The measured angular resolutions of the “angular resolution measure” (ARM) and the “scatter
plane deviation” (SPD) were 9.3° and 158° (FWHM), respectively.

© 2007 Elsevier B.V. All rights reserved.

PACS: 29.40.Cs; 29.40.Gx

Keywords: Compton imaging, Time projection chamber; MeV gamma-ray imaging

1. Introduction

In spite of the successful all-sky survey using COMPTEL
[11 on board the Compton Gamma Ray Observatory
(CGRO) satellite, the number of celestial objects found in
the MeV gamma-ray band was smaller by an order of
magnitude than that found in the GeV band. Thus, a
Compton telescope with improved detection sensitivity is
desired. Since the direction of a Compton recoil electron
was not measured with COMPTEL, the direction of the
incident photon could only be reconstructed as a cone.
Accordingly, it was difficult to reject large background,
thereby limiting the sensitivity. Measuring the direction of
the recoil electron reduces the Compton cone to a small
segment of the cone, and realizes the strong background

*Corresponding author.
E-mail address: hattori@cr.scphys.kyoto-u.ac.jp (K. Hattori).

0168-9002/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.nima.2007.08.039

rejection [2,3]. To measure both the three-dimensional
track and the energy of the recoil electron, we have
developed a gaseous time projection chamber (micro-TPC)
based on a ‘“‘micro-pixel chamber” (u-PIC), which is a
pixel-type two-dimensional imaging detector with a pixel
pitch of 400 pum [4]. Both the energy and the direction of the
scattered gamma-ray are measured using a Nal(TIl)
scintillation camera. Through these measurements, the
direction and the energy of the incident gamma-ray can be
determined event by event.

Our goal is to achieve a sensitivity 10 times as high as
that of COMPTEL. To attain this, we first developed a
prototype of the Compton camera operating in the
0.1-0.9 MeV range consisting of a 10cm x 10cm x 8cm
micro-TPC and a 10cm x 10cm x 2.5cm Nal(Tl) camera
[5]. We showed that the direction and the energy of the
incident gamma-ray can be determined event by event.
Based on the prototype, we developed a larger size
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MeV-gamma-ray camera consisting of a 23cm x 28cm x
15cm micro-TPC and a 37cm x 37c¢m x 2.5cm Nal(TI)
camera. In this paper we present the results of the
initial experimental evaluation of the large Compton
camera.

2. Large size micro-TPC

We have developed a large size u-PIC with a detection
area of 31 cm x 31cm [6] for use in the readout of the large
size micro-TPC as shown in Fig. 1. The stable gas gain of
the large p-PIC was 2 x 10°. However, a gas gain of 2x10*
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Fig. 4. Tracks of Compton recoil electrons in the micro-TPC irradiated
with gamma-rays from the '*’Cs source.
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is required to obtain clear tracks of recoil electrons.
Therefore a combination of the u-PIC and another electron
multiplier was necessary. A Gas Electron Multiplier
(GEM) [7], manufactured by Scienergy Co. Ltd. in Japan
[8], was installed 7mm above the p-PIC. The GEM consists
of a 50 ym thick kapton foil, and a copper cladding on each
side where 70 um holes are arranged in a hexagonal pattern
with 140 um between the centers. The detection area of the
GEM was limited by the size of the material which the
company was capable to handle. As a result, the sensitive
area of the two-dimensional readout using the p-PIC and
the GEM was 23 cm x 28 cm. The GEM was segmented in
eight regions in order to reduce its capacitance, because less
capacitance reduces both current and damage caused by
discharges. The electric field between the GEM and the
u-PIC was 1.4kV/cm, and that in the drift region was

Anger Camera
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Point u-PIC TPC /
Source(*¥Cs) / j +
»
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28 cm
v
< > 4= > < »  Nal (Tl)
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Fig. 5. Schematic representation of the Compton camera.
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0.41kV/cm. We achieved the stable gas gain of 2 x 104
using the combined system of the p-PIC and the GEM, and
this fulfilled the gas gain requirement.

The micro-TPC was set in an aluminum vessel, the vessel
was filled with Ar—C;Hg (90:10) gas to a pressure of 1 atm
and then sealed for the duration of the measurements. The
gas gain uniformity of the combined system was 13.9%
RMS, as shown in Fig. 2. This was measured using
22.2keV ('°9Cd) X-rays at a total gas gain of 1 x 104
(u-PIC 1.5x 10>, GEM 7). Fig. 3(a) shows a typical
spectrum of X-rays obtained by the irradiation with 13Ba.
We can see the peak of the direct X-rays at 31 keV and that
of the copper fluorescent X-rays at 8.0keV, generated at
the GEM and the p-PIC by the original X-rays from '*Ba.
The energy resolution of the micro-TPC was measured to
be 37% FWHM at 31keV. This depended on the X-ray
energy as shown in Fig. 3(b): below 31keV the energy
resolution improved with increasing energy. However, it
was worse at 59.5keV. This might be because of saturation
effects in the preamplifiers. The situation is considered to
worsen at higher energy, as more charges are presented to
the preamplifiers.

In a previous measurement with 31keV X-rays the
energy resolution of the micro-TPC was worse, it was at
about 60% FWHM, as described in Ref. [9]. Further
modifications in the p-PIC improved the gas gain
uniformity, and therefore the better energy resolution of
37% FWHM was obtained.

The output charges of the 768 + 768 channels are pre-
amplified, shaped and discriminated by ASD chips [10].
Using the discriminated signals, the three-dimensional
tracks of charged particles are reconstructed. Clear tracks
of cosmic muons were observed at a total gas gain of 3.0 x

10* (1.5 x 10° of the p-PIC, 20 of the GEM). The spatial
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Fig. 6. Reconstructed images of incident gamma-rays from a 137Cs (1 MBq) source. The center of the p-PIC is (0cm, Ocm). (a) The source position is
(=14cm, Ocm). (b) The positions of two sources are (—10cm, —20cm) and (5cm, 15cm), respectively.
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resolution of the muon tracks was 1/0.56% + 0.31%z (mm),
where z was the drift length. Fig. 4 shows typical recoil

electron tracks obtained by irradiating with '*’Cs. We find
that the electrons were multi-scattered in the gas.

3. Large size Compton camera

Here, we describe the performance of the large size
Compton camera. As shown in Fig. 5, it is built using the
micro-TPC and the Nal(T1) Anger camera. The size of the
Nal(TI1) camera was 37cm x 37cm x 2.5 cm. The details of
the scintillation detector are described elsewhere [11].

The micro-TPC was operated at a gas gain of 2 x 10*
(2 x 10* of the p-PIC, 10 of the GEM). The Compton
camera was irradiated with 662 keV gamma-rays by a '*’Cs
source from a distance of approximately 46cm, and the
reconstructed image is shown in Fig. 6(a). The '*’Cs source
position was (—14cm, 0cm), the center of the pu-PIC was
(0O cm, Ocm). The reconstructed directions of the detected
photons were concentrated on the position of the source.
Fig. 6(b) shows the reconstructed images of two '*’Cs point
sources, and we succeeded in separating them.

The angular resolution of advanced Compton imaging is
defined by two angle parameters as shown in Fig. 7. One is
the “angular resolution measure” (ARM) related to the
angle between the scattered gamma-ray and the recoiled
electron. This can be obtained in two ways, from
kinematics and from geometry. ARM is the difference
between these values. The other parameter is the “scatter

Fig. 7. The schematic view of ARM and SPD.
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plane deviation” (SPD), which is the determination
accuracy of the plane formed by the scattered gamma-ray
and the recoiled electron. Fig. 8 shows the distributions
of ARM and SPD obtained for the data corresponding to
Fig. 6(a), and the FWHM resolutions of ARM and SPD
are 9.3° and 158°, respectively. In the case of the prototype
with a 10cm x 10cm x 8cm micro-TPC, the FWHM
resolutions of ARM and SPD were typically 9° and 90°,
respectively. Therefore, the ARMs of the large Compton
camera and of the prototype were almost the same;
however, the SPD of the large camera was greater. The
SPD is determined by the accuracy of measuring the
directions of the recoil electrons. If the signal-to-noise ratio
of the large micro-TPC is improved, this accuracy also
improves because more precise measurements for the
tracks of the recoil electrons can be obtained. In the case
of the prototype, the accuracy was better because the
signal-to-noise ratio was better.

For the 662keV gamma-rays, the measured detection
efficiency was 2 x 107%. The low gamma-ray detection
efficiency was caused mainly by the low detection efficiency
of high-energy (> 100keV) recoil electrons. However, the
volume of the micro-TPC is large enough for even 300 keV
electrons to transfer all the energy to the gas in the micro-
TPC. It is thought that there are two reasons for the low
detection efficiency of the high-energy recoil electrons. One
is the small solid angle coverage of the scintillation
detector, placed at 21 cm distance from the micro-TPC as
shown in Fig. 5. This means that it detected mainly low-
angle scattered gamma-rays, and the majority of the
Compton-scattered gamma-rays escaped the detection.
The low-angle scattered gamma-rays transfer only low
energy to the recoil electrons. Correspondingly, high-
energy recoil electrons in the micro-TPC do not coincide
with hits in the scintillation detector. This will be improved
by enlarging the solid angle coverage of the scintillation
detector.

a b
ARM SPD
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60 40 F
50 £ 35 |
a0 b 30 |
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- 20
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Fig. 8. (a) and (b) show the distributions of ARM and SPD for 662 keV gamma-rays, respectively. The solid lines are the best-fit Lorentzian.
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The second reason is ascribed to the saturation effects in
the preamplifiers, as described in the previous section. They
cause a deteriorated energy resolution of the recoil
electrons at higher energies, what also leads to a low
gamma-ray detection efficiency due to a background
rejection algorithm. This is based on a consistency check
where the alpha-angle (the angle between the recoil
electron and the scattered gamma-ray), as derived by
kinematics from the energies of the recoil electron and of
the scattered gamma-ray, is compared to the angle which is
geometrically deduced from the directions of the recoil
electron and of the scattered gamma-ray [2]. Compton
events with a large difference of the two angles were
rejected. Consequently, we have developed new ASD chips
with a wider dynamic range to avoid the saturation in the
preamplifiers.

4. Conclusion

We have developed a micro-TPC, based on the p-PIC
with a detection area of 30cm x 30cm and a GEM with a
detection area of 23 cm x 28 cm, the drift length was 15cm.
The combination of the p-PIC and a GEM realized stable

K Hautori et al. [ Nuclear Instruments and Methods in Physics Research A 581 (2007) 517-521 521

operation of the chamber at a gas gain of 2 x 10%, and this
was adequate to obtain tracks of minimum ionizing
particles and thus of recoil electrons. Then, the perfor-
mance of the Compton camera (consisting of the micro-
TPC and the Anger camera) was investigated by irradiating
with 662keV gamma-rays from a 137Cs source. We
succeeded in reconstructing recoil electrons recorded with
the micro-TPC and we obtained fine images of different
point sources.
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Abstract

Beam tests were performed for a Micro Pixel Chamber (u-PIC) with a detection volume of 10 x 10 x 10 cm?’ to investigate the response
to heavy ions. The three-dimensional tracks of carbon, silicon, and iron beams were successfully observed and their track lengths were
measured. Additionally, Linear Energy Transfer (LET) distributions of each ion were obtained, and the mean LET values were
consistent with the theoretical calculation of mass stopping power within an error of ~10%. This detector is a candidate for an ideal

dosimeter in space.
© 2007 Elsevier B.V. All rights reserved.

PACS: 29.40.Cs; 29.40.Gx

Keywords: Gaseous detector; Micro-Pattern detector; Position sensitive; TEPC; LET; Heavy ions

1. Introduction

We have been developing the position sensitive gaseous
detector named “Micro Pixel Chamber (u-PIC)” [1], which
is categorized as a micro-pattern gas detector. The p-PIC
consists of a double-sided printed circuit board (PCB) with
pixel-like electrodes. The anode and cathode strip electro-
des are orthogonally arranged with a pitch of 400 um on
both sides of the 100 um thick polyimide insulation layer.
Each cathode strip has 260 pm diameter openings with a
pitch of 400 um. Pixel-like anode electrodes of 60 pym are
also formed at the center of each cathode hole penetrating
the insulator. Qur p-PIC has 256 anode and 256 cathode

*Corresponding author. Tel./fax: +81332034379.
E-mail address: nagayosi@kurenai.waseda.jp (T. Nagayoshi).

0168-9002/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.nima.2007.07.040

strips, and the detection area is 10 x 10cm?. The p-PIC has
the following features:

(1) no charging-up of positive ions on the insulator surface,

(2) little fluctuation of gas gain in whole detection area
(<4% RMS for 10 x 10cm? detection area),

(3) two-dimensional fine position resolution (120pm
RMS),

(4) high gas gain (~7000) without any other additional gas
multiplication devices,

(5) mass production capability.

The main use of the p-PIC is the 3D imaging of charged
particles. For this purpose, p-PIC is operated as a readout
of a Time Projection Chamber (TPC) named the “u-TPC”
[2], which has an 11 x 11 x 10cm? drift space. Fig. 1 shows
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Fig. 1. Photograph of a p-PIC with an 11 x 11 x 10cm? drift cage.

a photograph of the p-TPC. The 0.5mm diameter field
wires are arranged with a pitch of 1cm. Resistances of
10 MQ are connected between two adjacent field wires.
Tonization electrons drift to the plane of pu-PIC and the
two-dimensional position is detected by anode and cathode
electrodes. The z-position is then measured from the
information of known drift velocity of electrons and the
drift time. According to former experiments with proton
tracks of ~1GeV, the 3D position resolution of less than
300 um was achieved.

Originally, we have been developing the p-TPC for the
application of gamma-ray imaging onboard a satellite,
based on tracking of Compton scattered electrons [3].
Because the typical energy of a scattered electron is
1 MeV—the MIP energy region—, high gas gain operation
(>10% is needed. Heavy ions in cosmic-rays might be a
serious problem for the detector. Ionization in the detector
due to cosmic-ray particles creates an enormous number of
electron—ion pairs, which might cause discharges [4].
Therefore, the influence of the heavy ion irradiation to
the u-TPC should be studied to ensure stable operation of
the detector in a space environment.

When astronauts work in a space environment like the
International Space Station (ISS) or manned exploration to
the Moon or Mars, exposure to cosmic radiation including
extremely large solar flares sometimes gives the large risk to
the crew. The u-TPC is a candidate of an ideal dosimeter in
space as a LET spectrometer. The details for space
dosimetry are described elsewhere [5]. In this case, a
gas gain of 100 to 1000 is needed to measure the LET of
heavy ions.

For these purposes, it is necessary to evaluate the
response of the u-TPC to heavy ions. We performed
irradiation tests for a p-TPC using the heavy ion
accelerator at National Institute of Radiological Sciences
(NIRS) in Japan. In this paper, we describe the heavy ion
irradiation test and discuss the response of the p-TPC.

Plastc
— scintitlator
__ Driftpla%® . Shaping  pjaqc
\ . . nngs scintillator
. Effective
e ‘#'volumc I
L3 .
e
Beam ! .s-——"—s___\
cam  ———=—="""""Telector vessel

Fig. 2. Set-up of the p-TPC at the HIMAC beamline. The trigger
scintillators are also shown. The beam penetrates this set-up horizontally.

2. Heavy ion irradiation experiment at HIMAC

The beam experiments were carried out at the Heavy-Ion
Medical Accelerator in Chiba (HIMAC) of NIRS. The
beam energies were 400MeV/n for carbon ions,
800MeV/n for silicon, and 500MeV/n for iron ions,
because the typical energy of heavy ions in cosmic ray is
100 MeV to 1GeV [6].

The experiment setup at the beamline is shown in Fig. 2.
The detector was inclined at 5° against the horizontal in
order to evaluate the Z direction of the beam tracks. One
scintillation counter was placed in front of and one behind
the u-TPC. The data acquisition system was triggered by
coincidental hits from both scintillators. These triggering
signals are produced when a particle passes through the
whole detector system.

The drift volume was filled with a gas mixture of the
Ar/C,Hg(90/10) at 1 bar, and a drift voltage of 2000 V was
applied on the top of the drift cage. The corresponding
drift electric field was 0.2kV/em. The drift velocity of
electrons in the gas mixture was 4.5cm/ps at the drift
electric field [7].

An **' Am « source was deposited on the top plane of the
drift cage for an energy calibration. To restrict the intensity
of the irradiation the o source was placed 5mm above the
drift plane and collimated by a 2 mm diameter hole at the
center of the drift plane. The total energy deposit of «
particles in the detection volume of the pu-TPC was
effectively 5MeV.

The ionization electrons drift to the p-PIC plane along
the lines of electric force and are multiplied in the
neighborhood of the anode pixels. The strip electrodes
are connected to the Amplifier Shaper Discriminator
(ASD) chips of a time constant of 80ns [8]. The digital
signals from the ASD chips are fed to the front-end
position encoding module (PEM) based on five Field
Programmable Gate Arrays (FPGAs). The hit positions
of the electrodes are encoded as a three-dimensional
image. Thus the three-dimensional track is reconstructed
using the clock information together with the X- and
Y-information. To analyze the pulse shape from the
anode, all analog signals from the ASDs are summed up
into one channel which is fed to a 100 MHz flash ADC
(FADC). The energy deposit of each incident particle is
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calculated from the integrated wave form using the is composed of the superposed images of 50 tracks. The
calibration data. cross-sectional views for three beam profiles are given in
Fig. 4 with their projections to the horizontal and the
vertical axes. In this figure, the absolute value in the x-axis
is insignificant and only the width of the distribution can be
evaluated. The shapes of the beam profiles are properly
reconstructed, compared with the beam profile monitor
just before the end window of the beam line. The width of
the histogram for each projection was consistent with the
size of beam profile.

The reconstructed tracks were shown as a sequence of
points produced by a timing of the clock frequency in the
data acquisition system. Each sequence of points was fitted
by a three-dimensional linear function. The track length is

3. Results and discussion

The p-PIC was stable during operation at a gas gain of
~100 even for an iron beam which had the highest energy
deposit. There was no gas gain variation between before
and after the irradiation.

The beam profiles for carbon, silicon, and iron ions have
similar shapes with a 10mm diameter. Fig. 3 shows the
detected three-dimensional tracks for a silicon beam. This

defined as the length along this function from an end to
another end in the effective drift region. The distribution of
the track lengths are shown in Fig. 5. The difference in the
10
9 Track length
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Fig. 3. Reconstructed three-dimensional image of Si tracks in the Fig. 5. Distribution of each track length for carbon, silicon, and iron
Ar/ethane (90/10) gas. One hundred tracks are superimposed in the figure. beams.
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Fig. 4. Reconstructed beam profiles for carbon, silicon, and iron ions (a) and their projections to horizontal (b) and vertical axes (c).
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Fig. 6. LET distribution of carbon, silicon, and iron ion tracks. The
arrows shows the results of theoretical calculation.

track length is consistent with the setup of each experiment.
In this case, a dead layer existed in the effective volume.
Therefore, the track length was less than 11 cm. The small
tail for carbon ions is due to some noise events affecting the
fitting process. Taking these reasons into consideration,
these results are satisfactory.

We need to measure the LET of each particle for space
dosimetry; in particular, the LET in water is essential. The
distribution of energy deposits of each ion is also obtained
as well as the track length [9]. LET for each event was
calculated by energy deposit and track length. Fig. 6 shows
the LET distributions for three kinds of ions. The
theoretical values calculated by SRIM program [10] are
also shown as arrows in this figure. The following
equations were used to obtain the LET for water from
that for Ar/ethane gas.

LETwaer [keV/um] = LETAr/ethane
x1.28 x 1.00/(1.62 x 107%) )

LET Ar/einane = (energy deposit)/(track length) [keV /pum].

@
Here, LETyarer is the LET for water and LETar/ethane 18
that for the Ar/ethane (90/10) gas mixture. The conversion
factor corresponding to the ratio of the mass stopping
power of water for relativistic particles to that of Ar/ethane
is 1.28. The density of water is 1.00 and that of 1bar
Ar/ethane is 1.62 x 1073, The difference between theore-
tical and experimental LET values of carbon was about
10%. The mean LET value for each distribution of silicon
and iron was consistent with the theoretical values of the
mass stopping power within an error of about 5%.

4. Summary and future prospect

Irradiation tests of a p-TPC with an effective volume of
10 x 10 x 10cm?® were performed using heavy ion beams at
HIMAC of NIRS in Japan. The p-PIC was stably operated for
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Fig. 7. Photograph of a u-PIC with the size of 2.6 x 2.6 cm? together with
the schematic drawing of the electrodes.

the heavy ion irradiation. Three-dimensional tracks of carbon,
silicon, and iron ions were successfully measured. Their track
lengths and energy deposits in the detector were also measured.
Finally, we evaluated the LET value for each particle and
found the values to be consistent with the theoretical
calculation within an error of 10%. This is essential for the
LET spectrometer in space. In this paper, we established the
principle of the cosmic-ray dosimeter based on the p-PIC.

For utilization in space, the robustness of the p-PIC for
heavy ion irradiation has to be checked. The response of the
u-PIC to heavy particles is important for high gas gain (> 104
operations like cosmic MeV gamma-ray observation. A
dosimeter for space applications must be small so it can be
installed on a spacecraft. A smaller size u-PIC has recently
been manufactured in order to develop a new space dosimeter.
Fig. 7 presents a photograph of a p-PIC with an effective area
of 2.6 x2.6cm?. In the new design, the 400um pitch
electrodes are connected with the adjacent strips as shown in
Fig. 7, and the net electrode pitch is 800 pm. The position
resolution obtained from the pitch is adequate for space
dosimetry based on the results of Real-time Radiation
Monitoring Device-III (RRMD-III) {11]. Furthermore, the
detector should be made from tissue equivalent materials. In
the near future, we will make the dosimeter with a tissue
equivalent wall and a tissue equivalent gas.
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Abstract

We have developed the Electron Tracking Compton Camera (ETCC) with reconstructing the 3-D tracks of the scattered electron in
Compton process for both sub-MeV and MeV gamma rays. By measuring both the directions and energies of not only the recoil gamma
ray but also the scattered electron, the direction of the incident gamma ray is determined for each individual photon. Furthermore, a
residual measured angle between the recoil electron and scattered gamma ray is quite powerful for the kinematical background rejection.
For the 3-D tracking of the electrons, the Micro Time Projection Chamber (u-TPC) was developed using a new type of the micro pattern
gas detector. The ETCC consists of this p-TPC (10 x 10 x 8 cm®) and the 6 x 6 x 13 mm> GSO crystal pixel arrays with a flat panel photo-
multiplier surrounding the u-TPC for detecting recoil gamma rays. The ETCC provided the angular resolution of 6.6° (FWHM) at
364 keV of '*'I. A mobile ETCC for medical imaging, which is fabricated in a 1 m cubic box, has been operated since October 2005. Here,

we present the imaging results for the line sources and the phantom of human thyroid gland using 364 keV gamma rays of B3Iy,

© 2007 Elsevier B.V. All rights reserved.

PACS: 13.60.Fz; 29.40.Gx; 87.58.—-b; 95.55.Ka

Keywords: Compton camera; Nuclear medicine imaging; Micro pattern gaseous detector; TPC

1. Ihtroduction

We have realized both full ray tracing and the back-
ground rejection for MeV and sub-MeV gamma ray
imaging by detecting the direction of the scatted electron
in Compton process [1-3]. Although the track of the
scattered electron was proposed to be useful for higher
energy (>2MeV) gamma ray in the Compton camera
based on silicon strip detectors {4-8], multiple scatterings in
dense matter intrinsically prevent from obtaining a
sufficient angular resolution of it in those energy regions.
Hence, a gas-tracking device looks a unique useful detector

*Corresponding author. Tel.: +81757533858; fax: +81757533799.
E-mail address: tanimori@cr.scphys.kyoto-u.ac.jp (T. Tanimori).

0168-9002/% - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.nima.2007.06.098

to catch such a fine track. By measuring both the directions
and energies of a recoil gamma ray and a recoil electron in
the gas detector as shown in Figs. la, the direction of the
incident gamma ray can be definitely determined for each
Compton scattering. Furthermore, a residual measured
angle between the scattered electron and the recoil gamma
ray (hereafter, we say a angle) is used for the kinematical
background-rejection. This « angle is also calculated from
the measured hit positions and energy deposits, and used
for the kinematical constraint. Thus, a full ray-tracing
method surely provides gamma-ray images of higher
quality with less radiation dose. As well known, the
detection efficiency of the gas detector is low, but it
provides both a large detection volume and an easy
handling of signals due to the high gain of it. A simulation
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Fig. 1. (a) Conceptual structure of Electron Tracking Compton Camera (ETCC). (b) Typical tracks of electrons from B-decay detected by the p-TPC. (c)

Schematic structure of u-PIC.

PET .

PET

p-TPC

efficiency

I Axial direction

Fig. 2. Schematic comparison of the efficiencies of PET and ETCC along
the axial direction of a human body.

study indicates that a 30 x 30 x 30 cm? gas detector with Xe
or CF, gas pressured by several times atmosphere provides
the detection efficiency of a few percent for 500 keV gamma
rays, which is better than the typical efficiency of SPECT.
Also, such a large volume detector gives a flat efficiency
and position resolution as shown in Fig. 2. On the other
hand, those of Positron Emission Tomography (PET) are
quite good at the center, but linearly worse from the center.
Compton camera generally have a wide field of view of
2-4sr, which covers a large area by ~4 times of the
detector size. For the 30 x 30 cm? gas detector, its detection
area covers the whole body. Thus, a large-area ETCC
will surely provide us to new benefits even for the use of
radio pharmaceutical which are now used for SPECT and
PET.

2. Instrument and imaging performance

In order to realize such an ETCC, we developed the
Micro Time Projection Chamber (u-TPC) for the 3-D
tracking of the recoil electrons [1-3]. Typical reconstructed
tracks of the low-energy electrons in Compton scattering
are shown in Fig. 1b. The p-TPC consists of a new type of
the gaseous proportional two-dimensional wireless posi-
tion-sensitive detector, or a Micro Pixel Gas Chamber
(1-PIC) [9,10] as shown in Fig. Ic, and a drift volume. The
prototype camera consisted of the 10 x 10 x 8cm® p-TPC
with an argon—ethane gas mixture (9:1) and the Anger
camera with a large 30 x30x 1.5cm® Nal(Tl) single
scintillator and a 6 x 6 2-in. photo-multiplier array for
detecting the scattered gamma rays [11]. For this proto-
type, the angular resolutions of 12° and 34° (FWHM) for
Angular Resolution Measure (AMP) and Scatter Plane
Deviation (SPD) were obtained for 662keV gamma rays
when the energy of the incident gamma ray was used as a
known parameter [11]. In 2005, we improved this detector
as follows; the uses of GEM developed by Sauli et al. [12]
as an intermediate electron multiplier above the p-PIC and
6 x 6 x 13mm® GSO crystal pixel arrays with a flat panel
photo-multiplier surrounding the base and side of the p-
TPC instead of the Anger camera [13-15]. By these
improvements, we achieved a stable operation of the
p-TPC with a high gain of >20,000 (u-PIC:2000,
GEM:10) during 1 year, and obtained the energy resolution
of the p-TPC with ~20% at 22.2keV. In addition, good
energy and position resolutions of GSO scintillation array
were obtained to be ~3mm and 9% at 662keV (FWHM),
respectively. Then, combined energy resolution of the
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Fig. 3. Photograph of the mobile ETCC. All detectors, electronics, and
computers are installed in the wagon.
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ETCC for gamma rays was obtained 15% at 662keV
(FWHM). Using this improved ETCC, we obtained an
ARM resolution of ~7° at 662keV (FWHM) with
measuring the total energy of the incident gamma ray, of
which details are reported in Ref. [15]. Based on this
improved ETCC, we have developed a mobile Compton
camera fabricated within a 1 m cubic box as shown in
Fig. 3 [15]. The angular resolutions of ARM and SPD at
364keV gamma rays of '*'I were improved from 12° and
100° to 6.6° and 77° due to the improvement of the electron
reconstruction. We have measured simultaneously the
images of the two different energy gamma-ray sources
(***Ba: 356keV and '*’Cs: 662keV) as shown in Fig. 4,
where two images are obviously distinguished by the
energy spectrum. This is a unique ability expected mainly
for the Compton camera in medical use. In Ref. [15],
similar images using the point sources of '*’Cs: 662keV
and '*Mn: 853 keV were already presented. In this time,
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Fig. 4. Images obtained by the simultaneous irradiation of 133Ba: 356keV and '*'Cs: 662 keV.



