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Abstract— The observation of trans-iron nuclei in galactic 
cosmic rays (Z≥30) requires a high performance cosmic ray 
detector telescope with a very large exposure area because of their 
extremely low fluxes. It is realized by the use of solid-state track 
detector of CR-39, which has an advantage of easy extension of 
exposure area. The verification of mass and nuclear charge 
identifications with CR-39 solid-state track detector newly 
developed for the observation of heavy cosmic ray particles has 
been made using Fe ions from NIRS-HIMAC. Mass and charge 
resolutions for Fe nuclei are found to be 0.28 amu and 0.22 cu in 
rms, respectively. However, by eliminating experimental errors, 
mass resolution is expected to improve to be ~0.20 amu in rms. 
Furthermore, we have evaluated the variation of detector 
response in CR-39 in both exposure temperature and pressure 
and concluded that such effects could be reduced by control of the 
exposure environment outside detector. Moreover, it is necessary 
to raise the Z/β detection threshold in order to suppress 
background tracks produced by galactic cosmic rays with Z/β<30. 
The new track detectors of copolymers of CR-39 and DAP (diallyl 
phthalate) have been developed and verified their performances. 
From the point of view of stability for the cosmic ray exposure 
environment such as temperature and vacuum in space, newly 
BP-1 glass detector with high sensitivity is also currently under 
development. The combination of such solid-state track detector 
with the high speed scanning system enables us to realize a 
large-scaled observation for trans-iron galactic cosmic rays.  
 

Index Terms—Ultra heavy nuclei, Galactic cosmic rays, 
Chemical composition, Solid-state track detector 

 
S. Kodaira, T. Doke, M. Hareyama, N. Hasebe, T. Miyachi, M. Miyajima, O. 

Okudaira, K. Sakurai, S. Torii, M. Takano, and N. Yamashita are with 
Advanced Research Institute for Science and Engineering, Waseda University, 
Shinjuku, Tokyo 169-8555, Japan (corresponding author to provide phone: 
+81-3-5286-3897; fax: +81-3-5286-3897; e-mail: la_pioggia@ruri.waseda.jp, 
koda@aoni.waseda.jp, S. Kodaira). 

N. Yasuda is with National Institute of Radiological Sciences, Inage, Chiba 
263-8555, Japan 

H. Tawara is with High Energy Accelerator Organization, Tsukuba, Ibaraki 
305-0801, Japan 

S. Nakamura is with Department of Physics, Yokohama National University, 
Yokohama, Kanagawa 240-8501, Japan 

K. Ogura is with College of Industrial Technology, Nihon University, 
Narashino, Chiba 275-8576, Japan 

H. Shibuya is with Department of Physics, Faculty of Science, Toho 
University, Funabashi, Chiba 274-8510, Japan 

I. INTRODUCTION 
recise measurements of nuclear components including 
stable and radioactive isotopes with various half-lives of 

trans-iron nuclei in ultra-heavy galactic cosmic rays 
(UH-GCRs) give crucial constraints on physical conditions at 
the source of GCRs, the stellar nucleosynthesis and the 
chemical history of Galactic material, and offer new 
possibilities for the study of the acceleration and propagation 
mechanisms of charged particles in space [1]. The elemental 
composition of UH-GCRs has been observed by several 
previous experiments [2-4] and recent TIGER experiment [5]. 
By these observations, the abundance of even-Z nuclei from Z 
= 30 to 60 has been individually resolved, while, for Z ≥ 60, 
since the statistics are low in quality and the charge resolution 
is broadened in the HEAO-3 and ARIEL-6 data, the grouping 
of charges was necessary for meaningful abundance 
measurements. The actinide element (Th, U, Pu, Cm) has not 
been observed yet. Moreover, the isotopic one of UH-GCRs 
has not been observed yet because of the extremely low flux in 
GCRs and the difficulty of mass identification of such massive 
particles. 

In this paper, we present the performance of the solid-state 
track detector (SSTD) array and its analyzing system to 
measure the isotopic and elemental compositions of UH-GCRs.  
 

II. COSMIC RAY TELESCOPE FOR THE MEASUREMENT OF UH-GCR 
NUCELI 

The solid-state track detectors (SSTD) such as CR-39 plastic 
detector and BP-1 glass detector are very promising for the 
large-scale observation of these nuclei in space. This is due to 
the fact that it is easy to fabricate a low-cost large detector array. 
We plan to observe isotopic composition of 58≥Z≥30 with the 
energy of < 500 MeV/n and elemental composition up to 
actinide element in the relativistic energy region [1]. In order to 
measure these compositions, two kinds of large cosmic ray 
telescopes made by SSTD being developed. The principle and 
configuration of telescope to identify nuclear charge and mass 
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of heavy ions in SSTD is described as follows.   
 
A. Principle of mass identification 

A swift charged particle passing through the SSTD leaves 
a chemically altered track that is called latent track, which can 
be exposed by etching in a suitable etchant. The etchant 
removes material in a very narrow region around the track at a 
rate (Vt), while it removes material from unaffected regions at 
the bulk etch rate (Vb). A conical etch-pit has appeared in SSTD 
surface as consequence of etching. The track registration 
sensitivity (S ≡Vt/Vb−1) is a function of restricted energy loss 
(REL) of the incident ion. REL is defined as an energy loss rate 
that is deposited in the track core region near the particle 
trajectory [6,7].  S is a function of the charge and velocity of the 
incident ion, and the range of the ion with a definite charge at a 
velocity is proportional to the mass of the ion. By using the 
physical quantity of the cone-length (L), L=Vt ⋅T (T is etching 
time), of the etch-pits on each detector, and the residual range 
(R) for the ions, the mass difference of the ions will be indicated 
in the scatter plot of L and R values (“L-R” technique [8]) by the 
trajectory tracing etch pit as shown in Fig. 1. In general, this 
technique is analogous to the ∆E-E technique in electronic 
detectors. 

 
Since the incident particle must be stopped in detector to 

measure its mass, cosmic ray telescope to measure isotopic 
compositions in UH-GCRs consists of SSTD stack with 
enough thickness larger than the range of incident particle. 
Therefore, a measurable kinetic energy of UH-GCRs is 
determined. In our observation program, the cosmic ray 
detector with 4 m2 of exposure area and about 8 g/cm2 of thick 
thickness is designed to measure the isotopic composition of 
incident particle of Z=30 with the energy (top of instrument) of 
< 500 MeV/n.  
 

B. Principle of charge identification 
Since the track registration sensitivity (S) in SSTD is a 

function of REL, the nuclear charge of ion is simply determined 
from magnitude relation of S value when the incident kinetic 
energy is given as shown in Fig. 2. S is obtained by the track 
geometry such as the major and minor axes of the elliptical 
opening mouth of etch pit. As show in Fig. 2, REL value of an 
ion in CR-39 detector is approximately constant at the 
relativistic energy region of > 3 GeV/n. Therefore, the nuclear 
charge of UH-GCRs with the relativistic energy can be 
identified by measuring track geometry of the elliptical opening 
mouth of etch pit formed on SSTD surface. 

In our observation program, the cosmic ray telescope with > 
16 m2 of exposure area and thin thickness is designed to 
measure the elemental composition up to actinide element in 
the relativistic energy region. 

 

III. PERFORMANCE OF CR-39 TRACK DETECTOR 
In order to verify the mass and nuclear charge identification 

power and the effect to the track registration sensitivity due to 
the exposure environment such as temperature and vacuum in 
CR-39 track detector, we have performed the beam experiment 
in the Heavy Ion Medical Accelerator in Chiba (HIMAC) at 
National Institute of Radiological Sciences (NIRS).  
 

A. Mass resolution 
Using Fe isotope beam with the energy of 460 MeV/amu, we 

have verified the capability of CR-39 detector for isotope 
identification [9]. The mass of ion was determined using the 
L-R pair by tracing the trajectory as described above. As a 
result, we obtained a good mass resolution for iron nuclei in 
CR-39 of 0.28 amu in rms as shown in Fig. 3. We have also 
estimated the contributions of the measured parameter errors to 
the mass resolution, and discussed about the improvement of 
the measurement technique in order to eliminate the 

 

 
Fig. 1. Cone length (Li) and residual range (Ri) for a particle passing through
detector sheets to the stopping point. 
  

 
Fig. 2. Calculated REL values vs kinetic energy for heavy ions in CR-39.
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measurement errors. Thus, we have found that the mass 
resolution in CR-39 is expected to be improved to 0.20 amu by 
eliminating some errors as much as possible [10]. Thus CR-39 
plastic detector will allow us to identify adjacent isotopes for 
Z≥30. 

 

B. Charge resolution 
Using Fe ion beam with the energy of 389 MeV/amu, the 

charge resolution in CR-39 detector was verified by the simply 
method to measure the track area size of etch pit formed on 
CR-39. Fig. 4 shows the track area size distribution of etch pit. 
Nuclei lighter than Fe are fragment particles produced by the 
fragmentation in thick carbon target front of CR-39 detector. 
As a result, we obtained a good charge resolution of 0.22 cu 
(charge unit) in rms for iron nuclei. Thus it is possible to 
identify nuclear charge with a good charge resolution using 
simple and easier technique when the incident energy is given. 

C. Effect to the track registration sensitivity due to the exposure 
environment 

The track registration sensitivity (S) in CR-39 plastic 
detector is known to depend on the exposure environment such 
as temperature and vacuum [11,12]. The effect to the track 
registration sensitivity of CR-39 detectors in various radiation 
exposure environments was verified to estimate the magnitude 
of such dependence and to make the criterion for the control of 
temperature and pressure in cosmic ray exposure environment. 
CR-39 detectors which were controlled their temperatures from 
– 60 °C to + 60 °C were exposed to Fe ion beam. Figure 5 
shows the variation of S in CR-39 for irradiation temperature. It 
was found that S was approximately constant below – 30 °C. 
When our mission is carried out by balloon, it is found that the 
temperature effect is small because the temperature at balloon 
altitude is ~ – 40 °C on average. As well as the temperature 
effect test, CR-39 detectors which were controlled their 
pressure from 0.1 Torr to 760 Torr were exposed to Fe beam. 

 
Fig. 3. Mass distribution for Fe nuclei in CR-39. 

 
Fig. 4. Charge distribution for Z≤26 in CR-39. 

  

 
Fig. 5. Variation of S in CR-39 for irradiation temperature from – 60 °C to + 60 
°C. 

 
Fig. 6. Variation of S in CR-39 for irradiation pressure from 0.1 Torr to 760 
Torr. 
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Figure 6 shows the variation of S in CR-39 for irradiation 
pressure. It was found that the variation of S was approximately 
constant above 300 Torr. However, the pressure of CR-39 must 
be controlled in the balloon experiment. 
 

IV. PRESENT STATUS OF DEVELOPMENT OF COSMIC RAY 
DETECTOR 

It is necessary to increase the Z/β detection threshold in order 
to suppress background tracks produced by nuclei lighter than 
Fe-group (Z<30) with extremely higher flux than UH-GCRs. 
This is attributed to the high sensitivity for lighter nuclei in 
CR-39 detector. By the copolymerization of CR-39 and DAP 
(diallyl phthalate) with various DAP concentration, we have 
found that it is possible to control the Z*/β detection threshold 
of copolymers by changing DAP concentration and the 
optimum DAP concentration is to be approximately 50 %, 
when we require the detection of only heavy ions with Z*/β ≥ 
30 [13]. 

As the candidate detector of our comics ray telescope, we are 
interested in BP-1 glass detector. This is because BP-1 has the 
high detection threshold of Z*/β~50 and excellent charge 
resolution for UH nuclei and, moreover, its dependency of 
track registration sensitivity due to the radiation exposure 
environment such as temperature and vacuum is very small [14]. 
Therefore, following the study and referring to the original 
BP-1 sample made by University of California at Berkeley, we 
started to manufacture a BP-1 detector modified its 
composition by a domestic company [15]. 
 

V.  AUTOMATIC MEASUREMENT TECHNIQUE OF ECTH PIT 
The handling of SSTD historically requires a large number 

of year×person to scan and analyze the etch pits produced on 
the detector. Our detector has a very large area of > 4 m2 and 
thus its handling is very difficult. However, we have already 
developed the automated digital imaging optical microscope 
(HSP-1000) to scan and analyze the etch pit, whose image 
acquisition speed is 50-100 times faster than conventional 
microscope system [16]. This scanning speed of each etch pit 
image produced on the detector allows quickly to analyze the 
hodoscopes and detector stacks.  

In particular, for further speeding up of such analysis, the 
scanning system to detect the pinhole etch pit produced in 
hodoscopes utilizing ultraviolet ray and/or visible light is 
currently under development [17]. This system will allow us to 
locate quickly the position of track penetrated in our telescope.  

Analyzing massive cosmic ray track data produced in 
extremely large exposed area requires a completely automated 
multi-sample scanning system. The automated system 
analyzing etch pit produce on SSTD surface has been 
developed [18]. This system consists of a modified HSP-1000 
microscope for image acquisition, a robot arm to replace the 
sample trays, a magazine station for storing a large number of 
samples to be scanned, a scanning computer to control the 

whole system, and an analysis computer for parallel image 
analysis and ellipse-fitting of etch pit. 

The measurement of detector thickness is a very important 
parameter to obtain high mass resolution [9]. The improvement 
of thickness measurement accuracy and the mapping of 
thickness in local area of detector plate will allow us to achieve 
higher charge and mass resolutions. For this reason, the new 
system to measure the CR-39 thickness located adjacent to an 
etch pit in CR-39 plate with an excellent resolution of ± 0.2 µm 
has been developed [19]. We estimated that charge and mass 
resolutions in CR-39 would be improved by ~ 20 % with this 
new system.  

The development of new technique to measure the cone 
length of etch pit with high accuracy as well as the diameter of 
etch pit mouth is required to separate more clearly the adjacent 
isotopes. Therefore, new three-dimensional scanning system 
for measuring the cone length with high accuracy is currently 
under development. 
 

VI. SUMMARY 
A particle detector of large collecting power is required to 

measure the abundances of elements and their isotopes for Z 
≥ 30. From the point of large area and precise measurements, 
the use of solid-state track detector (SSTD) in cosmic ray 
telescope is most attractive and challenging to meet scientific 
objectives within a reasonable budget. We have made a great 
advancement in developing detector analysis automation and 
handling system of the detectors with high speed. It is found 
from the experimental results that CR-39 track detector has 
good charge and mass resolutions, the irradiation temperature 
effect in CR-39 should be lower than – 30 °C and the irradiation 
pressure one should be higher than ~ 300 Torr during the 
cosmic ray observation in the balloon experiment and/or space. 
Therefore, we found that the temperature and pressure in our 
instrument should be controlled within ± 3 °C and ± 10 Torr, 
respectively. The newly SSTDs with high Z/β detection 
threshold such as CR-39-DAP-copolymer and BP-1 are 
currently under development. In order to analyze speedy and 
precisely massive cosmic ray track data produced in SSTD with 
an extremely large exposed area, we have developed an 
automated multi-sample scanning system with high speed 
imaging microscope. Thus high performance comic ray 
telescope and analyzing system will allow us to make first 
precise measurement of the elemental and isotopic 
compositions of UH-GCRs with sufficient statistics. 
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