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Abstract. Charge identification of trans-iron nuclei (nuclear were previously madd=errando et al.1988 Webber et al.
charge: Z 2 30) using CR-39 plastic nuclear track detector 1990ab,c, 2003 Silberberg and Tsad990. However, there
(PNTD) is essential as a part of an effort to our future mea-still have been uncertainties in much of the cross section
surements of the projectile charge changing cross sectiondata, and therefore the present knowledge of cross section
for galactic cosmic ray nuclei, but extremely hard. There-has not led to successful determination of the GCR source
fore, an improvement method of the charge resolutés) (  composition. There are considerably inconsistent results be-
for 350 MeV/n Ge in CR-39 PNTD using the trajectory trac- tween some experiments which measured the same reactions
ing technique with averaging the signals of nuclear tracks forin different methods, and also between the experiments and
each ion was studied. Eight sheets of CR-39 PNTDs wererediction by some theoretical models (eviestfall et al,
aligned and exposed to Ge beam behind a graphite target tb979 Canton et al.2007 Golovchenko et al.2010. In ad-
produce projectile fragments. Average of the nuclear trackdition, for the trans-iron nuclei (nuclear chargé:> 30) in
data was taken over 16 detector surfaces for each ion, the@CR, those cross section data are much fewer and limited
the §Z of Ge was successfully improved from 0.31 chargein spite of their importanceBinns et al, 2007 Kodaira et
unit on single surface to 0.15 charge unit in rms, which isal., 2009. To solve these problems, we plan to carry out
good enough for making the precise cross section measuresystematic measurements of the projectile charge changing
ments and no other experiments using CR-39 PNTDs or theross sections at intermediate energy rangé«{d GeV/n)
other passive detectors have achieved such a ga@otbr for some important GCR components on hydrogen using a
the trans-iron nuclei witlZ /8 < 50 (8: relativistic velocity).  single method, and make drastic comparison with previous
This method will be very important for our future cross sec- data (Ota et al., 2009).
tion measurements toward the study of galactic cosmic ray We have developed the measurement system for cross sec-
origin. tion using CR-39 plastic nuclear detector (PNTD). CR-39
PNTD is one of the most suitable detectors for measure-
ments of projectile charge changing cross sections. By using
1 Introduction multiple layers of CR-39 PNTD interspersed with layers of
target materials in a stack configuration and tracing nuclear

Projectile charge changing cross sections for cosmic ray nutracks through individual layers, it is possible to reproduce
clei on hydrogen and He targets play essentially importantthe trajectories of projectiles and the fragments in the target
roles for the study of galactic cosmic ray (GCR) origin and With extremely high position resolution-(1 pm) with larger

its source compositiorShapiro and Silberberd970. Some  angular acceptance. The system consists of a high speed

experimental and theoretical works on those cross section§naging optical microscope (HSP-1000) and a sophisticated
track analyzing software (Pit Fityasuda et a].2005 2009.

They made it extremely easier to earn statistics such as using
Correspondence tcS. Ota 105 projectiles in a few days, and greatly improved the
BY (ota.shuya@jaea.go.jp) statistics of the CR-39 PNTD methods to a level comparable
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Y 8 sheets of (Heckman et a).2002 Westfall et al, 1976. Therefore it is
CR-39 detectors possible to identifyZ of projectile and fragments from the
area distribution of all the measured tracks on a given sheet
of CR-39 PNTD.

The charge resolutiorsZ) in CR-39 detector can be de-
fined as

Ge beam
(750 ions /fem?)

84y
C(Az—Az-1)’

where Az, Az_1 and§Az denote the mean nuclear track
@ X Graphite areas of particles wittZ (projectile) andZ — 1, and the
e standard deviation oft, respectively (Ota et al., 2011).
Each value ofAz, Az_1 and§Az can be measured by fit-
ting the charge distribution with multi Gaussian. Typically,
87 < 0.15 charge unit (c.u.) is necessary for identification
in the experimental condition such as the large ratio of the

to results obtained previously using active detectdfsifper ~ Numbers of projectiles and fragments, i.e. cross section mea-

etal, 1990ab,c). Thus our project to determine the projectile Surements\ebber et al.1990ab; Westphal and Hel993.

charge changing cross sections is ongoing and some result§ our former study, we revealed that projectiles wit& 30

will be reported in elsewhere. are almost hard to identify at intermediate energy range using
Recently, we succeeded in discovering that the capabilitthe CR-39 PNTD (Ota et al., 2011).

of charge identification using CR-39 PNTD is mainly lim- _ ] ) _

ited for 4< Z < 30 at intermediate energy range (Ota et al., 2.2 Multu_)le measurements with the trajectory tracing

2011). Since other passive detectors have no sensitivity for ~ téchnique

particles ofZ /8 < 50 with good resolution (Westphal et al., , , . . . .
1994), it is essential to improve the charge resolution of CR-The trajectory tracing technique with averaging the signals

39 PNTD for the trans-iron nucleZ(=> 30) with Z/8 < 50 of nuclear tracks for each ion by use of multiple detectors

for their cross section measurements. Therefore, in this pal® IMProve the charge resolution have been traditionally em-

per, we studied an improvement method of charge resolutiof?!0yed with several kinds of radiation detectors (€gce et
for 350 MeV/n Ge /B = 46.4) nuclei using CR-39 PNTD. al., 1988 Webber et a].1990h Cecchini et al.1993 Zeitlin

The trajectory tracing technique with averaging the signalset al, 1997, Toshito et al 2004 Weaver et al.200§. The

of nuclear tracks for each ion was employed to improve theeffectiveness is often explained by statistics and rejection

charge resolution, and limitation of averaging was verified. ©f Packground eventsToshito et al. 2004 Webber et al.
1990h. Especially, passive detectors such as CR-39 PNTD

and nuclear emulsion are suitable for improvement by this
2 Principle of the improvement method because the thinness of detector allows us to use the
more detectors to make measuremenmtshito et al, 2006.
2.1 Charge identification using CR-39 plastic nuclear Improvements o8 Z using the method with passive detectors
track detector have been proven in some experimerite$ch et al.1999
Toshito et al. 2006 Cecchini et al.2008. In there, the tra-
An energetic heavy ion creates a latent nuclear track along itfectory tracing techniques were applied to improvea#eof

trajectory by ionization loss when it passes through the det¢ C, and Si projectiles, respectively at intermediate energy.
tector. By chemical etching with such as NaOH solution, the

latent track is developed to an elliptical nuclear track with

the measurable size by means of optical microscopy. The Experimental procedure

response of the CR-39 PNTD to a projectile particle is fre-

quently defined by the area of elliptical opening of the nu-3.1 Beam exposure

clear track Benton and Nix1969 Fleisher et al.1975 Ben-

ton, 1978 Fowler et al, 1979, and it is utilized for charge  Two types of CR-39 detectors {55 cr? with 0.9 mm thick-
identification in especially accelerator experiments sidce ness), HARZLAS TD-1 and BARYOTRAK (Fukuvi Chemi-
andp of the projectile are specified in advanédgsch etal.  cal Industry, Japan), are being used selectively in our project
1999 Cecchini et al.2008. The size of nuclear track area is to measure charge changing cross sections owing to the dif-
proportional toZ /g of projectile since it correlates with the ference of detector response as a functiorzgp (Yasuda
energy loss in the detector, and the projectile fragments havet al., 2008). Our previous study made it possible to predict
nearly the same as the projectiles at intermediate energy §Z for projectiles with givenZ/g (Ota et al., 2011). In our
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Fig. 1. Schematic view of the experimental set up.
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model, value of nuclear track area can be predicted as funcmatched according to the distance of the tracks at first, and

tions of Z /8 and bulk etch according to the response functionthen manually checked and corrected for the case any cor-

of detector. The standard deviation of the given nuclear trackesponding track cannot be found. Finally, total of 12 000

area is empirically given. Thus values af;, Az_1, and  track trajectories were reconstructed in the stack. Three typi-

8 Az are calculated, and the¥Y is estimated using Eq. (1). cal trajectories are shown in Figit8). Trajectory A shows an

For this experiment using 500 MeV/n G& & 32) beam, incident Ge ion and B has rather sharp angl& taxis with

we chose BARYOTRAK since théZ is estimated to be smaller track area than the trajectories A and C run parallel

0.32c. u. which is better than tld& in TD-1. to Z axis for first several layers, but suddenly inflected with
A schematic view of the experimental set up is shown insmaller track area. Trajectories B and C are recognized as

Fig. 1. Eight sheets of CR-39 detectors were put togethefragmented ions from the target and in the detector, respec-

alongZ direction behind a graphite target with 1.5 cm thick- tively. Trajectories like C{ 15% of total trajectories) were

ness as a stack in a plastic case. The stack was exposedjected to average the signals (areas) for further analysis.

to 500 MeV/n Ge £ = 32) beam with the density of about

750 ions/cm using HIMAC accelerator at National Institute

of Radiological Sciences, Japan. The energies of Ge passefl Results

through the target at the front (just behind the target) and

back detectors in the stack were calculated using the SRIMcharge distributions obtained at the 1st surface of stack is
code (Z_iegler et al., 1985) to be about 375 and 335 MeV/n,shown in Fig. 8a). The charge peaks correspondingZte=
respectively. 32 down to 15 can be seen in the figure, respectively. How-
ever, each charge peak is not clear at all. The Ba(31)
peak was completely contaminated with the Ge peak and

The detectors were etched by 7 normal NaOH solution atcannot be found from the figure. THe of Ge are mea-

the temperature of PC in a thermostat for 25h (equiva- sured to be.0.31 c. u. and, W.h'.Ch Is in good agreement with

: ._the value given by our prediction model (Ota et al., 2011)
lent to 51.6 um in bulk etch). The range of temperature in ioned in Sect. 3.1
the thermostat was controlled to be0.1°C. The area of mentioned in o
4.5x 4.5cn? in the front and back surfaces of the detectors We took an averaged@ye) of the track areas over 16 sur-
were scanned by HSP-1000 and the position and size of nufaces for each of trajectory, i.&lave= (Z,N:lAi)/N- The
clear tracks were measured by Pit Fit. Thus nuclear trackmproved charge distribution is shown in Figtby. Each
data from total of 16 detector surfaces are acquired from thewuclear charge peak becomes sharp and the Ga peak be-
stack and utilized for the following trajectory tracing. As a comes apparent apart from the Ge peak. Jhavere finally
demonstration of the trajectory tracing, the 3 dimensional co-about 50% improved from 0.31c.u. to 0.15c.u., respec-
ordinates of some reconstructed trajectories in the stack wertively, which is good enough for making the precise cross
shown in Fig. 2. Positions of nuclear tracks on each measection measurements. No other experiments using CR-39
sured surfaceX andY) were aligned to the corrdinate of PNTDs or the other passive detectors have achieved such a
the first surace as shown in Figia2, and the track trajecto- goodsZ for trans-iron nuclei Z > 30) with Z/8 < 50 by a
ries were traced for each ion using a semi-automatic routinesingle sheet. Therefore, we conclude that the trajectory trac-
developped byta et al.(2008 2011). In the routine, neigh-  ing method using CR-39 PNTDs can be the essential way for
bouring nuclear tracks on adjacent surfaces are automaticallgharge identification of the trans-iron nuclei with 8 < 50.

3.2 Reconstruction of beam trajectories

www.astrophys-space-sci-trans.net/7/495/2011/ Astrophys. Space Sci. Trans.,50012541
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Table 1. Mean values of Ge charge (nuclear track area) distribution
(Az) with a standard deviatiom A7), difference from means of
Ga distribution Az — Az_4) and charge resolutiors Z) for the
number of sampled detector surfaces.

Number of surfaces Az (8Az)* Az—A%5_, $8Z(c.u)
1 64495 (54.9)  178* 0.31
2 6382.9 (48.6) 174.5 0.28
4 6387.2 (40.8) 181.8 0.22
9 6410.2 (29.8) 180.9 0.16
16 6437.8 (28.0) 186.6 0.15
*unit is pnf.

**deduced from the ratio A — A,_1 andAy in the results of
two sampled surfaces since Ga peak was not clearly identified.

5 Discussion

Dependence of the standard deviationdof (8A ;) for Ge
track on the number of sampled surfacag (vas shown in
Fig. 4. ThesAz are rapidly improved up to first-89 sur-
faces, and they finally saturated after that £ 10). Cor-
responding numerical data to the mean values of Ge nu
clear track area distributionA(;), its standard deviation
(8Az), and differences from the mean value of Ga distribu-
tion (Az—Az_1)atN =1,2,4,9 and 16 are summarized in
Table 1.

Improvement of the signab@ ;) by statistics is generally
expected as:

§Az(1)

8Az(N)= 2

z(N) N (2)
(Toshito et al., 2004), or

SAZ(N) == ﬁ:(tSAZ')Z 3)
N N

i=1
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Fig. 3. Charge distributions of Ge pro-
jectiles and their fragments acquirg)

on 1st surface of the stack, afi) by
averaging the signals from 16 surfaces.

4000 5000 6000 7000

(Weaver et al., 2006), whegA z(N) denotes théd A, av-
eraged oveV surfaces of detector amt,,i denotes the
3Az on theith surface. The Eq. (3) is the case for that
3Az is not constant between each surface. The estimation
by Eqg. (2) gave good agreement with the improvement of
8Az for 1.2 GeV/cr ™ and proton distributions in the mea-
surements using 29 sheets of emulsion chambemobkito

et al. (2009. The estimation by Eq. (3) was discussed to
give good agreement with the improvement of mass resolu-
tion for 310 MeV/n8Kr in the experiment using 16 sheets
of BP-1 glass detectors Bifeaver et al(200§. Estimated
signals § Az (N)) by Egs. (2) and (3) for our experiment are
shown as curves in Fig. 4. It is obvious experimental result
is improved slowly compared to the estimations and the dif-
ferences from the estimations become largeVascreases.

One of the reasons for the saturation may be due to the
differences of deposited energietH/dx) between the de-
tectors in the stack (Ge projectile energies are 375MeV/n
and 335MeV/n, i.eZ/8 =45.6 and 47.2 on the front and
back detectors in the stack, respectively). Such energy dif-
ference varies the response of the detector because that of
CR-39 PNTD depends of/8. Besides, some non charge-
changed but mass-changed events (Ge isotopes) are included
in the Ge distribution in the Fig. 3 (estimated to 5% of total
Ge using PHITS simulation cod&ijta et al, 1995 Iwase
et al, 2002). Those mass-changed events have larger en-
ergy fluctuation (estimatedE /E ~ a few percentage) com-
pared to non interacted particles (estimadet) E ~ 0.2%),
and the larget/ E /dx leads to the largefA;. Running av-
erage of the data contaminated with such events disrupt the
improvement. Further study on the causes of the saturation is
needed to determine the optimal number of CR-39 PNTD for
our future measurement of projectile charge-changing cross
sections.

www.astrophys-space-sci-trans.net/7/495/2011/
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6 Conclusions 70 : i .
Improvement of charge resolutiod) for 350 MeV/n Ge

(Z =32 Z/B =46.4) in CR-39 plastic nuclear track detec- 60 F 1
tor (PNTD) using the trajectory tracing technique with av-

eraging the signals of nuclear tracks for each ion was stud- —_ 50 1

ied as a part of systematic project to measure the projectilex

charge changing cross sections. Tiewas finally improved = 40 |

from 0.31 c. u. on single surface of CR-39 PNTD to 0.15c.u. =

by average of 16 surface measurements. Jhere good N 30}

enough for making the precise cross section measurement <

and no other experiments using CR-39 PNTDs or the other w© 20k

passive detectors have achieved such a g@ofdr trans-iron

nuclei with Z/8 < 50. Therefore, we conclude that the tra-

jectory tracing method using CR-39 PNTDs can be the essen- 10| i
tial way for charge identification of trans-iron nuclei. How-

ever, it was observed that the improvemeni Bfwas almost 0 : ' '
saturated over 10 surfaces. We considered that the reasons 0 5 10 15

mainly come from the large energy difference of projectiles

from the 1st to 16th surfaces of stack, and the contamina- N

tion in the sampled data with mass-changed events produced

in the detectors/target. Further study on the causes of th&ig. 4. Dependence of standard deviation of Ge charge (nuclear
saturation is needed to determine the optimal number of CRIrack area) distribution and the number of sampled surfaces. Mea-

39 PNTD for our future measurement of projectile Charge_surement errors are included in the plot. Black line and dashed line
changing cross sections.
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