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The fragmentation of 2°Ne at 400 A MeV"
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Abstract: The total charge-changing cross sections and partial cross sections for the production of projectile
fragments are measured in the interactions of 400 A MeV ?°Ne with aluminum, carbon and polyethylene targets
sandwiched with CR-39 plastic nuclear track detectors. The measured total charge-changing cross sections are
compared with the predictions using the Bradt-Peters semi-empirical formula, and the NUCFRAG2 and PHITS
models. It is shown that the measured experimental results are in good agreement with the theoretical model
prediction and other experimental results, and it can be clearly seen that the partial cross sections for fragment
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production show obvious odd-even effects.
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1 Introduction

It is important to understand the fragmentation
of heavy ions in high-energy nucleus-nucleus interac-
tions for many applications in areas such as astro-
physics, radiobiology and radiotherapy [1]. Light-ion
beams such as 2C, 150 and ?°Ne, with kinetic en-
ergies of a few hundred MeV /nucleon offer favorable
conditions for the treatment of deep-seated tumors
in cancer therapy [2]. Light ions exhibit an excel-
lent physical depth-dose profile (Bragg curve), and in
addition a low relative biological effectiveness (RBE)
in the plateau of the Bragg curve and an increased
RBE in the Bragg peak region.
fragmentation affects the dose vs depth profile and
must be taken into account in treatment planning.
In space, the fragments of heavy ions in galactic cos-
mic rays can be produced in healthy cells and may
have a bad effect on astronaut health. Nuclear frag-
mentation has been extensively studied both theoret-
ically [3-6] and experimentally [7-13] for many years,

However, nuclear
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but there still remain some discrepancies, not only
between experiments and theoretical prediction mod-
els [14], but also between the experiments themselves
[7, 15]. Therefore, an accurate description of heavy
ion fragmentation is necessary in understanding the
effect on humans in medicine [16] and in space [17].
In this paper, the total charge-changing cross sec-
tions and partial fragment production cross sections
of 400 A MeV 2°Ne collisions with C, Al and CH, tar-
gets sandwiched with CR-39(C,,H,50-) detectors are
studied. The experimental results are compared with
the predictions of the theoretical models and other
experimental results at different beam energies.

2 Experimental setup

Stacks of C, Al and CH, targets sandwiched with
CR-39 detectors (HARZLAS TD-1) were exposed
normally to 400 A MeV ?°Ne beams at the Heavy
Ton Medical Accelerator in Chiba (HIMAC) at the
Japanese National Institute of Radiological Sciences
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(NIRS). The beam density is about 2000 ions/cm?.
The configuration of the sandwiched target is shown
in Fig. 1. A CR-39 sheet, about 0.77 mm in thickness,
is placed before and after the targets. The thicknesses
of the carbon, aluminum and polyethylene targets are
5, 3 and 10 mm, respectively.

Ne beam

Fig. 1. Sketch of the target-detector configuration.

The CR-39 detectors are etched in 3M NaOH
aqueous solution at 70 °C for 15 h. Then, the beam
ions and their fragments manifest in the CR-39 as
etch-pit cones on both sides of the detector. The
base areas of the etch-pit cones (tracks) are automat-
ically measured and analyzed using the HSP-1000 mi-
croscope system and PitFit track measurement soft-
ware. Image data (45 mmx45 mm area) are acquired
for both the front and back surfaces of each detector.
2 x 10* 2°Ne ions are traced from the first detector
surface in the stack.

3 Data collection

The trajectories of ion tracks through CR-39
sheets are reconstructed in two steps: (1) the track
position in CR-39 is corrected by parallel and rota-
tional translation of coordinates (x and y) of tracks
formed in the detectors, and (2) the difference be-
tween the position of the corresponding tracks on the
surfaces in the neighboring detector is minimized by
a track matching routine.

The coordinate (x and y) of tracks formed in the
detectors is translated because of microscope scan-
ning technology. The coordinate of tracks before the
target (or front surface) is (x, y) and of matching
Ly
Following the translation relation, the coordinate of

tracks after the target (or back surface) is (x

matching track can be calculated as:

Ty = az+by+c, (1)

Yeu = 'z +bY+¢, (2)

parameters a, b, ¢, a’, b’ and ¢’ are fitted using the

least square methods. The coordinate z/,, y.., of the

’
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matching track is calculated. Certainly, ., y., are

’ ’

different from 2’, v/, and the difference doe =2, —=

)

dy =y, — vy is calculated, which can help us to de-
termine the matching track.
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The differences (dz and dy) for x and y given by the subtraction of track coordinates on the other

surface. (a) and (b) are the differences between the front surface and the back surface on a detector, and (c)
and (d) are the differences before and after the Al target.
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Figure 2(a) and (b) show the track position differ-
ence in the front surface and back surface on a CR-39
sheet, Fig. 2(c) and (d) show the track position dif-
ference before and after the target. If the differences
are calculated for all combinations of positions for ex-
tracted tracks, only the matching combination ought
to make a peak which appears in the figures, and the
dx and dy values of the other combinations should
be randomly distributed. The deviations (o(z) and
a(y)) give the position accuracies of the tracks, which
are estimated to be 2-5 pum between the front and
back surface of one detector and 15-40 pm before and
after the targets. The accuracy suffers from Coulomb
scattering with energy loss straggling and becomes
significant on the downstream detectors. However,
since o(z) and o(y) take the maximum value in our
investigation, the overall effect is negligible.

Both the front and back surfaces are measured au-
tomatically by PitFit software and then checked man-
ually. The trajectory of Ne ions passing through the
detectors is determined by searching for the tracks on
each surface within +40(x) and +40(y) distances of x
and y for the top detector surface [18]. There are two
cases, with or without candidate track, when match-
ing the tracks on adjacent detector surfaces. The lat-
ter is a candidate event for fragmentation reaction.
The former can be divided into three further cases:
1) if the area of the track is smaller than that of
the beam track, we consider it a candidate event for
fragmentation reaction; 2) if the area of the track is
equal to that of the beam track, we consider it with-
out any nuclear reactions; and 3) if the area is larger
than that of the beam track, then it is regarded as a
charge pick-up reaction.

3.1 Total charge-changing cross sections

The base area distributions in the CR-39 sheet of

50
40
30
z
=
3
“ 20
10
0
100 200 300 400 500
area/um’
Fig. 3. The base area distribution of Ne ions

and their fragments in CR-39. Gaussian fits
are made in each peak.

Ne ions and produced fragments (on the CH, target)
are shown in Fig. 3. Gaussian fittings are made in
each peak and the charge of projectile fragment is
identified by the base area distribution. The maxi-
mum value of Ne ion base distribution is 450.6 pm?,
which is about 499 counts.

The total charge-changing cross sections are de-
termined by the relation [15]

AT ln(Nin/Nout)
Otot = AT
prDNay

(3)

where Ar is the nuclear mass of the target. Ny, and
N, are the numbers of beam ions before and after
the target, respectively, pr is the target density, D is
the thickness of the target and Nay is the Avogadro
number. The cross section for the H target is deduced
from the measured cross sections of CH, and the C
target as:

on =0.5(cch, —0¢). 4)

Table 1 shows the results of the total experimen-
tal charge-changing cross sections of *°Ne on the H,
C, Al and CH, targets. For comparison, the data
with various theoretical models and other experimen-
tal results [7, 9, 19, 20] are also listed in the ta-
ble. We also use the Bradt-Peters semi-empirical
formula [21] o = 7r2(AY° + AY® —by)? to calcu-
late the total charge-changing cross sections, where
Ap and Ar are the projectile and target mass num-
bers, ro = 1.35 fm and b, = 0.83. The Bradt-Peters
formula cannot be directly used in the case with a
hydrogen target because of the so-called overlap pa-
rameter b, and the scaled nucleus radius roA'/3. We
choose Ap =0.089 [22] to calculate the total charge-
changing cross section for °Ne on the H target. It
is found that the results from the Bradt-Peters for-
mula are in agreement with our experimental results.
Predictions from NUCFRG2 and PHITS are also rea-
sonably in agreement with the experimental results,
except for the Al target result. Finally, our results
are consistent with the other ones at the investigated
energies [7, 9, 19, 20].

3.2 Partial charge-changing cross sections

The partial fragmentation cross sections of the
fragment with charge Z can be calculated using the
relation [15]

AT chut len
72 DNx \NP.  N? ) (5)
Pt AV in

out

where N/ and N/, are the numbers of fragments with
charge Z before and after the target.
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Table 1. The total experimental charge-changing cross sections (in mb) for interactions of 20Ne with H, C,

Al and CHz targets, and the predictions from different models.

H C Al CHa
present work 308+11 1024 £24 1406 £41 1642+£35
Bradt-Peters 311 997 1365

400 A MeV, NUCFRG2 [7] 298 1078 1481

400 A MeV, PHITS [7] 305 983 1416

600 A MeV, Ref. [19] 29949 987429 1354441

540 A MeV, Ref. [20] 29816 951410 1550+ 16
645 A MeV, Ref. [20] 319+6 980+ 10 1619416
670 A MeV, Ref. [20] 3787 977+10 1621+16
1096 A MeV, Ref. [20] 3307 998 +10 1662+£16

100 A MeV, Ref. [9] 1161+£80 1446 +£120

200 A MeV, Ref. [9] 1123 £80

300 A MeV, Ref. [9] 1168£100 1328 £120

290 A MeV, Ref. [7] 272+16 1050+£21 1445445

400 A MeV, Ref. [7] 311+15 1034 +21 1438 £ 26

600 A MeV, Ref. [7] 319+13 986 + 14 1349430

Table 2. The partial cross sections (in mb) for fragment production in interactions of 2°Ne on H, C, Al and

CH, targets.

beam and target Zrag =9 Ztrag =8 Ltrag =7 Ztrag =6 Ztrag =5
present work, H target 52+4 73+5 57+5 40+4 35+4
present work, C target 7249 13613 112411 119+12 507
present work, Al target 9717 166 £+ 22 134420 149+ 21 34+10
present work, CHg target 174+17 282422 224420 119+19 111+14
600 A MeV, H target [19] 52+4 71+6 52+£5 5445 2244
600 A MeV, C target [19] 83+4 13246 101+4 12445 66+3
600 A MeV, Al target [19] 115+£5 159+7 123+6 151+7 78+4
290 A MeV, H target [7] 4943 78+4 54+£3 48+3 11+4
290 A MeV, C target [7] 109+3 163+4 128+4 161+4 75+5
290 A MeV, Al target [7] 130£5 188+7 155+6 1907 100+4
400 A MeV, H target [7] 4743 81+4 55+3 55+3 22+2
400 A MeV, C target [7] 102+£3 151+4 117+3 144+4 79+4
400 A MeV, Al target [7] 120+£3 178+£5 144+4 170+£5 98+5
600 A MeV, H target [7] 53+2 75+3 55+3 56+3 26+2
600 A MeV, C target [7] 84£2 134+£3 101+£2 124+3 65+2
600 A MeV, Al target [7] 106+3 158+5 123+4 15245 81+3
540 A MeV, H target [23] 44.6+2.2 81.6+4.1 61.2+3.1 55.6£2.8 13.1+1.3
540 A MeV, C target [23] 106.3+£1.6 181.0+£2.7 134.5+4.0 135.1+4.1 63.7+2.7
645 A MeV, H target [23] 48.7+2.4 74.6£3.7 60.1£3.0 59.1£3.0 14.3+1.4
645 A MeV, C target [23] 91.6+1.4 150.6 £2.3 111.1£3.3 125.9+3.8 52.61+2.6
670 A MeV, H target [23] 44.84+2.2 67.7+3.4 62.3£3.1 56.5+2.8 17.6+1.8
670 A MeV, C target [23] 96.9+£1.5 159.54+2.4 118.84+3.6 120.24+3.6 53.6+2.7
1096 A MeV, H target [23] 47.1+£24 73.6+£3.8 56.7+2.8 62.4+3.1 22.1£2.2
1096 A MeV, C target [23] 87.6+1.3 140.1+2.1 103.0£3.1 119.84+3.6 57.2+£2.9
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200 P The partial cross sections for projectile fragment
"2 production in interactions of 400 A MeV ?°Ne on H,
150 L _ H C and Al targets are presented in Table 2. Com-
: >~§ pared with the results reported in other experiments
8 ool !/ ' : [7, 19, 23], we can see that our results are slightly
'y d };iﬁ;l;“;:.:(T‘;I»-\M smaller than the other results at the same energy.
S e ey by Figure 4 shows the variation of the partial cross
50 *mein wodron sections with the charge of projectile fragments for
il ot foac Lo the interactions of 2°Ne with the H, C and Al tar-
0 . . BB ARy, gets, respectively. An obvious odd-even effect is ob-
served in the projectile fragment production in all in-
250 ™ teractions. The odd-even effect can be quantitatively
studied by the quantity V(Z;), defined as [11]
200 |+ 3
: V(Z)=20(Z;)/lo(Z:+1)+0(Z;—1)], (7)
2 T g where Z; refers to the fragment of charge Z. We
& i 3.\':; combine the values of V' (Z;) obtained for all odd-Z
10 : R | fragments into a single weighted-average value, and
sk : ::H «::: ::: similarly combine the results for all even-Z fragments
; ¢ e e H;»:::”Irn“\\ to get that weighted average, and take the ratio of the
0 : ; ; . = two to obtain a single value for a given beam ion and
energy. For 400 A MeV 2°Ne beams, we can calculate
100 V(Z;) only for the fragments with charges of 6, 7 and
© 8. We find that the ratio for our experimental results
Sk is 1.554-0.02, which is close to the result (1.73+0.04)
o [7] at the same beam energy.
£ “1 fi
¢ ol . 4 Conclusions
T
20 s e The total charge-changing cross sections and par-
' : : EJ::: pieiy b tial cross sections for the fragment production of
0 L— - : e i 400 A MeV 2°Ne ions in collision on H, C, Al and CH,
z

Fig. 4. The dependence of the partial cross sec-
tion of fragment production on the charge of
fragment in collisions of *°Ne with C (a), Al

(b) and H (c) targets.

Because Ne ion tracks are only measured before
the targets, Nf = 0. In this case, Eq. (5) can be

simplified as

i

0z

Ar

Nf

out

B prtNay Nb.

(6)

targets are investigated. The experimental results
are compared with various theoretical models and
other experimental results at different energies. It is
found that our experimental results of total charge-
changing cross sections are consistent with the other
experimental results at the same and nearly the same
beam energies, and the predictions from the theoret-
ical models. Finally, the partial cross sections for
fragment production are smaller than the other ex-
perimental results at the same and nearly the same
energies, and the odd-even effect is clearly observed
in our data sets.
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