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We have measured the fragmentation cross sections of *°Fe on Al, C
and CHy targets at 471 A MeV using CR-39 plastic nuclear track detector.
Cross sections for H target are calculated based on the results of C and CHs
targets. Here, we present the results of total charge changing cross sections
and the partial cross sections for fragments with charge Zr > 5. The total
charge changing cross sections agree well with other previous experimental
results at different energies and the theoretical prediction of Bradt—Peters
semi-empirical formula, which are approximately independent of the beam
energy but increase with the increase of the target mass. The partial cross
sections show a significant enhancement for the fragments with even-Z
nuclei, especially for the fragments with charge 10 < Zp < 20. For the
collisions of ®°Fe on all targets reported in this paper, we firstly present the
partial cross section results of the fragments with charge 5 < Zp < 9 using
CR-39 detector. Finally, the partial cross sections is compared with the
prediction of the improved quantum molecular dynamical model (ImQMD)
and the GEMINI model, the production of charged projectile fragments can
be well described by the models.
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1. Introduction

Fragmentation cross sections for heavy ions on different targets are very
important in many fields [1,2,3]. In astrophysics, in order to determine cos-
mic ray source composition, people are primarily interested in the changes
in energy and composition experienced by cosmic ray nuclei during inter-
stellar propagation [4]. In the energy range of 10 ~ 10* MeV /nucleon, the
cosmic radiation arriving at the orbit of earth has its highest intensity, and
the nuclear component consists of ~ 87% hydrogen, ~ 12% helium and
the rest 1% consists of heavier nuclei ranging from carbon to actinides [5].
Among the heavy component of the galactic cosmic rays (GCR), *°Fe is
the heaviest element that abundantly presents in late phase of stellar evo-
lution. With the acceleration of iron to relativistic energies, the first direct
measurement of the astrophysically interesting fragmentation of iron was
made at the Bevalac, Lawrence-Berkeley National Laboratory in 1979 [6].
Subsequently, several large laboratories have begun to participant in the
subject of heavy-ion fragmentation by using distinctive equipment, such
as Super Proton Synchrotron (SPS) in CERN, Alternating Gradient Syn-
chrotron (AGS) in Brookhaven National Laboratory, accelerator facilities
in NASA Space Radiation Laboratory and Heavy Ion Medical Accelera-
tor in Chiba (HIMAC). Most of these experiments have been simulated in
several theory models, such as parametrization method [7,8,9,10], scaling
algorithm [11,12], NUCFRG2 code [13]| and different intranuclear cascade
models combined with different de-excitation models. However, there re-
main considerable discrepancies not only between experimental result and
model prediction but also among experiments themselves, which direct us to
make a systematic investigation using the same beam on different targets.
In addition, the mechanism of fragmentation reaction has not been fully
understood. It is necessary to study plenty of fragmentation events induced
by all kinds of projectile nuclei at various energies. For the fragmentation of
56Fe, many results have been published at energies between several hundred
AMeV and several AGeV [6,8,14,15,16,17,18,19,20,21,22,23,24|. Recently,
two groups [25,26] investigated the fragmentation of *Fe on a hydrogen tar-
get at different energies and the fragmentation of %Fe target irradiated by
proton with different energies, the experimental results were compared with
the predictions of different theoretical models. It is found that the paramet-
ric formulas cannot well explain total experimental data of *Fe fragmen-
tation at energies from 300 A MeV to 1500 A MeV, each parametric formula
has its application range. From the comparison of experimental results with
the predictions of different intranuclear cascade models combined with dif-
ferent de-excitation models, it is found that the GEMINI model [27] not
only gives a rather precise account of all cross sections but also reproduces
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the recoil velocities, the mean values and widths of the isotopic distributions
measured in studied beam energies. From these results it is difficult to defi-
nitely identify the production mechanism of the intermediate and light mass
fragments. In this paper, we report results on fragmentation cross sections
of ®Fe at 471 AMeV aiming at filling the gap in the profile of experimental
cross sections of fragmentation productions.

We choose carbon (C), aluminum (Al) and polyethylene (CHg) as tar-
gets to study the fragmentation of iron projectile. Carbon can provide a
sample of a light target nucleus. Since aluminum is an important compo-
nent of the material surrounding many kinds of particle detector in space
and balloon experiments, a detailed knowledge of its cross section gives a
better correction for the interactions of cosmic rays in the detector systems.
Polyethylene is a composite target which was used to obtain the cross sec-
tions on a hydrogen target. The interactions between Fe with hydrogen are
of astrophysical interest because hydrogen is the dominant component of the
interstellar medium. From nuclear physics point of view, the cross sections
on a hydrogen target can be compared with fragmentation resulting from
proton bombardment on heavy targets.

The quantum molecular dynamical (QMD) model is a semi-classical mi-
croscopic dynamical model [28]. It has been used to study the multifragmen-
tation process at intermediate energies in heavy-ion collision extensively. In
this paper, we use the improved quantum molecular dynamical (ImQMD)
model to simulate the production of the charged fragments, which greatly
improves the fermion properties of nuclei, the momentum and density dis-
tribution of ground state nuclei. Detailed description of ImQMD can be
found in Ref. [29]. Because the InQMD cannot fully describe the de-excited
process of prefragments after a collision, we combine with the GEMINI
model [27] when the fragment formation is completed within a time scale
about 125 fm/c in ImQMD. The GEMINTI is a statistical-model code which
allowed light-particle evaporation, symmetric fission and all possible binary-
decay modes.

2. Experimental details

The stacks made of CR-39 nuclear track detectors and different targets
were exposed at HIMAC with beams of 471 A MeV Fe ions. Fig. 1 shows the
sketch of the sandwiched targets and CR-39 detectors setup. The CR-39
sheets are placed in front, middle and back of targets. In this experiment,
we only use the front and middle CR-39 sheets in data analysis. The area of
each CR-39 sheet is about 50 x 50 mm?. The thickness of the CR-39 detector
is about 700 pm so that fewer fragments which are produced in the detector
material can be neglected. The targets must be thick enough so that a rea-
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sonable number of interactions occurs, but not too thick, otherwise multiple
interactions in the target will cause a trouble. The thickness of the target
for Al, C and CHs is 3mm, 5mm and 10 mm, respectively. The exposures
were performed at normal incidence with a density of 3000 ions/cm?. After
exposure, the CR-39 detectors were etched in 7M NaOH aqueous solution at
temperature of 70°C for 15 hours. Thus the ions which cross the detectors
can be observed at both sides of the sheet using HSP-1000 microscope sys-
tem. The PitFit software allows us to extract some geometric information,
such as the position coordinates, the major and minor axes and the area
of each etched track. With these conditions, about 1.5 x 10* Fe tracks are
traced from the first detector surface in the stack. The base area of a cone
produced by an iron ion is around 1100 ym?, while the smallest base area
corresponding to projectile fragment with charge of Z = 5 is about 100 ym?.

CR-39 detector sheet

RN

56.
Fe Beam

A4

Target

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

The number of projectile fragments leaving the targets is determined
from the distribution of the etched base area. Fig. 2 shows the track base
area distributions of Fe ions and their fragments (on the CH; target) in the
CR-39 sheet. Peaks for Fe ion and each fragments with charge from Z =5
to Z = 25 appear. The large one corresponds to the primary particles
which comes out of the target without undergoing a nuclear interaction.
According to the inherent charge resolution of the detector, we can identify
the fragment charge down to Z = 5. A good linear relationship between the
fragment charge and the etched cone area is shown in Fig. 3, which manifests
a better resolution capability of the CR-39 detector and the reliability of the
measurement accuracy of the experiment.
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Fig. 2. Base area distribution of Fe ions and their fragments. The peak in the area
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Fig.3. Correlation between the projectile fragment charge and the mean etched
fragment track area.

Here we use the tracking method which is mentioned in the reference [30].
Trajectories of ion tracks through the stack are reconstructed in two steps:
(1) the track positions in CR-39 detector are corrected by parallel and rota-
tional translations of coordinates (z and y) of tracks formed in the detectors.
(2) the difference between the positions of corresponding tracks on the sur-
faces in the neighboring detector is minimized by a track matching routine.
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The coordinates (z and y) of tracks formed in the detectors are trans-
lated because of the microscope scanning technology. The coordinates of
tracks before the target (or front surface of CR-39 sheet) is (z and y)
and of matching tracks after the target (or back surface of CR-39 sheet) is
(2’ and y'). Following the translation relation, the coordinate of matching
track can be calculated as

= mz+biy+cr, (1)
= asx + boy + c2, (2)

parameters aq, by, c1,asz,bs, and co are determined using the least square
methods. Then, we can obtain the corresponding coordinate (z.,, v.,) of
(z, y). The difference dov = 2., — 2/ and dy = y/,; — ¥ can help us to
determine the matching track. Fig. 4 shows the track position differences
on both sides of the detector and on the side in the front and back of the

targets. If dx and dy are calculated for all combinations of positions for
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Fig. 4. Differences (dz and dy) for z and y given by subtraction of track coordinates
on the other side. (a) and (b) show the differences between the sides of one detector,
(c) and (d) show the differences between the sides before and after C target.
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extracted tracks, only the correct combination ought to make a peak which
appears in the figures, and the dz and dy values of other combination should
be randomly distributed in the figures.

The deviations of the distributions of dx and dy (o, and o) give position
accuracies of tracks which are estimated to be 1.3-1.5 um between the sides
of one detector and 8-9 um between the sides of the nearest neighboring
targets. The accuracy suffers from Coulomb scattering with energy loss
straggling and becomes significant on the downstream detectors.

The beam from the accelerator is not completely “clean” but contains a
small fraction (< 7%) of particles with different charges, presumably pro-
duced by interactions earlier in the beam path. In this case, we only select
all of the iron tracks to trace from the first CR-39 sheet to the following
CR-39 sheets, then the fragment tracks with different charges can be found
on the detector after the target. There are several possibilities when match-
ing tracks on the detector surfaces which are adjacent to the target.

e Within 40 distance of x and y:

1. There is no candidate track.

A completely fragmentation interaction occurred. The charge of
the fragments are less than 5, which are so small that it cannot
be identified by the detector.

2. Only one candidate track is found.

(a) A trajectory formed in the detector without any nuclear re-
actions.

(b) A nuclear interaction occurred. The charge of the fragment
is relatively large, near 25, but the emission angle is relatively
small.

o Without 4o distance of « and y, but within the limited fragmentation
angle.

1. There is one candidate track.

An elastic interaction occurred. The location after the target
is changed more than 4o, but the charge is not changed. This
phenomenon is particularly obvious in CHy target.

2. There are two or more candidate tracks are found.

One primary iron splits into two or three fragments with medium
mass, and this accounts for a small fraction of all interaction
events.
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3. The total charge changing cross section

The total charge changing cross sections are determined with the survival
fraction of ions using the following relation [17]

AT ln(Nin/Nout)
ptNay

Otot = (3)
where A is the nuclear mass of the target; Nj, and Nyy are the numbers
of incident ions before and after the target, respectively. p [g/cm?3| is the
target density. ¢ [cm]| is the thickness of the target and Nay is the Avogadro
number.

Table I presents the total charge-changing cross sections for 471 A MeV
Fe on H, C, CHsy and Al targets. The cross section on hydrogen target is
inferred from the results on C and CHj targets according to the relation [18]

o = 0.5(cch, — oc) . (4)

TABLE I

The total charge changing cross sections for 471 AMeV Fe on different targets.
Errors are statistical standard deviations.

Energy [AMeV] Target At  ogot[mb]

471 Al 27 1943 £106
471 C 12 1636 £44
471 CHy 4.7 2963+70
471 H 1 664 + 13

Fig. 5 shows our experimental results, the other experimental results
[17,18,19,20] and the predictions from Bradt—Peters semi-empirical formula
[31] oot = mr2(A >+ AY® —bg)2, where rg = 1.35 fm, by = 0.83; Ap and A
are the projectile and target mass number, respectively. For CHy target, the
formula cannot be applied because it is a composite target. For H target,
we choose At = 0.089 which is the same as that used by Westfall et al. [6]
to calculate the total charge changing cross section. It is found that the
results from Bradt—Peters formula agree well with our experimental results
and others, the total charge changing cross sections are almost independent
of beam energies. Fig. 6 shows the dependence of the total charge changing
cross section on the target mass. Obviously, the total cross section increases
as a function of target mass.
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formula.
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4. The partial charge changing cross sections

The partial charge changing cross sections can be calculated using the
following relation [17]

oAz = A Nt{ut . Nijrcl (5)
PtNav N? ler)l ’

where Ni]; and N({ut are the number of each fragment before and after the
target, N! and NI are the numbers of incident and that of survived iron
ions. In the present work, we only select all of the iron ions as the incident
ones before the target, thus Ni]; = 0. In this case, the partial charge changing

cross sections is changed into a simple relation

AT N({ut
= . 6
TAL T DiNay NP ©)

In Fig. 7 and Table II, the partial cross sections of projectile fragment
production are shown for interactions of Fe on Al, C, CHs and H targets at
471 AMeV. There is a sudden drop at AZ = 21 (Zr = 5) because of the
detection limit of our detector.

For all targets, the fragment production cross section shows an obvious
enhancement for even-Z nuclei, especially at Zgp = 12 and Zr = 14. For the
fragmentation of Fe on Al target, our experimental result agree well with the
results from Ref. [18] at beam energy of 1050 AMeV and 1550 A MeV. For
the fragmentation of Fe on C, CHy and H targets, our experimental results
are generally consistent with other experimental ones [18,19,20,21,25], but it
should be noticed that our experimental results are smaller than the results
from Refs. [20,21] for fragments with charge Zp = 25,24 and greater than
the results from Refs. [20,21] for fragment with charge Zp = 15 (AZ = 11)
at nearly the same energy (540 A MeV). Because the base area of etched
track for fragments with charge Zp = 25,24 is superposed with the base
area of beam iron ions (as shown in Fig. 2), which results in some mistaken
identification of fragment charge and some tracks of fragments with charge
Zr = 25,24 is identified as beam tracks.

Fig. 8 shows the comparison between our experimental results and the
simulations using ImQMD model and GEMINI model. We can find that the
ImQMD just give an approximate estimate for the production of charged
projectile fragments. After adding the GEMINI model, the odd—even effect
can be observed evidently.
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TABLE II

The partial cross sections of fragment productions for 471 A MeV Fe on the Al, C,

CH, and H targets.

AZ o [mb] o [mb] o [mb] o [mb]
Al target  C target  CH, target H target
1 (Ziag = 25) 187 £ 6 186 £ 15.3 428 £ 27 121 £ 6.0
2 (Ziag =24) 1405 143 £ 134 340+ 24 98.5 + 5.4
3 (Zirag — 23) 111 £ 4 75+ 9.7 284 +22 104.5 £ 6.2
4 (Ziag = 22) 82+ 4 76 £ 9.8 243 £ 21 83.5 £ 5.3
5 (Zrag = 21) 70 £3 64+ 9 180 £ 18 58 +£ 4.3
6 (Ztrag = 20) 76 + 4 67 £ 9.2 191 £ 18 62 £ 4.5
7 (Zgag = 19) 47 +£3 47+ 77 127+ 15 40 + 3.6
8 (Zag — 18) 58 £ 3 58 £ 8.6 101 £ 13 21.5 £ 2.3
9 (Ztag = 17) 47 £ 3 35+ 6.7 54 + 10 9.5+ 1.5
10 (Ztrag = 16) 53 £ 3 42 £ 7.3 68 £ 11 13 £18
11 (Zgrag = 15) 35 £ 2 29 £ 6.1 55 + 10 13+£1.9
12 (Zjpag — 14) 64 +3 44475 80+ 12 18 + 2.1
13 (Ziag = 13) 29+ 2 39+7 45+ 9 3+09
14 (Zgag = 12) 47+ 3 48 £ 7.8 50 £ 9 1+0.38
15 (Zgrag = 11) 29 £ 2 30 £6.2 317 0.5+ 0.6
16 (Zirag = 10) 41 £3 35 £ 6.7 42 £ 8 3.5+09
17 (Zgrag = 9) 29 4 2 33+64  35+38 1+0.7
18 (Zgag — 8)  47+£3 3947 49 £+ 9 54+ 1.1
19 (Zirag = 7) 64 + 3 46 £ 7.6 71+ 11 125 £ 1.8
20 (Zfrag = 6) 53 + 3 61 + 8.8 95 + 13 17 £ 2.0
21 (Zrag = 5) 12+1 53 £ 8.2 54 + 10 0.5+ 0.7

In order to characterize the odd—even effect, we adopt the quantity V (Zp)
defined by Iancu et al. [32]

V(Zp) =20(Zp)/lo(Zr +1) + 0(Zr — 1)}, (7)

where Zp refers to the fragment species with charge Z. We combine the
values of V(Zp) obtained for all odd-Z fragments into a single weighted
average value, and similarly combine the results for all even-Z fragments to
get that weighted average, and take the ratio of the two to obtain a single
value for a given beam ion, energy and target. We find that the ratios for our
experimental results are 1.65+0.16, 1.54 +£0.43, 1.54 +0.40 and 2.32 £+ 0.89
for Al, C, CHy and H targets, respectively. It is obvious that the ratio for
H target is more pronounced than that for Al, C and CHy targets. In the
collisions of 471 A MeV %%Fe and H target, almost no violent interaction take
place, %9Fe fragments into more stable nuclide, even-Z nuclide.
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5. Conclusions

We have used CR-39 plastic nuclear track detectors to measure the total
and partial charge changing cross sections for °Fe on Al, C and CHy at
471 A MeV. Comparing with other experimental results, it is found that the
total charge changing cross section is independent of the beam energy and
can be well described by the Bradt—Peters formula. The total cross section
increases as a function of target mass number. The partial cross sections
of projectile fragment productions are target dependent, and our results are
generally in agreement with that from other experiments for the fragments
with charge 10 < Zy < 25. There is a significant enhancement for even-Z
nuclei especially in the range of 10 < Zr < 20. Finally, we firstly give the re-
sults of the partial charge changing cross section of the fragments with charge
5 < Zr < 9 using CR-39 detector. The ImQMD can be used to describe the
production of the projectile fragments very well. Especially combing with
the Gemini model, the odd—even effect can be observed evidently.
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