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The emission angle and the transverse momentum distributions of projectile fragments (PFs) produced in
fragmentation of *Fe on CH,, C, and Al targets at 471 A MeV are measured. It is found that the angular
and transverse momentum distribution of all PFs do not evidently depend on the mass of target nucleus,
the average value and width of angular distribution decrease with increase of the charge of PF for the
same target, and no obvious dependence of angular distribution on the mass of target nucleus is found
for the same PF. The transverse momentum distribution of PF can be explained by a single Gaussian dis-
tribution and the averaged transverse momentum decreases with the increase of the charge of PF. The
cumulated squared transverse momentum distribution of PF can be well explained by a single Rayleigh
distribution. The temperature parameter of PF emission source decreases with the increase of the size of

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Fragmentation, the breakup of a nucleus into a number of frag-
ments in a wide range of masses, is a characteristic response of a
highly excited nucleus. The knowledge of heavy ion fragmentation
at intermediate and high energy (a few hundreds of MeV/nucleon)
is important in nuclear physics, astrophysics, and health physics.
For example, considering the biological effects of space radiation,
when astronauts’ mission is outside the earth magnetic field, they
are exposed to Galactic Cosmic Radiation (GCR) and solar particle
events, e.g., showers of energetic charged particles from the surface
of the Sun. These energetic charged particles would be the domi-
nant source of the radiation dose and affect the health of humans
on long-duration spaceflight both inside and outside the station.
According to the GCR model developed by Badhwar and O’Neill
[1], in unshielded free space in the inner heliosphere, iron ions de-
liver about 8% of the total dose from the GCR and 27% of the dose
equivalent at times near solar maximum, even though they con-
tribute less than 1% of the total GCR flux. So, the fragmentation
of iron ions has been considerable interest in understanding their
transport through matter and their biological effects.

At high energy (more than 1 GeV/nucleon) a large number of
nuclear interactions occur producing a cascade of other ions and
particles, building spectra of particles which are transported along
the path of the initial ion. It has become clear that heavy ions have
the largest radiological effects. In addition, the experimental
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results have revealed that the PFs are emitted with angles larger
than the scattering angles of the beam, which further increases
the spread of the beam. So far only a few measurements have been
performed to analyze PFs emission angles for heavy ion collisions
below 500 A MeV [2-4].

The fragmentation properties of *®Fe on various targets at dif-
ferent energies have been studied by many groups [5-17], all of
these studies are devoted to the total charge-changing cross sec-
tions and the partial cross sections of PFs productions.

In this paper we present the results of the emission angular dis-
tribution, transverse momentum distribution and the temperature
of emission source of PF produced in fragmentation of 471 A MeV
56Fe on C, Al, and CH, targets.

2. Experimental details

Stacks of C, Al and CH, targets sandwiched with CR-39 detectors
were exposed normally to 471 A MeV *°Fe beams at the Heavy lon
Medical Accelerator in Chiba (HIMAC) at the Japanese National
Institute of Radiological Sciences (NIRS). A CR-39 sheet, about
0.77 mm in thickness, is placed before and after the targets. The
thickness of carbon, aluminum and polyethylene targets is 5, 3,
and 10 mm, respectively.

After exposure, the CR-39 detectors are etched in 7 N NaOH
aqueous solution at temperature of 70 °C for 15 h. Tracks from
beam ions and their fragments manifest in the CR-39 as etch-pit
cones on both sides of CR-39 sheets. The images of ion tracks are
scanned and analyzed automatically by HSP-1000 microscope sys-
tem and the PitFit track measurement software [18], then checked
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manually. The PitFit software provide some geometric information,
such as the position coordinates, major and minor axes and area of
etched track spot on CR-39 surfaces. About 2 x 10* Fe ions are
traced from the first CR-39 detector surface in the stack. >°Fe tra-
jectories and the ones of secondary PFs are reconstructed in the
whole stack. Details of track tracing and reconstruction, identifica-
tion of charge of PFs can be found in our recent publication [19].
Because of the sensitivity of CR-39 detector, the tracks of PFs with
charge 1 < Z <5 are not fully etched as a measurable spot. The
emission angle 0 of each PF is the angle of two simulated straight
lines, i.e., the straight line of primary iron ion track and the straight
line of PF track. The straight line of primary iron ion track can be
simulated by taking readings of the coordinates of the track on
the entrance and the exit of the CR-39 detector surfaces before
the target, and the straight line of PF track can be simulated by tak-
ing readings of the coordinates of the track on the entrance and the
exit of the CR-39 detector surfaces after the target. The thickness of
the CR-39 detector play an important role in the determination of
the simulated straight line of primary iron ion track and PF track.
The interaction point is in the target which can not be detected
by the CR-39 detector.

3. Results and discussion

Emission angular distribution and transverse momentum distri-
bution of PFs provide information on the nuclear structure and on
the mechanism of nuclear interaction by which fragments are pro-
duced. These distributions are also important in designing experi-
ments with radioactive nuclear beams.

3.1. Angular distribution

Emission angle of each PF and scattering angle of iron ion are
calculated from the coordinates of track positions on the top and
bottom surfaces of CR-39 sheet after the target. The angular uncer-
tainty is determined using the quadruplet fitting method [2]

\/0'3 sin? 0 + 202 cos? 0

a(0) - : (1)

where ¢, is the positional uncertainty in x-y plane of the stack
coordinate system which is about 3 pum, g, is the positional uncer-
tainty in the z-axis which comes from stack composition and detec-
tor thickness measurement and is estimated at ~8 pum for C-target,
0 represents the emission angle. With a detector thickness of
h~ 780 um we thus obtain angular uncertainty o(6) ~ 0.16° for
values of 0 up to 8°.

Fig. 1 shows the angular distribution of the PFs for different tar-
gets. Most of PFs have the emission angle smaller than 1.5°, but
some of PFs have emission angle as large as 8°. The angular distri-
bution of all PFs does not depend on the mass of target nucleus.

Fig. 2 shows the emission angle distribution of PF with charge
Z=6, 18, 24 and 25 produced from the fragmentation of *Fe on
C, Al and CH, targets respectively, the error bars shown in the
figure are the statistical ones. For C target the average emission
angle of PF with charge Z=6, 18, 24 and 25 are
2.4140.20, 0.754+0.06, 0.39 4 0.02 and 0.29 & 0.01 respectively.
For CH, target the average emission angle of PF with charge Z =6,
18, 24 and 25 are 2.24+0.16, 0.71 £0.04, 0.44+0.02 and
0.37 4 0.01 respectively. For Al target the average emission angle
of PF with <charge Z=6, 18, 24 and 25 are
3.08 £0.38, 1.05+0.20, 0.35 £+ 0.04 and 0.29 + 0.02 respectively.
From the figure it is shown that for the same target the average va-
lue and the width of the angular distribution decrease with
increasing charge of PF, and for the same PF the average value
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Fig. 1. The measured angular distribution of PFs with charge Z > 6 produced from
the fragmentation of °Fe on different targets, the number of events for >Fe on C, Al,
and CH, targets are 1135, 238, and 2206, respectively.

and the width of the distribution do not evidently depend on the
mass of target nucleus.

3.2. Transverse momentum distribution

The transverse momentum per nucleon (p,) of a PF was calcu-
lated on the basis of its emission angle 0,

p; =psino, (2)

where p is the momentum per nucleon of beam which can be calcu-
lated from beam energy per nucleon (E), p = (E* + 2moE) ", my is
the nucleon rest mass and 0 the emission angle of PF with respect
to the beam direction.

Fig. 3 shows the transverse momentum distribution of PF with
charge Z =6, 18, and 24 produced from the fragmentation of >Fe
on C and CH, targets, the error bars shown in the figure are the
statistical ones. The distribution is fitted by a single Gaussian
distribution. These Gaussians are in good agreement with predic-
tion of the statistical model of Goldhaber [21]. This model assumes
that the Fermi momenta of the nucleons in a fragment are statisti-
cally distributed as those in the original projectile nucleus. The
averaged transverse momentum for PF with charge Z=6, 18, and
24 are 44.23 £3.61, 13.80+1.17, and 7.19 £ 0.41 A MeV/c, respec-
tively, for C target, and 41.03+2.86, 12.97 +0.69, and 8.08
+0.27 AMeV/c, respectively, for CH, target. For the same target
the averaged transverse momentum and the width of the distribu-
tion increase with the decrease of the charge of PF. Projectile frag-
ments come from the directly produced fragments (primary
fragments) and the sequential decay fragments from excited pri-
mary fragment. The momentum distributions of the primary frag-
ments are Gaussian distributions which are in good agreement
with predictions of the statistical model of Goldhaber [21] and
the momentum widths are basically related to initial Fermi mo-
menta in the projectile. However, since the primary fragments
are excited, they are deexcited by light particle evaporation. This
secondary decay decreases the observed masses and increase the
observed momentum widths of the primary fragments [22]. The
contribution from sequential decay of primary fragments to the
light projectile fragments are more important than that to the hea-
vy projectile fragments, the widths of the transverse momentum
distributions of light projectile fragments are greater than that of
the heavy projectile fragments.
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