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Abstract: Stopping power and energy loss straggling of the radioactive ions Mg and
?INa in Mylar foils 1.32715 mg/cm?, 2.6543 mg/cm? and 4.0513 mg/cm’ of thickness
were determined. The experiment was performed by bombarding the radioactive ion
beam produced by the CRIB facility of the University of Tokyo located at RIKEN, Japan
in 2011. The experimental results are compared with theoretical calculation. The obtained
values are also confirmed with Bohr’s formula and Bragg’s law over the investigated
energy range.
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1. Introduction

The radioactive ion beam of ?Mg, **Na play important roles in direct measurement of
stellar reactions such as *Mg(a, p), >!Na(a, p) in ap-process [1, 2, 3]. The investigation of
energy loss decides accuracy of the experimental values of the experiments. It is necessary to
estimate the energy loss of radioactive heavy ions in nuclear materials. Mylar (HgC1004) is a
popular material which is often used in beam production technique. It is meaningful to
investigate stopping power and energy loss straggling of the particles in Mylar foils. In our
works, we measured stopping power and energy loss straggling of the radioactive ions Mg
and #Na, respectively, at 3.73 MeV/u and 3.44 MeV/u, in different thickness of Mylar foils.
The foils are 1.32715 mg/cm? 2.6543 mg/cm® and 4.0513 mg/cm?® of thickness. The
experiment was carried out in the framework of the direct measurement of the Mg + “He
system at CRIB (CNS Radioactive lon Beam separator) facility of the Center for Nuclear
Study (CNS) [4], the University of Tokyo in October, 2011. The aim of this work is
investigating energy loss of heavy radioactive ions through popular nuclear experiment
material Mylar foil and study if theoretical calculation, such as Bohr’s theory [5] and Bragg’s
law can be relied on for the use in our applications. The results were compared with other
theoretical calculation of Bohr formula and Bragg’s law with a good agreement.

2. Experiment

We performed the Mg and *Na beam production by using CRIB spectrometer located
at RIKEN (fig. 1). The radioactive ions were produced via *He(*’Ne,?Mg)n and
*He(*°Ne,*!Na)d reactions by bombarding a Havar-window 2.5 pm cryogenic gas target [6]
of *He at 90 K with the primary beam *°Ne at 6.2 MeV/u from AVF cyclotron. The Rl beam
was more preferentially populated at achromatic focal plane F2 using dipole magnets and
identified by beam monitors PPACs [7]. We separated and purified Mg and *Na
successfully on target at F3 plane after coming through the Wien filter. The table 1 shows
details of beam production.
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Fig 1. A plane view of CRIB spectrometer of the University of Tokyo at RIKEN, Japan.

Table 1. Condition of radioactive beam production.

2Ne *He Target Mg at F3 *!Naat F3
500 enA 0.72696 mg/cm2 700 cps 400 cps

The experiment was set up in a chamber at F3 connecting to high speed vacuum pump
system. The chamber was evacuated up to approximately 10° mbar. The thickness of Mylar
foils was checked by measuring energy loss of the triple alpha sources >*’Np, **!Am and
4%Cm. The monoenergetic particles went through Mylar foil fixed in a holder covering a
collimator with 4 mm in diameter in front of a silicon detector, see figure 2 for the
experimental setup.

Collimator: Detector
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Fig. 2. Schematic of the detection system at F3 used for measuring energy loss Mg, **Na in Mylar
foils

We performed two separated measurements for Mg and “*Na in Mylar foils with
1.32715 mg/cm?, 2.6543 mg/cm? and 4.0513 mg/cm? of thickness. The spectra were obtained
by a detector system including preamplifier made by GSI [8], main amplifier MA8000 and
ADC 32CH Peak Sensing CAEN Mod V785 [9]. Experimental data were stored in a hard disk
of computer as binary files. The spectra pulse-height measured by silicon detector have been
calibrated using the triple-alpha source **’Np, ***Am and ?**Cm and different charged states
(10+, 9+, 8+, 7+ and 6+) of the primary beam ®Mg from the AVF cyclotron. Figure 3
illustrates a good energy calibration for heavy ions by using various energies of *Ne ions
from the AVF cyclotron.
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Fig 3. Energy spectrum was measured at different charge states of *°Ne beam used to calibrate
the detector. The inset shows the energy calibration for the measurement extracted from the
spectrum.

3. Results and discussion

We use ROOT program [10] for analyzing data. The resultant peaks are nearly of
Gaussian distributions. Therefore, the experimental data have been extracted by fitting
Gaussians from the foot of the low energy side to the foot of the high energy side of the peak
centroids. The uncertainties of the results are estimated to be 11% for the ions including the
errors in fitting the spectra, beam energy profile and system resolution.

The difference between particle energy peaks and the width of peaks are related to
energy loss and energy loss straggling of particles in the target. Figure 4 shows the different
peaks of ?Mg obtained by detector after Mylar foil and without Mylar foil at incident energy
3.73 MeV/u.
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Fig 4. Energy spectrum of Mg at 3.73 MeV/u was measured with
and without Mylar foils of 4.0513 mg/cm? in the thickness

The result determined on the spectrum has a nearly Gaussian distribution. Therefore, the
corresponding energy loss straggling can be obtained by extracting the full width at maximum
of the peak (FWHM). The difference of the two dispersive peaks resulted from the detector
with and without the foil gives the variance of the energy loss. The energy straggling 2
related to the energy peak is described:
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where SE is FWHM associated with the standard deviations at the energies of the incident
particles. The energy loss straggling at an average energy (Ea) in the foil is defined:

Q=02 -Q) )

where QZand Q3 are energy straggling of the peaks of incident particle energy and energy of
particles reaching the detector, respectively. The average particle energies (Eay) in the foils
have been determined by dividing the measured energy loss AE by the thickness of the target
and E,, = E; - 4E/2, where E; is the incident particle energy. In the work, the experimental
data are compared with theoretical calculation. The energy loss straggling of low charge ions
of high energy given by Bohr’s theory is simply defined:

QL =4r2}2.7,e* N.AX, 3)

where s, Z1, Z2, N and Ax are Bohr’s energy loss straggling, the projectile atomic number,
the target atomic number, the atomic density and the target thickness, respectively.

Figure 5 and 6 show the results of energy loss straggling determined in the experiment,
see table 2 for details, and calculated from eq. (3) for Mg and *Na in Mylar foils,
respectively. As can be seen, for both cases, the shapes of the curves are the same with Bohr’s
theory and they are approximately 1.1 + 1.4 times higher than the calculation but, in general,
the results presented indicates these experimental data are roughly in good agreement with
Bohr results in the energy range 2.5+3.5 MeV/u of incident energy. The data which are closer
Bohr’s estimation maybe due to the fact that all target electrons are considered to be free and
contribute to the energy loss suggested by Bohr’s theory. The higher data could be explained
by the limit in the energy of the validity of the simple Bohr’s theory and the influence of
correlation effects [11] which have not been carried out. In addition, the difference between
experimental data and the prediction of the theory may be caused by inhomogeneity of the
foils and the charge-state fluctuation of heavy ion in target. This problem is also consistent
with other works [12, 13] into consideration.
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Fig 5. Energy loss straggling as a function of average energies of Mg in the Mylar foils.
The dash curve is experimental values compared with Bohr’s calculation.
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Fig 6. Energy loss straggling as a function of average energies of “!Na in the Mylar foils.
The dash curve is experimental values compared with Bohr’s calculation.



Table 2. Average incident energies inside target Mylar foil, reduced energy loss straggling and
relative energy loss AE/E of ions in the material.

lon ?!Na > Mylar foil lon Mg > Mylar foil
E . (MeV/u) Qe AEIE (%) Ea(MeViu)  ©/4:  AE/E (%)
3.125 1.312 10.015 3.396 1.460 9.739
2.708 1.158 26.979 3.036 1.338 22.753
2.400 1.059 43.236 2.524 1.144 47.680

In order to remove the thickness dependence and to display the reflection with the
particle energies, the measured results have been normalized to Bohr straggling. The figs 7, 8
illustrate the reduced energy loss straggling of the experimental data determined by eq. (2)
and calculated by eq. (3) for Mg and **Na, respectively. It can be seen that energy loss
straggling of Mg roughly rises in the region E < 2 MeV and slight increases in the region
energy 2.5 +3.4 MeV/u following logarithmic function. The straggling of **Na is roughly
developing with exponential function in the estimated energy range. As the results, the energy
loss straggling of particles roughly depends on incident energy of the particles in the
interested energy range. Because of limited experimental points, the prediction which is out of
the energy range above needs to be measured to have a complete estimation for a widen
broad.
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Fig 7. Experimental reduced energy loss straggling for Mg as a function of mean energies
in the Mylar foils
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Fig 8. Experimental reduced energy loss straggling for ?Na as a function of mean energies
in the Mylar foils

Stopping power dE/dx of ?!Na and ?Mg at the average energies (Ex,) in the target was
determined by dividing the measured energy loss AE in the thickness of the target and E,, =



Ei - 4AE/2, where E; is the incident particle energy. The results of the measurements of the
particles in Mylar foils are shown in Figs. 9, 10.
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Fig 9. Stopping power of “!Na as a function of average incident energy of thickness in Mylar
compared to values calculated with various codes [14, 15, 16]. The dash curve is prediction of
SRIM2008 [14], the continuing curve is prediction of ATIMA [15] and the dot curve is data from ref.
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Fig. 10. Stopping power of Mg as a function of average incident energy of thickness in Mylar compared
to values calculated with various codes [14, 15, 16]. The dash curve is prediction of SRIM2008 [14], the
continuing curve is prediction of ATIMA [15] and the dot curve is data from ref. [16].

The results of this experiment are compared with SRIM2008, ATIMA and database
from ref. [16] and they are generally in a good agreement with the codes. As can be seen, the
stopping power of the particles declines following an exponential function in the considered
energy region. This is also predicted by theoretical calculation of the codes. For the isotope
?INa, stopping power is exactly estimated by all the theories [14, 15, 16]. Whereas, the Mg
is compatible with all the calculations in the energy range E > 60 MeV and it roughly tends to
the forecast of database in ref. [16] since energy E < 60 MeV. In general, the measured values
of the stopping power are more tendentious to database of F. Hubert, et al. ref. [16] than
others. The compatibility with the calculations points out a good applicability of Bragg’s law
for stopping measurement in the mentioned energy regions of the ions. And the theory of
energy loss calculation does not depend on radioactivity of the ions, this demonstrates that
particles coming through materials are affected by shell interaction and we need much more
experimental data to modify the shell correction of the Bethe-Bloch. The small deviation of
the results in this experiment collated with theory may be caused by the homogeneity, which
influences the density of the absorber, of the Mylar foils. However, with the results presented
here, it is thought that the stopping power of heavy ions less than 100 MeV in Mylar can be
estimated reasonably with the theoretical calculation.



4. Conclusion

The energy loss straggling of radioactive ions ?!Na, Mg in nuclear material Mylar foil
was measured. It was found that, in the energy region underestimated, the obtained energy
loss straggling roughly depends on incident energy. However, from other works [17, 18], it is
predicted that there is an energy region in which the energy loss straggling could not depend
on incident energy of the particles. The stopping power of *!Na, Mg in Mylar was also
determined. The results point out that the radioactivity of particles does not affect on the
energy loss of the particles. The compatibility allows us to forecast energy loss of heavy ions
by the codes. However, because of limited experimental data, the prediction which is out of
the energy range needs to be measured to have a complete estimation for a widen broad in
future works.
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PO MAT NANG LUQNG CUA Mg VA *Na
TRONG VAT LIEU MYLAR

NGUYEN NGQC DUY? LE HONG KHIEM® VA DAVID MILES KAHL®
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Tém tat: Cong suat dimg va d6 mat nang luong phan tan cia cac hat Mg va **Na trong
Mylar foil c6 bé day 1.32715 mg/cm?, 2.6543 mg/cm? and 4.0513 mg/cm?® da dugc khao
sat. Thuc nghiém duoc tién hanh boi viéc cho chum hat khdng bén Mg va ?Na di qua
vat liéu Mylar tai phong thi nghiém CRIB caa Pai hoc Téng hop Tokyo, dit tai RIKEN,
Nhat Ban vao nam 2011. Két qua thuc nghiém da dwoc danh gia dua trén sy so sanh voi
cac gid tri tinh toan theo ly thuyét Bohr va dinh luat Bragg cho thiy ly thuyét du doén
tuong doi gan véi gid tri thuc té do duoc trong ving nang heong khao sét.

T khoa: stopping power, energy loss straggling, radioactive ions,22Mg, 21Na, Mylar foil.
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