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ABSTRACT
Energy loss straggling was found to be critical for evaluating the energy of the reactions using
heavy-ion beams in the early stage of experiments at accelerator facilities. Despite significant at-
tempts simulating this quantity using computer codes such as LISE++ and SRIM, there still exists a
discrepancy between experimental data and computed results. In this study, we provide a greatly
improved precision of estimations using the LISE++ code by evaluating the energy loss straggling
of the alpha particles at 5.486 MeV in Tb, Ta, and Au materials. After comparing with the observ-
ables, it was found that the ratio of the energy loss straggling computed by the LISE++ code to that
measured in experiments has a fairly large range of 1.5 - 3.0. For this reason, the so-called modified
LISE++ calculation is constructed by adding the adjusting parameters into the original estimation
to minimize the uncertainty of the straggling prediction. The modified calculation has shown dra-
matic improvements in the computation of the energy loss straggling, which are almost similar to
those obtained from themeasurements, of 5.486-MeV alphas in the aforementionedmaterials with
the atomic numbers in a range of Z = 65 – 79.
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INTRODUCTION
In nuclear experiments using radioactive-ion (RI)
beams for studies of low-energy reactions, the energy
loss and energy loss straggling of the beams in the
beam-line materials play a crucial role in the preci-
sion of the measured parameters such as the reaction
energy, the cross section, and so on. These quantities
must be paid attention in the in-flight RI beam pro-
duction1,2 at accelerator facilities and in the studies
of nuclear reactions in inverse kinematics using the
thick gas-target approach3–5. Notice that thin foils
are usually equipped as windows of the target gas cells
and gas detectors of the beam optics in such experi-
ments. The energy loss straggling is always considered
much smaller than the expected energy resolution of
the measurements. Therefore, the energy loss and en-
ergy loss straggling are often estimated using com-
puter codes such as LISE++6,7 and SRIM8,9 ahead
of conducting real measurements to optimize energy
and necessary thicknesses of the foils used in the ex-
perimental setup. Hence, a highly precise calculation
of these quantities is always necessary.
Since the models of the energy loss and energy loss
straggling calculation strongly depend on various pa-
rameters including the incident beam energy and the
atomic properties of the materials, there still exists a
large discrepancy between the calculations and mea-

surements. To reduce the discrepancy, the parame-
ters related to target materials must be calculated ac-
curately. For example, the average exciting poten-
tial and the density correction of absorbers impact on
the precision of the straggling estimated by the for-
mula proposed by Bethe-Bloch10. This leads to im-
provements in themodels and semi-empirical formu-
lae such as the works conducted by Bohr11,12 , Lind-
hard and Scharff13, Bethe and Livingston14, Yang et
al.15, and Titeica 16. However, none of the models or
formulae is available for every material and beam en-
ergy due to the limitations of theories. Since com-
puter codes have been developed by using such mod-
els and semi-empirical formulae, their calculations re-
sult in a large uncertainty. Therefore, the discrepan-
cies between measured data and theoretical calcula-
tion certainly exist and computer codes should be im-
proved to provide a better prediction. In the present
study, we evaluated the energy loss straggling calcula-
tion of the LISE++ code by considering the calculated
results and the measured data obtained by S. Kumar
et al.17 of alpha particles at 5.486MeV in various foils
of Tb (terbium, Z = 65), Ta (tantalum, Z = 73), and Au
(gold, Z = 79). We also modified the LISE++ estima-
tions to provide major improvements in the accuracy
of such calculations.
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EVALUATION FRAMEWORK
The energy loss straggling and energy loss of alpha
particles with the incident energy of 5.486 MeV in
terbium, tantalum, and gold foils were theoretically
calculated by using the LISE++ code. The inputs of
atomic numbers of the target materials and the thick-
nesses were varied following the values used in the ex-
periment conducted by S. Kumar et al.17 to investi-
gate the two quantities of interest. We employed the
observed data17 to assess the uncertainty of the code
and then normalized the theoretical estimation of the
LISE++ code. To compare the changing rate of the
straggling, we also considered the dependencies of the
straggling on the fractional energy loss and the target
thickness.
In principle, to measure the energy loss and energy
loss straggling, the energy spectra of the alphas before
and after penetrating through the foils are recorded, as
can be seen in Figure 1. The energy loss and energy
loss straggling are deduced based on the differences
in the peak centroids and peak widths. The fractional
energy loss (△E/Eo) is defined as the ratio of the
energy loss (△E) to the incident energy (E0), which
given as

△E = E0 −E, (1)

where E is the residual energy of alpha particles after
interacting with the materials. The widths are defined
as the standard deviation (σ ) or the FullWidth at Half
Maximum (FWHM) of the Gaussian distribution of
the spectra before and after the foils as

Ω2 = σ2 −σ2
0 , (2a)

or

Ω2 = FWHM2 −FWHM2
0 , (2b)

where the relationship between FWHM and σ is
given by

σ =
FWHM
2
√

2ln2
. (3)

In the LISE++ code, a function of the total energy loss
distribution along with the target thickness, which is
divided into n layers with a thickness of △x, is used
for formulating the energy loss straggling as

Ω =

√√√√√ n

∑
i=1

dE2
i

dxi
△xi, (4)

where dE/dx is the differential energy loss in each
divided layer. Since the LISE++ code generates the
straggling in the standard deviation of the Gaussian
distribution of the energy loss, we evaluated the ex-
perimental straggling based on 1σ by using the con-
version in Equation (3) in this study.

RESULTS
Table 1 presents the experimental and the computed
fractional energy loss, original and normalized en-
ergy loss straggling generated by the LISE++ code,
and the ratios of straggling taken from the experi-
ment

(
ΩExp.

)
to those deduced by the LISE++ code

(ΩLISE) corresponding to the materials and thick-
nesses of the foils. The fractional energy loss esti-
mated by the LISE++ code is approximately 5% devi-
ated from the experimental data, which strongly rec-
ommends using this code for calculating the energy
loss. In contrast, there is a large difference between
the experimental energy loss straggling and those es-
timated by the computer code. In particular, the mea-
sured straggling is a factor of about 1.5 – 3.0 larger
than the LISE one.
On the other hand, we also investigated the corre-
lations between the straggling and the fractional en-
ergy loss or the thickness of the examined foils based
on the data presented in Table 1. We found that the
straggling is almost directly proportional to the frac-
tional energy loss with average rates of 3.0 keV/%
and 8.0 keV/% for the calculations and experiments,
respectively. Similarly, the straggling is almost lin-
early changed by the thickness with average rates of
6.5 keV/(mg.cm−2) and 38.5 keV/(mg.cm−2) for the
LISE++ and observed data, respectively. These re-
sults, which are shown in Figure 2, indicate that the
measured straggling is rapidly increasing with the
thickness (right panel) or energy loss (left panel),
which is different from the LISE++ prediction.
As aforementioned that the LISE++ straggling is not
accurate as the experimental one. Therefore, we tried
to fit the datameasured byKumar et al. and used these
fitting parameters to correct the calculated straggling
(ΩLISE) as

ΩExp. = a × ΩLISE + b (5)

where a and b are the fitting parameters. The normal-
ized results are shown in Figure 3 with the adjusting
parameters listed in Table 2.

DISCUSSION
The uncertainty of the results calculated by the
LISE++ code is increasing with the thickness of the
foils. This phenomenon can be explained by the
direct integration implemented in the LISE++ code,
in which energy loss straggling is calculated by the
square root of the sum of the intermediate energy loss
value as described in Equation (4). In this calcu-
lation method, the oscillation of the bound classical
electrons and the atomic density and are assumed to
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Figure 1: (Color online) An illustration of the energy spectra before and after thin foils in an energy loss
measurement.

Table 1: The comparison between the LISE++ calculation and experimental data for energy loss and energy loss
straggling of alpha particles in various foils. The evaluations of the LISE++ results are presented in three last
columns

Foils Thickness
(mg/cm2)

LISE++ Kumar et al. 17
( ΩExp.

ΩLISE

)
ΩMod.LISE

(keV)

( ΩExp.
ΩMod.LISE

)

△E/E0

(%)
ΩLISE

(keV)
△E/E0

(%)
ΩExp.

(keV)

65Tb 4.20 22.20 34.56 22 59.87 1.7 77.62 0.8

5.59 30.20 40.98 29 87.90 2.1 98.99 0.9

8.70 49.78 55.45 48 135.46 2.4 147.17 0.9

10.93 65.84 67.61 64 154.56 2.3 187.65 0.8

13.34 85.82 79.86 85 219.53 2.7 228.44 1.0

73Ta 4.75 22.10 36.33 22 78.56 2.2 83.51 0.9

5.63 26.50 40.10 26 99.36 2.5 96.06 1.0

7.50 36.21 47.80 36 120.17 2.5 121.70 1.0

11.60 59.89 65.46 60 176.65 2.7 180.49 1.0

13.40 71.67 74.01 72 209.77 2.8 208.96 1.0

79Au 4.65 20.06 35.58 21 85.77 2.4 81.01 1.1

5.93 25.98 40.93 27 127.39 3.1 98.83 1.3

8.30 37.47 50.44 40 152.02 3.0 130.49 1.2

10.72 50.21 60.72 52 176.65 2.9 164.71 1.1

14.25 71.48 78.73 74 224.63 2.9 224.67 1.0

16.01 83.41 83.19 87 261.57 3.1 239.52 1.1
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Figure 2: (Color online) The normalization of the LISE++ calculation based on the experimental data. The
red curves are the linear-fitting lines.

Table 2: The parameters in the relation of Eq. (5) were obtained by linear fitting of the LISE++ results with the
experimental data observed by Kumar et al. 17. The last column presents the correlation coefficients of the
linear fits

Foils a b R2

Au 3.22861± 0.27868 -16.77645± 16.98651 0.97106

Ta 3.34379± 0.11879 -39.44964± 6.50146 0.99246

Tb 3.27996± 0.30329 -51.20384± 17.63056 0.97499

All 3.32932± 0.24445 -37.44237± 14.22296 0.95177

be unchanged throughout the foils, which is not en-
tirely true for the real materials. Since both energy
loss and energy loss straggling strongly depend upon
the incident energy of projectiles, the atomic andmass
numbers of the targets, the larger straggling can be ob-
served in higher atomic numbers of the target mate-
rials, as can be seen in Table 1.
We found that the straggling calculated by the LISE++
code linearly depends on the energy loss. This be-
havior is also exhibited in the experimental data re-
ported by Kumar et al.17. However, the measured
magnitudes are much larger than the LISE++ calcu-
lations. In contrast to the above cases, the mod-
els of Bohr11,12, Lindhard and Scharff 13, Bethe and
Livingston14, Yang et al.15, and Titeica16 generally
proposed a nonlinear dependence of the energy loss
straggling on the energy loss. This difference is due to
the uncertainty of the mean ionization potential on
account of the deviations of the energy level of sub-

shells, the number of electrons, and the binding en-
ergy of the ionization electrons in the target materi-
als17–19. The linear behavior of the LISE++ calcula-
tion states that this code remarkably gets over such
limitations of the theoretical models. It should be
paid attention that the LISE++ code is the combina-
tion of the ATIMA code20, and Ziegler code21, and
the database of stopping power taken from the study
conducted by F. Hubert et al.22.
The present study provides a better prediction of the
straggling computed by the LISE++ code using adjust-
ing the parameters determined by the normalization
based on the measured data into the LISE++ results,
as shown in the last three columns in Table 1. The
modified LISE++ calculation is almost similar to the
measured data as can be seen in Figure 3 and the last
column in Table 1. By comparing the data measured
by Kumar et al.17 with the original and modified en-
ergy loss straggling values, we found that the discrep-
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Figure3: (Color online) Theenergy loss stragglingas a functionof the fractional energy loss (left panel) and
the thickness of targets (right panel). The dashed and dotted lines are to guide the eyes. The modified results
of LISE++ (red-square marks) are almost similar to the experimental data (circle symbols).

ancy between the two straggling results is reduced by
an average of 3.0 times after adjusting parameters in
Table 2. It should be emphasized that the parameters
in this modification are only applicable for alpha par-
ticles with the incident energy around 5.486 MeV in
the materials with the atomic numbers in a range of Z
= 65 – 79. Consequently, to validate the LISE++ code,
experiments should be performed for a wider range of
incident energy of various projectiles in different tar-
gets.

CONCLUSION
In the present study, we examined the uncertainty of
the energy loss straggling by comparing the values cal-
culated by the computer code LISE++ and those re-
ported by Kumar et al. The results have shown that
the LISE++ energy loss straggling of alpha particles at
5.486 MeV in various materials of Tb, Ta, and Au has
far deviated from the experimental ones. Therefore,
to reduce such variation in the straggling, we mod-
ified the LISE++ by adding adjusting parameters in
respect to the foil materials. In addition, the results
indicate that the calculation of the energy spread of al-
pha particles should be carefully considered when us-
ing the code. In summary, our study presents a mod-
ification in the straggling calculation of the LISE++
code which generates better straggling values close to
the experimental data. This finding has important im-
plications for further uses of the code. Therefore, we
strongly suggest that further experimental investiga-
tions should be done for othermaterials to validate the
adjusting parameters correcting in the LISE++ calcu-
lation.

ABBREVIATIONS
RI: rare-isotopes or radioactive ions

FWHM: Full Width at Half Maximum
σ : standard deviation of the Gaussian distribution
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