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Abstract

The stopping power of helium gas for ?Be ions from 2 to 31 MeV is experimentally determined using an indirect method. The residual
energy of the °Be beam as a function of the gas thickness is measured and the stopping power determined by differentiating the thickness—
energy curve. The results are compared with predictions of the semi-empirical codes SRIM-2003 and MSTAR. Our data are in better
agreement with the MSTAR calculations. The elastic scattering excitation function for the system *Be + o, extracted using the thick tar-
get technique and our stopping power data, is in excellent agreement with the ones measured directly confirming the quality of our data.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The use of thick gas targets and inverse kinematics is a
very efficient method for the study of resonance scattering
of low intensity radioactive beams and light nuclei [1]. In
these experiments a scattering chamber is filled with gas
that acts at the same time as target and as beam degrader.
The method allows the measurement of the scattering exci-
tation function in a wide energy region with one single
beam energy. The excitation function is reconstructed from
the measured energy spectra of the recoiling light particles
by taking into consideration the two-body kinematics and
energy losses of the projectile before the interaction and of
the recoil after the interaction. Thus, the stopping power
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data are essential for a correct extraction of the excitation
function measured with this technique.

A set of resonance scattering experiments on infinite *“He
targets are planned at the forthcoming radioactive ion
beam (RIB) facility EXCYT at Laboratori Nazionali del
Sud (LNS) in Catania. The EXotics with CYclotron and
Tandem (EXCYT) facility uses two-accelerator isotope
separation on-line (ISOL) technique for production of
radioactive beams (see e.g. [2]). A preliminary experiment
was performed with stable beams in order to test the exper-
imental set up [3]. One of the systems studied was *Be + o.
The °Be beam was chosen because its mass is close to the
ones of the exotic beams of interest (°Li and °Li). In fact,
it is well known that the resolution obtained with this kind
of experiments depends on the projectile-target mass ratio,
see e.g. [4]. Moreover, the elastic excitation function of the
Be + « system has been measured [5,6] with standard thin
target experiments by varying the “He beam energy. The
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strong resonance observed at E.., ~ 3.5 MeV in these
experiments [5,6] can represent a good reference for
comparison.

The elastic scattering measurement was performed at
LNS using the CT2000 scattering chamber having a diam-
eter of 2 m which was filled with helium gas at a pressure of
428.3 mbar. A schematic drawing of the experimental setup
is shown in Fig. 1. The °Be beam was delivered by the SMP
Tandem Van de Graaf accelerator of the LNS. The beam
energy after a Kapton entrance window was 29.95 MeV.
The gas pressure and temperature were monitored by the
same system used for the stopping power measurement
described in the next section. Two large AE — E silicon
telescopes (65 pum + 500 um thick) were placed in the for-
ward part of the chamber to detect and identify a-particles
recoiling in a finite angular range around 180° in the center
of mass (c.m.) system. A microchannel plate (MCP) detec-
tor was mounted just before the entrance window to mea-
sure the beam intensity, which was of the order of 10° pps,
and to produce a fast signal for time of flight measurement.
The time difference between the MCP and AE detector sig-
nals was successfully used to separate the elastic scattering
events from inelastic scattering contributions [3].

The SRIM-2003 tables [7] for the stopping powers of
helium for °Be and “He impinging ions were used in the
analysis of the Be + a scattering. Fig. 2 shows the low
energy part of the scattering excitation function deduced
from our experiment for the detector placed at about 0°,
corresponding to o-particles stopped in the AE detector.
Due to the used technique (see e.g. [8]), different c.m. ener-
gies correspond to different c.m. scattering angles (shown
in the upper scale of Fig. 2). For comparison we also show
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Fig. 1. A schematic drawing of the experimental setup used for measuring
the elastic scattering excitation function. 6y, is the recoil angle of the
a-particle and 04 is the corresponding detection angle relative to the
center of the scattering chamber. Note that for a given 64 the angle 0.,
depends on the position of the interaction between the *Be projectile and
the a-particle. The scattering angle in the center of mass (c.m.) system is
given by 0., = 180° — 20,,, (see [4]).
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Fig. 2. °Be + u elastic scattering excitation function deduced from our
experiment for the detector at 0°. Stopping powers for *Be and *He in
helium were taken from SRIM-2003. The thick and thin lines show the
data of [5] and [6], respectively, obtained using “He beams impinging onto
thin °Be targets. The upper scale shows the mean c.m. scattering angles for
our experiment (see text for details).

the excitation functions for the same system measured by
Goss et al. [5] (thick line) and Liu et al. [6] (thin line) in
standard experiments using thin °Be targets and varying
the “He beam energy. As seen in Fig. 2, there are large dif-
ferences between our excitation function and those of [5]
and [6]. These differences can be attributed to the inaccu-
rate stopping powers used to transform the experimental
a-particle spectrum into the excitation function.

An experiment was therefore performed in order to mea-
sure the stopping power of helium for Be ions in the
energy range of our interest (£ < 30 MeV). To our knowl-
edge, no stopping power measurements for this ion-target
combination have been reported so far.

2. Experimental procedure

The ?Be + o stopping power measurement was per-
formed in the same reaction chamber used for the reso-
nance scattering experiment. A 13 pm thick Kapton
window was used to separate the chamber from the beam
line. The chamber was filled with helium gas and the energy
of *Be beam inside the chamber was measured at different
distances from the Kapton window and for several values
of the gas pressure.

Three silicon surface barrier detectors were mounted in
the chamber on a movable support so that each of them in
turn could be placed along the beam direction (i.e. at 0°).
The energy of the °Be beam was measured directly in the
detector keeping the beam intensity lower than 10° pps.
The ?Be path lengths in the gas, corresponding to the three
detectors, were 109.8, 139.6 and 180.6 cm and were mea-
sured with an estimated accuracy of +2 mm.
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Commercially available helium gas, with nominal purity
0f 99.9999%, was used in the experiment. The helium pres-
sure was controlled with a capacitance manometer (MKS
Instruments 122AAX). The calibration of the manometer
was performed by MKS just before the experiment, giving
a precision in the measured values of the order of 0.3% in
the range of interest. The temperature was measured within
+1 K with a thermocouple set inside the chamber. The
path length, pressure and temperature were converted into
gas thickness (expressed in mg/cm?) using simple pressure
and temperature scaling and py = 1.66322 x 10~* g/cm?
for helium density at P = 1013.25 mbar, 7= 20 °C [9].

A standard a-source containing *°Pu, >*' Am and ***Cm
was used for detector calibration. In addition, a “Be beam
at 22.97 and 34.17 MeV was used to provide calibration
points in the range of higher energies. The *Be beam ener-
gies were determined from the resonance frequency of the
nuclear magnetic resonance Gaussmeter of the 90° analy-
sing magnet after the tandem accelerator. Energy losses
of the a-particles and *Be ions in the detector entrance win-
dow (40 pg/em? of gold) were taken into account. The cor-
rected energies as a function of the observed pulse height
were well fitted by a straight line using the least squares
method. The electronic offset was determined using a preci-
sion pulse generator (BNC-PB4) and was used in the
calibration fit as the zero-energy point. Moreover, in order
to have a continuous control of the stability of the electron-
ics, signals from the pulser were sent to the test input of the
preamplifiers and recorded during the whole measurement.

The measurements were performed using a °Be energy of
31.56 MeV after the Kapton window. Residual energy
spectra were measured at 26 different pressures between
50.6 and 420.8 mbar. The mean value of the residual
energy, E, for a given gas thickness, d, was determined
from the measured energy distribution by taking into
account the channels containing more than ~10% of the
maximum intensity [10,11]. The thickness versus energy
curve with about fifty points was then constructed from
the data.

3. Analysis and results

The mean incident energy E, the target thickness ¢ and
the mean energy E of the ions after traversing the thickness
d are related by the following formula:

B )
d:/E 5@ 9E" (1)

where S(FE) is the stopping power. The experimental thick-
ness—energy curve was fitted with a polynomial of the form

i=Yaf, @)
i=0

by using the least squares method. Then the stopping
power S(E) was calculated from the fitting parameters q;
by differentiating this curve,

dd |
Q= S(E)_;miE , (3)

Similar indirect procedures have been used by a number of
authors, see e.g. [10,11].

The thickness—energy data are shown in Fig. 3. The data
obtained with the three different detectors are represented
by different symbols. The good agreement between the
three data groups confirms the consistency of the
experiment.

The whole data set was fitted by a single polynomial. The
reduced chi-squares y” for several polynomial degrees n
were compared to estimate the most adequate value of n.
It was found that y*> does not change significantly for
n = 7. The results of the fit for n = 7 are shown by the solid
line in Fig. 3. The results for the stopping power are shown
in Fig. 4 and in Table 1 for integer values of energy. The fit-
ting parameters a;, i = 1-7, are given in Table 2. The results
of the fit with n = 8 do not differ considerably from those
for n="7. The largest differences between the stopping
power values obtained with » =7 and n =8 are between
+1.3% and —0.5% in the energy range 2 < E <5 MeV and
the results agree to within +0.3% for £ > 5 MeV.

Corrections were made to take into account the effects
of deformation of the Kapton window due to the gas pres-
sure. The deformation of the window results in an increase
Al in the path length / and a decrease At in the window
thickness ¢. These deformations were calculated using the
model of Hencky, see [12]. The measured path lengths were
then increased by Al to take into account the window bend-
ing. The decrease Az in the window thickness leads to an
increase AE, in the incident ion energy E; such that AE/
AE,, =~ At/t, where AE,, is the energy loss in the window
which was measured with empty chamber. Since the pres-
ent method of analysis assumes a constant incident energy,
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Fig. 3. Thickness—energy curve for *Be ions in helium gas for an initial *Be
ion energy of 31.56 MeV. The different symbols correspond to the
experimental data obtained with the three different detectors. The data are
corrected for the effects of window deformation (see text). The solid line is
the result of the fit with a 7th degree polynomial.
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Fig. 4. Measured stopping power values for ’Be ions in helium gas
compared to values calculated with SRIM-2003 and MSTAR. The shaded
area represents the estimated errors of the measured values.

Table 1
Present experimental stopping power data for Be in helium gas. E is given
in MeV and S(E) in MeV/(mg/cm?)

E S(E) E S(E) E S(E)

20 6.09+0.18 120 3.522+£0.030 22.0 2.230=£0.021
3.0 6.13£0.11 13.0 3.3254+0.026 23.0 2.154+0.021
4.0 5958+0.085 14.0 3.151+£0.026 24.0 2.083+0.020
50 5.660+0.08 150 2994+0.026 25.0 2.017+0.019
6.0 5304+£0.081 16.0 2.853+£0.025 26.0 1.957£0.018
7.0 49404+0.068 17.0 2.725+£0.024 27.0 1.900 £ 0.018
8.0 4.593+0.057 18.0 2.609+0.023 28.0 1.848+0.018
9.0 42774+0.050 19.0 2.502+0.022 29.0 1.797+0.018
10.0 3.994+0.043 20.0 2.404=+0.021 30.0 1.749£0.019
11.0 3.7434+0.036 21.0 2.313+0.021 31.0 1.701 £0.027

the gas thicknesses calculated from the corrected path
lengths were decreased by Ad, the thickness of helium
which reduces the incident beam energy by AE,
Ad = fEEO”AEO dE/S(E) ~ AEy/S(E,). The stopping power
S(Ey) used for the calculation of Ad was obtained from
the fit to non-corrected data. The effects of these correc-
tions on the stopping power values were small, typically
less then 0.3%, except in the upper part of our energy range
(E =z 25MeV) where they were up to ~1%.

The errors in the measured stopping power data result
from the random and systematic errors of the measurement.
The random measurement errors were estimated from the
reduced y*> by assuming a good fit, as discussed in [13].
The contribution of these errors to the uncertainty in the
stopping power was then calculated from the covariance
matrix of the fitted parameters. The main contributions to
the systematic error come from the uncertainty of the gas

Table 2

temperature (+1 K), the pressure measurement (£0.3%)
and the uncertainty of the path length determination
(£2 mm). The total estimated errors in the stopping power
data are ~43% at E =2 MeV, decreasing to +1.6% at E =
5MeV and to ~+1% at 10 < E <30 MeV. The stopping
power values obtained from the fit with » =8 are within
these errors.

The effects of the pulse height defect (PHD) of detectors
[14] were also considered. The main contributions to the
PHD come from the energy loss in the detector dead layer
(the window defect) and the energy loss in non-ionizing
processes in the active layer (the nuclear defect), see
e.g. [15]. These effects lead to a non-linear and ion-depen-
dent detector response. The window defect was taken into
account in our calibration. We repeated the analysis
including the effects of the nuclear defect. The ionization
energy loss of a-particles and ?Be ions in silicon was calcu-
lated by the SRIM Monte Carlo code [7]. The effect of the
PHD correction on the results for the stopping power was
small, much smaller than the estimated errors in the stop-
ping power values.

The thin solid and thick dashed lines in Fig. 4 represent
the calculated stopping power values from the semi-empir-
ical codes SRIM-2003 [7] and MSTAR [16], respectively.
Compared to the results of both calculations, our results

B6.m. (deg)
173.9 175.1 176.0
400 T : T
- %Be + “He
300; — 6,,=171.6°
’\g | — 0,,,=167.2° M‘
s r
[S L + our data +
2 200~ +
O
g '
s ¥
T 100
*
u
Ol_ P P IR B P B P
2 25 3 3.5 4 45

E.m (MeV)

Fig. 5. °Be + « scattering excitation function deduced from our experi-
ment for the detector at 0°. Experimental data were used for the stopping
power of helium for *Be whereas the stopping power of helium for the
recoiling a-particles was calculated using ASTAR [17]. The thick and thin
lines show the data of [5] and [6], respectively, obtained using direct
kinematics and thin targets. The upper scale shows the mean c.m.
scattering angles for our experiment.

Parameters for calculation of S(E), in MeV/(mg/cm?), of helium gas for *Be ions over the energy region E =2 — 31 MeV (Eq. (3))

a»=1.1852x 1072
ag=7.3312x1078

ay=—1.9061x107"
as=—4.0135x10"°

a3 =—2.0358x 1073 a,=1.1863x107*

a7 =—5.5691 x 1071°
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(thick solid line) are higher in the region of the stopping
power maximum; differences are within 3% for 3 < E <6.
One sees significant differences between the present results
and the SRIM-2003 calculations at higher energies. Above
~7 MeV the present values are lower than the SRIM-2003
calculations; differences are ~15.5% at E > 20 MeV. On the
other hand our data are in agreement with the MSTAR
code to within +2.6% above 3 MeV.

We have reanalysed our data for the *Be+*He scattering
excitation function using the experimental values of the
stopping power for °Be in helium. The stopping power
for “He in helium was calculated by the program ASTAR
[17]. The results are shown in Fig. 5. As can be seen, our
new excitation function is in good agreement with the
existing data [5,6]. The use of the SRIM-2003 values of
the stopping power for “He in helium results in a slight shift
of the excitation function, of the order of 20 keV. The
SRIM-2003 and ASTAR stopping powers for “He in
helium agree to <3% for the “He energies of our interest
(~0.5-30 MeV).

4. Summary and conclusions

The stopping power values of helium gas for *Be ions
with energies between 2 and 31 MeV have been measured.
The experimental method employed consists in measuring
the energy of incident ions after traversing different target
areal densities. A polynomial expression was fitted to the
measured thickness—energy curve and the stopping power
was obtained by analytical differentiation. The estimated
uncertainties of the stopping power values are typically less
than +2%.

The results of the measurement were compared with the
predictions of the semi-empirical stopping power codes
SRIM-2003 and MSTAR, showing a better agreement with
the MSTAR values which is within £2.6% for 3<E<
31 MeV.

The experimental stopping power was used in the anal-
ysis of the Be + *He scattering data measured using the
method of inverse kinematics and thick gas target. The
good agreement between the scattering excitation function

deduced from our measurement and those obtained with
conventional experiments confirms the reliability of our
stopping power data.
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