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Abstract

Solid 4He targets were prepared by implantation of He ions of various energies into thin Al foils. The targets were

tested using the proton Rutherford backscattering (RBS) technique. The tests showed that a considerable amount of the

implanted He atoms stays in the host foils for a long time after the implantation. A possibility of using the He-im-

planted targets in experiments with radioactive beams is demonstrated. Further steps to increase He amount in the

implanted targets are discussed. Ó 2000 Elsevier Science B.V. All rights reserved.

PACS: 29.25.t; 29.25.Pj

Keywords: Implanted target; Radioactive beams

1. Introduction

Strong interest in experiments with short-lived
radioactive beams is triggered by both nuclear
physics and nuclear astrophysics. Of particular
interest are reactions with light particles like pro-
tons, deuterons and a-particles. Since inverse ki-
nematics is used in some of the experiments,
targets made of these elements are needed. A wide
variety of cryogenic, gas and solid targets is pos-
sible each with its speci®c merits and drawbacks.

An elegant solution for reaction studies involving
a radioactive ion beam has been found for hy-
drogen and deuterium in the form of polyethylene
targets [1] and was used to measure cross-sections
of proton capture reactions related to the hot
CNO cycle [2,3]. Such a solution is not possible for
helium and therefore a gas cell ®lled with helium is
often used. A recent example of such an experi-
ment with radioactive beams can be found in [4]
and addresses the scattering of the halo nucleus
6He on 4He at relatively low beam energies (25±40
MeV).

Under certain conditions the use of a gas cell
can have several disadvantages. At least four such
problems were encountered in the mentioned
6He±4He scattering experiment [4]:
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1. The 2.3 mg/cm2 thick Al entrance and 1.8 mg/
cm2 kapton exit windows of the gas cell slow
down and eventually stop particles that are scat-
tered at speci®c angles.

2. The gas cell windows also scatter a non-negligi-
ble number of beam particles to the detector ar-
ray. This causes a low-energy background in the
Si detectors from the b-radioactivity of the
beam.

3. The rather large size of the gas cell (1 cm length
and 3 cm diameter) implied by the mechanical
construction, does not fully match the detector
geometry cutting out certain important scatter-
ing angles.

4. The large size of the gas cell also complicates the
data analysis and requires an extensive Monte-
Carlo simulations of the scattering events.

To avoid these di�culties we decided to prepare
solid He-implanted targets for the next stage of the
6He±4He experiment. Using of the nobel gas im-
planted targets is not a novel idea. For instance, in
[5], 3He-implanted Nb foils were used for a
measurement of the astrophysically important
3He(4He, c)7Be cross-section. The authors report-
ed that with increasing 4He beam ¯uences a sig-
ni®cant fraction of the implanted 3He (20% for a
25 mC beam ¯uence at a beam density below 10
lA/cm2) escaped from the target due to heating by
the impinging beam. 3He-implanted targets were
also produced for the 3He(d, p) 4He cross-section
measurements [6]. As another interesting example
one can mention experiments for the g-factor
measurements of the ®rst excited levels in 134; 136Xe
and in 40Ar using implanted Ar and Xe targets
[7,8]. Since these experiments were not dedicated
to cross-section measurements, the decrease of the
noble gas quantity during stable beam bombard-
ment was not a crucial issue.

Target deterioration during the experiment is
probably the limiting factor in the use of implanted
targets for experiments with stable beams. How-
ever, even for most intense radioactive beam the
obtained beam intensities are orders of magnitudes
lower compared to stable beams. Eventually this
makes the problem of target deterioration irrele-
vant and raises a new interest in implanted targets.

The behavior of light or noble gas ions
implanted into a metal is a subject of intensive

investigations. The main motivation of these
studies lies in the erosion problem of walls in
thermonuclear reactors due to the implantation of
He and other light ions produced by nuclear re-
actions. Due to an extremely low He solubility, the
implanted He atoms tend to cluster and to form
bubbles [9]. For a relatively low He irradiation
¯uence of a few 1017 at./cm2 the average bubble
size is about 2±3 nm. A lattice of these He bubbles
was observed in the metal bulk [10]. Higher im-
planted ¯uences and certain implantation pro®les
cause formation of large surface blisters, up to 10
lm diameter, which can burst, leaving ¯akes and
causing wall surface erosion. This surface damage
phenomenon is not completely understood. De-
tails on the process of He-implanted bubble and
blister formation can be found in [11,12] and nu-
merous references therein.

We have chosen thin Al foils as implantation
hosts, since we needed to minimize the energy
losses of the scattered 4He and 6He particles in the
host material itself. It is, moreover, well known
that a large fraction of the implanted He atoms
stays in the aluminum for an almost inde®nite
time. The formation of He bubbles and blisters in
aluminum is one of the relatively well-studied
cases, although the speci®c details of this process
when implanting into thin foils are not under-
stood. Di�erent techniques such as Rutherford
backscattering (RBS) with both regular proton
beams and proton microbeams [13,14], optical
absorption and electron-energy-loss spectroscopy
techniques (EELS) [15], a-particle energy loss
measurements [14] have been used in these studies.
The most important parameter is the level of the
implanted He retention, i.e., the percentage of the
atoms staying in the target relative to the number
of the atoms implanted, as a function of the im-
planted ¯uence, the temperature of the host during
implantation, the implantation pro®le and the
thickness of the Al host. The dependence on these
di�erent parameters complicates the understand-
ing of the He-trapping process and leads to rather
diverse results from the di�erent experiments [13±
17]. For example, during the implantation of He
ions at implantation energies ranging from 0.5 to 8
keV into a 100-nm thin Al foil at room tempera-
ture, 50% He retention was observed up to an
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implantation ¯uence of 4� 1017 at./cm2, dropping
dramatically at higher ¯uence [16]. In contrast,
experiments with 5 keV He implanted into a 2-lm
Al foil showed a maximum saturation retention of
19% and 24%, for implantation at room temper-
ature and 120 K, respectively [14]. For implanta-
tion into a cooled target, a reemission of 40% of
the retained He was observed after heating the
sample to room temperature [14]. The Al ®lm ex-
hibited a high degree of deformation. In yet an-
other case, a retention level of more than 90% for a
similar He ¯uence implanted into bulk aluminum
at 80 K was reported [17], though at higher ¯uence
the retention level saturated at 40%.

More discussion of the factors which limit the
implanted target thickness can be found in the
early work [18] and in the more recent review pa-
per [19].

In this work we did not try to investigate the
complex physical processes involved in the He
trapping in metals, but rather were pursuing the
practical goal to achieve the highest possible He
concentrations in the thin Al foils, and also de-
veloping a reliable method for monitoring the re-
tained He content.

2. Experiments and results

2.1. Implantation

He-implanted Al targets were prepared at the
Leuven o�-line isotope separator with 4He beams
of various energies. The Al foil thickness was
measured by weighting the samples, and was
found to be 0:68� 0:02 lm against a nominal
value of 0:8 lm, speci®ed by the supplier, Good-

fellow Cambridge Ltd. 1 The choice of the host foil
thickness was dictated by the kinematics of 6He±
4He scattering at the angles of interest and by the
relatively low energy of the 6He beam (29 MeV).
Three probe targets were prepared. The details on
the implantation doses and beam energies are
listed in Table 1. The theoretical He-implantation
pro®les for the three targets are shown in Fig. 1.
The pro®les were calculated as gaussian distribu-
tions (sum of gaussians for target #3) using range
and straggling parameters given by SRIM simu-
lations [20]. SRIM simulations also showed that
sputtering e�ects during implantation were negli-
gible.

By using these targets we wanted to test the
sensitivity of the proton RBS to as well as any
dependence of the He retention level on the He
implantation pro®le. During the implantation the
He beam was scanned by applying ramp voltages
on a set of vertical and horizontal plates. The
beam at the target position covered a 1� 1-cm2

area. The typical pressure in the implantation
chamber was kept at 10ÿ8 mbar scale to avoid a
build up of hydrocarbon contaminations on the
target surface. The beam current was measured
directly on the target itself. A positive voltage was
applied to suppress secondary electrons. The beam
charge was integrated, digitized and counted.
During implantation the foils were mounted on an
Al plate to provide heat transfer. Unfortunately,
due to the small thickness and delicacy of the host
foils, it was very di�cult to provide a reliable
thermal contact with the backing plate. In order to
keep the target heating low, the He� current

Table 1
4He ¯uences implanted in the three Al foilsa

Foil At 20 keV At 30 keV At 50 keV At 80 keV Total

#1 1.0 ´ 1017 ± 0 0 1.0 ´ 1017

#2 0 ± 0 1.0 ´ 1017 1.0 ´ 1017

#3 1.2 ´ 1017 ± 1.0 ´ 1017 0.3 ´ 1017 5.0 ´ 1017

#4 ± 4 ´ 1017 ± ± ±

a Sample #3 and #4, which was used in 6He±4He experiment, were implanted on both sides.

1 http://www.goodfellow.com/.
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density was kept below 4 lA/cm2 which led to
several hours of implantation time for a sample.

2.2. RBS measurements

2.2.1. Experimental procedure
To check the amount of retained He we have

performed proton RBS measurements using the
new Tandetron accelerator at the LARN labora-
tory of the University of Namur [21]. The He(p,
p0)He� cross-section, rHe; is much higher than the
Rutherford value due to the existence of a broad
and strong resonance at 2.5 MeV proton energy,
corresponding to the ground state of 5Li. The ratio
of rHe to the Rutherford cross-section at 161.4° of
proton scattering angle amounts to a factor of 250
[22], allowing an accurate measurement of the re-
tained He. The RBS measurements were carried
out using a 2.2-MeV proton beam. The energy was
chosen to enhance the cross-section on 4He, and to
have at the same time a clear separation between
the 4He(p, p)4He peak and a small 27Al(p, p0)27Al�

contribution. As it will be demonstrated below, the
27Al(p, p)27Al cross-section is equal to the corre-
sponding Rutherford value at this particular
proton energy.

The protons backscattered from the target were
detected by two silicon detectors, placed at +160
and )161.4° in the laboratory frame with respect
to the beam axis. The detectors distance from the
target was chosen to be 100 mm. Collimators were
placed in front of the detectors, giving solid angles
from the center of the target of 2.6 and 1.0 msr,
respectively. The proton beam current was of the
order of 20 nA. The total beam intensity was
measured in a Faraday cup placed behind the
target. The detectors were shielded from back-
scattering particles originating on the Faraday
cup. The proton beam dispersion due to multiple
scattering within the thin Al targets was estimated
to be much smaller than the entrance angle from
the target to the Faraday cup aperture. One has to
be careful though, in case of thicker foils or higher
Z materials, to avoid errors in determination of the
total beam charge due to the stronger beam dis-
persion in the sample. A RBS spectrum obtained

Fig. 1. Implantation pro®les for 4He in aluminum for three

cases: (a) 20 keV beam energy; (b) 80 keV beam energy; (c) 20,

50 and 80 keV energies implanted from the both sides of the foil

(Table 1).
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with an SnO2-coated glass target was used for the
detectors energy calibration.

The RBS measurements were carried out on the
three implanted foils. A non-implanted Al sample
was also tested for comparison. A typical RBS
spectrum of the non-implanted sample is shown in
Fig. 2(a). The small thickness of the Al foil allows
to obtain a high quality RBS spectrum. Beyond a
strong RBS Al peak, two resolved peaks of 16O
and two resolved peaks of 12C corresponding to
the aluminum oxide and carbon layers at the front
and the rear foil surfaces are clearly visible. A
weak peak around 900 keV corresponding to a
non-elastic 27Al(p, p0)27Al� scattering is also ob-
served. The RBS spectrum of the non-implanted

target exhibits a low background in the lower-en-
ergy region. This provides a possibility for a reli-
able measurement of the He-implanted samples.
The RBS spectrum of target #3 with the largest
implanted amount is shown in Fig. 2(b), where a
strong He RBS peak is clearly observed. The
comparison of the RBS He peaks for targets #3,
#1, #2 and #1, reversed with respect to the proton
beam direction, is shown in Fig. 3 (see the theo-
retical implantation pro®les in Fig. 1). The sensi-
tivity of the RBS peak to the implantation pro®le
is clearly demonstrated. One can also observe that
the high-energy side of the RBS peak is much
steeper than the low-energy one, due to straggling
of protons backscattered from the deeper im-
planted He atoms. The narrowest RBS peak of
non-reversed target #1 corresponds to the most
shallow implantation pro®le.

2.2.2. Results
The content of the implanted He, NHe, was

determined from the ratios of the integrals of the
He, YHe and Al, YAl, RBS peaks and the known
number of Al atoms in the foil, NAl,

NHe � YHe

YAl

rAl

rHe

NAl; �1�

with rHe and rAl being the 4He(p, p)4He and
27Al(p,p)27Al cross-sections values.

The 27Al(p, p)27Al cross-section oscillates sub-
stantially around the Rutherford values [22].

Fig. 2. The RBS spectra of (a) the non-implanted Al sample, (b)

target #3. The peak from the He signal is clearly visible. One

can also observe the ®ne structures of the RBS spectrum: the

resolved 16O and 12C peaks from the two foil surfaces and a

weak peak from non-elastic Al(p, p0)Al� scattering.

Fig. 3. The comparison for the RBS He peak for #3, #1, #2 and

reversed #1 foils (see the theoretical implantation pro®les in

Fig. 1). The RBS sensitivity to the implantation pro®le is clearly

demonstrated.
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However, it is known that the cross-section is
equal to the Rutherford value at 2.2 MeV proton
energy. To check this we have performed an en-
ergy scan around 2.2 MeV, comparing the cross-
section obtained from the Al RBS yield per proton
beam charge measured in the Faraday cup and the
calculated Rutherford value. The results of this
comparison are shown in Fig. 4. The main error of
the calculated cross-section comes from the un-
certainties of the foil thickness (3%). The mea-
surement demonstrates that indeed around 2.2
MeV the 27Al(p, p)27Al cross-section is equal to the
Rutherford one (51.40 mb).

The retained He quantities are shown in Table
2. The values show that the targets are character-
ized by a high He retention level of 30±50%.

3. Discussion

The high retention level in all targets seems to
indicate that the long time elapsed between the
implantation and the RBS measurements (three
weeks) did not cause signi®cant di�usion of 4He
from the host foil, even though no particular
procedure was followed to store the foils. The re-
tention level in target #2 is signi®cantly smaller,
which might be due to higher energy deposition in
the target during the implantation at 80 keV.
However, since the surface of target #2 was
slightly damaged, which also can cause a lower He
RBS yield, it is not possible to draw ®rm conclu-
sions concerning the He retention dependence on
the implantation energy.

It is interesting to compare scanning electron
microscope (SEM) images of the Al foil prior to
(Fig. 5(a)) and after implantation (Fig. 5(b)).
While the untreated foil demonstrates a crystalline
structure, the implanted sample (target #3) has a
completely smooth surface. No He bubbles were
observed in the SEM images. The SEM image of
the surface next to the implanted area does not
di�er signi®cantly. Therefore the foil structure
modi®cation is probably due to the heating by the
beam during implantation.

The h±2h X-ray di�raction measurements of the
non-implanted sample and target #3 were per-
formed in the Bragg±Brentano con®guration at
1.541 �A �CuKa�. The X-ray di�raction spectra
(Fig. 5(c) and (d)) indicate that the modi®cation in
the crystalline structure due to the beam impact is
not only limited to the surface but also extends
into the bulk material. From the FWHM of the
di�raction peaks an average grain size of 60 and 35
nm can be deduced for the untreated and #3 tar-
gets, respectively. The drastic modi®cation of the
foil crystalline structure during the implantation is
an interesting phenomenon. It is not clear at pre-
sent how it a�ects the He trapping process.

The obtained retention levels are similar for
targets #3 and #2, while the atomic concentration
of 4He varies by a factor 5. It is therefore possible
that the saturation concentration of 4He in target
#3 was not reached. Although the He content of
the target #3 is su�cient for our experiment, we
have tried to achieve a higher amount in further

Fig. 4. Yields of 27Al(p, p)27Al backscattering events at energies

around 2.2 MeV, for a proton beam dose of 2.0 lC. The solid

line is the calculated Rutherford yield for a Al foil thickness of

0.68 lm. The estimated error on the calculated Rutherford

cross-section is 3%.

Table 2

Results of the RBS measurements: detected 4He thickness in the

di�erent foils

Foil 4He content

(cmÿ2)

4He

at.%

Retention

(%)

#1 (4.98 � 0.18) ´ 1016 1.2 50

#2 (3.02 � 0.14) ´ 1016 0.7 30

#3 (2.20 � 0.07) ´ 1017 5.4 44

#4 (2.72 � 0.04) ´ 1017 6.6 34
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implantations. We have performed a few addi-
tional implantations with the beam ¯uences higher
than 1018 at./cm2. The RBS measurements of these
samples showed retention levels below 30%. It is
not clear whether the poor retention is due to
target heating during the implantation or due to a
massive re-emission of He above some critical
concentration value as seen in [14,16,17]. The
target surfaces reveal severe deformations, though
it does not appear to be the result of He blisters.
For a sample with an especially deformed surface
several RBS measurements were performed for
di�erent beam spot positions on the target surface.
The ratio of He and Al RBS peak integrals was
found to be constant within 5%.

For the ®nal target (#4 target), used in the 6He
experiment, we aimed at a compromise with ¯u-
ences of 4� 1017 He ions implanted into both sides
of the foil. By implanting into two sides of the foil
we have reduced the local He concentration
avoiding critical He density limits. An implanta-
tion energy of 30 keV was chosen to reduce the
target heating and at the same time to have a
reasonably deep pro®le. The amount of the ®nal
target was �2:72� 0:04� � 1017 at./cm2 which cor-
respond to a 34% retention level and 6.6% atomic
concentration of the trapped He (Tables 1 and 2).
For comparison the e�ective thickness of the gas
cell target used in the previous experiments [4] was
1:2� 1019 at./cm2. With the procedures presently
in use, it seems that the maximum concentration of
the He atoms in the 0:7 lm thickness Al foils is
limited to 7%. As this is probably due to heating
during the implantation process, a better heat
transfer should be envisaged. As the only feasible
solution of this problem one can suggest a proce-
dure such as described in [23], where the thin im-
plantation host was evaporated on a thick copper

substrate, which was removed after implantation
by dissolving in 7 N HNO3 solution.

Target #4 has been used in the second stage of
the 6He±4He experiment [4]. The increase of the 6He
beam intensity at the Louvain-la-Neuve facility
compared to the previous experiment [4] was very
important for the success of this experiment and the
analysis is in progress. It is interesting to compare
some selected numbers from the two experiments in
order to see the di�erences between the gas and
implanted targets (Table 3). In Fig. 6(a) and (b), the
correlation spectra obtained by detecting simulta-
neously two particles in two sectors of the LAMP
array [4,24] are given. A few interesting features
emerge from the comparison of the numbers in
Table 3 and spectra from Fig. 6(a) and (b).
1. In both spectra, the events corresponding to

6He±4He elastic scattering are clearly visible,
but in the gas cell these events are not lying
on a straight-line but rather on a ``bow-like''
structure due to the di�erence in the particle en-
ergy loss in the gas cell windows as a function of
the angle under which the particle leaves the gas
cell.

2. There is an additional strong background in the
gas cell spectrum due to p(6He, 4He)3H reaction
with hydrogen nuclei from the gas cell exit win-
dow (Fig. 6(a)).

3. As seen from Table 3, the background rate in
the case of the implanted target is much lower
than for the gas target. However, the ratio of
the rates of the detected 6He±4He scattering
events to the background events is better for
the gas target. To improve this ®gure or merit
a larger content of He in the implanted target
has to be obtained.

4. As in case of the implanted target, all scattering
events are originating from a well-localized geo-

Table 3

Comparison of the experiments with the gas cell [4] and the implanted targeta

# of 4He

(1017)

6He dose

(nC)

# M � 2

events

# 4He±6He Background

rate (pCÿ1)

4He±6He rate

(pCÿ1)

Gas cell 1200 0.29 64144 1834 221.2 6.3

Implanted 2.7 4.9 52139 652 10.6 0.13

a Multiplicity M � 2 events are presented for LAMP±LAMP coincidences only. An energy threshold of 2 MeV was used. The 4He±6He

coincidences detected in the 70°6 hc:m:6 125° range are presented.
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metrical position, the analysis of the data is
straightforward.

About two months after the experiment, the He
content of the used target was remeasured with the
proton RBS. The He content in the target was
found to be the same.

4. Conclusion

We have demonstrated that solid He-implanted
targets can be used in experiments with radioactive
beams. By utilizing the implanted He target we
could overcome several di�culties of the previous
6He±4He scattering experiment where a gas cell
was used. This work can serve as a benchmark for

further use of He-implanted targets for experi-
ments with radioactive beams. The improvement
of the implantation procedure by arranging a re-
liable heat transfer may allow to further increase
the implanted amount. However, we want to point
out that previous implantation studies, which were
performed as function of implantation energy,
host thickness and implantation temperature
[14,16,17], showed that an implanted ¯uence of
4±7� 1017 at./cm2 seems to be the limit above
which the He atomic concentration either reaches
saturation (5±7% for 0.7 lm Al ®lm) or drops due
to the massive He reemission. For instance, the
high 3He ¯uences in [6] (more than 1019 ions/cm2)
has resulted to a relatively small 3He content
(1±2� 1017cmÿ2).

Fig. 6. 6He±4He correlation spectra of the energy sum versus energy di�erence of the two particles simultaneously detected in the

LAMP array for the gas cell target (a) the implanted target (b).
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For those experiments, where the host foil
thickness is not an issue, higher implanted He
amount could be obtained eventually by applying
the technique of simultaneous implantation of He
and evaporation of the host material [8] or He
implantation into a carbon layer, built up during
the implantation on the target surface [25].

As an interesting possibility one can consider
the preparation of He implanted targets using the
relatively novel plasma immersion implantation
technique, where large implantation ¯uences can
be implemented in a short time [26].
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