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Abstract

Energy loss and energy straggling of a-particles in UO, were measured for a-energies up to 8.78 MeV. a-sources of
Pu-239 and a ‘multi-energy source’ emitting a-particles of five different energies obtained by recoil implantation from a
Th-228 source were coated with UQ, layers of 17 different thicknesses. Confirmation of these results was obtained from
Rutherford backscattering spectroscopy, RBS/channeling experiments with UQ, single crystals preimplanted with He-
ions. The measured energy loss values were used to deduce the range-energy relation. The results are in good agreement
with calculations using the code TRIM 96. The energy straggling results are discussed in the frame of Bohr’s theory.
Finally, defects and damage produced by a-particles and He-ions in UQ, are briefly treated. © 1999 Elsevier Science

B.V. All rights reserved.

1. Introduction

In recent years, the slowing down of a-particles has
been increasingly used to study solid state properties of
nonmetals; in particular, a-particles and He-ions have
been used to investigate interesting properties of nuclear
ceramics, such as UO,. The decrease in energy of (mono-
energetic) o-particles after passing through a solid can
be used to determine diffusion profiles of o-emitting
tracers, such as U-233 in UQO, [1,2]. Surface properties,
crystal perfection and radiation damage can be mea-
sured employing Rutherford backscattering spectrosco-
py, RBS, of He-ions combined with the channeling
technique [3,4]. To evaluate the data, information on
range and energy loss must be available and the energy
straggling should be known as well. Energy straggling
places a finite limit for which energy losses, and hence
depths can be resolved, and it impairs the ability to
identify masses by RBS, except for atoms located at the
surface. Energy loss (stopping power) measurements
have been published in the 1960/1970s for many mate-
rials including the nuclear ceramics UC, UO, and ThO,
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[5-8]. In contrast, energy straggling has usually only
been measured for metals and for some gaseous absor-
bers.

In the present paper, range and straggling values for
today’s fuel used in electricity producing nuclear power
stations, i.e. uranium dioxide, are reported, analysed
and compared with calculations performed with the
computer code TRIM 96 [9]. Energy loss values are also
briefly treated.

2. Experimental

Thin mono-energetic sources of Pu-239 (E,=5.16
MeV) produced by flash evaporation or multienergy
sources, i.e. platelets exposed to a recoil source of Th-
228, were used. The platelets exposed to Th-228 con-
tained the daughter products of Th-228, i.e. Ra-224
(5.68 MeV), Rn-220 (6.29 MeV), Po-216 (6.78 MeV), Bi-
212 (6.05 MeV with 30% o-emission), and Po-212 (8.78
MeV). In this way, different energies up to 8.78 MeV
could be used with one a-source. The sources were
successively coated with UO, layers using a small elec-
tron beam furnace. The layer thicknesses were deter-
mined by weighing. They varied between 0.16 and 1.6
um (accuracy ~2.5%). A total of 17 layers were pro-
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duced leading to a maximum total thickness of 11 pm.
The layers were crystalline with the fluorite structure. X-
ray diffraction confirmed that the deposited UO, was
nearly stoichiometric. RBS analysis was used to detect
possible impurities. No impurities were found. Energy
loss and energy straggling were measured with conven-
tional surface barrier Si-detectors. The resolution of the
detectors for 5 MeV a-particles was about 18 keV (full
width at half maximum (FWHM), n4). The error in
energy measurements was <1%.

For application and confirmation of these data, UO,
single crystals were implanted with 1 MeV He"-ions
with different fluences up to 1.1 x 10'7 ions/cm?. These
crystals were analyzed by RBS/channeling at the
Dynamitron Tandem Laboratory at the Ruhr Univer-
sitdt Bochum (Dr M. Wielunski). Analysis was done at
different energies: 3.5, 4.5, 6, 7.5 and 9 MeV in both
random and aligned mode. For the high energies, reso-
nance scattering 0'®(a,,0)0'® occurred, giving rise to a
significant increase in the scattering yield for the oxygen
sublattice (see Section 4).

3. Theoretical

The theory of particle-solid interactions and of
stopping of ions in matter dates back to the early days of
the century and comprises the work of famous physicists
such as Bohr, Bethe, Bloch and others [10,11]. There is
also a good description of the physics involved in the
book of Olander [12] and tables for ranges and stopping
powers exist for many elements (e.g. Ref. [13]). For the
energy loss, the Bethe-Bloch formula [10] is still often
used0

_dE 4nz2et NZ (ln2mv2 C)

dx mv A I Z

(1)
Here, e and m are the electron charge and mass, v and z
are the velocity and charge (z =2) of the a-particle, N is
Avogadro’s number, A and Z are the atomic weight and
number of the target material, and 7 is the mean exci-
tation potential. C/Z are shell corrections allowing for
the case that for lower energies the velocity of the a-
particle is no longer large compared with the velocity of
the inner electrons in their orbitals. In Eq. (1), terms
that can be neglected have been omitted (essentially
terms related to relativity and density corrections). For a
compound like UO,, dE/dx is calculated separately for
U and O, and multiplying the results with weight factors
W, =A4,/(do + Ay)(n = O or U).

There are, of course, a number of other and more
recent approaches to theoretically predict dE/dx values.
Since emphasis of this short paper is on experimental
work to determine ranges and straggling, this literature
is not discussed. Comparison is, however, made with

TRIM calculations. Also the present experimental re-
sults, when compared with Eq. (1) are tentatively used
to deduce information on the shell correction term C/Z.

Statistical fluctuations in the number and kind of
collisions along the tracks of o-particles cause unequal
energy losses for different particles starting under iden-
tical conditions. The theoretical understanding of this
range or energy straggling is well advanced and different
treatments are available, e.g. Refs. [11,14-16] and oth-
ers.

Gaussian distributions are expected for energy losses
of a few percent up to about 70% [17]. Asymmetry and
even decreased straggling (beyond the maximum of the
energy loss) can occur at larger energy losses [18,19].

The simplest of the available straggling expressions is
owing to Bohr [11]. This expression is used as example
though, as for energy loss, other theories exist as well.
The standard deviation of the Gaussian distribution is
given as

Q? = 4ne*NZ(AS), )

where ze is the charge of the ion passing through the
layer A¢ of a material of atomic number Z containing N
atoms per cm’. Often, the denomination Qg is used in
the literature (s stands for straggling, B for Bohr). Note
that the FWHM 5 = 2(2 In 2)"?Q, = 2.35Q, and that
the width due to straggling will add quadratically to the
width due to the limited resolution of the detector, #,.
Hence

'72 = (’7101;11)2 - rlfl (3)

According to Bohr’s theory, a plot of the standard
deviation of straggling, Q,, versus the square root of
depth or layer thickness, v/AZ, should be a straight line.
(Equally, the other conventional means of presenting
straggling results, i.e. a plot of Q versus A¢ should also
be a straight line) Furthermore, energy straggling should
be independent of the incident energy of the a-particles.

Most reported experimental results have been ob-
tained for metals. They are often not very well repre-
sented by any of the theories, particularly at low
energies, though sometimes reasonable agreement is
observed for high energies and small thicknesses. The
experimental values can be both larger and smaller than
Bohr’s predictions (e.g. Refs. [18,19]).

Calculations of ranges and straggling were also per-
formed with the TRIM-code, version TRIM 96 [9].
When applicable, displacement energies E4 for U of 40
eV and for O of 20 eV were used.

4. Results and discussion

Fig. 1 shows a-spectra of the multienergy source
before and after evaporating UO, layers with a total
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Fig. 1. The a-energy spectra of a multienergy source before and
after coating with 4.9 pm UO,.

thickness of 4.9 um onto the source. As expected, the
line spectra of the 5 o-emitters are broader and are
shifted to lower energies after coating with UO, layers.
For the 17 layers produced, energy loss and energy
straggling values could be obtained (for five different o-
energies). For all thicknesses at least some of the a-lines
could still be separated. The results obtained are shown
in Fig. 2. As expected, the low intensity line of Bi-212
with E, =6.05 MeV could only be used at small thick-
nesses. These curves can be joined together, as also
shown in Fig. 2. An arrow indicates the procedure for
the case of Po-216 (6.78 MeV). The resulting curve
represents thus the energy loss of a-particles of 8.78
MeV original energy in UQO, layers of up to 22 um
thickness.

A simple algorithm was deduced from all these
measurements to describe the energy loss values in the
form dE/dx = 1/(4E + B) where the constants 4 and B
are given in Eq. (4). Additional supporting results of the
same type were obtained with the mono-energetic source
of Pu-239.
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Fig. 2. Remaining a-peak energy of the five a-emitters of the
multienergy source after having passed different thicknesses of
UO;. A composite curve is constructed by joining the curves for
the five a-energies into one curve (see arrow: data points not
joined by a full line).

the absorbing UO, layer), the initial energy E, (decay
energy) and the remaining energy E can be obtained by
integration of Eq. (4) yielding

x=0.179(E} — E) + 1.20(Ey — E) (5)

giving the range as a function of initial energy E, by
setting £=0. The resulting ranges are shown in Fig. 3,
where they are compared with TRIM calculations.
Agreement is seen to be rather good. The experimental
values are, however, consistently lower by 0.5-1 um than
the calculated values. The relative difference is largest for
low energies, i.e. for those used for normal RBS analy-
sis.

There are several reasons for discrepancies at low
energies: (i) the shell correction term becomes important
at low energies (see below), and it is not well known, (ii)
the curve of dE/dX versus E shows a maximum at low
energies and (iii) the He-ions have an effective charge of
<2 at low energies. As examples, for He-ions in U-metal,
the maximum in dE/dX occurs at 0.9 MeV and dE/dX
decreases by a factor of 2 at 0.13 MeV [13] and He-ions
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Fig. 3. Range-energy relation of a-particles in UO,. Compari-
son of the experimental results with calculations with the code
TRIM 96. TRIM results for range straggling are included.

reach the effective charge of 2+ only at ~0.5 MeV en-
ergy. An effective charge between 1 and 2 leads also to
lower energy loss values (see e.g. Eq. (1)). If the energy
dependence of dE/dX of He in U-metal for £ < 1 MeV
[13] is used to estimate the effect on the range values of
Fig. 3 for UO,, an increase in the range by 0.52 pm is
obtained. This is in excellent agreement with the TRIM
calculation for E=1 MeV, although the data according
to Eq. (4) remain slightly lower than the TRIM calcu-
lations for higher energies.
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Fig. 4. Rutherford backscattering and resonance scattering
spectra of 9 MeV He-ions from a UO, single crystal implanted
at room temperature with 1 MeV He-ions to a total fluence of
1.1 x 107 ions/cm?. The inset shows the spectra for 6 MeV He-
ions.

Fig. 4 shows two of the RBS/channeling spectra or
resonance scattering/channeling spectra for a UQO, single
crystal preimplanted with 1 MeV He-ions and analysed
with high energy He-ions. The spectra for 9 and 6 MeV
are shown. Additional runs were made for 7.57, 4.5 and
3.5 MeV energy of the analyzing beam. The three peaks
for resonance scattering (e.g., Refs. [20-22]), corre-
sponding to three large maxima of the scattering cross-
section for O'(a, ®)O'® resonance scattering, located
between 7.4 and 7.6 MeV and around 7.2 and 7.0 MeV,
were most clearly observed for 7.57 MeV He-ions. Be-
cause a larger He-ion energy for analysis was used than
for implantation, the backscattering investigation allows
the detection of the damage produced by He, in princi-
ple separately in the oxygen and in the uranium sub-
lattices. As expected, most damage is formed at the end
of the range of the He-ions, as evidenced by the peaks
for U-defects in the aligned spectra labelled He-peak in
Fig. 4. Such He-damage peaks were observed for all
energies of the analyzing He-beam. TRIM calculations
and the existing experimental experience on many ma-
terials show that damage peaks are only slightly dis-
placed (to a slightly smaller depth) from the range peaks
of the implanted ions. The backscattering spectra yield
therefore additional confirming data on energy loss for
the five energies used for the analyzing beam, in good
agreement with the results of Eq. (4) and Fig. 3. For
instance, the mean depth of the He-damage peak was
1.34 pm, as compared to 1.38 pum for the range as ob-
tained from Eq. (4). Note, however, that the above-
mentioned corrections upwards towards 1.86 um for the
range 1 of MeV He-ions should be made. The corre-
sponding numbers of TRIM 96 calculations are 1.95 and
2 um.

From the size of the He damage peaks and the
known fluence of the 1 MeV He-ions, the number of
permanently displaced U-atoms per implanted He-ion
can be deduced to be 3. Approximately 60 U-defects are
expected to be formed per He-ion. Most defects are,
therefore, recovered. Instantaneous defect recovery in
UO, has been previously measured following implan-
tation with heavy ions (Kr, Te and Cs) of 40 keV energy
[23]. For high fluences, instantaneous recovery was even
more pronounced in the dense collision cascades pro-
duced by these heavy ions of lower energy: At a fluence
of 5 x 10' ions/cm?, for example, less than 1 U-defect
per incoming ion survived of the ~250 defects expected
to have been formed. This effective defect recovery is a
main reason for the known radiation stability of
UO,.All measured a-peaks for layer thicknesses, A, up
to 5 um were well described by Gaussians distributions.
For larger thicknesses, overlapping of some a-peaks of
the multienergy source occurred. A plot of Qi versus A¢
could be fitted to a straight line (with Q; in MeV and A¢
in pm) without showing any obvious dependence on
incident energy as shown in Fig. 5
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Fig. 5. Measured energy straggling as a function of layer
thickness for different incident a-energies. The inset shows a
possible dependence of the shell corrections on particle velocity.

Q@ =(33+£7) x 10*AE+ (3+1) x 1074 (6)

Consequently, the data scatter around a horizontal line
as predicted by Bohr’s theory if plotted as Q./(A¢)'/?
versus incident energy (see Fig. 6). The data for 5.16
MeV are low and represent the separate experiments
with the mono-energetic Pu-239 source. The remaining
data are due to the multienergy sources and were thus
obtained with identical UO, layers. There is a definite
trend between thin and thick layers, the thin layers
yielding a relatively less pronounced straggling than the
thicker ones. Except for this observation, no obvious
dependence on layer thickness (or remaining particle
energy) was observed. The full line corresponds to about
45% of the value predicted according to Bohr’s theory.
Two thirds of the experimental points lie within the
band indicated by the two dashed lines which corres-
pond to 35% and 50% of the Bohr value, respectively. A
direct comparison of the TRIM calculations (Fig. 3)
with the present results is not possible since the TRIM
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Fig. 6. Measured energy straggling as a function of incident a-
energy.

calculations yielded the range of He-ions in a thick UO,
target, whereas experimentally the straggling of a-par-
ticles that passed through thin UO, layers was mea-
sured.

As mentioned in Section 2, shell correction terms, C/
Z, are included in Eq. (1). Using available data for Pb
on the energy dependence of C [24], corrections can be
made to the calculated energy loss values for low ener-
gies. On the other hand, by comparing theory without
shell corrections with the experimental data, C-values
for U can be deduced. These (tentative) values are
plotted in Fig. 5 as an inset (open circles), and are
compared with known values for Pb.

5. Summary

In summary, the measured range data of a-particles
in the nuclear fuel UO, are in good agreement with
calculations with the TRIM 96 code. The experimental
straggling data can be reasonably well fitted to the
simple Eq. (6). The trend of the straggling data is not
incompatible with the theory of Bohr, although the ac-
tual experimental data are only about half as large as the
predicted values. Finally, most U-defects formed by the
interaction of the He-ions with the UO, are shown to be
instantaneously recovered. Similar effective instanta-
neous defect recovery occurs in the collision cascade of
heavy ions of keV energy and is also expected to occur in
cascades formed by the recoil daughter atoms of the a-
decay (e.g. 72 keV Th-atoms in the decay of U-238).
This is a main reason for the known radiation stability
of U02
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