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Antiproton and proton energy loss straggling at keV energies
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Abstract. The slowing-down process of point-like charged particles in matter has been investigated by
measuring the energy straggling for antiprotons and protons in Al, Ni and Au. A comparison with binary
theory shows good agreement for Al and Au. For Ni, experimental data are not as convincing. In particular
for the aluminum target, the Barkas-like effect of reduced energy straggling for antiprotons compared to
protons is visible in the experimental data and a nearly velocity-proportional straggling is found, in good
agreement with binary theory.

PACS. 34.50.Bw Energy loss and stopping power – 61.85.+p Channeling phenomena (blocking, energy
loss, etc.)

1 Introduction

We present measurements of antiproton and proton energy
loss straggling at energies 1–70 keV, derived from energy
loss distributions obtained in previous measurements of
stopping powers [1,2]. In fact, such measurements of strag-
gling for antiprotons were ‘promised’ already in the early
nineties [3], eagerly sought by theorists [4] and also in the
case of protons, the area still attracts substantial inter-
est [5–10]. In the construction of modern trapping schemes
for antiprotons — in pursuit of the goal of producing
cold antihydrogen or a low-energy antihydrogen beam —
energy straggling of antiprotons becomes an important is-
sue [11].

2 Energy loss and straggling

When a proton or antiproton (p) traverses matter, it
will lose energy mainly in electronic collisions with tar-
get atoms, whereby atoms are excited or ionized. The
slowing-down is mainly characterized by the stopping
power −dE/dx. At low energies it is often the case that
the stopping power is proportional to projectile veloc-
ity as expected from e.g. the free-electron gas approxi-
mation [12,13]. We have recently confirmed this approxi-
mation with antiproton measurements in metals [1], and
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surprisingly also at low energies for a large band-gap in-
sulator, LiF [2].

However, also higher order moments of the energy loss
distribution characterize the slowing-down process, most
importantly the energy loss straggling Ω2 = 〈(∆E2 −
〈∆E〉)2〉, where ∆E is the energy loss and 〈∆E〉 is the
mean energy loss. Already in 1915, Bohr derived an ex-
pression [14] that is quite successful in describing energy
loss straggling for swift (but non-relativistic) particles
penetrating a thin target of thickness ∆t

Ω2
B = 4πZ2

1Z2e
4N∆t (1)

where Z1e is the charge of the projectile nucleus, Z2e the
charge of the nuclei in the target and N the density of
atoms. This formula is based on Rutherford scattering off
free electrons.

The energy loss distribution is Gaussian, when energy
transfers in individual collisions are small compared to the
width of the final distribution. In the present experiment,
this is the case for not too thin targets.

When the projectile is slower than the fast, inner-
shell target electrons, the straggling is reduced relative
to the Bohr value. This effect is most easily taken into ac-
count in an electron-gas model, as was done by Lindhard
and Scharff [13,15] and later refined by Bonderup and
Hvelplund [16]. Moreover, in the free-electron gas approx-
imation, energy loss straggling is expected to be propor-
tional to v2 [4,13,16,17].
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Target inhomogeneities may contribute to the mea-
sured energy loss fluctuations. For an inhomogeneous tar-
get with a thickness variation δx, there will be an addi-
tional fluctuation in the energy loss of a transmitted beam
given from [18] Ω2

δ = (dE/dx)2δx2 such that inhomo-
geneities may be included in the theoretical description
by adding the contribution in quadrature to the energy
loss straggling

Ω2
δth = Ω2

th + Ω2
δ . (2)

3 Barkas effect in straggling

Particles of negative charge are subject to a lower stopping
power than positive particles due to polarization of the
target electrons. This so-called Barkas effect, which was
first observed as a range difference between positive and
negative pions [19], has in the last decade been studied in
detail with antiprotons [1,20].

Binary stopping theory developed by two of us [21,22]
is a suitable scheme to calculate stopping and straggling.
This non-perturbative classical theory includes Bohr’s
classical result for distant collisions and Rutherford’s law
for close collisions. It predicts stopping powers for ions
very accurately in a wide range of energies [23].

A Barkas effect in straggling is present in binary the-
ory calculations of energy loss straggling, antiproton strag-
gling being reduced by up to a factor of 2 compared to the
value for protons [9,24].

4 Experiment

The experimental procedures in the present study follow
closely those described in [25]. In short, the Antiproton
Decelerator at CERN delivers around 107 antiprotons in
a pulse of 200 ns duration at a kinetic energy of 5.3 MeV
with a repetition time of about 2 minutes. A Radio Fre-
quency Quadrupole subsequently decelerates this beam to
an energy that can be varied between essentially 0 and
120 keV. We note that the average beam current is ex-
tremely small and hence there is no foil deterioration dur-
ing the measurements.

The experimental apparatus, see Figure 1, used in
the determination of the stopping power and its fluctu-
ations, is based on two 90◦ electrostatic spherical analyz-
ers (ESA). The first analyzer is used to select an inci-
dent beam with a small energy spread around the mean
energy 〈E1〉. After traversal of the target foil of thick-
ness ∆t, a second analyzer measures exit energies of the
beam, centered around 〈E2〉. The stopping power is then
determined as −dE/dx = (〈E1〉 − 〈E2〉)/∆t at the aver-
age energy (〈E1〉 + 〈E2〉)/2. The p beam is detected by
two-stage channel-plate detectors with optical readout by
CCD cameras from a phosphor screen. One detector is
positioned after the first analyzer, for tuning of the inci-
dent beam, and another one after the second analyzer, see
Figure 1. The whole setup has been thoroughly calibrated
and tested using protons of known energy [1,25]. The en-
ergy loss fluctuation is determined by measuring the RMS

Fig. 1. Schematic diagram of the experiment. The target foil
is insulated and can be raised to a bias voltage in order to vary
the projectile impact energy.

Fig. 2. Energy loss distribution for aluminum. The vertical
axis is proportional to the light intensity detected by a two-
stage channel-plate detector with optical readout by a CCD
camera viewing a phosphor screen. The horizontal axis is the
deflector voltage of the second spherical analyzer, proportional
to the energy of the transmitted particles.

width, Ω, of the energy loss distribution, an example of
which is shown in Figure 2.

5 Results

The measured fluctuation for the three elements used in
the present experiments is shown in Figures 3–5. The val-
ues have been obtained by fitting a Gaussian distribution
to the measured data as in Figure 2. In addition, an inho-
mogeneity contribution has been added to the theoretical
values for proton straggling (dash-dotted lines) and an-
tiproton straggling (dotted lines). This contribution has
been found by addition of the inhomogeneity contribution
Ωδ in quadrature, to obtain the best fit to the data for
proton impact on the foils. Since the same foils were used
for the measurements with antiprotons, an inhomogene-
ity contribution based on the same target inhomogeneities
must be added in quadrature to the antiproton calcula-
tions. This gives an accurate estimate of the Barkas-like
difference, even in the presence of inhomogeneities.
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Fig. 3. Measured antiproton (�, 260 Å foil, • 350 Å) and
proton (� 260 Å, � 260 Å, � 320 Å, © 320 Å) fluctuation in
aluminum, normalized to the Bohr straggling ΩB. See the text
for an explanation of the curves.

Fig. 4. Measured antiproton (�, 220 Å foil, • 220 Å) and
proton (� 220 Å, � 220 Å, © 220 Å) fluctuation in nickel,
normalized to the Bohr straggling ΩB. See the text for an ex-
planation of the curves.

In Figures 3–5, the horizontal dashed line shows the
high-energy asymptote, the Bohr value ΩB. We observe
that our data for the Al and Au targets agree fairly well
with the calculations including a small thickness variation
of δxAl = 60Å, δxAu = 80 Å.

For the aluminum data in Figure 3, the three proton
data sets shown by the symbols (�, �,©) are in excellent
agreement with the binary theory calculations including
inhomogeneities. For the data set shown by (�), there is
a slight, unexplained discrepancy, both with theory and
with the remaining data. One possible explanation for
the discrepancy is channeling. As shown in [26], even at
1.4 MeV the dechanneling of antiprotons is substantial in
a 0.5 µm thick Si crystal, so any discrepancy observed
for antiprotons is unlikely to be a channeling effect. On
the other hand, for protons the dechanneling length is
much larger and channeling through differently oriented
crystallites may affect the measured fluctuation [27]. The
antiproton data sets show a somewhat larger scatter than
the proton data, but the tendency is clear: the energy loss
fluctuations of antiprotons is generally smaller than for
protons, as expected.

Fig. 5. Measured antiproton (�, 200 Å foil) and proton (�
200 Å, � 200 Å, © 200 Å) fluctuation in gold, normalized to
the Bohr straggling ΩB. See the text for an explanation of the
curves.

A least-squares fit to the (�) data set yields a depen-
dence of fluctuation on velocity of the form Ω ∝ v0.9±0.2,
in good agreement within the uncertainty with the ex-
ponent of 1.2 found from binary theory, but significantly
smaller than the v2 proportionality found from electron
gas models [4,16].

In the case of nickel, shown in Figure 4, for one data set
(•) we measure a higher fluctuation for antiprotons than
for protons. This is unexpected and the large scatter of
points indicates that this data set — in spite of seemingly
reliable Gaussian fits — is not trustworthy. The other data
set (�) shows a small trend in the direction of the same
conclusion as for aluminum.

Turning to the gold target, shown in Figure 5, the pro-
ton data agree quite well with the calculations, although
the slope of the experimental values Ω/ΩB seems slightly
lower than the theory predicts. The measured values for
antiprotons are too few to reach a firm conclusion, but
there is certainly no contradiction to the Barkas-like re-
duction for antiprotons.

Accurate comparisons to other theories based on an
electron gas model [4,28], are difficult since the electron
gas model generally applies only to the conduction elec-
trons which in turn contribute less than half to the total
straggling [9].

The results presented here and in our earlier publi-
cations [1,2,25] show the usefulness of the technique of
electrostatic analysis for measurements of energy loss and
energy loss straggling. In one apparatus, it is possible
to measure over two orders of magnitude in energy, for
both protons and antiprotons. Furthermore, in principle
the only limiting factor preventing measurements at en-
ergies below 1 keV is foil thickness and homogeneity. The
applied technique is thus extremely versatile.

6 Conclusion

In conclusion, we have measured the fluctuations in energy
loss (which includes the energy loss straggling) for antipro-
tons and protons in the energy range 1–70 keV, traversing
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thin foils of aluminum, nickel and gold. In particular for
the aluminum target, the reduced straggling of antipro-
tons compared to protons is visible in the data, whereas
for nickel and gold the quality of the data is too poor
to validate such a firm conclusion. Nevertheless, there is
no contradiction with the binary theory of Sigmund and
Schinner, taking into account the experimental statistical
uncertainty as evaluated by the scatter of data points.
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