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Measurement of the Barkas effect in hydrogen
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Abstract. The stopping power of gaseous hydrogen for positive and negative muons at energies ranging
from 3 to 100 keV has been measured by time-of-flight. A pronounced Barkas effect was observed: the
energy loss in hydrogen for negative muons was found to be significantly smaller than that for positive

muons.

PACS. 34.50.Bw Energy loss and stopping power

1 Introduction

In 1956 Barkas and coworkers [1] found a difference be-
tween the low-energy stopping power for negative and
positive pions. This effect comes about by the polarizing
influence of low-energy charged particles on the electron
distribution in matter. At velocities around the Bohr ve-
locity the electron distribution is no longer static as it has
been assumed by Bethe and Bloch [2,3]. The density of
the electrons seen by the particle rises for positive and is
diminished for negative particles.

To include this effect, the formula for the stopping
power S can be expanded to higher powers of the par-
ticle charge z:

So 2 3 4
S = F(L()Z + L12° + Loz ) (1)
with .
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here N4 is the Avogadro constant, e the elementary
charge, €y the electric constant, m. the electron mass,
v the particle velocity, and Z and A are the atomic
and mass numbers of the target material, respectively.
Whereas Loz2, the Bethe term, and Lyz%, the Bloch term,
are independent of the sign of the particle charge, Liz3,
the Barkas term, has a different sign for positive and neg-
ative particles.

From the stopping powers S} and S_ for positive and
(84 —5-)

negative particles, respectively, the factor ———— may
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be derived for quantifying the Barkas effect. According to
equation (1) it is given by
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After the first observation of Barkas et al., measurements
with X-particles [4] and with slow pions in hydrogen were
performed [5]. Later on the Barkas effect was explored
with muons in aluminum and copper [6].

Experimental data on the stopping power for nega-
tive particles heavier than electrons are scarce: Meden-
waldt et al. measured the stopping power for antiprotons
of silicon and gold [7-9] and the OBELIX collaboration at
CERN that of hydrogen [10-12]. At Paul Scherrer Institut
(PSI) the stopping power of hydrogen for negative muons
was determined [13]. Recently experiments with negative
muons of low energies were performed with gold and MgF5
[14], and with kapton [15], the latter down to 1 eV. As the
electronic stopping power depends only on the velocity of
the particles the muon and pion results can be compared
with the proton and antiproton stopping power data at
the same velocity; this is so because at the investigated
energies the so-called nuclear contributions to the stop-
ping power are small.

A comparison of different calculations of the proton
stopping power of hydrogen with the data collected in ref-
erence [16] shows good agreement with a distorted-wave
Born approximation (DWBA) calculation and a coupled-
channel atomic-orbital (AO) calculation [17]. For neg-
ative particles an adiabatic-ionization calculation devi-
ates strongly from the DWBA and AO calculations and
from p and p~ experimental results which themselves do
not agree well with each other. The situation is compli-
cated by the molecular binding of the experimental targets
whose effect is to increase S considerably [18]. Recently
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Fig. 1. Experimental set up of the time-of-flight sections inside
the superconducting solenoid; PPAC: parallel plate avalanche
counter, MCP: microchannel plate detector.

the Barkas effect measured by Wilhelm et al. [6] was quan-
titatively reproduced by a plasma calculation [19].

The advantage of the time-of-flight (TOF) technique
as used in our experiment at PSI is that the same ar-
rangement can be used for positive and negative muons
simply by changing the polarity of the magnets in the
muon beam line. Furthermore the TOF method leads to
a direct determination of the muon energy by using sim-
ple laws of mechanics and electrodynamics. The TOF set
up employed in the present experiment was already used
for solid targets by Wojciechowski et al. [20]. The stop-
ping power for positive muons could be measured down to
an energy of the muons entering the target gas of about
6 keV, in the case of negative muons even down to 3 keV.
The energy limit is higher for positive muons mainly due
to muonium formation inside the target material.

2 Experimental set up

Details of our experimental methods with two TOF sec-
tions are given in reference [20]. The set up is shown in
Figure 1. A parallel-plate avalanche counter (PPAC) gives
a signal when a muon enters the first TOF section. At the
end of the first section, which is immediately followed by
the second one, a thin carbon foil of 3 ug/cm? is placed
to provide the information on the time when the muon
passes (cf. below). A microchannel plate detector (MCP)
at the end of the second section provides the stop signal
for the second TOF measurement.

In the carbon foil the muon knocks out electrons.
These electrons are accelerated in a constant electric field
around the foil towards the MCP. This field is generated
by putting the carbon foil on a negative voltage of —4 kV
and limited by two electrodes, one in front of the foil and
one behind it, both at earth potential (0 keV). The TOF
of the electrons and the time of their stop in the MCP give
the additional information necessary to determine the two
TOFs of the muon. A direct measurement of the muon
travel time between the two sections (¢f. Fig. 1) with a
counter is not possible, because the energy loss in the
counter would be too high compared with that in the gas.

The experiment was performed in the 7E5 area of Paul
Scherrer Institut with muons of about 10 MeV/c incom-
ing momentum. Mylar foils with a thickness of 16 pm and
the PPAC decelerated the muons by such an amount that
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the flux of muons with energies below 100 keV was max-
imal; this resulted in a wide energy spectrum down to a
few keV. The whole TOF set up was placed inside a su-
perconducting solenoid generating a field of 3 T parallel
to the beam axis, keeping the muons gyrating along the
field lines. Muons moving at too large an angle to the axis
would have been registered with too small energy. To re-
move these muons a collimator with 3 mm spacing, which
limited the divergence of the muon beam, was placed in
front of the carbon foil.

The gas target, an aluminum tube 209 mm long and
20 mm in diameter, and with front and rear windows of
5 ug/cm? formvar each, was placed in the second section,
34 mm behind the carbon foil and outside the acceler-
ating field. The target windows could withstand a pres-
sure inside the target of more than 60 hPa, the maximum
pressure used in the measurements with hydrogen. This
pressure is equivalent to 1.1 ug/cm? of hydrogen inside
the target which leads to roughly the same energy loss as
5 ug/cm? carbon. The gas was kept flowing through the
target to avoid contamination, and a pressure-regulating
system ensured that the pressure was held at the desired
value.

3 Data analysis

For the determination of the two TOFs the time when the
muon leaves the first and enters the second TOF section
has to be known. This time could not be measured directly.
With At, being the TOF of the secondary electrons from
the carbon foil to the MCP, the first and second TOFs
At and Ath, respectively, of the muons are

Atlf = tjewcp - Ate —tppac,
Aty = thicp — thep + Ate (4)

where ¢, p is the time when the electrons reach the MCP,
and tppac and th; - p, respectively, are the times when the
muon hits the PPAC and the MCP.

As the stopping power for electrons at the energies
used in this experiment is not known with sufficient preci-
sion, At. was determined from the times measured at rel-
atively high muon energies around 120 keV. At these ener-
gies the stopping power is low (about 20% of the stopping
power at the Bragg maximum). The Bethe-Bloch formula
is valid and thus the stopping power data for protons of
the same velocity, as published by Janni [22], are a good
approximation for the stopping power of positive and neg-
ative muons. Furthermore at these muon energies At has
a large influence on the measured TOF's allowing a rather
accurate determination of At,:

Ate = t3cp — thicp + Apc. (5)

The muon TOF At,. was calculated from the energy of
the incoming muon, the Janni data and the geometry of
the TOF sections.

To derive the stopping power in the gas with our set
up we first made measurements with the carbon foil only,
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then with the gas target filled with 10 hPa of hydrogen
(to prevent the formvar windows from charging and to
flush impurities out of the target). Finally the gas mea-
surements were performed with hydrogen at 60 hPa, each
measurement with positive and negative muons. Energy
and stopping power of the muons in the carbon foil could
then easily be determined from the TOF data of the mea-
surement without gas target (c¢f. Ref. [20]).

In order to determine the stopping power of the target
windows, two sets of data, one with the almost empty tar-
get (10 hPa Hz) and one with the filled target (60 hPa Hy),
were needed.

While the evaluation of the muon energy 7 in front
of the carbon foil from At/ is still the same as in refer-
ence [20], the determination of the muon energy T behind
the gas target is more difficult. Now At} is the sum of the
TOF values At;, Aty, and At) for the sections in front
of, inside, and behind the gas target, respectively,

Aty = Aty + Aty + Aty (6)

with each time A¢¥, i = f,t,b, given by

Ath = / [, 7
section 2Tll«(x> ( )

The kinetic energy of the muon behind the target is

Ty =T, — ATg — ATy — ATyey — ATYy — (8)

with the energy losses AT, ATy, ATy, and ATy, in the
carbon foil, in the front and rear windows, and in the gas,
respectively. Each AT is a function of the muon energy at
the location where the energy loss takes place. From the
combination of equations (6) through (8) for all energies
in the observed energy region, the energy-loss data for the
windows and the gas were derived. From this the stopping
power S in the gas was determined. The minimum muon
energy in the gas, at which we could measure, was lim-
ited by the total energy loss. A higher gas pressure gives
more precise results but increases at the same time the
minimum energy accessible with our experiment.

4 4 Results and discussion

The analysis led to the stopping—power data shown in Fig-
ure 2. The horizontal bars show the regions of muon en-
ergies which contribute to the corresponding data points.
The Barkas effect in hydrogen is clearly observed. At low
energies the values for y~ are significantly smaller than
for pt.

To parametrize the data the stopping power formula
introduced by Varelas and Biersack was taken [21]:

S =S8yS8L/(Su + SL) 9)

with
St =a1(vT)*,

Sp = 2 In(2 4 a9 +1)

-7 T (10)
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Fig. 2. Stopping power of hydrogen for positive and nega-
tive muons. Diamonds and solid line: ™t data; full circles and
dashed line: p~ data. Horizontal bars: energy interval of the
muons taken for the respective data point. The lines are best
fits according to equation (9), for u* corrected for muonium
formation.

Table 1. Parameter values found in this experiment for the
Varelas—Biersack stopping power function [21] for hydrogen.

particle | ax az as as/10° as
wt > 10 0.45 116+19 565+166 0.1159
no 0.944+0.06 0.45 165+14 1247 0.1159

(S in eV ¢cm?/(10'% atoms) and T in keV). « is the ratio
of the proton mass to the particle mass.

The parameters from the best fit of the stopping power
S,,~ of p~ are shown in Table 1. The parameters as = 0.45
and a5 = 0.1159 were taken from reference [16] as they
influence S only very weakly in the investigated energy
region between 3 keV and 100 keV. In order to reproduce
the high—energy part of the stopping—power function at
an energy of 120 keV, S,- (120 keV) was set to be equal
to the proton stopping power at vx120 keV (cf. Fig. 2).

For x4+ muonium formation becomes important for en-
ergies below 20 keV. The muonium formation was con-
sidered with an effective charge z* taken from the cor-
responding proton values from reference [22]. Corrections
up to z® according to equation (1) were taken into ac-
count. The effective charge of the muonium was taken to
be zero. The fit to these corrected stopping power values
is also shown in Figure 2. For a; > 10 the stopping power
for the measured p+ with an energy larger than 6 keV is
determined only by the high energy part Sg.

In Figure 3 the stopping power data are compared
with other measurements with negative muons [13], with
the antiproton stopping power from reference [11] and the
proton data compiled by Janni [22]. More recent measure-
ments of the hydrogen stopping power for protons with
energies below 20 keV [23] agree fairly well with these
data.

While the maximum value of the stopping power we
found for puT is smaller than that for protons, our mea-
surements for u~ brought about higher values than those
given for antiprotons [11] and for p~ in reference [13].
Our higher maximum value of the p~ stopping—power,
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Fig. 3. Best fit to the stopping power of hydrogen for u* (up-
per solid line) and p~ (lower solid line). For four energies error
bars of the fit are plotted. Dot-dashed line: proton data for hy-
drogen taken from reference [22]; dashed line: antiproton data
taken from reference [11]; dotted line: 4~ data taken from ref-
erence [13]. The proton and antiproton data have been rescaled
according to Tp 5 = T, with v = m,/m, = 8.85.
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Fig. 4. (S,+ —S,-)/(S,+ + S,-) as a function of v/vp, with

v/ve = 0.5964/E /keV. Only for two points the error bars are
plotted. Solid line: data from this experiment; dashed line: data
from a comparison of proton [22] and antiproton [11] results;
dot-dashed line: oscillator model calculations [25]; dotted line:
distorted-wave Born approximation [17,18].

however, is in agreement with calculations by Cohen us-
ing the classical trajectory Monte—Carlo method [24].

The quantity (S,+ —S,-)/(Su+ + S,-) is plotted in
Figure 4 as a function of v/vp, where vp is the Bohr ve-
locity. The muon data are compared with those derived
from the difference of proton [22] and antiproton [11] re-
sults, and with calculations for the proton stopping power
based on the oscillator model [25] and the distorted-wave
Born approximation [17,18].

While the different sets of data agree for velocities
around the Bohr velocity, for v ~ 3vp the measured
Barkas term is higher than that for protons and antipro-
tons and that predicted by the calculations with the os-
cillator model and the DWBA.
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