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We use a linear transmission technique to measure total cross sections for positron scattering from benzene,
cyclohexane, and aniline. In the case of cyclohexane, the energy range of the present study is 0.1–20 eV, while
for benzene and aniline it is 0.2–20 eV. With respect to benzene and cyclohexane, comparison is made to the
only other existing results we know of �Makochekanwa and co-workers, Phys. Rev. A 68, 032707 �2003�; 72,
042705 �2005��. Agreement with those data is only marginal, being particularly poor at the overlap lower
energies. Unlike Kimura et al. �J. Phys. B 37, 1461 �2004��, we find the low-energy dependence of the
positron-benzene total cross sections to be qualitatively similar to those found in the electron channel �Gulley
et al., J. Phys. B 31, 2735 �1998��. We believe that the present positron-aniline total cross sections represent
the first time such data have been measured. These cross sections are almost identical to those we found for
benzene, suggesting that substitution of hydrogen by the amine group on the aromatic ring is largely irrelevant
to the scattering process in the energy regimes considered.
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I. INTRODUCTION

A good review of the available positron–polyatomic-
molecule total cross section data, including benzene �C6H6�
and cyclohexane �C6H12�, is provided by Kimura et al. �1�.
For completeness we also note the excellent summary of
positron–polyatomic-molecule annihilation rates as given by
Surko et al. �2�. Since the article of Kimura et al. �1�, rel-
evant studies include those from Makochekanwa et al. �3,4�,
Kimura et al. �5�, and Sueoka et al. �6�. The common link
between Refs. �1,3–6� is that all the data contained originate
from Sueoka and co-workers. Hence one of the important
rationales behind this study is to provide some independent
total cross sections against which those from Sueoka and
colleagues �1,3,5,6� can be cross-checked. In addition there
appear to be no total cross sections for positron-aniline
�C6H5NH2� scattering, which the present work seeks to rec-
tify. Aromatic amines, for which aniline is a prototypical
molecule, are very important in biology and medicinal chem-
istry. In particular, they play a crucial role in many drugs.
Historically, they were also very important in conjugating
aromatic rings for applications in the dye industry. From our
perspective, we were specifically interested in seeing if re-
placing hydrogen with an amine group on the aromatic ring
would have any effect on the measured total cross sections.
Finally, we note that a preliminary study by Karwasz et al.
�7� touches on some aspects of the present work. However,
that preliminary report did not correct for thermal transpira-
tion and B-field cyclotron motion effects, nor was the posi-
tron beam energy calibrated. The present paper therefore
gives the definitive positron-benzene, -cyclohexane, and
-aniline total cross sections from Zecca and co-workers.

From a theoretical perspective, none of these scattering
systems has been extensively studied. Indeed, to the best of
our knowledge, there are in fact no calculations available for
either cyclohexane or aniline. For benzene only a continuum
multiple scattering �CMS� result from Kimura et al. �5� and a

“parameter-free” symmetry-adapted, single-center expansion
elastic integral cross section from Occhigrossi and Gianturco
�8� are available. As the elastic calculation does not include
all open channels in the energy regime considered, we would
not expect quantitative agreement with the measured total
cross section. Nonetheless, as we shall see later, we include it
here as we believe its results are instructive.

II. EXPERIMENTAL DETAILS

The positron spectrometer we employed in this study was
developed by Zecca and co-workers and has already been
described in some previous papers �9,10�. General informa-
tion about the present attenuation technique can be found, for
instance, in Ref. �11�. Although that paper specifically looked
at electron cross sections, the two conjugated particles share
most of the properties relevant to the present study. Here we
therefore outline only those characteristics that are relevant
to the present measurements.

Slow positrons �e+� are produced by a 1 �m tungsten-film
moderator in front of a 22Na radioactive source �12�. These
positrons are transported and focused into the scattering
chamber using a series of charged particle optics with appro-
priate applied potentials. A 90° electrostatic deflector de-
couples the scattering and detector region from the source
region. Note that a weak axial magnetic field �8–10 G� is
also present in the scattering region. The energy resolution of
the positron beam has been evaluated to be slightly less than
0.3 eV full width at half maximum, possibly as a result of
the partial monochromatization in the deflector and in the
optics �9�. In this paper we report cross-section values down
to energies of 0.2 eV for benzene and aniline and 0.1 eV for
cyclohexane, but values below 0.5 eV are to be regarded as
indicative. Indeed, due to the quoted energy spread, the mea-
surements in each gas at energies lower than 0.5 eV �see
Tables I–III� should be taken as the convolution of the real
�unknown� cross section with the positron energy distribu-
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tion. Nevertheless, since these are the first measurements at
such low energies to our knowledge, it is worth citing them.
Using a 22Na source with an activity of 8 mCi, positron
beam intensities at the detector were found to vary from
about 10 to 130 s−1, depending on the operating conditions,
the highest value being achieved at the high-energy limit.
The zero for the energy scale of the present positron mea-
surements has been determined, in the absence of the target
gases, with a retarding potential analysis of the beam �13�.
This measurement suggests a probable error of ±0.1 eV in
our energy scale. Our determination of the energy scale cali-
bration is particularly crucial at low energies, where the total
cross sections of benzene, cyclohexane, and aniline rise rap-
idly with decreasing energy. We note that in these instances
even a small inaccuracy in the energy calibration can pro-
duce a significant uncertainty as to the true value of the total
cross section �TCS�. Note that such a consideration was not

made by Karwasz et al. �7� so that their lower-energy data
are in significant error. Such an effect would, for example,
also be very misleading for theoreticians trying to describe
the scattering process in our respective targets of interest. It
is known that target gases can affect the true energy zero
position by changing the effective emission energy of the
projectile particles. We have therefore obtained a check of
the insensitivity of our zero-energy determination with the
present gases by accurately determining the pass energy in
the deflector.

High-purity samples of benzene, cyclohexane, and aniline
were used throughout this study and, in addition, each was
degassed with freeze-pump-thaw cycles. Each gaseous target
was fed to the scattering cell with a two-way diverter valve,
where the same amount of gas was diverted to the scattering
cell or alternatively was injected into the vacuum system. In
the first case attenuation of the positron beam was obtained.
With such a provision, we ensure that the background pres-
sure outside the gas cell and therefore the attenuation of the
beam in the path outside the gas cell are constant during the
measurement cycle. This provision minimizes any effects of
the gas on the optical behavior and the quoted influence on
the moderator emission properties. The background pressure

TABLE I. The present total cross section �10−16 cm2� for posi-
tron scattering from benzene. The errors represent the standard de-
viation on the measured cross section at a given energy. See the text
for a discussion of the absolute error.

Energy �eV� Total cross section �10−16 cm2�

0.2 172.7±1.7

0.4 157.5±4.0

0.6 139.6±5.0

0.8 125.0±2.6

1.1 98.7±2.4

1.2 94.8±2.2

1.5 82.7±2.2

1.6 80.0±1.7

1.81 70.8±0.8

2.0 67.0±1.6

2.3 64.3±1.2

2.6 59.7±1.7

2.85 57.1±1.5

3 59.9±1.1

3.1 55.0±1.1

3.3 52.3±0.6

3.4 52.8±0.3

3.6 52.6±0.5

3.8 51.8±0.9

4.1 48.8±0.8

4.6 47.8±0.4

5.6 43.7±0.6

6.6 40.1±1.2

7.6 41.1±1.5

8.6 39.2±0.5

9.6 37.2±1.2

10.6 37.8±0.6

11.6 36.1±0.5

14.6 33.3±0.4

18.1 33.4±0.9

TABLE II. The present total cross section �10−16 cm2� for pos-
itron scattering from cyclohexane. The errors represent the standard
deviation on the measured cross section at a given energy. See the
text for a discussion of the absolute error.

Energy �eV� Total cross section �10−16 cm2�

0.1 123.9±0.4

0.25 121.6±1.8

0.4 115.8±2.4

0.6 108.0±0.8

1.1 90.0±1.1

1.35 84.2±0.8

1.6 72.0±0.6

2.1 60.4±0.2

2.6 53.4±0.2

3.1 49.5±0.5

3.6 46.5±0.9

4.4 44.1±0.3

5.6 41.8±0.6

6.6 39.7±0.3

7.6 38.4±0.2

8.6 38.0±0.7

9.6 35.3±0.9

10.1 36.9±0.5

10.6 34.3±0.7

11.6 33.9±0.2

12.1 35.7±0.2

13.6 35.5±0.1

14.6 33.5±0.2

18.6 34.2±0.3

19.6 34.1±0.3
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during the measurements was typically 10−3 of the pressure
inside the gas chamber.

Total cross sections for each species were computed ac-
cording to the Beer-Lambert law

I1 = I0 exp�− �P1 − P0�L�

kT
� , �1�

where I1 is the positron beam count rate at P1, the pressure
measured with the relevant gas routed to the scattering cell, k
is Boltzmann’s constant, T is the temperature of the gas �K�,
� is the total cross section of interest, I0 is the positron beam
count rate at P0, the pressure with the relevant gas diverted
to the vacuum chamber, and L is the length of the scattering
region �see later�. In order to minimize double-scattering
events and ensure that the TCS’s are pressure independent

for each gas, the ratio I1 / I0 has been kept to values larger
than 0.7. Furthermore, the standard checks on the linearity of
the plots of ln�I1 / I0� versus gas pressure �14� were per-
formed at selected energies with each species. The geometri-
cal length of the scattering region is 100±0.1 mm, with ap-
ertures of 1.5 mm diameter at both the entrance and exit of
the scattering chamber. End effects �9� were considered in
the present study. It has been demonstrated �15,16� that the
effects due to the entrance and exit apertures cancel if the
two apertures have equal diameters, so that in our geometry
their contribution to the uncertainty in the value of L is pos-
sibly less than 0.15%. In the present applications, the value
of L used in Eq. �1� has been corrected to account for the
path increase caused by the gyration of the positrons in the
focusing axial magnetic field ��8–10 G� present in the scat-
tering region �typically this correction is �6%�. The gyration
of the projectile particles can also potentially increase the
angular resolution error with respect to the no-field case �17�.
However, even though absolute differential cross sections for
e+-C6H6, e+-C6H12, and e+-C6H5NH2 scattering are not cur-
rently known �2�, so that a correction to our TCS for this
effect cannot be made, we believe that the present geometry
guarantees a small error �less than 10%� except at the lowest
energies—say, below 0.5 eV—where larger errors are pos-
sible. The scattering cell pressure has been measured with an
MKS Baratron capacitance manometer �Model 628B, 1 Torr
full scale� operated at 100 °C. Since the scattering chamber
was at room temperature �24±2 °C�, a thermal transpiration
correction has been applied to the pressure readings. This
correction has been calculated according to the model of Ta-
kaishi and Sensui �18�, and is for each species less than 10%
over the entire energy range.

Measurement time was about 1 h per each energy point in
each species, with each point being the average of 100 single
determinations. The positron beam obtained with our appa-
ratus �10� was extremely stable over times �1 month, and
indeed no influence of any of the target gases on the beam
characteristics was noted. The moderator was conditioned at
the beginning of our measurements and a new conditioning
was not required during the present study. The absolute er-
rors on our measurements �not given in Tables I–III� have
been evaluated as the root of the quadratic sum of the con-
tributing errors. A detailed discussion of the origin and of the
evaluation techniques of such contributions can be found in
Ref. �15� and in the references contained in that paper. The
thermal transpiration and B-field corrections have errors
bracketed within ±3%; the uncertainty in these corrections
can be treated as additional sources of systematic errors but
they do not contribute significantly to the overall systematic
measurement uncertainty. Overall, the absolute TCS error for
each gas typically amounted to ±5% at the higher energies
and to ±8% at the lower energies down to about 0.5 eV, the
dominant contribution being due to the uncertainty in the
pressure determination. At energies lower than this, as noted
in the previous paragraph, our cross sections are only indica-
tive, due to the current impossibility of evaluating the angu-
lar resolution error: any such error would lead our data to
underestimate the true cross section. As a consequence the
rate of increase of the TCS at lower energies would be some-
what larger than our data indicate.

TABLE III. The present total cross section �10−16 cm2� for pos-
itron scattering from aniline. The errors represent the standard de-
viation on the measured cross section at a given energy. See the text
for a discussion of the absolute error.

Energy �eV� Total cross section �10−16 cm2�

0.2 167.7±1.8

0.4 162.2±3.3

0.8 128.3±0.7

1.1 99.9±0.6

1.35 100.7±0.3

1.6 84.7±0.7

2.1 66.9±2.3

2.2 67.4±1.0

2.4 66.7±3.1

2.5 58.1±0.5

2.6 61.0±1.3

2.73 57.8±0.3

2.8 58.1±0.9

2.9 59.4±0.7

3.2 58.4±0.6

3.3 55.7±0.4

3.4 53.9±0.1

3.6 54.0±0.9

3.8 50.7±0.7

4.1 49.6±0.3

4.6 47.7±0.3

5.1 49.8±0.6

5.6 43.9±1.6

6.6 42.1±0.7

7.6 41.7±0.5

8.6 40.1±1.5

9.6 39.1±0.6

10.6 38.1±0.1

11.6 38.2±1.9

14.6 34.4±0.9

19.6 32.8±0.5
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III. RESULTS AND DISCUSSION

In this paper we report positron TCS measurements for
the molecules benzene, cyclohexane, and aniline, with the
structures of these species being schematically represented in
Fig. 1. The present total cross section results are plotted in
Figs. 2–4, along with previous experimental and theoretical
results, where possible, from other groups �3–6,8,19�. Noting
the log-log scales of Figs. 2–4, we see that the trends in the
energy dependencies of our three TCS’s are very similar;
namely, they all increase significantly in magnitude as we go
to lower energies. Interestingly, the magnitudes of the

present TCS’s for benzene and aniline are, to within their
stated uncertainties, almost identical over the common en-
ergy range, while those for cyclohexane are a little smaller.
This observation might possibly reflect that, while all three
species are cyclic, the structure of cyclohexane is a little
different from those of benzene and aniline �see Fig. 1�.

Considering Fig. 2 in more detail, it is apparent that the
present results are in very good agreement with the original
benzene TCS measurements of Sueoka �19�, across the entire
common energy range. Agreement with the more recent mea-
surements from Makochekanwa et al. �3� is, however, rather
poor. As the apparatus used by Sueoka and co-workers ap-
pears to have been pretty much the same for both measure-
ments �3,19�, the major difference between their two sets of
data appears to be that Sueoka et al. �like us� did not correct
for forward angle scattering effects, while Makochekanwa et
al. did attempt to. However, there are no accurate positron-
benzene differential cross section �DCS� data available in the
literature �2� so that Makochekanwa et al. decided to use the
elastic electron-benzene DCS results from Cho et al. �20�.
We do not see a priori why using the elastic electron DCS
data would be a valid approximation, even to first order.
Perhaps more importantly than the above considerations, we
stress that any appropriately applied angular resolution cor-
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FIG. 1. Schematic representation for the structures of benzene,
aniline, and cyclohexane.
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FIG. 2. �Color online� Total cross sections �10−16 cm2� for pos-
itron scattering from benzene. The present data ��� are compared
with the earlier results from Sueoka ��� �19� and Makochekanwa et
al. ��� �3�. Also shown are the CMS result �——� from Kimura et
al. �5� and the elastic ICS calculation �---� from Occhigrossi and
Gianturco �8�.
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FIG. 3. �Color online� Total cross sections �10−16 cm2� for pos-
itron scattering from cyclohexane. The present data ��� are com-
pared with the recent results from Sueoka et al. ��� �6�.
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rection should lead to larger cross-section values. Note also
that such corrections, when performed with actual positron
differential elastic cross sections, might also have a signifi-
cant effect on the energy dependence �shape� of the TCS.
The former point is verified regarding the positron-
cyclohexane measurements of Sueoka et al. �6�: they publish
both the original and the corrected data, the latter being
higher than the former. Therefore it is impossible to ascribe
the low TCS values of Makochekanwa et al. �3� at energies
below a few eV simply to their forward scattering correction.
Comparing the two benzene measurements of Sueoka and
co-workers, we speculate that the discrepancy below a few
eV might be due to an energy-dependent error in �3�. This
could be generated by a difference in the measurement pro-
cedures they employed in each work �3,19�, leading to an
energy-dependent improper positron-beam focusing or to an
angular resolution distortion in the later study �3�. Further, if
we compare the present TCS and that of Sueoka �19� to the
elastic integral cross-section �ICS� calculation from Occhi-
grossi and Gianturco �8� �see Fig. 2� then good qualitative
�shape� agreement is found. Note that, as the elastic ICS does
not include all open channels, we would not expect quanti-
tative �magnitude� agreement with the TCS. As a conse-
quence, we believe the calculation from Occhigrossi and Gi-
anturco �8� gives more credence to the validity of our data
and those from Sueoka �19�.

Making a comparison with electron scattering cross sec-
tions, we find that the shape of the present benzene TCS is in
very good accord with the detailed e−-benzene low-energy
TCS results from Gulley et al. �21�. This observation is simi-
lar to what we have found previously, in comparing low-
energy positron and electron TCS’s, in H2O �22� and CO2
�23�, while it is opposite to the conclusion drawn by Kimura
et al. �5�. Finally, we note that some structure seen �Fig. 2� at
around 3 eV in our benzene TCS measurement might be as-
sociated with the opening of the positronium channel at
around 2.4 eV. Note, however, that the observed energy de-
pendence of this feature is not what one would intuitively
expect, around threshold, for the opening of the positronium
channel.

A similar type of discrepancy as the above, between the
present TCS’s and the most recent TCS results from Sueoka
et al. �6�, is also found for positron-cyclohexane scattering
�see Fig. 3�. As Sueoka et al. �6� also attempted to correct
their TCS for forward angle scattering effects, by using “syn-
thesized” electron DCS’s obtained from normal hexane, it is
tempting to ascribe some of the discrepancy observed in Fig.
3 to this. However, as was stressed in the benzene discussion,
it is possible that the measurement protocol used in �6� was
different from that in Ref. �19�, so that there is also an
energy-dependent error in the cyclohexane measurements
Sueoka et al.. Indeed, this could be the main source of the
discrepancy between their data and the present. Independent
measurements and theoretical calculations are therefore par-
ticularly welcome here to try and shed some more light on
this scattering system.

Finally, in Fig. 4, we plot the present aniline total cross
section measurement. In this case we highlight a small but
reproducible structure at around 3 eV. Although we have no
explanation, at this time, for its origin, we observe that our
cyclohexane TCS shows no such structure in this energy re-
gion. Thus we are confident it is not an instrumental effect.
Otherwise, to the best of our knowledge, there are no other
calculations nor experiments against which we can compare
the present results.

IV. CONCLUSIONS

We have reported positron-benzene, positron-cyclohexane
and positron-aniline total cross sections for energies in the
range 0.1–20 eV. In the case of aniline, we believe this is
the first time such data have been reported in the literature,
while for benzene and cyclohexane the present results repre-
sent the first independent data to be reported. At lower ener-
gies, the present benzene and cyclohexane results are gener-
ally in rather poor agreement with the most recent
measurements from Sueoka’s group. We believe we can rule
out the possibility that this discrepancy can be ascribed to
Sueoka and colleagues using electron DCS’s to correct for
forward angle scattering effects in their data, although we
reiterate this is not physical. A source of this discrepancy
might be in the larger uncertainty in the zero-energy deter-
mination in Sueoka et al.’s apparatus. However, we believe
that the major contribution to this discrepancy with their
�3,6� most recent data is due to instrumental effects in those
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FIG. 4. �Color online� Total cross sections �10−16 cm2� for pos-
itron scattering from aniline. The present data ��� are shown.
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measurements. Further theoretical studies into all three of
these scattering systems would also be welcome.
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