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Physical motivation
• Existing data of antinucleon-nucleon annihilation cross section are 

confined to energies about 1 MeV and mostly with light nuclei. Data 
taken at LEAR (CERN) in the '80s and '90 do not increase with A as 
expected showing a saturation effect.

• Both potential models and phenomenological analyses states that the NN 
and N-nucleus annihilation mechanism occurs in a thin region placed just 
outside the nuclear volume. For this reason, the annihilation process has to 
be considered a valuable tool for probing the external region of the 
nucleus where for example the neutron/proton ratio or the extraction 
energy of the peripheral nucleons can be determined. 

• The knowledge of the annihilations cross sections for antinucleons, 
especially on light nuclei, can be important also for cosmology (despite 
that a matter-antimatter symmetric universe has been certainly ruled out: 
see Cohen, De Rùjula, Glashow, APJ 495:539-549, 1998, and yesterday’s 
talks).
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Previous measurements 
@ 5 MeV
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Fig. 5. Comparison among antiproton cross sections measurements at energies below 500 MeV. The symbols for the targets are: ! for hydrogen (blue from Ref. [16], red
from Ref. [17], green from Ref. [18], black from Ref. [2]), © for deuterium (blue from Ref. [3], red from Ref. [19], green from Ref. [20]), empty cross for 4He (blue from
Ref. [21], red from Ref. [3], black from Ref. [22,23]), 2 for 3He (from Ref. [5]), " for C (from Ref. [24]), E for Ne (green from Ref. [4], red from Ref. [25]), ! for Al (blue
from Ref. [24], black from Ref. [26]), P for Ca (from Ref. [27]), ∗ for Cu (black from Ref. [24], green from Ref. [26]), × for Pb (red from Ref. [26], black from Ref. [27]), Q for
Ni (present experiment), • for Sn (present experiment), a for Pt (present experiment). All the data are for annihilation cross section (σ ) measurements with the exception of
those from Refs. [19,20,22–27] which are for the reaction cross section (σr ). In the selected p̄ lab momentum range, the σr values are mainly due to the annihilation process
(σ ) since the other processes (inelastic scattering, charge exchange, nucleon knock-out) contribute for a few percent only. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this Letter.)

some orders of magnitude in kinetic energy of the antiprotons. The
ASACUSA Collaboration has planned to extend the measurement
down to ≈ 100 keV with the addiction of the ASACUSA radio fre-
quency decelerator (RFQD) and with very thin targets supported
by a carbon foil.
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The pbar cross section on medium/heavy 
nuclear targets in this energy range have 
been measured for the first time, and the 
results are in agreement with the black 
disk model with the contribution of 
the Coulomb interaction between the 
antiproton  and the nucleus at low energy. 

A. Bianconi et al., Phys. Lett. B 704, (2011) 461
martedì 11 giugno 2013



The cross section measurements @ 5 MeV were performed by comparing the annihilations on the 
target to the annihilations of the Rutherford-scattered antiprotons
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Fig. 4. Reconstructed vertices for the absolute σ measurement. (a) z distribution for the vertices selected on the lateral wall of the target vessel. The red line is the linear
fit (notice that also upstream some background is present, which is not uniform in z due to detector properties, but with a much smaller slope); (b) z distribution for the
vertices close to the axis of the target vessel (the peak corresponds to the annihilations on the target); (c) radius (r) vs. z of the vertex density distribution. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this Letter.)

and calling Nwall the number of annihilations per unit length over
a cylinder of radius R and the axis coincident with the direction,
z, of the antiproton beam we can obtain
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where n is the number density of the target with thickness l.
Since df /d( z

R ) ! 4 for z ! R/2, the number of annihilation
vertices for antiprotons scattered from the target downstream in-
creases linearly with the distance from the target, see Fig. 4.

Then from the slope of the fitted straight line it is possible to
determine Np̄ and thereby the absolute annihilation cross section
σ by counting the events in the target. This last number must
be corrected for the presence of the Mylar substrate by means of
the relative cross section measurement reported above, while the
Mylar contribution to the Rutherford-scattered antiprotons is neg-
ligible.

Following this procedure we get σ = (4.2 ± 0.9) barn for Sn
target. The result is consistent with the expected value from the
black-disk model with Coulomb correction (σ = 4.9 barn) [7]. We
must point out that this method is almost completely insensitive to
the misalignment of the antiproton beam with respect to the pipe
symmetry axis (which was anyway measured, showing that the
core of the beam was less than 2 cm off from the pipe axis), and
consequently also to the extent of the beam in the x–y plane. We
calculated that, by effect of the integration of the Rutherford for-
mula over the azimuthal angle, the effective result differs from the

ideal one by a quantity whose leading term is quadratic in $R/R ,
where $R is the radial distance between the scattering centre and
the geometrical centre of the pipe: in practice, less than 5% in our
case, which is a very negligible systematic uncertainty.

In addition the absolute σ values for the Ni and Pt targets can
be evaluated from the absolute σ value for Sn together with the
relative σ ∗ values we have reported. The results are σ = (3.3 ±
1.5) barn for Ni and σ = (8.6 ± 4.1) barn for Pt. Clearly they are
consistent with the black-disk model with Coulomb correction [7]
since, as we have previously mentioned, both the absolute σ for Sn
and the relative σ ∗ values behaviors are in agreement. The errors
for Ni and Pt targets are increased in respect to the relative values
due to the error propagation.

In Fig. 5 our absolute σ values are plotted with the existing
measurements at energies below 500 MeV. It appears evident that
at very low energies the present measurements are the only ex-
tending to the heavy nuclear targets range.

4. Conclusions

For the first time the p̄ annihilation cross sections on medium-
heavy and heavy nuclear targets (Mylar, Ni, Sn, Pt) have been mea-
sured at low energy (5.3 MeV) by the ASACUSA Collaboration. This
represents also the first measurements of the antinucleon annihi-
lation cross section at low energy performed with a pulsed beam.

The results are in agreement with the predictions from the
black-disk model with the contribution of the Coulomb interaction
between the antiproton and the nucleus at low energies [7].

The results presented here show the usefulness of the applied
technique for measurements of the antiproton annihilation cross
sections on solid targets and in our apparatus this is possible over
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rough approximation of the Z A1/3 valid for the very low energy
regime) we have evaluated the percentage of the annihilations on
the oxygen contaminants with respect to the metallic targets. With
the former model the percentages are about 20% both for Ni and
Sn while with the latter model they are about 10%. We have cor-
rected the data by assuming both the models, see later.

In order to determine the mass number (A) dependence of the
antiproton annihilation cross section, the Mylar target can also be
used. Since it is a compound we cannot use Eq. (1). Taking into
account that the macroscopic cross section for one element Σ =
NA

ρ
M σ can be written for a compound as Σ = NAρ

∑
i niσi∑

i niMi
where

ni is the proportion by number of the ith element in the material
and assuming

σ = σ0Aα (2)

we can introduce an equivalent mass number Aeq and an equiva-
lent cross section σeq for the compound which satisfies Eq. (2) and
conserves the Σ value:
∑

i niσi∑
i ni Ai

= σeq

Aeq
(3)

Clearly the resulting equivalent mass number

Aeq =
[ ∑

i ni Ai∑
i ni A

α
i

] 1
1−α

(4)

is model dependent but in the Mylar case for the expected α val-
ues Aeq has only a weak dependence on α. For example for the
previously mentioned α = 2/3 and α = 4/3, Aeq is 11.2 and 12.4,
respectively.

As reported above we cannot use the beam counter to de-
termine the Np̄ values since the device has not been calibrated.
The recorded signals of the beam counter provides only the rel-
ative intensities of the antiprotons fluxes on the different targets
and therefore in a first stage we can only determine the annihi-
lation cross sections in respect, for example, to the nickel target
assumed as unit. We will indicate this relative annihilation cross
section with the symbol σ ∗ to distinguish this adimensional quan-
tity from the absolute annihilation cross section denoted by the
symbol σ .

In Fig. 3 the relative σ ∗
eq corresponding to Aeq = 11.2 has been

plotted for the Mylar target together with the relative σ ∗ obtained
for the metallic targets as described before with the contaminant
subtraction corresponding to σ ∼ A2/3. The shown error bars are
the quadratic sums of the statistical and systematic errors. The
contribution of the systematic errors is very low and is mainly due
to the uncertainties in the targets thicknesses. Another systemati-
cal error could come from assuming the same detection efficiency
for the different targets and this error can be estimated to be of
the order of few percent of the measured values. This can be evalu-
ated by considering that in the present experiment an annihilation
event is counted only when a vertex is reconstructed and this oc-
curs only when at least 2 charged tracks are detected. From p̄–p
annihilation at rest the percentage of only neutral products is of
the order of 3% [1], while from the annihilation of p̄ on neutron
the percentage of events with less than two charged pions is about
16% as evaluated for the deuterium target [1]. So for a target with
equal numbers of protons and neutrons we can estimate that the
number of undetectable events is about 9–10% of the annihilations
and it increases up to 11% in the case of the Pt target due to the
different nucleon composition. Then we can conclude that the dif-
ferences in the lost events are less than 1–2% of the counted events
among the used targets. Within this small differences we have as-
sumed the same detection efficiency for the used targets and since

Fig. 3. Antiproton relative annihilation cross section data (σ ∗) with the continuous
line representing the best fit function cAα (c and α are free parameters) and the
dashed line is the best fit of the function Kσ where K is a free parameter and

σ = π R2[1+ Ze2(m+M)
4πε0ERM

], see text. Here R is parametrized as 1.840 + 1.120 A1/3 fm
[7].

the cross sections measurements are relative the number of lost
events does not affect their values.

In the same plot the best fit of the function cAα to the data
is depicted. The fit parameter α results to be 0.78 ± 0.20. If
we assume Aeq = 12.4 and 10% for the contaminants corrections
(both coming from σ ∼ A4/3, as commented before), we get again
α = 0.78 ± 0.20. The equality of the fit results indicates that the
behavior of the measured cross sections is independent within the
errors from the assumed model for the evaluation of Aeq and the
oxygen contaminants.

In Fig. 3 the dashed line is derived from a simple semiclassical
model where the black-disk model is extended to include the fo-
cusing effect of the Coulomb interaction between the nucleus and
the charged antiproton projectile at low energies [7]. This behavior
is very close to the best fit function and shows a good agreement
with the experimental data.

Besides the measurement of the σ ∗ , we can also estimate the
absolute values of σ by using the scattered antiprotons by Ruther-
ford diffusion. For this purpose the Sn target has been positioned
15 cm upstream in respect to the usual target position in order to
increase the number of the annihilations of the scattered antipro-
tons on the lateral wall of the target vessel which had a diameter
of 15 cm. We want to point out that this method is critical with
a pulsed beam since the large number of the Rutherford events
in respect to the annihilations in the target for heavy nuclei can
saturate the data acquisition and we were able to perform this
measurement just for the Sn target.

From the knowledge of the Rutherford scattering formula and
the measurement of the reconstructed annihilations in a selected
'θ interval it is possible to determine the absolute number of the
incident antiprotons (Np̄) and then infer the value of the annihi-
lation cross section (σ ) from the number of events in the target
(Nev). An equivalent method consists of measuring the slope of
the linear behavior of the z-coordinate vertex distribution of the
Rutherford annihilations on the beam pipe wall.

In fact, starting from the Rutherford differential cross section

dσRuth

dΩ
=

(
Ze2

16πε0E

)2 1

sin4( θ
2 )

(5)
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Fig. 4. Reconstructed vertices for the absolute σ measurement. (a) z distribution for the vertices selected on the lateral wall of the target vessel. The red line is the linear
fit (notice that also upstream some background is present, which is not uniform in z due to detector properties, but with a much smaller slope); (b) z distribution for the
vertices close to the axis of the target vessel (the peak corresponds to the annihilations on the target); (c) radius (r) vs. z of the vertex density distribution. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this Letter.)

and calling Nwall the number of annihilations per unit length over
a cylinder of radius R and the axis coincident with the direction,
z, of the antiproton beam we can obtain
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where n is the number density of the target with thickness l.
Since df /d( z

R ) ! 4 for z ! R/2, the number of annihilation
vertices for antiprotons scattered from the target downstream in-
creases linearly with the distance from the target, see Fig. 4.

Then from the slope of the fitted straight line it is possible to
determine Np̄ and thereby the absolute annihilation cross section
σ by counting the events in the target. This last number must
be corrected for the presence of the Mylar substrate by means of
the relative cross section measurement reported above, while the
Mylar contribution to the Rutherford-scattered antiprotons is neg-
ligible.

Following this procedure we get σ = (4.2 ± 0.9) barn for Sn
target. The result is consistent with the expected value from the
black-disk model with Coulomb correction (σ = 4.9 barn) [7]. We
must point out that this method is almost completely insensitive to
the misalignment of the antiproton beam with respect to the pipe
symmetry axis (which was anyway measured, showing that the
core of the beam was less than 2 cm off from the pipe axis), and
consequently also to the extent of the beam in the x–y plane. We
calculated that, by effect of the integration of the Rutherford for-
mula over the azimuthal angle, the effective result differs from the

ideal one by a quantity whose leading term is quadratic in $R/R ,
where $R is the radial distance between the scattering centre and
the geometrical centre of the pipe: in practice, less than 5% in our
case, which is a very negligible systematic uncertainty.

In addition the absolute σ values for the Ni and Pt targets can
be evaluated from the absolute σ value for Sn together with the
relative σ ∗ values we have reported. The results are σ = (3.3 ±
1.5) barn for Ni and σ = (8.6 ± 4.1) barn for Pt. Clearly they are
consistent with the black-disk model with Coulomb correction [7]
since, as we have previously mentioned, both the absolute σ for Sn
and the relative σ ∗ values behaviors are in agreement. The errors
for Ni and Pt targets are increased in respect to the relative values
due to the error propagation.

In Fig. 5 our absolute σ values are plotted with the existing
measurements at energies below 500 MeV. It appears evident that
at very low energies the present measurements are the only ex-
tending to the heavy nuclear targets range.

4. Conclusions

For the first time the p̄ annihilation cross sections on medium-
heavy and heavy nuclear targets (Mylar, Ni, Sn, Pt) have been mea-
sured at low energy (5.3 MeV) by the ASACUSA Collaboration. This
represents also the first measurements of the antinucleon annihi-
lation cross section at low energy performed with a pulsed beam.

The results are in agreement with the predictions from the
black-disk model with the contribution of the Coulomb interaction
between the antiproton and the nucleus at low energies [7].

The results presented here show the usefulness of the applied
technique for measurements of the antiproton annihilation cross
sections on solid targets and in our apparatus this is possible over
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AD, ASACUSA RFQD 
and “dogleg” magnetic spectrometer

The thick (~ 1 m) shielding wall is necessary to avoid 

π ➛μ ➛ e events

➝
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Fig. 2. The p̄ beam profile (x, y) on the target, z being around 67 cm from the entrance of the target vessel.

Table 1. The targets used in the present experiment. For the definition of equivalent thickness, see main text. The thicknesses
shown here are nominal.

Target (A, Z) Description Equivalent thickness (nm) Relative Rutherford

Empty 8 cm diameter frame only

C (12, 6) ∼70 nm carbon foil fixed to the frame 70 1

Pd (106, 46) ∼19 nm Pd sputtered on the ∼70 nm carbon foil 130+70 16+1

Pt (195, 78) ∼5 nm Pt sputtered on the ∼70 nm carbon foil 70+70 12+1

diameter), we installed an aperture of 1 cm in diameter in the middle of the DOGLEG, and a variable-aperture
iris (1 ÷ 13 cm in diameter) at the exit of the DOGLEG.

3) To focus the p̄s on the target, placed 67 cm downstream of the target-vessel entrance (i.e., some 3m downstream of
the DOGLEG), we developed and installed an electrostatic quadrupole [33] between the DOGLEG and the target
vessel (see fig. 1). The alignment and focussing of the beam was checked by a retractable beam profile monitor [34]
based on the secondary electron emission, with an active area of 40× 40mm2 and a spatial resolution of 4 mm (see
fig. 2).

4) A very small fraction of the p̄s annihilate on the target (whose number we want to count), while the rest travel to
the end of the target vessel and annihilate. In order to unambiguously identify the annihilations on the target, we
rely on the time separation. This can be achieved with a short pulse length and a relative long target vessel. The
pulse length was reduced from the original 150–200 ns value to about 70 ns by using an electronic chopper inserted
inside the DOGLEG. According to the detector time resolution (some ns), the vessel length of 170 cm was chosen.

5) Some p̄s also undergo Rutherford scattering on the target with a probability proportional to Z2d, where Z is the
atomic number of the target, and d is the target thickness. Rutherford-scattered p̄s reach the lateral wall of the
vessel and annihilate. In order to have a clean separation of those annihilations from the signal events, the vessel
diameter of 120 cm was chosen.

6) The p̄s Rutherford-scattered at 90◦ can move within the target foil, slow down, stop (the range of 130 keV p̄s is
less than few µm in solids) and annihilate. Since it is impossible to tell such annihilations from the in-flight events
based on the timing, it is important to use thin targets. Rutherford scattering and energy-loss simulations have
shown that the probability of at-rest p̄ annihilations is less than that of the in-flight annihilations for all the targets
we used.

2.2 Targets

The targets used in the present experiment are listed in table 1. The target frame size, 8 cm, was chosen to minimize
the p̄ annihilations on the frame from beam halos. This large size in turn sets a lower limit to the target thickness to
be in the range of 70–100 nm. The Pd and Pt targets were prepared at Technische Universität München by sputtering
the Pd/Pt on a carbon foil. The thicknesses of metals sputtered on the carbon foil were chosen such that the in-flight
nuclear annihilation rates do not depend strongly on the element. This is indicated by the equivalent carbon thicknesses,
calculated by assuming the Coulomb-modified “black-disk” model of ref. [15]; in the case of Pt, for example, Pt and
the carbon backing contribute equally to the in-flight annihilations.

The last column is the relative Rutherford scattering probability (normalized to the 70 nm C), showing that the
Rutherford scattering events from Pd and Pt are an order of magnitude more frequent than from the C target.

A huge work of optimization and focusing has been needed
to bring a collimated beam of antiprotons to the target
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Vessel
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The vessel is a cylinder of stainless steel (5 mm thick)
with length = 170 cm and diameter = 120 cm

pressure inside the vessel < 10-7 mbar
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Targets
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Targets
Three different targets were used (+ empty frame):
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Fig. 2. The p̄ beam profile (x, y) on the target, z being around 67 cm from the entrance of the target vessel.

Table 1. The targets used in the present experiment. For the definition of equivalent thickness, see main text. The thicknesses
shown here are nominal.

Target (A, Z) Description Equivalent thickness (nm) Relative Rutherford

Empty 8 cm diameter frame only

C (12, 6) ∼70 nm carbon foil fixed to the frame 70 1

Pd (106, 46) ∼19 nm Pd sputtered on the ∼70 nm carbon foil 130+70 16+1

Pt (195, 78) ∼5 nm Pt sputtered on the ∼70 nm carbon foil 70+70 12+1

diameter), we installed an aperture of 1 cm in diameter in the middle of the DOGLEG, and a variable-aperture
iris (1 ÷ 13 cm in diameter) at the exit of the DOGLEG.

3) To focus the p̄s on the target, placed 67 cm downstream of the target-vessel entrance (i.e., some 3m downstream of
the DOGLEG), we developed and installed an electrostatic quadrupole [33] between the DOGLEG and the target
vessel (see fig. 1). The alignment and focussing of the beam was checked by a retractable beam profile monitor [34]
based on the secondary electron emission, with an active area of 40× 40mm2 and a spatial resolution of 4 mm (see
fig. 2).

4) A very small fraction of the p̄s annihilate on the target (whose number we want to count), while the rest travel to
the end of the target vessel and annihilate. In order to unambiguously identify the annihilations on the target, we
rely on the time separation. This can be achieved with a short pulse length and a relative long target vessel. The
pulse length was reduced from the original 150–200 ns value to about 70 ns by using an electronic chopper inserted
inside the DOGLEG. According to the detector time resolution (some ns), the vessel length of 170 cm was chosen.

5) Some p̄s also undergo Rutherford scattering on the target with a probability proportional to Z2d, where Z is the
atomic number of the target, and d is the target thickness. Rutherford-scattered p̄s reach the lateral wall of the
vessel and annihilate. In order to have a clean separation of those annihilations from the signal events, the vessel
diameter of 120 cm was chosen.

6) The p̄s Rutherford-scattered at 90◦ can move within the target foil, slow down, stop (the range of 130 keV p̄s is
less than few µm in solids) and annihilate. Since it is impossible to tell such annihilations from the in-flight events
based on the timing, it is important to use thin targets. Rutherford scattering and energy-loss simulations have
shown that the probability of at-rest p̄ annihilations is less than that of the in-flight annihilations for all the targets
we used.

2.2 Targets

The targets used in the present experiment are listed in table 1. The target frame size, 8 cm, was chosen to minimize
the p̄ annihilations on the frame from beam halos. This large size in turn sets a lower limit to the target thickness to
be in the range of 70–100 nm. The Pd and Pt targets were prepared at Technische Universität München by sputtering
the Pd/Pt on a carbon foil. The thicknesses of metals sputtered on the carbon foil were chosen such that the in-flight
nuclear annihilation rates do not depend strongly on the element. This is indicated by the equivalent carbon thicknesses,
calculated by assuming the Coulomb-modified “black-disk” model of ref. [15]; in the case of Pt, for example, Pt and
the carbon backing contribute equally to the in-flight annihilations.

The last column is the relative Rutherford scattering probability (normalized to the 70 nm C), showing that the
Rutherford scattering events from Pd and Pt are an order of magnitude more frequent than from the C target.

Each target consisted in a disk of the mentioned 
thickness of material (diameter = 8 cm) fixed on a 
ring-shaped frame with external diameter = 13 cm
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Detectors
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The detectors 
c o n s i s t i n 
s e v e r a l 
i n d e p e n d e n t 
modules made 
by an array of 
scintillating bars
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The sensing element is a scintillating rod 96cm x 1.9cm x 1.5cm 
with a hole  2 mm in diameter, containing a “clear’’ fiber, with 
glue (ε>90%), read by a 64-channels photomultiplier

1.5 cm

1.9 cm
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In total, ve used ~600 plastic scintillators 
arranged in different planes all around the 
target vessel. 
~80% of them were readout by multianode 
PMTs as described previously.
the remaining ~20% were readout by and 
MPPCs.
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Results

• Annihilation time signal

• Reconstructed annihilation vertices
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Annihilation time 
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Vertices

Pre
lim

ina
ry 

res
ult

s

TARGET position

(annihilations
on C-target)

counts per bin
 (a.u.)

With two different modules, it is possible to track back 
the annihilation position

axial coordinate (cm)
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Measurements 
“with extra-frame”

pbars
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Measurements 
“with extra-frame”

pbars
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Measurements 
“with extra-frame”

d

pbars

martedì 11 giugno 2013



risultati con extra frame
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Conclusions

• we reported the first observation of in-flight 
antiproton-nucleus annihilations at an extremely 
low energy of 130 keV kinetic energy

• the experimental outcomes demonstrate that with 
the used technique the measurements of 
antiproton annihilation cross-section are feasible 
in the 100 keV region. 

• the data analysis is still underway
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Thank you!
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