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Effects of Vacuum Polarization in Hadron-Hadron Scattering
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To investigate the eAect of vacuum polarization in the Coulomb interaction between hadrons, the rela-
tive diAerential cross section for elastic ' C-' C scattering at El b =4 MeV has been m-asured with high
precision. The data are compared to theoretical calculations that take into account the contribution of
the Uehling potential and other small contributions. Data and calculation agree within 1.5 standard de-
viations. This constitutes a test of the vacuum polarization on the 7% level.

PACS numbers: 25.70.Cd, 12.20.I.V

According to quantum electrodynamics the interaction
between charges at small distances deviates from the
pure Coulomb force due to vacuum polarization (VP)
and further radiative corrections. Deviations of order of
1% are expected for distances which are smaller than the
Compton wavelength of the electron (386 fm). Such
QED effects have been investigated in a variety of sys-
tems. Whereas in leptonic systems the effect has clearly
been established, and found to be in excellent agreement
with QED, little information is available for the
Coulomb interaction between hadrons. ' Experiments
performed using the proton-proton system' yield results
which disagree with theoretical predictions by an amount
that corresponds to 50% of the effect of vacuum polar-
ization. An experiment on heavy-ion scattering,
designed for testing of the relativistic wave equation,
could not detect the VP effects due to very low sensitivity
of the data on the VP potential. The motivation for the
present experiment is twofold: (i) to measure the contri-
bution of vacuum polarization in a hadronic system in

order to verify that the effects are the same as in leptonic
systems; (ii) to test the QED predictions at shorter dis-
tances. As compared to leptonic systems heavy-ion
scattering allows us to reach smaller distances.

The aim of the present experiment is to detect devia-
tions from the cross section for scattering calculated for
the pure Coulomb potential. Ideas along these lines have
been pursued by several authors, ' but the small effects
expected could not experimentally be observed. To over-
come these limitations, we study a system of identical
particles. Mott scattering exhibits a pronounced in-
terference structure of the angular distribution", thus
small deviations from Mott scattering are easier to
detect than for the structureless angular distribution of
Rutherford scattering. The ratios of cross sections mea-
sured on either side of the interference minima near
01,b =45 constitute a sensitive test of the VP contribu-

tion, and are independent of the knowledge of absolute
cross sections. Nevertheless, the effects are small, and
the highest experimental accuracy is needed to detect the
contribution due to VP. A detailed theoretical study of
unwanted effects, such as nuclear interaction, nuclear
polarizability, relativistic effects, and electronic screen-
ing shows that elastic scattering of ' C on ' C at F.,
=2 MeV is optimal to detect VP effects in heavy-ion
scattering.

The angular distribution around 01,b =45 is shown in

the upper part of Fig. 1. A full quantum-mechanical
calculation including the Uehling potential predicts de-
viations from Mott scattering of a few percent in the re-
gion where the slope of the angular distribution is larg-
est. The expected relative changes of the cross section
Acr/cr are shown in the lower part of Fig. 1. The main
effect of VP is a small shift in the interference minima
towards 45, by 0.01

The experiment, carried out at the Max Planck Insti-
tut Heidelberg, is designed to measure relative cross sec-
tions at selected angles (see Fig. 1). The setup (Fig. 2)
consists of a scattering table, made of scraped bronze,
housed in a scattering chamber of 1.2-m diam. The
beam axis is defined by entrance and exit slits. The
beam is stabilized in the x (y) direction using the right-
left (up-down) ratio of currents measured on the en-
trance slits. The beam divergence is minimized by plac-
ing the last quadrupole pair at a distance of 8 m from
the entrance slit. The beam position and emittance is
monitored continuously by two beam-scanner systems.
Isotopically pure ' C targets of 3 pg/cm thickness are
used. All detectors are conventional surface-barrier
detectors. The region of interest of the angular distribu-
tion (38' ( B~,b (52') is covered by a movable detector
D3 which is mounted on a high-precision translation
table. ' The detectors Dl and D2, placed at a steep part
of the angular distribution, allow a sensitive measure-
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FIG. 3. Results for the average A of the ratios Rl2 and R34.
Each data point corresponds to one measuring cycle. The
crosses (dots) mark data taken around 0|,b =+45' ( —45').
The experimental average, the value for the pure Mott scatter-
ing, and the one for the full calculation is indicated. Inset:
Plot of the distribution of measured cross-section ratios, com-
pared to the expected Gaussian distribution.

arrows in Fig. 1). For angles 1 and 2 the inAuence of
finite angular acceptance is almost equal, so that folding
eff'ects are eliminated in first order in the cross-section
ratio Riq=cr(8q)/o(01). The same holds for angles 3
and 4. In order to reduce systematic errors due to small
changes of target thickness, target position, and beam
alignment, many short runs are taken. Measurements
within these runs are done in a sequence that eliminates
all drifts of beam and target position in first order. After
each cycle of cross-section measurements a set of runs is

performed to measure target thickness, target position,
and small-angle scattering. These calibration runs are
used to correct all data.

In Fig. 3 we present the data in terms of the average A
of Ri2 and R34, normalized to the A value calculated for
Mott scattering. This averaging suppresses in first order
errors in the absolute angle calibration. Each data point
represents one measuring cycle. Measurements have
been performed using two fully independent detector sys-
tems around l9|,b =+45 (crosses) and —45 (spheres)

in five separate beam times. The error bars are purely
statistical and do not contain systematic errors due to the
corrections applied. The distribution of all data points
around the average value (marked with A', „~ in Fig. 3) is
consistent with a statistical distribution. The g =1.15
indicates that no other significant random errors are
present.

Systematical errors have been carefully investigated,
and their contribution to the total error is listed in Table
I. The systematic error is dominated by the uncertainty
in the absolute energy; multiple scattering corrections
and uncertainties in the geometry of the setup give much
smaller contributions. A detailed discussion of these sys-
tematic errors is found in Ref. 16.

The result of our experiment can be expressed in terms
of the diA'erence in angle of the minima at 40 and 50 .
This difference is measured with an accuracy of 0.0007 .

For an accurate prediction of the cross section, many
eAects beyond first-order vacuum polarization are taken
into account. Table II shows the various contributions to
Acr/cr Con. tributions due to higher-order vacuum polar-
izations are calculated using potentials from Huang. '

The eA'ects of the nuclear interaction, estimated using a
%oods-Saxon potential with realistic tails at large radii,
are negligible because the beam energy is far below the
Coulomb barrier. [The classical turning point for the
system is 47 fm (45').] For the calculation of the con-
tribution of nuclear E1 polarizability, the polarizability
a is taken from experimental data' on the total photon
absorption cross section o —2. Relativistic effects are tak-
en into account by solving the Klein-Gordon equation
where reduced mass eff'ects are calculated up to second
order, thus solving the so-called Todorov equation. ' For
the calculation of electron screening we use a Bohr-type
exponential screening function which is fitted to a realis-
tic Hartree-Fock-Slater potential. The eA'ective charges
of projectile and target are calculated treating multiple
ionization effects in the semiclassical approximation.

TABLE II. List of contributions to the deviation from Mott
scattering. The numbers are normalized to the efT'ect of first-
order vacuum polarization.

Data set

Data near Oi, b =+45
Data near Ol, b

= —45
Average

Systematic errors
Total error

Theory (vac)

—0.0356 ~ 0.0020
—0.0374 ~ 0.0023
—0.0364 ~ 0.0015

~ 0.0020
~ 0.0025

—0.0326 ~ 0.0008

TABLE I. Summary of the data and the theoretical predic-
tion. The numbers given are the deviations from AM, «=1
(pure Mott scattering).

EfI'ect

Vacuum polarization of order ZuZQ.
(Uehling potential)

Vacuum polarization of order e(Ze)
(Ka lien-Sabry)

Vacuum polarization of order Za(Za) '
Nuclear interaction

Nuclear polarizability
Relativistic eAects

Electronic screening
Ionization

Contribution
(%)

100

+0.71
—0.02
& 0.01

—0.6 ~ 0. 1

+2.6 ~ 1.0
—6.6 ~ 2.0
+1.1 ~ 0.5
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The energy loss due to ionization during the scattering
process is incorporated. A detailed account of these cal-
culations will be published elsewhere.

The result of these calculations shows that the first-
order vacuum-polarization potential yields the largest
correction to the Mott cross section. All additional
effects are 1 to 2 orders of magnitude smaller.

The numerical results are summarized in Table I. The
data for the two completely independent setups are in

good agreement. The average agrees with the theoretical
prediction within 1.5o.. This represents a test of vacuum
polarization on the 7% level.

In summary, we have performed a test of the QED
vacuum polarization with hadronic probes at short dis-
tances. Such a test has become possible by exploiting
the occurrence of an interference pattern in elastic
scattering of identical particles. The eAect of vacuum
polarization has been established for the first time in a
hadron-hadron scattering experiment. No evidence for a
deviation from theoretical predictions is observed.
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