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which the coherent scattering amplitudes per
molecule and the applied corrections due to the
impurities are quoted.

The measurements represent an overdeter-
mined system of equations for computing the scat-
tering amplitudes of hydrogen, carbon, and chlo-
rine. The solution leads to the following weighted
means for the bound atoms and—in brackets—for
the bound nuclei:

ay=-3.740+0.003 fm (- 3.739+0.003 fm),
ac=6.648+0.003 fm (6.657+0.003 fm),
ac; =9.580+0.002 fm  (9.605+0.003 fm).

The values for the nuclei were calculated with
a neutron-electron scattering amplitude a,, =
—0.00146 fm/electron (only Foldy interaction).
The new ay agrees with the old value —3.741
+0.011 fm tabulated in Ref. 3, but is much more
accurate. The most recent precise experiments
led, by means of different methods, to the same
results for ac (nucleus), within the errors: 6.650
+0.009 fm,? 6.660+0.006 fm,® and 6.657 +0.003 fm
(present work). This fact is quite encouraging
and strengthens the belief in the presented value

for ay.
With the new results the following set of param-
eters for the low-energy n-p system is calculated:

ag=-23.7119+0.013 fm and a,=5.414
+0.005 fm.

The change of the old set 1 is mainly due to the

new oy measured in Ref. 2, where as the result
of the present work leads to a further improve-
ment of the accuracy for the low-energy n-p pa-
rameters.
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An upper limit to the electric field strength, such as that of the nonlinear electrody-
namics of Born and Infeld, leads to dramatic differences in the energy eigenvalues and
wave functions of atomic electrons bound to superheavy nuclei. For example, the 1s; /2
energy level joins the lower continuum at Z =215 instead of Z =174, the value obtained
when Maxwell’s equations are used to determine the electric field.

The spectra of atomic electrons offer one
means for the identification of superheavy ele-
ments.! " Most of the previous calculations of
the atomic structure of these elements have used
the relativistic Hartree- Fock-Slater method' and
have either used perturbation theory to calculate
field corrections? or ignored the question alto-
gether. Accurate calculations of these correc-
tions have not been made, although a method of
calculating them, which does not depend upon an
expansion in powers of the external field, has
been proposed.*

Our search for a method of calculating field
corrections in superheavy elements has led us
to consider the extent to which these corrections
are equivalent to an upper limit for the electric
field strength, Such an upper limit emerged

958

quite naturally from the considerations of Born
and Infeld, who formulated a nonlinear theory of
electrodynamics with the express intention of
making the self-energy of the electron finite. We
show below that the spectra of atomic electrons
bound to superheavy elements with nuclear charg-
es Z 2150 provide a stringent test of the theory
of Born and Infeld and, more generally, of simi-
lar theories which lead to an upper limit to the
electric field strength. Even if superheavy ele-
ments cannot be readily produced, enough infor-
mation could possibly be gathered in the colli-
sions of heavy ions, such as Pb on Pb or Cf on
Cf, to decide if this limit exists. In these colli-
sions the adiabatic approximation should have
some validity since the velocity of the electrons
in the 1s and 2p atomic orbitals is much faster




VoLUME 27, NUMBER 14

PHYSICAL REVIEW LETTERS

4 OCTOBER 1971

than the relative nuclear velocity. Hence, as
far as the electrons in the lower atomic orbitals
are concerned,® the collisions of Pb on Pb and of
Cf on Cf may simulate superheavy electronic
molecules with Z =164 and Z =196, respectively.
Thus a search for the effects of an upper limit
to the electric field strength in the elastic scat-
tering of heavy ions would not require a consid-
eration of the complications of nuclear physics.
Such experiments may be feasible in one or two
years.?

The theory of Born and Infeld is based upon
the Lagrangian density®

o [

where B is the magnenc induction, E is the elec-
tric field, and E is an upper limit to the electric
field strength. The quantity E is determined by
requiring that the mass of the electron is of an
entirely electromagnetic origin. Its numerical
value is 1.2x10'® V/cm. This Lagrangian density
reduces to that underlymg Maxwell’s equat1ons
whenever E and B are much smaller than E We
consider only the case of electrostatics, where
the Euler-Lagrange equations reduce to

v.D=0, (2)

where D=—-3£/3E is the electric displacement.
Assuming spherical symmetry, the solution of
Eq. (2) is D =e /7%, where e is the charge of the
electron. We have investigated the class of Ham-
iltonian densities

= —ﬁ—)[(l D? )n 1] 3
8mn TE2n)/) (3)

which reduces to the theory of Born angi> Infeld
when 7 =3. We determine the quantity E,(n) in
Eq. (3) by requiring that the electromagnetic self-
energy is equal to the energy of the rest mass of
the electron. The electric displacement satis:_
fies Eq. (2) for every n; the relation between E
and D is different in each case, however. The
electromagnetic self-energy is finite” if n <3
An upper limit to the electric field strength em-
erges whenever n <3. This upper limit is plot-
ted as a function of the parameter » in Fig. 1.
We note that it varies slowly for - 10 sn <s-1
and that the value at » =- 10 is about twice the
value atn=3
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FIG. 1. Maximum value of the electric field as a
function of the parameter ».

The principle of superposition is no longer
valid for the electric field in nonlinear electro-
dynamics, and thus the treatment of composite
systems is more complicated than in the linear
case. We consider the electron to move in a
spherically symmetric potential due to the nucle-
us and the other atomic electrons. The calcula-
tion of the interaction energy of the electron with
the remainder of the atom is based upon the fact
that the electric displacement satisfies a linear
equation, namely,

v-D(r) =p(¥), (4)

where p is the external charge distribution. The
nucleus is taken to be a uniformly charged sphere
of radius C=1.24'/% fm, where A is the atomic
number. We assume that A is related to the nu-
clear charge as follows?:

A =0.007332% +1.30Z +63.6. (5)

The electron is taken to be a point charge locat-
ed a distance R from the center of the nucleus,
which we choose as our origin of coordinates.
The electric displacement is then the sum of the
electron’s contribution,

D, =e(f-R)/IF - RI}, (6)

and the contribution from the nucleus and the re-
maining electrons,

D, =/ [ p'tryr2dr, (1)

where p’(7’) includes both the nuclear charge dis-
tribution and that of the remaining atomic elec-
trons. The interaction energy for the theory of
Born and Infeld is given by

]‘5 2\1/2
1+§:§> +1] (8)
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FIG. 2. Energy eigenvalues as a function of nuclear
eharge. The solid curves have been obtained with the
theory of Born and Infeld. The dashed curves have
been obtained with Maxwell’s equations.

which is readily evaluated numerically. The
Thomas-Fermi model of the atom is used to de-
termine the atomic charge distribution.

The energy eigenvalues are determined by solv-
ing the Dirac equation numerically for the poten-
tial energy of Eq. (8). Several of the lowest ei-
genvalues are plotted as a function of Z in Fig.

2, where results based on Maxwell’s equations
are also displayed. The differences are consid-
erable. For example, at Z =164 the value ob-
tained for the 1s energy with the theory of Born
and Infeld is 270 keV higher than that obtained
with Maxwell’s equations, and the two values for
the 2p,,, energy differ by 170 keV. Hence the en-
ergies of the 2p,,,~1s x rays differ by 100 keV at
Z =164. The 1s level joins the lower continuum
at Z =215 instead of at Z=174. The results shown
in Fig. 2 are for a neutral atom. We have done
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similar calculations for atoms that are complete-
ly ionized. The curves for the 1s and 2p,,, states
are lowered by 5 to 10% for 150 <Z <200. Thus
the nonlinear effects are considerably larger
than the effects due to the other atomic electrons
in this region.

The probability densities for an electron in the
1s state are shown in Fig. 3 for Z =100, 114,
and 164. For Z =164 the density obtained with
Born and Infeld’s theory peaks at 110 fm and
that obtained with Maxwell’s equations peaks at
33 fm.

We have estimated the transition probabilities
W(2p, 5~ 15)=9x10'® sec™?, ©)
W(2p,,5~15)~1x10'" sec™

for Z=1.64. A calculation of the probability that
the 1s state is vacant during a heavy-ion colli-
sion is in progress.® If the fission half-lives of
superheavy nuclei in the vicinity of Z =164 (a pos-
sible island of stability®) are as long as 10 !¢

sec, then the 2p-1s x rays may be observable in
spite of the many x rays which inevitably accom-
pany the fission process.

Lastly, we should like to point out that the mea-
surements of the Lamb shift in light elements are
not sufficiently accurate® to detect these nonlinear
effects. Also, the change of the 2p-1s transition
energy due to nonlinearities is, e.g., for elec-
tronic lead about 0.25 keV and for muonic lead
about 30 keV. Both effects are thus of the order
of magnitude of the vacuum polarization correc-
tion and too small to be detected. Such small
changes can always be attributed to slight modifi-
cations in the nuclear charge distribution. The
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FIG. 3. Probability densities for the 1s electron. The solid curves have been obtained with the theory of Born
and Infeld. The dashed curves have been obtained with Maxwell’s equations. The unit of the abscissa is the Bohr

radius.
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spectra of electrons bound to superheavy nuclei,
however, may offer a more stringent test of non-
linear electrodynamics than high-energy elec-
tron-electron scattering experiments,® where
our inability to quantize nonlinear theories hin-
ders a straightforward comparison of theory and
experiment.
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Intense spectator-proton peaks were observed in the reaction D(°He,tp)p. Their shapes
were well fitted by plane-wave Born-approximation calculations, assuming either knock-
out or *He-n quasielastic scattering accompanied by charge exchange to be the mecha-
nism. Their intensities relative to the quasielastic peaks from D(*He, °He p)» were cor-
rectly predicted by charge-exchange calculations, but only when an unrealistic mixture
of exchange forces was used. All direct knockout calculations gave relative intensities

at least ten times too small.

This paper reports, for the first time, intense
spectator peaks from the reaction D(®He, tp)p,
which may result from quasielastic scattering
(QES) accompanied by charge exchange (CE).
Quasielastic scattering was first observed by
Kuckes, Wilson, and Cooper,® who found that
large peaks (called spectator peaks) are observed
in the p-p coincidence cross sections from the
reaction D(p, 2p)n when momentum is transferred
only between the two protons, and the neutron
(called the spectator particle) remains nearly
at rest in the laboratory. QES from the proton
in the deuteron has also been studied®"* in the
reactions D(d,dp)n, D(®He,3Hep)n, and D(a, ap)n.
In CE QES for the reaction D(He, ip)p [see Fig.
1(a)] , the He and neutron would transfer mo-
mentum and exchange charge, emerging as a
triton and a proton, and the proton from the deu-

teron would remain nearly at rest. Alternatively,
a direct knockout (KO) process [see Fig. 1(b)]
might also produce spectator peaks.

A CD, target was bombarded with 27-MeV SHe**
ions from Chalk River’s model MP tandem ac-
celerator. Coincidence events from two AE-E
counter telescopes, coplanar with and on opposite
sides of the beam, were recorded on magnetic

(a) (b)

FIG. 1. Feynman diagrams for (a) charge-exchange
quasielastic scattering and (b) knockout.
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