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In critical or nearly critical heavy-ion collisions, induced as well as spontaneous en-
ergyless e e pair creation result in the decay of the neutral vacuum. Induced transi-
tions from the negative-energy continuum into a vacant molecular 1s level can occur
even in the absence of diving and produce a substantial enhancement and broadening of
the previously considered spontaneous positron spectrum. Total cross sections of 5 b
have been calculated for U-U collisions.

Intermediate quasimolecules, which will be formed in the collision of very heavy nuclei, show with
respect to their electronic structure all properties of superheavy atoms. ' ' In the case that the charge
number Z, +Z, of the colliding nuclei is larger than the critical charge number Z„=169-172, the 1s, /2

level enters the negative-energy continuum. If the K shell is ionized, e e creation results. This has
to be interpreted as the decay of the neutral vacuum, which is unstable in overcritical fields. '

Up to now calculations were done for the spontaneous positron creation. ' The cross sections will be
increased, however, by two effects because of the nonadiabacticity of the heavy-ion collision: First,
during the "diving" process e'e pairs are created, in addition to the spontaneous ones, by induced
autoionization. Second, before and after the diving a large number of positrons will be created by in-
duced transitions from the negative-energy continuum to the 1s», level. The latter transitions will oc-
cur even if there is no level-diving during the collision.

To calculate the total transition amplitude, all the transitions, from the negative-energy continuum
to the 1s», level, along the classical ion path must be added coherently. ' These transitions may be
approximately grouped into first, pre- and after-diving amplitudes C» ~, and second, the during-
diving amplitude CD. Then we have

C,„,= f „'"dt'exp((f/I) f'.df-[E-E„, (f-)]-(2ff) 'J'„r(f")df-M, (f ))
I

+ J df exp{(f/n) f df "[E-E„(t")]-(2K) 'f F(t")dt-M, (f )), (1)ter

where

fvf (t') =- (~,(f') l(s/sf') lv(f')&

and I'(t") represents the decay ls», level due to the interaction with the continuum (to be determined
later) and t„edn teotshe "critical" time at which diving occurs. ~(t~& and ~y& are the wave functions
for the positron (negative-energy continuum) and the 1s„,vacancy, respectively. The time integra-
tion can be replaced by an integration over dR/UR along the ion hyperbola, where R is the distance of
the two ions and v„ the radial velocity.

The matrix element M~(t') can be computed by expanding the bound state I &p(t')& =
~ p(R)) and the con-

tinuum states [g~(t )) =
i i~(R)&, which are eigenstates of the Hamiltonian R(R), about the 1s„,, diving

radius R„; i.e. ,

ly(R)&=f(R)Elm, r&+ J dE'~z «)I"z,„&), l~z(R))=~(E, R)(l~„&+ f« f. (E, R)lg, ~ „&),

with the following normalizations:

(q (R) ly(R)&=1, (j'E(R) l~, (R)&=&(E-E'), (q, (R) lp(R)&=o. (4)

ln the expression (3), the higher bound states, i.e. , 2$„„2s»„etc., have been neglected. Such ef-
fects are expected to be most important at large ion separations where the matrix element M~(t) is
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small.
The matrix element (2) can now be written in terms of the expansion coefficients and reduces by use

of Eq. (4) to

M = (a *(E,R)f(R )J dE ' b E *(E, R) I (8/8 R)gz (R) ] ]' v„.

To solve for the expansion coefficients, the following matrix elements are needed:

~(R) =&y„lV(R) lq „), V, (R) =&(, , „lV(R) l~„)= [y(E)/2~]'"~(R), V„(R)= &(,, „IV(R)I(, , „),
where V(R) = H(R) —H(R, ,).

~hen the small contributions from the continuum-continuum matrix elements V~~ (R) are neglected
the set of coupled-channel equations may be easily solved' for the expansion coefficients. Upon sub-
stituting these coefficients into Eq. (6), the matrix element M~(t) may be readily computed. Once this
matrix element is specified, the contribution from induced transitions to the total transition probabil-
ity may be approxima. ted by [Eq. (1)]

Wp~(Et, EI e) = ICa~l'dEp,

where E~ is the positron energy. The dependence of this probability on the ion energy EI and the scat-
tering angle 8 enters through the time integrations over the Rutherford trajectory.

The during-diving amplitude CD is given by

&cr

CD=— dt VE(t) exp
&

dt' [E —E„(t')]——f „I'(t') dt'1

» 00

with the corresponding diving probability

W, (E„E„e)= IC, I' dE, .

The total probability for producing a positron
with an energy between E~ and E~+dE~ is then

Wr(E~, E„(t)= IC~„+C~I-'dE, . (10)

To compute these probabilities, the functions
y(E) and e(R) must be specified. The y(E) depen-
dence was extracted from the resonance in the
one-center continuum wave functions. 4 While
the resonance location e(R) and the width Fz(R)
=2~ IVs(R) I' depend on both the charge Z and the
separation R, as seen in Fig. 1, the ratio y(E)
=M,c'I's(R)/e'(R) depends only on energy to a
good approximation. We used the approximation
y(E) =y, (E —E,)' exp[ —n(E —E,)], where y„EO,
and o are parameters in the present calculations.
While this energy dependence is based on one-
center calculations, we assume that y(E) does
not change appreciably when two-center wave
functions are used. The large width of y(E) en-
ables one to use I'(R)= yoe'(R) in the calculation
of the line broadening [Eq. (1)]. The remaining
function to be determined, e(R), was extracted
from the two-center Dirac-model' eigenvalues.

The quantities W»(E», 8) and W~(E~, 8) are
shown for the U-U system in Fig. 2(a). They are
related to the cross section for positron produc-
tion by

d dfi =~n''W(E "
+P IOIl IOII

2 p
f IIEp I= ', [10 'j
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FIG. 1. The function y(&p) for 180-Z- 210 for dis-
tances greater than 15 fm (i.e., below the Coulomb bar-
rier). Obviously, y(E&) does not depend on Z and A.

! where doR is the differential Rutherford cross
section and L,, the initial K-hole probability,
which has been taken in all our calculations to
be L, =10 ' (see Ref. '7).

Figure 2(b) shows the total ionization probabil-
ity Wr(E~, 6). The solid curves demonstrate that
with decreasing ion energy E~, the energies E~
for the maximal positron cross sections are
shifted to smaller values. This possibly allows
to some extent a spectroscopy of the diving mech-
anism. For fixed ion energy and varying scatter-
ing angle 0, the energy maximum is only slightly
shifted, as can be seen from the dashed curves.

The positron production cross section in the en-
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FIG. 2. (a) The probabilities 8'zz(&&, &}, O'D(&&, 6)
and Wy(E&, ~) for the system U+ U in the case of central
collision with &q ——812.5 MeV. (b) The solid lines show

W2(E&, 0} at ~ =180' for the system U- U for various
values of B~ (distance of closest approach in fermis),
corresponding to different ion energies (given in pa-
rentheses, in MeV): (1}15 (815.5), (2} 20 {609.4),
(8) 25 {478.5), (4) 30 {406.3), (5) 35 {348.2). In the last
case W~(E&, 6) = 8'p~(E&, ~) (no diving). The dashed
curves show, for fixed ion energy E~ -—815.5 MeV, the
change with 6): (1) & =180', (2) 6) = 75', (3) ~ =50',
{4) e =40 {5}0 =30.

ergy interval between E~ and E, +dE~ is given by
integration of (10) over the angles:

=I.,J W,(Z„e)do„(e)

For different ion energies, do jdE~ is shown for
U+ U in Fig. 3(a). Compared with the purely
spontaneous positron autoionization, the dynami-
cal, nonadiabatic effects lead to a "smearing out"
of the sharply peaked excitation functions and to
a considerable increase of the cross section by
nearly 2 orders of magnitude.

To get the total positron cross section cr, one
has to integrate (11) over the positron energy E~.
As a function of the ion energy FI, a is shown in
Fig. 3(b). It is larger by nearly 2 orders of mag-
nitude than the corresponding one for purely
spontaneous positron autoionization. This fea-
ture is due to the induced transitions (nonadia-
batic effects). In systems with higher total charge
Z, +Z„ the transitions to higher levels (2p, »,
2s», ) which come close to diving or are just div-
ing (2p», ) must be taken into account and will
further increase the cross sections.

We acknowledge useful discussions with Dr. J.
Rafelski, G. Soff, and Professor W. Scheid.
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FIG. B. {a) The positron production cross section do/
dE& for the system U+U for various ion energies. The
energies are the same as in Fig. 2(b). (b) The total
positron cross section in dependence on the ion energy.
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schung, Darmstadt, Germany, 1972).
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