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Strong Fields in QED - History

> Klein’'s paradox and pair creation

Klein (1929): Anomalous transmission and reflection
coefficients at a potential barrier with Vo > 2m.

Euler + Heisenberg (1936), Weisskopf:
Nonlinear effective QED Lagrangian for homogeneous E
and B fields. Imaginary part —— pair production.

—nE_IE
Schwinger formula (1951): 2ImLeﬁ:% 0,321% MEer

e - . _am’c® 1416 V

Critical field strength: E =27 ~10"—

Nikishov (1970), Gavrilov + Gitman (2016): Rigorous QFT explanation




Strong Fields in QED - History

* Supercritical atoms

Heavy few-electron ions
are sources of extremely strong
electromagnetic fields.

<|E|> [V/em]

Sommerfeld formula:
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E,.=mc \/1—(aZ)

Finite nuclei:
nuclear charge distribution:

finite nuclear mass:
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Strong electromagnetic fields

* Supercritical atoms

<E>V/cm
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maximum E field in
laser pulses
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Heavy few-electron ions are sources
of extremely strong electromagnetic
fields.
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Strong electromagnetic fields

* Supercritical atoms

Gershtein, Zeldovich (1969); Pieper, Greiner (1969)

E - .
positive-energy continuum
mc?2
(
-mc3q _ __ _ i NN\ ____
negative-energy continuum
occupied with electrons

The 1s level dives into the negative-energy continuum at Z.: ~173.
Spontaneous pair creation. Charged vacuum.



Strong electromagnetic fields in heavy ion collisions

Supercritical field could be achieved in collisions . GG
of two heavy ions with Z;+2Z, >173. - e oy
u-snu\a_,_#__ﬁI kkﬁ_ .__f,a“luﬂk
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Dynamic (induced) pair creation a), b), c)
Spontaneous pair creation d)



Heavy ion collisions: future experimental facilities

Facility for Antiproton and lon
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Heavy ion collisions
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@ The most favorable energy is about Coloumb R
barrier (Low-energy collision ~ 6 MeV/u for U). System

@ Semiclassical approximation: R(t) = Rutherford trajectory.
@ Two-Center Dirac Hamiltonian:
Hoep(R)=cap+m c2+V (7, R(t)+V, (7, R(t)).
@ Nonperturbation approach.
@ Diving time period is about 10" sec.
Spontaneous e*e~ pair creation time is about 10719 sec

[Muller et al., 1972, Ackad and Horbatsch, 2008].

@ R, i(lo,)=34.7 fm (for U + U)
Rnucl = 59 fm



Previous theoretical study

Quasistationary approach
Only spontaneous pair creation is taken into account.

* H. Peitz, B. Muller, J. Raeski, and W. Greiner, Lett. Nuovo Cimento 8, 37 (1973)
V. S. Popov, Sov. Phys. JETP 38, 18 (1974)

Perturbative approach
Only dynamical pair creation is taken into account.

 R. N. Lee and A. I. Milstein, Phys. Lett. B 761, 340 (2016)
 |. B. Khriplovich, Eur. Phys. J. Plus 132, 61 (2017)

Dynamical approach
Both dynamical and spontaneous contributions are taken into account.
The approach is based on the numerical solving of the time-dependent Dirac
equation in the monopole approximation.

* Frankfurt group
U. Muller et al., PRA 37, 1449 (1988)

« Canadian group
E. Ackad and M. Horbatsch, PRA 78, 062711 (2008)



Previous theoretical study: disagreement

Positron energy spectrum for U%?*-U°** collisions at E=6.2 MeV/u for
the impact parameter b
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Infout formalism

HTCD(t)zca(ﬁgZ\(t))+v(t)+mec2ﬁ.

Two sets of solutions: R

@ tin->—oo IS the initial time moment,

2 tout—>oo Is the final time moment,

out out  out

? HTCD(tin>w}n(;:):€iinw}n<?)' HTCD(tout)lpi (F):EI lpi (F)



Pair production in external field

: _ 2
Number of electrons in k state: nk—; EP
j<
. . = _ 2
Number of positrons in p state: nk—Z |apj| -
j>F
Here F is the Fermi level (¢f = —me c? ) and

ay=J P TF OW(F, =] P T F oy,

Forward time propagation:



Monopole approximation

@ Time-dependent two-center potential of moving nuclei:

—

V(F, t)=VA (F=R,(t)+V'E) (F-R,(t)).

nucl

@ [n the monopole approximation only spherically symmetric part of
V(r,t) is taken into account:

v

mon (

__ 1 =
r,t)= 4nfdQV(r,t).

It allows reducing the three-dimensional two-center Dirac equation to
one-dimensional radial one.



Finite basis expansion

¢(r,t)=2 C;(t)u,(r)

i

o(r,t) is the radial part of the wave function

u.(r)are the basis functions constructed from B-splines using DKB
technique (Shabaev et al., PRL (2004)) which prevents the
appearance of spurious states




Positron energy spectrum

U??*-U%* collisions at E=6.2 MeV/u for the impact parameters b=0-40fm
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Pair-production probabilities for Ecm =740 MeV

P: is the total probability

Py is the probability of pair production
with an electron in a bound state

Miiller et al. This work
b (fm) P, P, P, P,
0 1.23 x 102 1.26 x 102 1.25 x 1072 | 1.29 x 102
5 1.04 x 1072 | 1.06 x 1072 | 1.05 x 1072 | 1.08 x 102
10 7.04 x 1073 | 7.15 x 1073 | 7.03 x 1073 | 7.26 x 1073
15 441 x 1073 | 447 x 1072 | 439 x 1073 | 451 x 1073
20 271 x 1073 | 273 x 1073 | 270 x 1073 | 2.75 x 1073
25 1.67 x 1073 | 1.68 x 1072 | 1.66 x 1073 | 1.69 x 1073
30 1.04 x 1073 | 1.04 x 1073 | 1.03 x 1073 | 1.04 x 1073
40 411 x 1074 | 411 x 107% | 4.09 x 107% | 4.12 x 1074




Positron energy spectrum
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Positron energy spectrum for the Fr— Fr (Z=87), U-U (Z=92),
and Db—Db (Z=105) head-on collisions at energies 674.5, 740,
and 928.4 MeV, respectively (I.A. Maltsev et al., PRA 91, 032708 (2015)).



Collisions with modied velocity
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Number of created pairs P in the head-on collision with modied velocity:
Ra(t) = aR(t).

|.A. Maltsev et al., PRA 91, 032708 (2015)



Beyond the monopole approximation:
two-center Dirac equation in rotating coordinates

V=V (F-R,(t)+V\E (F-R,(t))

nucl nucl

-

® Is the angular velocity of the reference frame

!

is the operator of the total angular momentum

!

o breaks the axial symmetry



Beyond the monopole approximation: basis expansion

The rotational term /& is neglected

y(r,0,t) is the four-component wave function

W (r,6) are constructed from the B-splines using the DKB technique for
axially symmetric systems [Rozenbaum et al., PRA 89, 012514 (2014)]



Beyond the monopole approximation: results

U-U, Ecm = 740 MeV

b is the impact parameter.

P» is the probability of pair creation with an electron in any bound state.
Py is the probability of pair creation with an electron in the ground state
of the quasi-molecule.

Two centers Monopole
b (fm) Pb ])g Pb

0 132 x 1072 | 1.11 x 1072 | 1.25 x 1072
5 1.11 x 1072 | 9.44 x 1073 | 1.05 x 1072
10 762 x 1073 | 6.56 x 1073 | 7.03 x 103
15 487 x 1072 | 427 x 1072 | 4.39 x 10~°
20 3.07 x 1072 | 2.73 x 1072 | 2.70 x 107
25 1.92 x 1073 | 1.75 x 1073 | 1.66 x 1073
30 1.24 x 1073 | 1.13 x 1073 | 1.03 x 1073
40 533 x 1074 | 4.84 x 107* | 4.09 x 1074




Summary

@ The pair-production process in low-energy collisions of bare nuclei has
been investigated in the monopole approximation (I.A. Maltsev et al.,
PRA 91, 032708 (2015)).

@ The obtained results for U —U collisions are in good agreement with
the corresponding values from Muller et al., PRA 37, 1449 (1988).

@ The method for calculation of pair-creation process beyond the
monopole approximation has been developed.

@ The first results for the full two-center potential have been obtained.
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Thank you!
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