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Abstract—Electron transitions occurring during the interaction of a heavy relativistic atom with a spatially
inhomogeneous ultrashort electromagnetic pul se are considered by solving the Dirac equation. The correspond-
ing transition probabilities are expressed in terms of known inelastic atomic form factors, which arewidely used
in the theory of relativistic callisions between charged particles and atoms. By way of example, the inelastic
processes accompanying the interaction of ultrashort pulses with hydrogen-like atoms are considered.
The probabilities of ionization and production of a bound—free electron—positron pair on a bare nucleus, which
are accompanied by the formation of a hydrogen-like atom in the final state and a positron in the continuum,
are calculated. The devel oped technique makesit possible to take into account exactly not only the spatial inho-
mogeneity of an ultrashort electromagnetic pulse, but also the magnetic interaction. © 2005 Pleiades Publish-

ing, Inc.

1. INTRODUCTION

Theinteraction of atomswith ultrashort el ectromag-
netic pulses with a duration shorter than the character-
istic atomic periods of time has become an object of
investigation only recently. A new trend, viz., the phys-
ics of attosecond pulses (1 attos = 1028 s), has been
developed. The possibility of detection, generation, and
application of attosecond pulses was discussed by
many authors engaged in experimental and theoretical
studies. The state of the art by the beginning of 2004
and the corresponding references are given in reviews
[1-3] (see also severd later publications [4-20]). The
increased interest in the physics of ultrashort pulsesis
associated not only with modern tendencies in design-
ing more powerful lasers and generation of ultrashort
pulses [21], but also with the advances made in heavy-
ion accelerator technique since the fields produced by
relativistic and ultrarelativistic charged particles are
close in properties to the field of a light wave. For
example, in experiments [22] (see also [23-26]), dou-
ble and singleionization of ahelium atom by an impact
of auranium U%* jon with an energy of 1 GeV/nucleon
was studied and a ultrastrong pulse (I > 10% W/cnv)
with aduration on the order of 1078 swas simulated. It
is extremely difficult to obtain such parameters of an
electromagnetic pulse by other available methods. For
example, the observation of pulseswith aduration of a
few femtosecond was reported in [21], representing
amost thirty years (up to 2000) of evolution in the
physics of ultrashort laser pulses and technological
achievements in the field of generating such pulses.
Thus, collision experimentsin fact offer the only possi-
bility of simulating ultrashort pulses with a duration

comparable to or smaller than the characteristic atomic
timet,~ 107" s. Collision experiments also providethe
subsequent opportunity for direct observation of the
interaction between atoms and an ultrashort el ectromag-
netic pulse. In a comparatively recent experiment [27],
multiphoton production of pairs by an ultrarelativistic
electron moving with a relativistic factor of y ~ 10°
through an ultrastrong laser field was observed; in this
case, in the rest system of the electron, the laser field
frequency and strength increased approximately by a
factor of y. In recent theoretical works[28, 29], the pro-
cesses of multiphoton pair production during collisions
of bare ultrardlativistic nuclei with high-intensity laser
radiation were considered and the possibility of con-
ducting the corresponding experiments on modern
accelerators was also noted. Thus, during the collision
(interaction) of atarget atom moving with arelativistic
energy (or a partly stripped atom, viz., a structural ion
with a certain number of electronsin its shells) with an
ultrashort electromagnetic pulse of duration T, the cor-
responding collision time T, in the rest system of the
atom (ion) decreases by afactor of y; i.e., T, ~ 1/y. Let
us consider the possibility of observing in such experi-
ments the inelastic processes accompanying the inter-
action between atoms and ultrashort electromagnetic
pulses with values of relativistic factor y ~ 10* attain-
able in modern heavy-particle accelerators [24] (these
values correspond to the effective decrease in the pulse
duration by four orders of magnitude). We will first
obtain estimates for relativistic problems, in which the
characteristic energy difference AE ~ mc? (mistheelec-
tron mass and c is the velocity of light). The corre-
sponding characteristic frequency is w, = mc?/A; conse-
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guently, the characteristic times of a stationary target
atom are

1, = Z=81x10% 0102 s
[6V)

a

while the collision time in the rest system of the atom
for femtosecond pulses of duration T ~ 107'° sattainable
at present is 1, ~ 1/y ~ 10° s. Thus, direct observation
of the relativistic effects considered here requires that
the pulse duration be reduced by an order of magnitude
(i.e., to approximately 100 attos), which isin line with
contemporary tendencies [1-3, 21].

In theoretical analysis of the effects accompanying
the interaction of atomswith ultrashort electromagnetic
pulses, a natural foundation for solving problems
can be the sudden approximation, which is closely
related [30] to the eikonal approximation and which
was previously used only for solving nonrelativistic
problems [31-35], in which the perturbation is not
small enough for using perturbation theory, but thetime
of action of a perturbation is much shorter than the
characteristic periods of time for an unperturbed sys-
tem. This makes it possible to solve the problem with-
out setting a limit on the perturbation intensity. The
effects of interaction of atoms with ultrashort electro-
magnetic pulses can be attributed to such cases. Here, we
apply the term ultrashort pulses to pulses with duration
smaller than the characteristic times for the target atom,
which can be in the ground state or in an excited state
(including a highly excited Rydberg state) prior to the
interaction. Such pulses may be of various origin [1-3,
36-39], but can aso be the fields of heavy ions moving
with arelativigtic or ultrarelativistic velocity [22-26]. In
the latter case, perturbation theory is inapplicable for
the fields of ions with large charges [40] even for infi-
nitely large energies of the ions. A nonrelativistic non-
perturbative theory developed in [41] describes the
electron transitions and radiation emitted by an atom
during its interaction with a spatially inhomogeneous
(over the target size) ultrashort electromagnetic pul se.

In this study, on the basis of the sudden approxima-
tion, we obtain a solution to the Dirac equation, which
describes the behavior of a hydrogen-like atom during
its interaction with a gpatialy inhomogeneous
ultrashort electromagnetic pulse. The corresponding
transition probabilities are expressed in terms of the
known inelastic atomic form factors, which are widely
used in the theory of relativistic collisions between
charged particles and atoms. By way of example, we
consider the inelastic processes accompanying the
interaction between ultrashort pulses with hydrogen-
like atoms; the probabilities of ionization and produc-
tion of a bound—ree electron—positron pair at a bare
nucleus accompanied by the formation of a hydrogen-
like atom in the final state and a positron in the contin-
uum are calculated. The developed technique makes it
possible to exactly take into account the spatial inho-
mogeneity (over the target size) of the ultrashort elec-
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tromagnetic pulse as in the nonrelativistic theory [41];
however, in contrast to the nonrelativistic theory, this
technique exactly takesinto account the magnetic inter-
action also.

2. TRANSITION AMPLITUDE
IN THE SUDDEN APPROXIMATION

In the terminology used in [31], the perturbation
corresponding to the field of an ultrashort pulse is a
shock of the scattering type. To illustrate the sudden
approximation, it isobviously expedient to consider the
formal solution of the Schrodinger equation (here and
bel ow, we use atomic units)

iW = (Hy+U(t)W¥, (1)

where sudden perturbation U(t) acts during a time
much shorter than the characteristic time periods of an
unperturbed system described by Hamiltonian H,. In
this case, in solving Eq. (1), we can disregard (during
the time of action of perturbation U(t)) the evolution of
the wavefunction under the action of intrinsic Hamilto-
nian H, and solve the equation

iY = U(t)W.

It hence follows that
o 0
W(t) = exp[HJ’U(t)dH]W(to)- 2
ad ! g

Consequently, the amplitude of transition of a nonrela-
tivistic atom from state |i (ko state [f Clas a result of sud-
den perturbation U(t) has the form [31]

+o00

a = OexpfH IU(t)dEuD 3
od .

It can easily be seen that the same result can be obtained
if we solve exactly Eq. (1) with adelta-shaped potential

U (t) connected with potential U(t) viathe relation

U(t) = Upd(t), U, = Jumat. (4

Precisdly thiscircumstancewill be used below for solv-
ing the Dirac equation in the sudden approximation.

The behavior of the electron in a hydrogen-like
atom (with anuclear charge Z, on which no limitations
areimposed except the applicability conditions[42] for
the Dirac equation) in an external field

A =(9,A)
will be described by the Dirac equation (the electron
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charge e = -1 at. unit)

R 1.0 4a -

iw = 5{:(185+CAD— r —¢+BCﬁ‘P, (5)
where the terms

cap + B’ —Z,/r

are equal to the Hamiltonian H, of asingle atom and the
interaction of the atomic electron with the external field
is described by the potential

U(t) = U(r,t) = aA -9,

where p is the momentum operator, a and B are the
Dirac matrices, and r are the coordinates of the atomic
electron. We first choose the calibration of the electro-
magnetic wave potentials (vector potential A and scalar
potential ¢) so that the scalar potential is zero. We
assume that the vector potential of the field of the wave
isafunction of coordinater and timet,

A = A(r,t) = A(n),
where the phase of the wave is given by
n = wet—Kkqyt;
here, wavevector kg is such that
|ko = wylc,

and wy isthe circular frequency. We carry out the gauge
transformation [41]

A= A+0Of, ¢ = ¢—%%,
where
f =-AL.
Thisgives
A= R GE = ~ED),
where

dA
E = E(r,t) = —|ko|ﬁ.
Consequently, in the new calibration, the vector and
scalar potentials are connected through the relation
A" = (kol|ko|) 9"

We assumethat the zaxisis directed along vector k. In
this case, the interaction of an atomic el ectron with the
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external field in Eq. (5) isgiven by
U(t) = aA'—¢'
akg X (6)
—Al-——=0" = —(1-0,)¢".
5! kgt = (-0

Wewill operate with the new calibration and omit primes
on the potentias. To solve the Dirac equation (5) in the
sudden approximation, we writeit in the form

iW = (Ho+ U(t)W

and use the substitution (4) introduced at the beginning
of this section. For this purpose, we introduce

+o00

b = dodlct—2), ¢ = CJ'¢0|L (7)

where ¢, = ¢o(r) (i.e., a function of only the coor-
dinates r of the point of observation). Further, in
accordance with formula (4), we replace U(t) from
formula (6) by

O(t) = «(1-8,)%
or by
U(t) = Uyd(ct—2), ©)

where

+o00

Uo = CJ’U(t)dt = ~(1-0,) 0o 9
Asaresult, EqQ. (5) assumes the form

. O.. Z, =& ~
iW = ap-=+pc’—(1-6,)¢0%.  (10)
O ' O
To obtain the exact solution to the Dirac equation with
such a potential, we expand W = W(r, t) in the eigen-
functions @ (r) (with energies E,) of the unperturbed
atomic Hamiltonian
Ho = caf + B’ —Z,/r.
This gives
W, 1) = S alt)adr)exp(-iEd).
k
Substituting thisexpansion into theleft-hand side of the
equation

iW = (Hy+ U(t)W
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and integrating, after premultiplying it by a state ¢ and
taking into account the orthogonality of states ., we
obtain

da(t) _
dt

L et us suppose that the atom was in state @ before the
collision; in this case, we have

W(r,t=-) = exp(-E;t)@(r),

6fj,

where & isthe Kronecker delta. Since
U(t) = Ud(ct—2),

itissufficient for solving Eqg. (11) to know the values of
W(r, t) only for ct = z these values can be determined
from Eqg. (10) asfollows. We passto the light-cone vari-
ables

= —iexp(iE,t) T, |U(b)|W(r, 1)

(11)

(12)

a(t=—0) = (13)

Z = (ct—2), (14)
Z = (ct+2).

Retaining only the derivatives with respectto z ina
small neighborhood of z= 0 and the singular potential
—(1-4,)$ , we obtain the equation

ic(l—dz)a—qi = —(1-G,)0W. (15)
0z
Since § = ¢8(2), taking into account the relations

d gy =
5809 = 300,

q (16)
T EP(8(x)) = d(x)exp(8(x)),
where
_ 00, x<0,
8(x) = El >0,
we obtain the solution to Eqg. (15):
(1-a,)¥(z +0) = (1-a,)
o a7

X exp[l—e(z )}W(Z -0).

Returning to time t and using conditions (12) and (13),
we obtain asolution whichisvalidfort < z/candinthe
vicinity of t =z/c (i.e, t=2z/c + &, € > 0and issmal):

(1-a)¥W(r,t) = (1-4a,)

x exp[le(ct—z)q)o} exp[— Ejt]g;(r). (18)
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Substituting Eqg. (18) into the right-hand side of
Eg. (11) and integrating with respect to t taking into
account initial conditions (13), we obtain

Ay

j = af(t = +°°)

+o00

= 3y +i [ drexp(i(E, - E))1) (19)

X G| 0oB(2— ct) (1 - az)exp[ue(ct—z)"’ﬂkpjm
Using relations (16), we obtain

A E:—-E;
(1 -6, expl SR8

v [expg%da_

Thisisthe required solution to the Dirac equation with
potential

a; =0

(20)
1]l

U(t) = Upd(ct—2),

corresponding to the inclusion of potentia (6) in the
sudden approximation. The obtained expression can be
written in a more convenient form by using the easily
verifiable relation

oIa-a)epd T p0=5, ()
This gives
A E;—E;
ay = (L-a,) e 00
@)

x epo¢ ;]

To describe transitions in the case of the interaction of
a complex multielectron atom with an ultrashort elec-
tromagnetic pulse, we proceed as follows. We assume
that the states of atomic electrons are described as the
products of one-electron wavefunctions and denote the
energy of the electron with number a (wherea =1, 2,
..., N, N being the number of atomic electrons) by E@
and the electron coordinates by r,. Then the natural
generalization of amplitude (22) for a transition of the
complex N-electron atom from the initial state @ =
@(ry, ry, ..., ry) with energy

N
= E(a)
2"
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tothefina state @ = @(rq, r, ..., ry) With energy

N

Ec= S EP
f aZl f
has the form
N . N
ay = O[] (1—a§a’>exp[('—: S (B~ EE"’”)za}
a=1 a=1 (23)
«explL 3 o(ro B0
AR

where matrix dia) actsonly on bispinor indices belong-

ing to the atomic e ectron with number a.

3. TRANSITION PROBABILITIES

Let us consider the interaction of an atomic electron
with a Gaussian electromagnetic pulse (with an effec-
tive duration on the order of A ™),

E(r,t) = EoexpB—AZB—ko Zinjn

W, U0
x cos(wyt — Ko [F), (24)
¢ = —r (E(r,t), ¢, =cqlt,
where
too 2
q = —J;th(r,t) = —Eo%apg—ﬁ. (25)
Recollecting that
a, = aky/k,
and introducing the vector
Q = (QuQyQ,) = (9.0,Qy/c),
where
Qy = Es—FEj,
we write a; from relation (22) in the form
a = @3-S Te0(Qmien @

Choosing now the zaxisin the direction of vector Q, we
can write a4 in the form

ay = [ (1-a,cos0)exp(iQz)|p,0

. : (27)
—[@a,sinBexp(iQz)|¢;L]

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 100

1047

where

Q = Jq’+QF/c, cos® = Qg /. Jc’q + QF,
sind = q/.Jo? + Q%%

Thus, let us now suppose that the atom was in state @
with energy E; prior to the interaction (i.e., at t = —)
with thefield of an ultrashort pulse; then the probability
of finding the atom in state ¢ with energy E; after the
interaction (i.e., for t = +) is given by

s ifn:
Y’
Following [43-45], we have introduced the inelastic
atomic form factors

lag|® = 7+ 1) E (28)

Efi = [y exp(iQ2) |, 0= %Epfmzexp(in)I(ij
]

G, = [i{a,exp(iQ2)|p,0

which are widely used in the theory of relativistic colli-
sions of charged particles with atoms. Consequently,
the above formulas make it possible [43—45] to deter-
mine the probabilities of excitation and ionization of a
hydrogen-like atom interacting with an ultrashort elec-
tromagnetic pulse. These formulas can a so be used for
calculating the probability of production of an elec-
tron—positron pair during the interaction of a bare ion
with an ultrashort electromagnetic pulse if we interpret
this process as atransition of an electron from the states
of the negative continuum (Dirac sea) to the states with
apositive total energy of the hydrogen-like atom In al
cases, we can use either theform factors (see, for exam-
ple, [40, 45]) calculated using the so-called Coulomb—
Dirac hydrogen-like wavefunctions for electrons and
positrons, which leads to a complex numerical compu-
tation, or analytic expressions [40, 43—47] for the form
factors determined with the Darwin quasi-relativistic
wavefunctions and the Sommerfeld—Maue wavefunc-
tions [40, 42, 44, 45, 48]. Strictly speaking, the quasi-
relativistic functions are valid under the condition
Z, < ¢, if thisinequality isviolated, the results satisfac-
torily illustrate the behavior of the form factors qualita-
tively [40, 45].

The above formulas make it possible to calculate
both the probabilities of inelastic processes having non-
relativistic analogs (excitation or ionization of an atom
by an ultrashort electromagnetic pulse) and essentially
relativistic effects (production of the electron—positron
pairs). Asin the nonrelativistic theory [41], the relativ-
istic approach developed by us exactly takes into
account the spatial inhomogeneity (over the target size)
of the ultrashort electromagnetic pulse; however, unlike
the nonrelativistic approach [41] (see aso [5, 49)), it
exactly takes into account the magnetic interaction
also. Figures 1 and 2 show the ionization probabilities
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10*
q

Fig. 1. Dependences of the ionization probability P (forma-
tion of aK vacancy) of hydrogen-like atoms for several val-
ues of nuclear charge Z, on the transferred momentum (25)

= |q| (atomic units). The results of calculations for each
value of Z, are represented by two curves; the solid curve

corresponds to relativistic calculations based on formula
(28), while the dashed curve corresponds to the nonrel ativ-
istic calculation [41] (formula(28) for c — ) for Z, =1

(1), 10 (2), 50 (3), and 92 (4).

P

107
1077
101
10°"

10—16

107! 1 10 102 10° 104
q

Fig. 2. Dependences of the probability P (28) of production
of afree-bound electron—positron pair (the electron in the
1s state and the positron in the state of continuum of a
hydrogen-like atom with effective atomic charge Z,) on the

transferred momentum (25) q = |q| (atomic units) for sev-
eral valuesof Z, =1 (1), 10 (2), 50 (3), and 92 (4).

(the probabilities of formation of K vacancies) of
hydrogen-like atoms and the probabilities of produc-
tion of afree-bound electron—positron pair for several
values of the nuclear charge Z,. In our calculations, we
used, following [40, 45], the quasi-relativistic Darwin
wavefunctions for bound states and the Sommerfeld—
Maue functions for the states of the continuum as the
wavefunctions of the initial and final states; this makes
it possible to calculate the form factors analytically.

To obtain the cross section of the transition of an
atom from state @ with energy E; to state ¢ with energy
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E;, we must obviously multiply, according to [50], the
probability |ag[* of the corresponding transition from
formula (28) by the energy difference

and divide the result by the energy flux | equal to the
integral of the absolute value of the Poynting vector

S(t) = c(4m)E?
with respect to time, where E is expressed by for-
mula (24). This gives

g2 AT

- faso - g
(29)

0O 0w
X exp-

18,
O 0Od2A O
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