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Abstract: We consider the problem of the choice of gauge in nonrelativistic strong-laser-field physics.
For this purpose, we use the phase-space path-integral formalism to obtain the momentum-space
matrix element of the exact time-evolution operator. With the assumption that the physical transition
amplitude corresponds to transitions between eigenstates of the physical energy operator rather
than the unperturbed Hamiltonian Hy = (—id/9r)%/2 + V(r), we prove that the aforementioned
momentum-space matrix elements obtained in velocity gauge and length gauge are equal
These results are applied to laser-assisted electron-ion radiative recombination (LAR). The transition
amplitude comes out identical in length gauge and velocity gauge, and the expression agrees with
the one conventionally obtained in length gauge. In addition to the strong-field approximation
(SFA), which is the zeroth-order term of our expansion, we present explicit results for the first-order
and the second-order terms, which correspond to LAR preceded by single and double scattering,
respectively. Our general conclusion is that in applications to atomic processes in strong-field physics
the length-gauge version of the SFA (and its higher-order corrections) should be used. Using the
energy operator as the basis-defining Hamiltonian, we have shown that the resulting transition
amplitude is gauge invariant and agrees with the form commonly derived in length gauge.

Keywords: strong-field physics; gauge-covariant formulation; velocity and length gauges; laser-assisted
electron-ion radiative recombination; phase-space path integral

1. Introduction

Strong-field physics is an important area of modern science which studies the interaction of matter
with strong laser fields [1-11]. Its development has particularly accelerated after the invention of
the chirped-pulse-amplification method for the generation of ultrashort high-intensity laser pulses.
The discovery of new nonlinear strong-field phenomena led to the development of attoscience [12-17].
Processes in strong laser fields can be divided into laser-assisted and laser-induced processes. The former,
which can take place even without the presence of an external laser field, include laser-assisted scattering
and laser-assisted electron-ion radiative recombination (LAR) [3], while examples of the latter, which
are possible only in the presence of the laser field, are high-order harmonic generation (HHG) [1-3] and
above- threshold ionization (ATI) [2,5,11]. In the present paper, we will consider the LAR process.

As the laser field in the above-mentioned processes is strong, these processes are highly nonlinear
and their theoretical treatment is difficult. Various analytical and semi-analytical approximate methods
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have been developed for this purpose. Most popular (and successful) is the so-called strong-field
approximation (SFA). The development of the SFA started with Keldysh’s seminal paper [18] (see also
the subsequent papers in [19-21]). In this context, the papers by Faisal [22] and by Reiss [23] should
also be mentioned, which are based on S-matrix theory. For further development of the SFA, see the
review articles [1-11] and the references therein. One of the problems of the SFA is that the results
depend on the choice of gauge used in the calculations. Usually one of two gauges is used: velocity
or length gauge. By velocity gauge we mean the radiation gauge used in dipole approximation [24],
while the length gauge is the Goppert-Mayer gauge [25].

We have recently developed a phase-space path-integral formalism for strong-field processes [26-28].
Using the power of the Feynman path-integral formalism [29] or, more precisely, its phase-space
path-integral version [30], we presented the momentum-space matrix element of the time-evolution
operator in the form of an expansion in powers of the effective interaction of the electron with the rest of
the atom. The zeroth-order term of this expansion leads to the SFA, while the first-order term gives the
so-called improved SFA, which, in the case of the ATI process, contains a correction due to the electron
rescattering off its parent ion [2,11]. Our results were obtained in length gauge. The first goal of our
present paper is to obtain such an expansion in velocity gauge.

We apply our results to the less studied (in comparison with the laser-induced HHG and ATI
processes) LAR process. Electron-ion recombination in the absence of a laser field is important in
plasma physics and in astrophysics [31]. In laser-assisted electron-ion radiative recombination, the
incident electron may exchange energy with the laser field before it recombines with the target ion and
a high-energy photon (X-ray) is radiated. The LAR process was considered in [32-53]. Experimental
analysis of the LAR process requires a set-up with three beams (the ionic target, electron, and laser
beams), which must be crossed in coincidence. This is quite difficult so that experimental data are
sparse. However, one should have in mind that the LAR process is the third step of the HHG process,
which emphasizes its importance. In the HHG process the laser-driven electron, released in the ATI
process, returns and recombines with the parent ion in the LAR process and a high-harmonic photon
is emitted. In this case, the above-mentioned coincidence condition is automatically satisfied.

Various alternative formalisms have been introduced in the literature to account for the interaction
of the electron in the continuum with the ionic potential. The quantitative rescattering theory
(QRS) [6,54] is closely related to our improved SFA, except that it allows for more details of the
actual ionic potential to enter the description. It is on the same footing as the “low-frequency
approximation” [55,56], which essentially replaces the ionic potential in the Born series by the
corresponding T matrix. Propagation effects of the electron in the field-affected continuum can
be accounted for by the Eikonal-Volkov approximation (EVA) [57], which augments the SFA phase to
include the potential. A very ambitious approach proceeds via the “analytic R matrix” (ARM) [58],
which identifies a certain radius such that in the interior the dynamics are simulated exactly while
outside Volkov functions are employed. Different versions of the Coulomb-corrected SFA are described
in recent review article [59]. These formalisms have mostly been applied to ionization. An application
to LAR should be possible but has not been carried out yet.

We will formulate our LAR problem in an arbitrary gauge. The results obtained will be
presented in a form that contains the momentum-space matrix element of the time-evolution
operator for an electron in an atom exposed to a laser field for which we have already found
exact expressions—in velocity gauge in the current paper and in length gauge in [26,28] (see
also Appendix A). In the following, we introduce a crucial step: we employ as the basis-defining
Hamiltonian the (time-dependent) gauge-covariant “energy” operator £ (t) = [—iV + A(t)]?/2+ V (x),
with V = 9/9dr, i.e., the sum of kinetic and potential energy, in place of the commonly used
non-gauge-covariant “unperturbed” Hamiltonian Hy = (—iV)?/2 + V(r). This formalizes the
physical statement that the observed transitions occur between eigenstates of the energy operator
rather than between eigenstates of the non-gauge-covariant Hamiltonian Hy. Expanding then the
transition amplitude in powers of the atomic potential and comparing the corresponding expressions
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in velocity and length gauges we will show that they are actually identical. Furthermore, we will show
that each term in the expansion of the transition amplitude in powers of the atomic potential in velocity
gauge is identical with the corresponding term in length gauge. Finally, we will analyze this expansion
and explain the physical meaning of the zeroth-, first-, and second-order terms. In Appendix A we
present expressions for the previously obtained momentum-space matrix element of the time-evolution
operator in length gauge, while in Appendix B we introduce the gauge-covariant energy operator.
The conventional velocity-gauge SFA for the LAR process is derived in Appendix C. We use atomic
units 1 = m, = e = 1 throughout the paper.

2. Momentum-Space Matrix Element of the Time-Evolution Operator in Velocity Gauge

We suppose that the Hamiltonian of our atomic system is
Hyg(t) = Ho+ VL(t), Hy=-V?/2+V(x), 1

where V(r) and H are, respectively, the potential of the effective interaction of one electron with the rest
of the atom and the atomic Hamiltonian in the absence of the laser field and in the single-active-electron
approximation. The subscript “vg” stands for velocity gauge, which is the radiation gauge (or Coulomb
gauge) in dipole approximation [24] (the scalar potential is ¢;, = 0 and the vector potential is Ay (¢),
V - Ay, = 0). The corresponding laser-field—electron interaction is

VL(t) = [V + AL(£) /2] - AL (1) @)

We consider the time-evolution operator Uyg(7, t'), which corresponds to the Hamiltonian Hyg (7).
In ionization experiments the electron-momentum distribution is recorded, and in LAR experiments
the prepared incident electron beam is characterized by a particular electron momentum. Therefore,
we consider the momentum-space matrix element of the time-evolution operator. For T > t/, we
slice the corresponding momentum-space matrix element into N + 1 time-evolution operators, each
acting across an infinitesimal time slice of widthe = (t — ) /(N+1) =t, —t,_;,n=1,..., N+ 1
Introducing the notation p” = po, p’ = pn+1, to = t/, EN+1 = T, we present the momentum-space
matrix element of our time-evolution operator as

iale 09" = TT[ [ o] TT [ o] et ®

n=1
A= T = o= put) 1o e (bt AL /24 V()] ). @
n=1

Integration over all paths corresponds to summation over all histories along which a physical system
can possibly evolve when going from (p”, ') to (p/, 7). Using the path-integral notation [30], we
rewrite Equations (3) and (4) in the form

Dr i r
Pl = [ Dp [ e e, ©
(p"#) = (p'7)

where A|p, r] is the classical canonical action for the paths r(¢), p(¢) in phase space,
T
Alp] = [ dt [<p(t) -x(t) — Hug(pr1)], ©

with the Hamiltonian
Hyg(p,x,t) = [p(t) + AL(1)]? /2+ V(x(t)). @)
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The path integral (3) or (5) is a product of infinitely many integrals. We want to find a method of
evaluation of this integral using the assumption that the laser field is strong. To accomplish this we
will present our path integral as a perturbative expansion in the atomic potential V. For this purpose,
we introduce the Fourier transform of the potential V (r),

Vik) = / (2671;)3 V(e v(r) = /de(k)ef"k'r, ®)

with V (k' — k) = (k|V|K’). We use the expansion

N+1
exp [—is Y. V()
n=1

n]—l

N+1 k
[/dkv Je Y e r] )

in powers of V. The sliced momentum-space matrix element of the time-evolution operator in velocity
gauge can then be written as

(P Usg (T, ) P") = 1 Ul (7,1, (10)

ué’gi) (Tt = (_n;)m ’m [/dk V(k NH] Vdpn] exp {lﬁNil[pn +AL(tn)]2/2}

j=1 ni=1 n=1

N+1 dn N+1
xH {/(2;)3}exp< zan rn—sz rn>, (11)

n=1

where q; = pn — pn—1. The product of the integrals over dr, gives

N+1 dr, N+1 m
’}:[1 {/ @ny } exp l i Z T - <qn —i-]; kjénj/n>]
m N+1 m
5 exp l <qn + ijénj,n>] } = H k) (qn + ij%j,n) , (12)
j=1 =1 j=1

_ﬁ{/

so that the product of the integrals over dp, can be written as

N+1
[/dpn} exp {zs Z prn + AL(tn)] /2} H ) <qn + Zk O n)
n=1
) ) m
=0 (qN+1 + Z kjénj/N+1> efég[PNHﬁLAL(fNH)]Z H {/dpy1€§€[P»1+AL(tu)]z(5 <qn + E kjénj,n> } . (13)
j n=1 =1

j=1

In the product of the § functions in Equation (13), the factor for n = N gives qn = Z] 1K n]

so that QN1 = PN+1 — PN = PN+1 — PN-1 — AN = PN+1 — PN_1 + Z}":l kjén].,N. Using iteratively
the remaining ¢ functions from the above product, we replace dn = Pn — Pn-1 by — 2}": 1Ki0nj,ns
i.e., we replace pn by pn—1 — E]r-” 1Kjon; s 1= N —1,...,1, so that we finally get qN+1 = PN+1 —

po + Zl 1 Z] 1Kj n 1. Using also the relatlon ZN +1 Z] 1 k = ] 1Kj, the first 6 function in

Equation (13) reduces to 6 (p '+ Z]ff‘:l ]-) , so that we can rewrite Equation (11) as

_i\m m N+1 m
ul oy = CO [/ diV (ky)e Z]5<P’—P”+Zkf> En oAl 1)

. =1 ]‘:]
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with p, = p”’ — Yt ki, On;) = p + Ytk (1 Yy 5,1].,,). In the continuum limit (N — oo,
e — 0), the sums in Equation (14) become integrals over time. Similarly, as in Appendix A of the work
in [28], we obtain our final result

(m) _ an ' y
uvg'P’P”(T't/> B (_Z)mg [/dkjwkj) /le 7 5<P’—P’/+J§k7>

- 2
p+AL(H+ ) kj] , (15)

1 rua
xexpy —3 Z/ dt
1=0"1 j=I+1

with 1y = #’ and 7,41 = 7. All integrals over D'pDr are eliminated and the result (10) with (14) or (15)
remains exact. It is expressed as an expansion in powers of the effective interaction V of the electron
with the rest of the atom in the absence of the laser field. An analogous expression, obtained using
length gauge, is presented in Appendix A. In the case of long-range interactions, the asymptotic (in
and out) states, which are used to define the transition amplitudes containing the above-derived matrix
elements of the total time-evolution operator, should be modified [60-62].

3. A Gauge-Covariant Transition Amplitude for Laser-Assisted Electron-Ion
Radiative Recombination

We consider the laser-assisted electron-ion radiative recombination process. In this process,
the incident electron exchanges energy with the laser field before it recombines with the target ion
and a high-energy photon (X-ray) is emitted. The laser field is strong, while the X-ray field is weak.
We consider the X-ray field as quantized: the final state with one X-ray photon with the wave vector
K, energy wy, and unit polarization vector &k is described by the ket vector |1x) = af|0k), which is
obtained by acting with the creation operator af on the initial vacuum state |0x). The field-free
Hamiltonian is

Ho=p*/2+V, p=—iV. (16)

The corresponding bound and continuum eigenstates and eigenenergies of the Hamiltonian Hj are,
respectively, ¢, and E; and p, and Ep, = p?/2. The total Hamiltonian is

Htotz(p+A)2/2+V*4>, (17)

where A = Al + Ax and ¢ = ¢ + ¢x, are, respectively, the vector and scalar potentials of the laser
(index L) field and the X-ray (index X) field. The total wave function satisfies the Schrodinger equation

i%lptot = HiotProt, (18)
which is invariant with respect to the gauge transformation
A=A =A+VA, ¢—¢ =¢—0A/0t, (19)
in the sense that the transformed wave function
Yot =€ Mprot, A=Al 1), (20)

satisfies the same Schrodinger equation as (18), but with the transformed potentials

. a / / !/ /
i Plor = [(P+A) 124V = ¢/ | o 1)
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The transition amplitude from the initial state [(in (t')) = [¢p, (t'))|0k) to the final state |(pout(t)) =
|5 (t))|1k) is defined by

Mgk P = 111’2} Wi hm <¢out( ) |ut0t(t/ tl) |¢in(t/) >/ (22)
where U, is the total time-evolution operator, which corresponds to the Hamiltonian (17) and satisfies
the equation i0Uot(t, ') /0t = Hiot (t) Urot (£, 1').

To further analyze the amplitude (22) we introduce the following time-evolution operator [63]
(see Appendix B for a justification of this approach):

Uo(t,t') = e ™AUy (¢, ')A, (23)

Here, the operator Uy corresponds to the Hamiltonian Hy and satisfies idUy(t,t') /ot = HolUy(t,t').
The operator exp(—ir - A) connects the eigenstates of the energy operator (A9), which is a physical
quantity, and the eigenstates of the field-free Hamiltonian Hy (interestingly, this operator also connects
exact solutions of the time-dependent Schrodinger equation in the presence of an electromagnetic
plane-wave field (Volkov states) in velocity and length gauges). The operator U satisfies the equation

Q- 1 AT -
iz Oot, ) = {2 (p+A>+V+r- E)t} ot ') (24)

and the integral equation

Uiot(t, 1) = Uy (t,t) +z/ dtly(t,7) <4>+r 3A> Uit (T, ). (25)

This derivation is valid in the long-wavelength approximation in which the vector potential depends
only on time, A = A(t). In our case this holds for the considered laser field, A = Ay (¢), but for the
X-ray field, in principle, we have Ax = Ax(r,t). However, the X-ray field is weak and higher-order
terms in the expansion of exp[+ir - Ax(r, t)] can be neglected. In addition, we have the matrix elements
(1k|(ax + ai.)"|0k), in which only the terms of the form (1k|(akax)™ak|0k), m > 0, which appear for
n=1,3,5,..., survive. Therefore, the corrections to the interaction with the X-ray field that are due to
the operators exp|%ir - Ax(r, t)] are of second order and can be neglected.

Introducing Equation (25) into (22), taking into account that A(+o0) = 0 and that the states 1,
and p, are orthogonal, we obtain

- oA
Muscp, = i fim tim _ [*de{1a (0 (0)[To(t, ) (9 52 ) Ul )l () 06). - 26)
As we have explained, only the terms linear in the interaction with the X-ray field should be taken into
account, so that
e8] A . . ,

AT (9a(7)]| <¢X Ty X> AL Uy (1, 1) [pie Foit, (27)

Mgk p, —z hm Yy

where the time-evolution operator Uy 1, corresponds to the Hamiltonian Hio 1, = %(p +AL)Z+V - oL
with only the laser field and we have taken into account that the initial electrons are prepared to have
the momentum p; so that the initial electron state for t — —oo satisfies |1p£,;r) ) — |pi>67"EPit, [64].
Equation (27) is our final expression for the gauge-covariant transition amplitude of the LAR process.
Note that the only approximation that has been introduced thus far is neglecting higher orders of the
X-ray field. We did not yet specify the gauge.
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4. Equivalence of the Transition Amplitudes in Velocity and Length Gauges and Expansion in
Powers of the Atomic Potential

Gauge-covariant transition amplitudes are obtained only if physical quantities, represented by
gauge-covariant operators like the energy operator, are used in the derivations. Derived in such a way,
the transition amplitude (27) is invariant with respect to the transformations (19), (20), and (A5). Let us

now choose the gauge. In length gauge we have A = 0 and ¢ = —r - E so that (cp +r- %—‘i‘) g = —r-E,

while in velocity gauge it is ¢ = 0, so that again ((]7 +r- %—?)Vg = —r-E, where E = —0A/dt. We have

adopted the same gauge for both the laser field (¢, Ar ) and the X-ray field (¢x, Ax), but we could
equally well choose different gauges for the two fields. The only difference between the length-
and velocity-gauge forms of Equation (27) is that in length gauge the factor e™AL(7) is absent as
the vector potential is zero so that el AL(T) Ut (T, 1) = U:gtL( t'), where the momentum-space
matrix elements of the time-evolution operator in our phase-space path-integral formalism are given
by Equation (A2). On the other hand, in velocity gauge we have e™AL(7) UVg L(t,1'), where the
corresponding momentum-space matrix elements are given by Equation (15).

Introducing, in velocity gauge, 1 = [ dq|q)(q| after the operator r - Ex in Equation (27), using the
relations (q|e™AL = (q — Ar|and A (' — —o0) = 0, we obtain

Mgp, = —i lim | dt / dq(u(7)|r - Ex(r,7)|q) (g — AL(T)|[Urr L (7, 1) [pi — AL(F))e Eri"". (28)

t'——oco Jt

The second matrix element on the rh.s. is proportional to ), U\(Igi;,p (t,t') = X, U lgp p”(T’ t",
where we used Equation (A4) (recall p’ = p’ — AL(7), and p” = p” — AL(#)). Therefore, our final

result is the same in both gauges, and can be written as

Mekp; = —i'/f dT/dq<¢s )|r-Ex(r,7)|q) ij i)mjlﬁ{/dkj‘/(kj)/; dT]}

j=I+1

><(5<q Ap(t) — pl—i—Zk)exp{ Z/T]Mdt[q AL(T) +AL(H) + Ek} }r (29)

with 79 =+ — —o0 and 7,41 = T. The zeroth-order term contains the § function 6(q — AL(7) — p;),
which cancels the integral over dq and leads to

"0 . 1 (7
My, = =i [ drp (@l Ex(no)lpi+ Aue)eA”, A0 = 2 [ arfpi AL®E, G0

which is the same as the SFA result obtained using the S-matrix formalism and length gauge [39,40].
For the first-order term, after the substitution q' = q — A (7), denoting in the final step q’ with q,
we get

My, = (<7 [~ dr [dan (@l Ex(r 0l + Ae)Vp—a) [ dned”, @)
AW =~ ["Fra+awp- [ ’f i+ AL ®)

(1)

The matrix element My - describes the three-step process in which the electron, driven by the laser
field, instead of recombining directly with the ionic target, may first scatter and only subsequently,
after propagation, recombine with the same ionic target. This process is denoted as the SLAR
(“S” stands for “scattering”) in [39,40]. The photons emitted in the SLAR process may have higher
energies than those emitted in the direct LAR process. However, as this is a first-order process,
the emitted X-ray photon yield of the SLAR process is much lower than that of the zeroth-order LAR
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process. Examples of the SLAR spectra are presented in [39,40,46—48]. Finally, for the second-order
term, we first make the substitution ky = k — q + Ap(7), dko = dk, which gives the factor
d(ki —pi +k)V(pi —k)V(k — q + AL(T)). After that, we again substitute ¢ = q — AL(T) — q
and obtain

T T .
My, = (=" [ dv [ dafgu(o)lr-Ex(z )l + AL) [dkVik—qV(p—10 [ dn [ dre4”, (@3)

At == ["Tlar ol - [FFheaor- [ Tpeanl. e

T

(2)

The matrix element Mgy p, describes the five-step process, which consists of the first laser-assisted
scattering, electron propagatlon, the second laser-assisted scattering, and the second propagation
followed by the recombination and emission of an X-ray photon. We denote this process as DSLAR,
where “DS” stands for “double scattering”. Higher-order terms can be obtained in the same way.

In Figure 1, we present a schematic diagram of the LAR, SLAR, and DSLAR processes. The red
wiggly lines represent the laser field having the polarization vector é. The ion is represented “I” in a
blue circle. The electron with the incident momentum p; is denoted by a black horizontal line with a
right arrow. The X-ray photon is denoted by a violet line with an arrow (unit polarization vector &g and
the wave vector K (bold line)). The laser-field-dressed intermediate electron momenta are represented
by q + Ay for the SLAR process and by k + Ay and q + Ay, for the DSLAR process. We have also
displayed the Feynman diagram for the DSLAR process. In this diagram, time increases from bottom
to top. The electron with the initial momentum p; is prepared at the time ' — —oo and enters the laser
field having the momentum p; + AL (¢), t € (—oo, 77}, in the Volkov state (denoted by a circle in the
diagram). After the interaction with the potential V' (denoted by a square) at the time Ty, the electron
momentum is k + Ay (¢) and the electron propagates (again in the Volkov state) from the time t = 73 to
the time t = T, where it interacts again (for the second time) with the potential V. After the time f = 1,
the electron propagates with the momentum q + Ay (f) up to the time T when it finally recombines
(this interaction is represented by a triangle) to the bound state ¢;(7) and an X-ray photon with the
wave vector K is emitted.

éKIK éKIK eKIK K = L3 v (7)
“ D q+A_(t) O te(r,7]
. — RV}
SNORENo_JENG——
k+A )te(z’l,rz]
) . AAAA . AAAA A
£ 5888 e 8588 BLIES 33 o
’ccee ol ’cccle P+ AL (t) ? te(—oo,‘rl]
LAR SLAR
DSLAR Pi

Figure 1. Schematic diagram of laser-assisted radiative recombination (LAR) (left-hand part), LAR with
rescattering (middle part—SLAR), and LAR with double scattering (right-hand part—DSLAR). For the
DSLAR process the corresponding Feynman diagram is also presented.

Let us now make some comments about the application of the above result. The amplitudes (30)
and (31) were considered in detail in the above-cited references [39,40,46-48,52,53]. The amplitude (33)
is a new results and, as explained, describes a five-step process. The probability of this process is
low, but in some parameter range, where the lower-order terms only give very small contributions,
it may be observable. Equation (30) describes the “direct” electrons and the low-energy spectra and
should agree with the exact results for laser-assisted radiative attachment. In this case, the final-state
electron is bound by a short-range potential; compare with above-threshold detachment of an electron
initially bound in a negative ion for which it is well known that the SFA is satisfactory [65]. Due to
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the influence of the long-range Coulomb potential, for electron—positive-ion LAR the agreement with
exact results is probably not so good, but the direct SFA can be improved as was recently done for ATI
(“atom-Volkov SFA” in [66]). As of 2002 [39], we used transition amplitudes analogous to Equation (31)
and obtained numerical results for various laser-field configurations [46-48,53]. As far as we know,
the only theory able to reproduce such results for the high-energy plateau with a cutoff in the X-ray
spectra is the exactly solvable quantum model based on the effective-range theory [50,51]. Numerical
results obtained using this model agree with the results obtained from our theory [39,40,46—48].
There are no exact calculations available for the SLAR process, but, bearing in mind the excellent
agreement of our high-order SFA-based simulations of ATI and HHG with the results obtained solving
the time-dependent Schrédinger equation, we expect that our SLAR results [39,40,46-48,53] correctly
describe this process as well.

In the formalism presented in this paper, which is based on using the energy operator as the
basis-defining Hamiltonian, the transition amplitude is gauge-invariant and agrees with the form
normally obtained in length gauge. The question may come up how this compares with the form
normally obtained in velocity gauge (using Hy as the basis-defining Hamiltonian). Such comparisons
have been carried out for the case of ATIL. For photodetachment of the negative ion F~ by a circularly
polarized laser field, there is some quantitative disagreement between the spectra calculated in the
two gauges and the length-gauge result may exhibit superior agreement with the experimental data,
but the differences are not very pronounced [67]. The amplitudes for ionization of the p ground state
using a linearly polarized laser field, however, are qualitatively very different, and the velocity-gauge
result fails to agree with a solution of the time-dependent Schrodinger equation while the length-gauge
result does [65].

Finally, we comment on the pertinent qualitative differences that we expect for a laser-assisted
process as we consider it here (LAR) compared with laser-induced processes (ATI, HHG, etc.),
which have been more frequently investigated. Electron-ion recombination may also occur as a
field-free process. This means that in LAR the incident electron may enter the field at any time and
with any energy. On the other hand, for laser-induced processes, such as ATI and HHG, the ionization
time and the subsequent dynamics of the liberated electron depend exclusively on the laser field.
The freedom to choose the initial state of the LAR process, i.e., the fact just mentioned that the electron
may enter the field at any time and with any energy, may lead to new effects (for example, a longer
plateau) in comparison with the ATI and HHG processes.

5. Conclusions and Comments

Transition amplitudes for atomic processes in a strong laser field can be written in a form that
contains the momentum-space matrix element of the exact time-evolution operator for an electron
in interaction with the atom and the laser field. Applying the phase-space path-integral formalism
of nonrelativistic quantum mechanics, we derived an exact expression for this matrix element and
presented it in the form of an expansion in the effective interaction of the electron with the remainder
of the atom. The result, obtained in velocity gauge, is compared with the analogous result obtained
previously in length gauge. Both results are exact and, therefore, equivalent. They can be used to
analyze various laser-assisted and laser-induced processes.

We applied these results to laser-assisted electron-ion radiative recombination and obtained
a gauge-invariant expression for the transition amplitude of the LAR process. In the derivation,
we assumed that the emitted X-ray field is weak, while for the strong external laser field we applied the
long-wavelength (dipole) approximation. Introducing the above-mentioned exact momentum-space
matrix element into the gauge-invariant amplitude of the LAR process, we obtained an expansion of
this amplitude in the electron-atom interaction in the absence of the laser field. The lowest-order term
of this expansion reproduces the well-known strong-field approximation, formulated previously in
length gauge. We showed that the same result is obtained in velocity gauge provided we apply the
introduced formalism based on eigenstates of the energy operator. However, if we use the conventional
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methodology with a non-gauge-covariant Hamiltonian Hy we obtain an incorrect result, as is shown
in Appendix C.

While the SFA for the LAR process is obtained using the zeroth-order term of our expansion,
the first-order term of this expansion corresponds to the three-step SLAR process in which the electron
first scatters off the ionic target and then, after propagation in the laser field, returns to and recombines
with the ion and a high-energy photon is emitted. The second-order term of our expansion describes
laser-assisted electron-ion radiative recombination preceded by double scattering, which is a five-step
process. The Feynman diagram of this process is presented in Figure 1.

In addition, we addressed an old problem of nonrelativistic quantum mechanics applied to
processes in strong fields, namely, which gauge should be used in the SFA (see, for example, [63,65,68-71],
the reviews [72,73], and references therein). Our conclusion is that the SFA (in dipole approximation) is
gauge-invariant and produces the results that were previously obtained in length gauge. We arrived at
this conclusion starting from exact expressions using the phase-space version of Feynman’s path-integral
formalism, which once more confirms its power in the application to strong-field physics.
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published version of the manuscript.
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Appendix A. Length-Gauge Momentum-Space Matrix Element of the Time-Evolution Operator

In [26] and in Appendix A of [28], we presented the momentum-space matrix element of the
time-evolution operator of an atomic system in interaction with a strong laser field in the form of
an expansion in powers of the effective interaction of the electron with the rest of the atom. This
was in length gauge and the corresponding Hamiltonian was Hg(t) = ~V?2/2 4+ V(r) + - EL(t).
Here, we reproduce the final result and show that it is equivalent to the velocity-gauge result which
we derived in a simpler way in Section 2 of the current paper. Complications when using length
gauge come from the fact that the interaction in length gauge depends on the electric-field vector
Ey (t,) which should be replaced with [Ay (t,—1) — AL(t4)]/ (tn — t,—1) where Ap (t) = — ft dtEp (7).
The final result is

U lp") = 1 Uy, (A1)
(m) & T . .om Al
() = (—i" /dk]-V(kj)/ dr| o [p—p’+ Y k| e (A2)
’ i=1 T-1 j=1

m T m 2

Al(g):—Z/TlH% };/+AL(t)+'Z k]‘| , (A3)
1=0"" j=I1+1

withty =/, 101 =7, p' = p' — AL(7),and p” = p” — A (t).

It is important to note that in the above expressions in length gauge the vector Ay (t) is not the
vector potential of the laser field, but rather defined via the electric-field vector Ep (), so that A () =
—f "d¢'EL (). In length gauge, the vector potential is zero and the scalar potential ¢y = —r - Ey (¢)
is expressed via the electric-field vector. In velocity gauge, we have E (t) = —0A[(t)/0t — V¢, =
—0Ay (t)/0t (as ¢ = 0) and the quantity Ay (f) really is the vector potential. The question is what
we should use for the “in” and “out” states in the definition of our matrix elements. For t — oo
and t' — —co these states, denoted as 1,(t) and ¢, ('), respectively, are eigenstates of the laser-free
Hamiltonian. However, in external fields, it is the “energy operator” £ = 1(p +AL)? + V thatisa
physical quantity rather than the field-free Hamiltonian [63]. The eigenstates of the energy operator
are e~ ALM) |, (1)) and e~ AL(H) lipp, (t')), with the same eigenvalues E; and Ep,, respectively, as in
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the laser-free case. For length gauge the vector potential is zero and the factor e~"*"AL is unity, while
for velocity gauge this factor must be taken into account. Therefore, the momentum-space matrix
elements in velocity gauge should be defined with |q) — e~*AL|q) = |q — Ar). Applying this rule to

the matrix element Ul(ﬂ)),, (t,T), obtained in different gauges, we get the equality

(m) n _ ppim) /
u]gp P//(T/t ) - u vg,p / //(T/t )I (A4)

which is exactly what we have obtained in our derivations (compare Equations (15) and (A2)).

Appendix B. Gauge-Covariant Energy Operator

In order to justify the introduction of the time-evolution operator (23), in this appendix we
introduce the gauge-covariant energy operator proposed by Yang [74]. An operator O(p, 1, A, ¢) is
called gauge covariant if it transforms unitarily under a gauge transformation (19) so that

O =0(p,r,A’,¢') = UO(p,1, A, p)U". (A5)

with the unitary operator U = e~ from Equation (20). A quantity represented by a gauge covariant
operator is called a physical quantity [75]. From Equations (20) and (A5) it follows that under a gauge
transformation the expectation values of physical quantities remain unchanged,

(F0¥') = (Y|OlY), (A6)

i.e., they are gauge invariant. The position vector r and the mechanical momentum p + A are physical
quantities as
urd* =r, U(p+AU =p+A+VA=p+A" (A7)

The quantity id/dt — ¢ is also a physical quantity. On the other hand, the canonical momentum p,
the vector potential A, and the total Hamiltonian Hy,: of Equation (17), are not, because

UpU' =p+VA#p, UAU =A#A, UHolU" = H — ¢ +¢' # Hyy. (A8)
Let us introduce the “energy operator” as the sum of kinetic and potential energy:
£ = %(p +A)2+ V(r). (A9)
Obviously, the operator £ is a physical quantity, as
UEU' = %(p +ANV V() =£ (A10)

We now use the energy operator as the basis-defining Hamiltonian, i.e., we introduce eigenstates
and eigenvalues of the energy operator by the relation

E()p5 (v, 1) = ey (1, 1). (A1)

The eigenstates ¢ (r, t) are related to the eigenstates ¢, of the Hamiltonian Hy = p?/2 + V, which
form a complete orthonormal basis (Hyyn = €,1Pn; Hp is not a physical quantity), by

i (1, 8) = e ATy (), (A12)
The corresponding time-evolution operator

(g (v 8,7, ') an Y5 () = e TADU (1,10, ) AW, (A13)
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where Uy(r,t, 1, ,t') denotes the time-evolution operator of Hy, obeys the equation

9A()

J Ug(r, t, v, ) = [E(t) +r 5

i& } Ug (xr,t,7, 1), (A14)
which agrees with Equation (24). Indeed, the time-evolution operator Ug(t,t') is the same as
the operator Uy(t,t') of Equation (23), which occurs in the Dyson Equation (25) for the total
time-evolution operator.

According to common lore, the SFA yields different expressions in different gauges. This is due to
the fact that commonly the Dyson equation is based on the decomposition Hiot = Hy + H where the
non-gauge-covariant quantity Hy is used as the basis-defining Hamiltonian. Here we avoided this,
by using the energy operator £(t) as the basis-defining Hamiltonian with the eigenfunctions (A12).
In consequence, the resulting transition amplitude is gauge invariant and agrees with the form that is
normally straightforwardly obtained in length gauge. A closely related gauge-covariant derivation of
the ionization amplitude in the near-relativistic regime is given in [68].

Appendix C. Conventional Velocity-Gauge SFA

In velocity gauge, the scalar potential is zero, ¢ = 0, so that the total Hamiltonian is
Hiot = (p+ AL + Ax)* /24 V = Hy + H, (A15)

where
Hi=p- (AL +Ax) + (AL + Ax)* /2. (A16)

Conventionally, the velocity-gauge SFA is derived by using the Dyson equation for the total
time-evolution operator

t
Uit ¢') = Up(t, ') — i / dtUo(t, T)Hi (7) User (T, 1'). (A17)
t/

As we have explained in Appendix B, the problem with the use of the relation (A17) in deriving

the SFA is the fact that Hy is not a physical quantity. Nevertheless, we proceed inserting (A17) into (22),

neglecting the terms proportional to A% (we assumed that the X-ray field is weak) and keeping only
the term with

Ag(i) (t) = CKéKaLeint/wK, (A18)

where Cx = /27twk /V with V the quantization volume. Only the term proportional to af, contributes
as we calculate the matrix element (1k| - - - |0g). We want to calculate the lowest-order term in the
potential V. For Ax = 0 and V = 0, the total Hamiltonian reduces to (p + Ar)?/2, so that the total
time-evolution operator reduces to the velocity-gauge Volkov propagator for the laser field. In this
approximation limy_, o, Usot (7, t')|¢Pp, (t')) reduces to |pi>ei“4(0>, where A(©) is given by Equation (30).
Therefore, the SFA transition amplitude is obtained as

MEr® = ik [ arel(Bortnt A 4 Ay ()] eculp) (A19)
where the superscript “cvg” stands for conventional velocity gauge. In the derivation we used the
relations |5(7)) = [¢s)e'ET and p|p;) = pi|p;). The result (A19) is obviously different from the
correct result (30). In [65], for the ATI process, it was shown, by comparison with the exact results
obtained solving the time-dependent Schrédinger equation, that the conventional velocity-gauge SFA
leads to incorrect results. This is particularly pronounced for the odd-parity ground states, where,
in the envelope of the angle-resolved energy spectrum, dips in length gauge correspond to humps in
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velocity gauge and vice versa (compare Figures 1-3 in [65]). It was shown that the length-gauge SFA
matches the exact numerical solution.
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