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Multiphoton radiative recombination of electron assisted by a laser field
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In the presence of an intensive laser field the radiative recombination of the continuum electron into an
atomic bound state generally is accompanied by absorption or emission of several laser quanta. The spectrum
of emitted photons represents an equidistant pattern with the spacing equal to the laser frequency. The distri-
bution of intensities in this spectrum is studied employing the Keldysh-type approximation, i.e., neglecting
interaction of the impact electron with the atomic core in the initial continuum state. Within the adiabatic
approximation the scale of emitted photon frequencies is subdivided into classically allowed and classically
forbidden domains. The highest intensities correspond to emission frequencies close to the edges of classically
allowed domain. The total cross section of electron recombination summed over all emitted photon channels
exhibits negligible dependence on the laser field intensity.

PACS numbe(s): 32.80.Wr, 34.80.Lx, 34.50.Rk

[. INTRODUCTION tion of the continuum electron to the bound state is a well

studied process which is inverse to the photoionization. The

It is well known that the laser plasma emits photons withfrequency of the emitted photon is uniquely defined by the
frequencies which are different from the frequency of the€nergy conservation law. When a similar process occurs in
incident laser beam. For a number of applications an emi the presence of an intensive laser field the radiation spectrum
sion of high-energy photons is the most interesting phenom-ecomefS much rlcher' since th? rgcombmaﬂon may be ac-
enon. The known mechanisms that can be responsible for tlf(?mpan'ed k_)y absorption or emission of laser quanta. There-
high-energy photoproduction could be identified as the fol-ore the emitted photon spectrum represents a sequence of

lowing three: the high harmonic generation, Iaser-stimuIatec(fquIdIStant lines separated by the laser frequeacyThe

. P ecent review by Hahn8] on the electron recombination
bremsstrghlung, and'lgs',er-asss'ted recombination. These Pientions only one very special version of the LAR process,
cesses differ by the_ initial anc_i final states of the active elechamely one-photonLAR when the laser is tuned in reso-
tron. In the harmonic generation the initial-state electron ocy5nce with the energy of free-bound electron transition, and
cupies a(laser-dressedatomic bound state; usually it is the onjy emission of photons with this particular energy is con-
ground atomic state. In the final state of this reaction thesidered. The study of this special case was initiated quite
electron can occupy either the same bound state, or somgng ago[9—13] and remains active in connection with the
excited or even ionized state. The laser-stimulated bremsprocesses in the storage ringg—20, the formation of pos-
strahlung is a free-free transition during which the electron istronium [9] and antihydrogeh21-23, and even with pos-
scattered by an atom in the laser field. During the scatteringible cosmological manifestatiof24]. In all these theoreti-
the electron emits a high-energy quantum. In the lasereal studies the laser field was presumed to be weak and its
assisted recombinatigi AR) the electron starts in the laser- influence on an initial and/or final electron states was ne-
dressed continuum, but ends up in the bound state. The prgdected, except Ref§7,23] which are commented on later in
cess of harmonic generation is currently studied verythis paper.
actively with important advancements both in theory and ex- For production of high-energy photons it is interesting to
periment(for reviews see Refd1,2]). The laser-stimulated extend the aforementioned studies allowing for the multipho-
bremsstrahlung plays a very important role in plasma physton absorption during the LAR. Obviously the multiphoton
ics; see review3] and recent experimentpd] and theoreti- processes can happen with high probability only in a strong
cal [5,6] works. laser field. From this point of view there arises the necessity

The subject of the present study is the LAR process. Aso fulfill a systematic study of LAR in a strong laser field in
far as we know, it has not yet received proper attention in the multiphoton regime. This paper makes a first step in this
literature, although its importance for kinetics of laserdirection.
plasma and its emission spectrum was indicated bdffie An additional, and rather unexpected inspiration for the
From the point of view of the high-energy photoproduction present study arose from the fact that LAR comprises one of
the LAR possesses an advantage over the stimulated brentke steps in the three-step quantum scheme of high harmonic
strahlung because in LAR the electron-impact energy is togeneration. This scheme has recently been firmly established,
tally transferred to the high-energy quanta. see Ref[25] and the bibliography therein. The major state-

The conventional(laser-field-fre¢ radiative recombina- ment of [25] is that the high harmonic generation can be

described as the multiphoton ionization of an atomic electron
which is followed by the LAR of this electron with the par-
*Permanent address: Institute of Physics, The University of Stent atomic particle. From this point of view the LAR plays a
Petersburg, 198904 St. Petersburg, Russia. Electronic addresmle of “a part” of the problem of the high harmonic gen-
Valentin.Ostrovsky@pobox.spbu.ru eration, which is important not only for the dense laser
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plasma, but also for photoproduction from individual atomsprovides analysis of spontaneous LAR whereas issues of ra-
in strong laser fields, where the harmonic generation is théiation amplification are beyond its scope.
major source for high-energy photons.
The present study is devoted mostly to the patterns of II. KELDYSH-TYPE APPROXIMATION
intensities in the emitted photon spectrum depending on the o
laser field strength. We comment also on the influence of the We develop the Keldysh-type approximation where the
laser field on the total recombination cross section. Here, a§teraction of the continuum electron with the atomic core is
well as in other applications, the laser field is intensive and’€glected, i.e., the laser-dressed electron continuumdiate
LAR proceeds in substantiallyultiphotonregime. is approximated by the well-known Volkov state. The laser
Consider an electron in the laser-dressed continuum staldave is assumed to be linear polarized with the electric-field
@ ,(t) with the translational momentum Its recombination ~ StrengthF(t) =F coswt. Explicit expression for the Volkov
to the bound state generally results in the emission of phofunctions is conveniently cast as

tons with the frequencie®,, defined from

Po(r,0)=xp(r,exp —iEt), 2.0
By = p2t - +M 1.1 t F
MTPP T 2 Bt M, .9 Xp(r,t)=exp|i (p+kt)-r—f[Ep(T)—Ep]dT+p—2H,
0 w
wheree, is the quasienergy of the field-dressed bound state (2.2

d,(t), Fisthe amplitude of the electric field strength in the

. . . where the factow,(r,t) is time periodic with the period,
laser wave F?/(4w?) is the electron quiver energy in the (T 1) P P

laser field, andM is an integer. Hereafter we use an atomic F
system of units unless stated otherwise. In the zero-laser- ktZZSInwt. 2.3
field limit (F—0) only emission of the photon with the fre-
guency 1
Ep()=5(p+ko?, (2.9
1 2
Qp0=5P°+[Ey (1.2
Y (U

is allowed withE, being the bound-state energy. The pres- P TJo o(7) 72 P da?’ 29

ence of an intensive laser field makes possible multiphoton
processes when laser quanta are absorbed from the field Bor the final bound state the field-free expression is em-
transmitted to it, with the amplitude ployed,

0.,0)d 3 Pa(r)=¢a —iEa), 2.6
CM<p>=HTdt«ba(t)lexp(iQModechp(t», de=er, ()= ea(r)exp—iE,l) (2.6
0 (1.3 Hapa(r)=Ea@a(r), (2.7

whereH, is the effective atomic Hamiltonian in the single
active electron approximation. The final bound st@&®) is
always available if an electron collides with a positive ion. In
case of collision with a neutral atom we assume the existence
4 (D)3 of a stable negative ion. By substituting formu{2sl)—(2.6)
ou(p)= — (Qw) ICu(p)|2, (1.4) into (1.3) one can see that the integrand is a periodic function
3p ¢t of time provided the emitted photon frequen@y, satisfies
(1.1 with integerM and e, substituted byE,. The lowest

wherec is the velocity of light. The cross secti¢h.4) refers  possiple frequency of themittedphoton isyw, where
to the process afpontaneous AR, since it is presumed that

incidentelectromagnetic field with the frequen€y,, is ab- 1 (1 F2 ) nt
—In

whereT=27/w is the laser field period, and in the dipole

momentum operatcfﬂe the unit vectore selects polarization
of emitted radiation. The LAR cross section is

sent. In the case such a probe field is present, generally it 7= §P2—5a+ A2
would be amplified in the course of propagation through the

medium containing free electrons. There is a number of the- (2.8
oretical works devoted to the calculation of related gain inwith Int(x) being an integer part of(0< 7»<1). In the sub-
case of one-photon LAR. The recent papers by Zaretskii andequent development we redefine labeling of emitted photon

Nerseso\ 7] explore the amplifi_cati(_)n in case of multiph_o- channels and instead &f,; (1.1) employ the notation
ton LAR. Generally these studies imply some assumptions

regarding the medium properties and result in the expres- Qn=(M+7)w (M=0). (2.9
sions for the rate of stimulated transitions via that of sponta-

neous transitions and some characteristics of laser beam afithe new labem differs from the oldM by an additive inte-
the experimental arrangemeit0—12,7. The present paper ger. We find the labeling byn more convenient since it is

2 4w?

112E+F2
3P Bt ——
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rigidly related to the low-frequency edge of the emitted pho-mation when the phasem+ ) wt—S(t) in Eq. (2.10 is
ton spectrumm=0 corresponds to the lowest photon fre- assumed to be large. The position of saddle points in the

quencynw.
By using the Fourier transformation formu{&.3) is re-
written as

1(T ~
Calp) =~ 7 | dtexdil(m+ mot=SOT3L(~p—ko),

(2.10
whereS(t) is the classical action
1t
S(t)=§f dr(p+k,)%—E,t. (2.11
The functione!{?(q) is defined as
e (@) =i(e Vo) oa(), (212

complext plane is governed by equation

S (tmu) —Qm=0, (3.9

or, more explicitly,

ptky, )2=Eat (Mt 7)o, (3.2

5
It is convenient to single out in the electron momentum vec-
tor p=p+p, components parallelpf) and perpendicular
(p.) to the electric-field vectoF. Then Eq.(3.2) is rewritten
as

1 , 1,
5Ptk )T =Ea= 5pi+H (Mt n)o. (3.9

where Zpa(q) is the Fourier transform of the bound-state For each value o this equation has a number of solutions

wave functiong(r),

Zoa(q>=f drexp(—iq-1)a(r). (2.13

For the bound-state wave function we use an asymptotic C(p)=—= >,

expression

ba()=Aar "~ Texp — k1) Yiy_(F) (r>1k), (2.14

ty,. distinguished by the extra subscripts In the saddle-
point approximation the time integration in formul&.3) is
cast as

! 2T i[Ot — St )
IS () XP{i[Qmtme— S(tm,) 1}

XZ’E:)( —p- kth)a

T%

(3.9

where k= \2|E,|, v=Z/k, Z is the charge of the atomic where summation is to be taken over the saddle pdints

residual core ¢=Z=0 for a negative iop | is the active
electron orbital momentum in the initial state,, is its pro-

jection, and is the unit vector. The coefficienss, are tabu-
lated for many negative iong26]. The Fourier transform

©.(0) (2.13 is singular atg?= x> with the asymptotic be-

havior for q— *ix defined by the long-range asymptote

(2.14 in the coordinate space

~ | ~ (2k)'T(v+1)
Pa(q)=4mA,(£1) Y|maZ(Q)W, (2.19
where (=1)' corresponds ta— *i«. In particular, for a
negative ion ¢=0) with the active electron in asstate (
=0) we have from(2.15

- 1
<Pa(Q):\/EAa(q2+—KZ), (2.16
PO =—i(eiVFrA (219
a a(qz_,_Kz)z

(9=q/q is unit vectoy.

Ill. ADIABATIC APPROACH TO STIMULATED
RECOMBINATION

operative in the contour integraticﬁlktmﬂ=(F/w)sinwtmﬂ].
The saddle points are found from Eg.3) as

: _w 72
smwth—E[—p”i\/2(m+77)w—/< -p?]. (3.5

The subscriptu labels solutions differing by the choice of
the sign in (3.9 and sign in co®ty,==*y1—sin wty,.
There are four solutions per the laser field cygle., for 0
<Ret,,<T).

In order to elucidate the meaning of the saddle-point
equation(3.3) we rewrite it as

Ep(tme) —Ea=Qp. (3.9

It shows that the photons are preferentially emitted at the
moment of time when instantaneous continuum electron en-
ergy E,(t) (2.4 is separated from the bound-state eneggy
by the energy of the emitted photom{ 7)w. The LAR
process is most effective when this occurs at some real mo-
ment of time, i.e., the saddle poirtig,, are real valued. This
regime corresponds to theassically allowed radiation |t
can happen only for some part of the emitted photon spec-
trum, i.e., only in some domain of. Outside it, whert,,
possesses an imaginary part, the emission is strongly sup-
pressed. Remarkably, within the classically allowed domain
the intensity of emitted lines could vary very significantly as

The time integral in Eq(2.10 can be evaluated using the detailed below.
saddle-point method. This amounts to the adiabatic approxi- The necessary condition of classically allowed radiation,
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(t) = pr+ (F/o) sin wt () = p1 + (F/) sin wt

p+Flo----—>

Fast electron: pi>F/w Slow electron : pi< F/w

0 3(t) AhA(t)

Fast electron: pi > F/w Slow electron: pi< F/w
t(p + F/0)

Hpr + F/w)?

i
p1 — F/w)?
Mp1— Ffw)E|-------==-mmmmmmms
0 pf
0 T ¢ o] .
a b

FIG. 1. Regimes of fastp>F/w) and slow @ <F/w) electron in the laser-assisted recombination process. For each regime the
schematic plots show electron momentum with account for the quiver motion in lasedfjgfy=p;+ (F/w)sinet and the effective
instantaneous kinetic eneré’ﬁ”(t) . As timet varies, the functior%H”(t) oscillates in the interval that covers the emitted photon energies
Q. allowed for population classically. Outside this interval only nonclass$iaaheling population is possible. Figuréd shows that in the
classically allowed domain each value of the photon endigis passed twice during the laser field periddf the electron is fast
>F/w). In the slow electron regimep(<F/w) the classically allowed domain é1,, is subdivided into two regions, as seen from Fig. 1.
The photons with highef) ,, are again emitted in the double-passage mode, whereas the lower valdgsaoé passed four times per the
laser field cycle.

2

1, 1 F\2 1, 1 F
Qm>|Ea|+§pi’ (3.7 S PI—, +|Ea|+§pi<9m<§ P+ +|E,l
1 2
makes real the right-hand side of formuf&5). Details of + PLE 3.9

classically allowed emission depend on the relation between _ _
the electron translational momentum compongpand the N this photon frequency interval only one pair of real saddle
momentun¥/w acquired by the electron in its quiver motion POINtS ty,, exists per field cycle, see Fig(d. These two

in the laser field. In the fast electron reging>F/w, the ~ Saddle points are to be included into summation quein
term %(pn+kt)2 never passes zero as timevaries. As a Eq.(3.4)..The.phase difference between thg two terms in Eq.
result, the saddle-point equati¢®.?) has two or zero real- (3.4 varies withm. As a resul{C,,(p)|? oscillates between
valued solutions per field cyclgn the classically allowed 2€ro and some envelope functig(m) defined as

and forbidden domains, respectively, see Fig@) ]l In the

slow electron casegy<F/w, the%(pH+ k,)? passes via zero. =(m)= 87
Due to this circumstance, as seen from Fig)lfor some T23
interval of photon frequencieQ,, the equation3.2) has four

real-valued solutions whereas for highey, only two solu- -

tions exist. Consequently, in this case the classically allowed |<P§f)( e ktm#)|2: 7TA521

o8 (=p—ky,)I%. (3.9

2(m+ n)w— k?—p?

J = ) . (m+ 7)*w?
domain is subdivided in two parts. The related LAR regimes (3.10
are discussed below in more detail. :
S'=F\2(m+ 5)o—k*—p°
A. Fast electron regime:p>F/® w2
Here one has to choose the upper sign in fornalg) in X \/1— E[DH— V2(m+ n)w—k?—p? 2.

order to get a real-valued saddle point. The condition

|sinwty,|<1 is straightforwardly reduced to (3.1
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FIG. 2. Factor|Cnp(p)|?> and cross sectiowr(p) for laser- FIG. 3. Same as in Fig. 2, but for the electron enekyy
assisted recombination of the electron with the en&rgy 1 eV to =10 eV and the laser field intensity= 10'* W/cn?. The results of

the bound state in Hion. The results of numerical integration in numerical calculations and plain semiclassical form(8ad) are
Eq. (2.10 are shown for the laser field with the frequenay  shown, respectively, by circles and squares. The semiclassical en-
=0.0043 and the intensitiels=10" W/cn? (crossey 10 Wicn? velope function(3.9) is given by the solid line. In the zero-laser-
(triangleg; 10° W/cn? (diamondy 10 W/cn? (squares and  field limit the spectrum shrinks to the single line with the position
10" W/en? (circles. The symbols are joined by lines to help the indicated by the vertical arrow.
eye.
=10" W/cn?) the intensity of the principal line in the spec-

As could be anticipated, the functi@(m) has weak singu- trum (m=14) exceeds more than 50 times these of adjacent
larities at the boundaries of the classically allowed regionsatellites. For | =108 W/cn? this ratio is substantially
The extension of the classically allowed region on the photosmaller (~5). When the laser field is increased by an order
frequency scale is @F/w with its center located af),  of magnitude, the dip in the emitted photon spectrum appears
=3p?+|E,+F%(2w?). For the vanishing laser fiel@l,  at m=15. This is the first manifestation of the oscillatory
tends to the limit(1.2) and the classically allowed domain structure in the spectrum due to the interference of two con-
shrinks to the single line. The condition that a single linetributions in Eq.(3.4). For | =10 W/cn? the structure be-
dominates in the photon spectrum could be formulated asomes well manifested. At last, for= 10'* W/cn? the struc-
2p‘|F/w2~1. ture is well developed and extended. In the latter case, in

Figure 2 illustrates evolution of the spectrum pattern withfact, the situation is beyond the fast electron regime; it will
the laser intensity. We consider electrons with the energy be discussed in Sec. Il B.
Eo=2p? equal to 1 eV p=0.271) in the laser field with the The semiclassical formulé3.4) is applicable when the
frequencyw=0.0043 and different intensities. The electron classically allowed domain is sufficiently broad on the fre-
momentum p is directed along the laser field strength quency scale. Figure 3 shows the photon spectrum in the
F (p.=0). The electron recombines to the bound state ofvell manifested semiclassical regimeE4(=10 eV, I
the H™ ion (k=0.2354, A,=0.75[26]). The emission am- =10 W/cm?, p=0.857, F/w=0.392). In the classically
plitudes are obtained by numerical evaluation of the timeallowed domain (3&m=187) the quantitie$C(p)|? ob-
integral in (2.10. The laser field intensities | tained by numerical evaluation of the integi@.10 over
=10, 10%% 10°, 10°, 10’ Wicn? corresponds to the time (circles oscillate violently due to the interference ef-
values of parameter@F/w?, respectively, 49.4, 15.6, 4.94, fects. Outside this regiohC,(p)|? decrease very rapidly.
1.56, 0.494. For the weakest field considered ( Note that the most efficient emission occurs at the edges of
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the classically allowed interval. This effect is completely % o '

analogous to enhancement of the probability density near th 3t o 08 % 5 ;r% [ =10"W/cm? ]
turning points for the quantum particle moving in the poten- 0 O By i Lo N Eq=0.1eV

tial well. The envelope functiori3.9) (solid curve repro- = Rre o4l e e o8 pega ]
duces well this overall behavior. The saddle-point approxi- % P 89 LA

mation (3.4) allows us to describe well the oscillatory © 1y e i ‘ﬁ' \ g °y ]
structure(squares in Fig. B8 Within the classically allowed o o%:" b u B
domain the summation in this formula runs over two real- = Of o ﬁ ° L
valued saddle points,, . As m varies approaching the do- « E*s
main border, two saddle points lying at the realxis ap- -1r : ]
proach each other and eventually merge at the boundan g
After that they separate again moving perpendicular to the -2 T n ) ;O
real axis in the complex plane. The latter situation corre- (@)

sponds to the classically forbidden, or tunneling, regime m

where only one saddle point is to be included in the summa 180F ' ]
tion overu in (3.5 (namely, that which ensures exponential ?

decrease ofC,(p)|? outside the classically allowed do- 160} - e I =10"W/cm?
main). The transition between two regimes could be de-  140¢ . Fo=01ev 1
scribed by the Airy function. We do not pursue here the & f—‘~ 120 F P ]
detailed description of this rather standard situation. In par- & 100} TR ]
ticular, the results shown by squares in Fig. 3 are obtalneno 80k AN ]
using the plain semiclassical formu(a.4) with two or one ok T - ;
saddle points included as discussed above; the deviatior L 2, °

from the numerical results are seen to be essential only in 40 F 2 L e © E
very narrow transitions region. Since the numerical evalua: 20F : b6 e % % %o E
tion of integral(2.10 over time is not difficult, we employ Qkenonalann, a0 2% 200nn
the adiabatic approach in order to obtain better insight intc 0 10 =0 30 40
the pattern of emitted radiation spectrum, but not for produc-( ) m

ing an alternative method to evaluate the amplitudes. FIG. 4. Same as in Fig. 3, but for electron the eney

=0.1 eV and the laser field intensity= 10'* W/cn?.

B. Sl lect ime:p<F L .
ow electron regime:p;<F/e such complications are not pursued in the present study as

In this case the real-valued result fgy, is provided by  argued above. The nonstandard situation emerges also at the
both upper and lower signs in the expressi8ry). It is easy left edge of the classically allowed interval where all saddle
to see from Fig. (b) that the classically allowed region of points simultaneously move from the real axis into the com-
photon frequencies is subdivided in two domains. The first oplex t plane. This transition region could not be described by
them, with one pair of real-valued saddle poititg , corre-  a simple Airy-type pattern that is known to give a monoto-
sponds tof),, lying in the interval(3.8). At smaller photon nous decrease in the classically forbidden domain; on the
frequencies, another subdomain is defined by the conditioncontrary, the numerical results reveal some structure in this

region, see Fig. 4. Bearing all this in mind, it is not unex-
pected that the plain semiclassical approximatidi) es-
sentially fails near the left border of the classically allowed
(3.12  domain.
It is worthwhile to mention also another region where the

Heretwo pairsof real saddle points;,, exist. The spectrum Standard semiclassical approximation fails. Namely, {or

for this situation is illustrated by Fig. 4E=0.1 eV, | =0 the saddle-point positions coincide with the poles of the
=10 W/cn?, p=0.0857, F/w=0.392). The classically function (p(E) The situation when an exact coincidence oc-
allowed domain lies in the interval¥m=32, with the four-  curs is tractable rather easil27]. Somewhat more effort is
saddle-point regime being operative fos™=<17, and the required to obtain a uniform description of a transition be-
two-saddle-point regime for 88m=<232. The results of nu- tween this case and a situation when the saddle point and the
merical calculations shown by circles suggest that the oscilpole are well separated, as presumed in simple forif8u#.
lations in|C(p)|? or o(P) proceed with two different fre-  Again, such sophistication is beyond the scope of the present
guencies, the higher frequency being characteristic for thetudy.

four-saddle-point domain. The plain semiclassical formula At last, Fig. 5 shows a transient situation between the fast
(3.4) (squares essentially reproduces this structure. Ofand slow electron regime€(=1 eV, |=10"W/cn?, p
course, it is not designed for an accurate description of a&0.271, F/©#=0.392). Here only two harmonics m(
transition between the two-saddle-point and four-saddle=7,8) correspond to the four-saddle-point regime. The re-
point regimes where the deviations are seen to be larger. faining part of the classically allowed domainse<56
special, more sophisticated treatment is required here, bubrresponds to the two-saddle-point regime. Most of the

2 1 5
+|Ea|+§pi-

1, 1 F
[Bal+5Pi<Qn=35|PI=
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4 acter. They are particularly lucid in the adiabatic regime

o [ = 10" W/cm? when laser frequency is sufficiently small. The ionization is a
] tunneling process for all above-threshold channels. On the

E=1eV contrary, in the LAR there is a domain of photon frequencies

for which emission is allowedlassically

‘ ) The Keldysh-type approximation allowed us to describe

? 3 P g R evolution of the LAR spectrum as the laser field varies, from

~m.

2 logiolCm(p)!

iy o% ] the single line with only weak satellites in the low-field limit

i 8B 5 to the broad pattern of equidistantly spaced harmonics in the
6 8 ] strong field case. In the adiabatic approximatiae., the
saddle-point methodhe photon spectrum is subdivided into
classically allowed and classically forbidden domains, with
the line intensities being highest at the boundaries of the
former region. Concerning the quantitative side of the prob-
30 . . . . . . lem, the adiabatic approach is less efficient for the LAR pro-
o . cess as compared with the treatment of above-threshold ion-
251 ¢ I =10 W/cm ization (ATI). The reason is that in the latter case the saddle-
‘ J7 E=1eV point method is well applicable in its most simple form,

|
—
T
Oz
e ]
O==Z DI
[ol 0 Shed
T RATATLTL
ar

20 ] whereas for the LAR process some technical complications
: emerge. The difference stems from the fact that the ATI
151 o 0 © ] process always effectively occurs at complex-valued mo-
ol ‘o0 o & 1 ments of time, whereas for LAR this is generally not the

e 9 o TR T case, and several regimes could be operative with the transi-
st L% e eg 0 ° 1 tion regions between them. Albeit not drastic, these compli-
0% e g e cations in our opinion hardly warrant necessary cumbersome
0 beate 1 00600 A5 i B S analytical involvements, bearing in mind that the numerical

Y 10 20 30 40 50 60 70 calculations are quite simple and straightforward. Neverthe-
(0) m less the saddle-point method remains very useful for under-
standing the intensity patterns in the emitted photon spec-
trum.

An additional assumption of the present study, which in
principle could be easily abandoned, is the use of the
) . ) ) _asymptotic expressiof2.14) for the final bound-state wave
spectrum is well described by the plain saddle-point approXifynction. Again, in the LAR process the situation is less
mation (3.4) and covered by the envelope functié8.9,  fayorable for this approximation as compared with the ATI
albeit the highest peak an=9 exceeds it, as being in the process. This is because, as discussed in detail ef2ir
region of the transition between the two- and four-saddletpe long-range asymptote of the bound-state wave function
point regimes. governs ATl amplitudes, whereas the LAR process is more
sensitive to the wave-function behavior in the entire coordi-
nate space.

As is pictured by Fig. 2, the amount of noticeable lines in

As discussed in the Introduction, the LAR is one of thethe photon spectrum increases with the laser field strength,
processes responsible for emission of high-energy photoriaut the intensity of each individual line decreases in average.
by the laser plasma. Surprisingly, it has not yet received thdhe cross section of the electron transition into the bound
attention of researchers. This is particularly unsatisfactorytate summed over all emitted photon channelsrig(p)
since the other processes leading to high-energy photors2~o0m(P). It exhibits only very weak dependence on the
(harmonic generation and laser-stimulated bremsstrahlundaser filed intensityl [28]. For instance, in the particular
are currently under active scrutiny. The present paper couldase of Fig. 2 we obtain forow(p) the values
be considered as a first step to start filling this gap. The3.85x10°%, 3.85x10°°% 3.89x10°° 3.64x10 ¢,
theory in many aspects is parallel to the treatment of multi3.4x10°® for the laser field intensities I
photon ionizatio(MP1) where the Keldysh approximation is = 10'%,10'°10°,10%, 10" W/cn?. Recent calculationf23] of
known to provide an important insight and quantitatively re-the laser-assisted antihydrogen formation in positron-
liable results. The origin of differences between MPI andantiproton collisions employed the Coulomb-Volkov wave
LAR lies in the kinematics: in MPI process the allowed elec-function for the initial electron continuum staée, and the
tron energy in the continuum are robustly defined by thdaser-perturbed wave function for the bound state. The au-
parameters of the systefimitial electron binding energy, thors considered only one-photon LAR process and con-
laser field frequency and strengthvhereas in the LAR the cluded that the LAR cross section decreases for the stronger
continuum electron energy is arbitrary. This rather trivial ob-laser fields. The present results indicate that if the multipho-
servation results in important consequences of physical chaten processes are included, then the total LAR cross section

108 0m(p)

FIG. 5. Same as in Fig. 3, but for the electron eneky
=1 eV and the laser field intensity= 10'* W/cn?.

IV. CONCLUSION
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is essentially independent on laser field intensity. ACKNOWLEDGMENTS
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