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A strong enhancement of the power emitted in laser assisted radiative recombination is reported. Also, strong
modification and enhancement of the spectrum of the radiation emitted during radiative recombination in a
plasma are reported. The reported results take place when the electron average translation velocity and the
thermal velocity are comparable to or smaller than the amplitude of the quiver velocity.
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The recombination of a free electron with a positive ioning electron with the atomic core in the initial continuum
followed by the spontaneous emission of a photon has beestate, and by Jaron, Kaminski, and EhlotZl8a] as well,
studied extensively since many years, as the results of suahho took approximately into account the interaction between
studies are relevant to the analysis of astrophysical and labehe incoming electron and the atomic ion. Definite results
ratory plasmas. As the photon emission time is very long agoncerning the emitted photon spectrum as a function of the
compared to the collision time, the probability of the procesgaser intensity and of the incoming electron translation en-
is very small and its direct experimental observation difficult.ergy, reported in Refg4,54], are restricted to the regime in
In the experimental investigation, great progress has beeghich the amplitude of the quiver velociyg=Eq /w, of
achieved recently by using merged electron and ion beam@e incoming electron is much smaller than the average ve-
[1]. In particular, using laser induced recombination, perocity V,, related to the average momentemin particular,
formed with merged beams of protons, electrons and photorgr this (weak-field regime, Kuchiev and Ostrovsiy] have
in an ion storage ring, it has been possible to study the phaound that the total cross section of electron recombination
torecombination spectrum with high resolutif?]. The ex-  summed over all the channels of exchanged laser photons
perimental results have shown also that the recombinatioBxhibits negligible dependence on the laser field intensity,
rates are enhanced by the presence of an external field. Rand its value is close to that of the spontaneous process.
gelstadet al. [3] have observed stimulated recombination in Accordingly, the presence of the laser field does not modify
e +H" ande” +He" by using a merged electron-ion appa- the total yield of emitted photons, but only redistributes the
ratus and have found an enhancement of the stimulated rgmotons in different channels, with energies given by &yy.
combination over the spontaneous one by a gain factor of As it will be shown below, this “sum rule” is restricted to
about three orders of magnitude in the case of final stategie case when the energy exchanged between the electrons
with the principal quantum numbers=11, 12, and 13. The and the laser field is a very small fraction of the initial trans-
gain factor is given by the ratio between the induced recomiation energy of the incoming electron, and clearly does not
bination rate and the spontaneous one. In the aforementioneghply when this condition is not met, such as, for instance, in
experiments the laser field is generally weak. Recently, théhe strong-field regime.
study of multiphoton radiative recombination in moderately |n this Rapid Communication we give a theoretical and
strong field too has been addres$dbad, as it is viewed as  numerical analysis of the elementary process of the laser
an interesting process for production of high-energy photonsassisted radiative recombination for the regime in which the
Rescattering effects in this process have been considered #mplitudeVg of the quiver velocity of the incoming electron
Ref. [5b]. is equal to or larger than the average translation velogjty

In the strong-field context, the recombination of an elec-(strong-field regimg We show that in this regime the power
tron initially in a laser-dressed continuum state into anemitted during the laser assisted radiative recombination is
atomic bound state generally results in the emission of phosignificantly enhanced over the field-free process, at variance

tons with energy given in atomic units by with the weak-field results of Ref4]. For the strong-field
case, we take also into account the influence of the medium
wy=|€o|+A+no + g, (1) (a plasmg in which the elementary process is assumed to

take place. Here, to the best of our knowledge, in the strong-
wheree is the quasienergy of the final state=E, /4w is  field multiphoton context, this is done for the first time. In
the ponderomotive shiftsqzq2/2 is the translation energy of particular, we show that the shape of the spectrum of the
the incoming electrong is the translation momentunm,is  radiation emitted during the laser assisted radiative recombi-
the number of exchanged laser photons, Bpdandw, are,  nation in a plasma is strongly modified and enhanced, when
respectively, the electric-field amplitude and the photon enthe amplitude of quiver velocity is of the same order as or
ergy of the laser field. larger than the plasma electron thermal velodity.
As stated, the problem has been recently considered by Let us consider the recombination of a free electron with
Kuchiev and Ostrovsky4], by employing a Keldysh-type a hydrogenic positive ion witZ charges in the presence of a
approximation, i.e., neglecting the interaction of the incom-spatially and temporally homogeneous laser field linearly po-
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larized with the polarization along theaxis in the dipole

approximation[ E, = Eg, sin(w t)z]. The probability rate of W(eg) =2 Wi(eg). (4)
emission of a high-frequency photen, by an electron re- "

combining from a scattering staﬂe;(r,t) of translation mo-

. S 1
mentumg into a bound stat& y(r,t) is given by Wi (€q)= Wf dstquan(ﬁx:%xiwx:Q)- (43)
W(ﬁx,gx,wxﬂ)=; Wi(Ay, €x,@x,q), (2 In Eq. (4a k, is the momentum of high-frequency photon

wy . The total power of the emitted high-frequency photons
wy, summed over all the channels of exchanged laser pho-

Wn(nx v’éx y WX lq) = (277)2('0)(6((’0)(_ | I O| - Eq_ A- nth)v tonS’ is glven by

(2a)
LT - dpP
X Tfo dt<‘1’0 exp{—lwx P(eq):; Pn(fq):f de( d&()E:))’ (5)
oy ] / ;
+i—Ry-rex-r \I’+(r,t)> ,
c P P cq)= | A0y e Wal By, 0.
(5a)

wheren, and g, are, respectively, the propagation and the
polarization directions of the emitted photaes,. Equation
(29 is the probability rate that laser photons are exchanged
in the recombination process. Formy# is derived follow-
ing the standard procedure for this kind of procggls The
only essentially far-reaching point is the use of the so-calle

In Egs. (48 and (53, W,(eq) and P, (e,) are, respec-
tively, the total probability and the total power emitted for
the channel in which laser photons are exchanged. Below,
gmong others, we calculate

\Volkov-Coulomb wave function\I’;(r,t) to describe the dP(e,)
electrons in the simultaneous presence of the ion Coulomb Q(eq) = r=» Qn(€g) (6)
field and of the strong laser radiation, dQx n
it and
\If;(r,t)zexq — if dT[q+kL(7)]2]exp{ikL-r}ug(r),
dP,(€q)
3 —
Qn(eq) dOy

where K| = Vg sin(w t)z is the oscillating momentum im- 3
parted to the free electron by the laser field, agr) is the :f do.d “x W. (A & 7
field-free outgoing Coulomb wave. =X (2m)5¢3 (o &cox. @) ()

The Volkov-Coulomb wave function is an approximation
[7] expected to reproduce satisfactorily the basic physics oR(¢€g) is the total power of the, photon emission per stera-
the process: We note that a crucial test of this wave functioslian summed over all the channels of exchanged laser pho-
as compared to other approximations has been the corretans, andQ,(e,) is the total power of thes, photon emis-
explanation of the first measurements of angular distributionsion per steradian for a given channel in whiohlaser
of a photoelectron ionized by a strong elliptically polarized photons are exchanged. In general, from the present and
laser field[8,9]. other calculations not reported here for different values of
Formula(2) is valid in the nonrelativistic regime; accord- the laser intensity and frequencies in the range O<ldy
ingly the laser intensity must be such that the amplitude of<1.55 eV, we find thaQ(e,) depends on the laser param-
the quiver velocityVg is much smaller than the light velocity eters only through the amplitude of the quiver velodty.
c. Finally, in Eq.(2) an average over the field period is re-  In Fig. 1 we show the gain factd®=Q(ey)/Qyx(€) de-
quired. fined as the total emitted power per steradian summed over
In the calculations reported below the amplitude of theall the channels of exchanged laser photons divided by the
electric laser field satisfies the conditifiy <ZE, (E, is  emitted power per steradian in the field-free prod@¢s,)
the infratomic electric field of the hydrogen ground stag®  as a function olVg for different values of ion chargg and
that the dressing of the final bound state by the laser fielahcident electron translation energy= 6 a.u. Insofar as the
may be safely neglected and, approximated by the field- amplitude of the quiver velocity is smaller than the trans-
free bare state of the hydrogenic ion wifh-1 charge and lation velocityV, the gain factoiG is near 1, i.e., the pro-
€0=2%, (I, is the energy of the hydrogen ground boundcess exhibits a negligible dependence on the laser field in-
state. tensity (weak-field domain As soon as the amplitude of the
For a given value of the incoming electron energy, thequiver velocity becomes of the same order of magnitude as
total probability rate integrated over all directions of electronthe average velocity , (the latter is indicated by the arrow
incidence and all directions of high-frequency photon emis-on the axis of abscissgsthe gain factor increases rather
sion, rapidly, especially foz=1.
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181 Below we investigate how a given EDF jointly with the
presence of a strong laser field is likely to influence the ra-
diative recombination, which to be effective requires very
slow electron$12]. In fact a characteristic point on this issue
is the presence of conflicting circumstances:the radiative
recombination performs well with slow electrons, afig
plasma electrons especially the slow ones, in the presence of
a laser field get heated.

Below, the influence of the plasma medium is taken into
account by multiplying Eq.(2a by an appropriate EDF
f(V), integrating the result over all the plasma electron ve-
locities (or energiel and averaging over the laser field phase
y=wt, as the electron velocity ;=q+2zEq /o sinyis a
function of y. Therefore, in a plasma medium, the emitted
total radiative poweP has the following expression:
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FIG. 1. Gain factorG=Q(e€,)/Qs(€q), defined as the total
emitted power per steradian summed over all the channels of ex- Xf(eq,y) X W, (R, & ) %)
changed laser photons, divided by the emitted power per steradian qa” (27)8c3 TMxe x»0x:a),
in the spontaneous process, as a function of the amplitude of quiver

velocity Ve=Eg /w. Translation energy of the incident electron . .
€;,=6 a.u., propagation direction of the emitted radiation in xhe whereN, andN; are the electron and ion concentrations, and

direction with polarization vector along tteedirection as the oscil- the EDF hgs been conveniently expres_sed as a function of

lating laser field. The arrow on the axis of the abscisses indicategje translation energy, and the laser field phasg The .

the value of the average velocite=V,=3.46 a.u., related to the interplay between the EDF and the rate of the laser assisted

average momenturg. elementary process determines the features of the emitted
power spectra in a plasma.

As a rule, the radiative recombination as well as the In calculating the power spectra per steradian and fre-
bremsstrahlung are important elementary processes charg@ency unit of the emitted photon, NiNeJ(w,)
terizing the continuum background emission spectrum of the= dP/dw,dQ,, Eg. (6), we confine below to two distinct
plasmas. So it is appropriate to extend our consideration dphysical situations of very weak and very strong fields, for
strong-field laser assisted radiative recombination to taka&hich luckily enough, the same EDF may be used, namely, a
into account the medium influence. Here it is done by fol-Maxwellian. For very weak fields, in the early stages of
lowing the familiar and relatively simple two-step procedurelaser-plasma interaction, the assumed Maxwellian EDF re-
[10], consisting in calculating, first, the quantities charactermains essentially unmodified. As it is known, subsequently
izing the elementary procesas we have done abovand the EDF will change, showing low electron depletion, but
then averaging them over the appropriate electron velocitjiere these later stages will be not investigated. In the oppo-
distribution function(EDF) characteristic of the medium in site case of very strong fields, if the plasma temperature and
the given physical conditions. the laser parameters are such that the cond@ivp<<Vg is

As in the strong-field context considered here the lasefulfilled, one finds that the laser modified EDF is dominated
field is expected to modify significantly the medium EDF, aby the electron-electron collisions. In such conditions, in a
rigorous self-consistent procedure would require the simultacoordinate system oscillating with the laser field frequency,
neous solution of the kinetic equation for the EDF, where allthe EDF is known to be approximately Maxwellighl].
the pertinent interactions and processes, including recombi- In general, from the present and other calculations not
nation, are taken into account. Besides, in this context, areported here, we find that in any case the behavid( af,)
important issue, having autonomous interest, is that of th&S wy is critically dependent on the ratio between the ampli-
specific plasma electron velocity distribution created by théude of the quiver velocity/e and electron thermal velocity
strong-field laser presence. However, an acceptable degreed¢f. The ratioR=Vg/V+ is a key parameter to characterize
self-consistency may be reached also within the two-stephe laser-plasma interactions, wil<1 identifying weak-
procedure. In fact, there is abundant literat(see, for in- field situations andR>1 strong-field ones. As expected, for
stance, Ref[11]), in which the issue of the EDF in laser R>1 the presence of the laser field influences strongly the
fields is addressed in detail, and different EDFs are availablehape ofJ(w,). Representative calculations are reported in
corresponding to different assumptions and physical condiFig. 2. By assuming the electric fields of the laser radiation
tions. So, the two-step procedure may be profitably adoptednd of the emitted high-frequency radiation to be alang
using EDFs corresponding to given particular physical cond(w,) is calculated as a function ab, for ion chargeZ
ditions, andfor the same conditionsalculating the elemen- =4, plasma temperaturé=1 a.u., and different values of
tary process. the laser intensity to giv&>1 andZV;<Vg.
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of wy, with the increase of laser intensity. The field-free case
is considered representative as well of the very weak field
case R<1) in the early stages of the laser-plasma interac-
tion. The first peak, related to the slow electrons, decreases
with the increase of the laser intensity, the second broad peak
corresponds to that large fraction of electrons having veloci-
ties close to the thermal velocity; and directed mostly
along the laser field polarization. Thus, considering that the
plasma electrons also oscillate with the quiver velocity am-
plitude Vg, for half-field period, in the plasma one has a
large number of effective slow electrofwith velocities of
the order of|V;—Vg| capable of yielding relatively large
values of recombination. Besides, with the intensity increase,
the number of photon channels significantly contributing is
increased as well.

In conclusion, we have reported pilot calculations of laser
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FIG. 2. Emitted power spectra per steradian and frequency unit
of the emitted photonJ(w,)=(dP/dw,dQ,)/N;N., in a.u. as a
function w, for ion chargez=4, different values of the laser inten-

% induced radiative recombination, addressing both strong-
field and plasma aspects. As to the strong-field aspects, we
have found that a very significant enhancement of the field
induced process over the field-free one takes place, provided
the quiver velocity amplitud®¢ is comparable with the av-

sity (a) field free, (b) 1, =2x 10" Wicn?, R=V¢/V;=4.2,(c) I,  €'age electron translation veloci, . _ _
—8x 10 Wicn?, R=8.4, (d) 1, =10 Wicn?, R=9.4; plasma As to the plasma aspects, calculations carried out in the

temperaturel =1 a.u.; and a Maxwellian EDF.

regime wheréVg is larger than the thermal velocity;, and
many photons may be exchanged, confirm that on the one
hand the field makes unfavorable the recombination of the

The curves of Fig. 2 show plasma features, which argq, electrons; on the other hand the process may be

considere_d tp_ be one of the results of the present work. Fir%trongly enhanced for the group of electrons having a veloc-
of all, a significant enhancement over the field-free case anﬁiy near the thermal one.

a larger broadening of the emitted spectrum are found.

The reported curves exhibit a double-peak structure with This work was supported in part by the Italian Ministry of
the first peak roughly corresponding to the field-free valueUniversity and Scientific Researches and by the European
and the second one increasing and shifting to higher valueSommunity under Contract No. HPRN-CT-2000-00156.
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