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Intense laser-induced recombination: The inverse above-threshold ionization process
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We investigated the recombination of electrons with ions in an ultrashort, intense laser pulse by numerically
solving the time-dependent Schrédinger equation. The inverse above-threshold ioriZatiorphenomenon,
which shows the recombination probability peaked at specific energies of the injected electron wave packet, is
explicitly elucidated. Furthermore, these IATI peaks which are separated by the laser photon energy also show
up in processes of recombination to excited states.
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I. INTRODUCTION instead of recombining, the electron remains in the con-
o o ) . tinuum and moves completely away from the core, we would
_Radiative recombination, by which a continuum electrongpyain the standard above-threshold ionizatiail ) mecha-
interacting with an ion or atom becomes bound through the,ism_Thus, recombination in an intense field can be viewed
release of a photon, has attracted considerable theoretical agd ihe inverse of above-threshold ionizat{oATl) much as
experimental attention for almost three-quarters of a centunypygigionization forms the inverse of laser-free radiative re-
This sustained popularity stems from the many environments,mpination. The third step in HHG, which also occurs dur-
in which recombination plays a vital role. For example, re-jhg | AR, attracts additional interest by providing a mecha-
combination critically determines the energy and charge balpism for the generation of attosecond pulEgis Therefore, a
ance, as well as certain diagnostics, in many terrestrial andetajled description of LAR not only yields a better under-
astronomical plasmas. Modeling of high-energy-density andanding of intense-field recombination but also of other as-
fusion-energy(tokamak devices, planetary and stellar atmo- g jated processes.
spheres, and interstellar media relies heavily on a detailed |, contrast to the case efeakLAR, the study ofintense
knowledge of this mechanism. The advent of lasers added @ger-induced multiphoton recombination of electrons and
new possibility, that of manipulating the outcome of the re-j55 has only recently received attentifg+-13, as opposed
combination process by_ tuning the Ia_ser figlll These early g its complementary process of ionizatifi#—19. In addi-
endeavors at laser-assisted recombinaflohR) employed  tjon, the past few years have witnessed an increasing interest
weak fields to stimulate the emission of a photon at the drivy, the related process of intense laser-assisted x-ray/electron-
ing frequency of the las€2]. Several experimental groups 5iom scattering20—23. The recent studie®—13 of intense
have reported significant enhancements of recombinatiopar nave focused on the radiation spectr(ire., x-ray gen-
rates using either pulse(8] or cw [4] lasers. Similar en- grationy and employed the strong-field approximation within
hancements can also occur during the pulsing of the field e|dysh-type formulation. These pioneering studies have
within an ion trap[S]. This success has led to considerationsyostly concentrated on the process of recombination directly
of LAR for increasing the production of certain exotic Spe-jnio the atomic ground state with the contributions from the
cies such as antihydrogen and positronil@v]. intermediate states neglected. In this paper, we consider an
Subsequent experimental developments produced shortgfiemative approach by solving the full time-dependent
pulse lengths and more intense laser fields, comparable Bchrodinger equatiofTDSE) for the electron-ion recombi-
magnitude to the atomic binding. These intense field interacqstion in an ultrashort, intense laser pulse. Our TDSE solu-
tions introduced multiphoton processes, associated with thgy includes in a consistent fashion all the separate pro-
frequency of the driving laser, into the basic recombination.esses discussed in the recent analigsid 3. Moreover, by
mechanism, thereby further enriching the possibilities. LaserSoIving the TDSE, we can examine the dynamical evolution
assisted recombination also for_m_s one com_ponent of thgf the recombined population and judge the importance of
three-step process usually envisioned for high-order hamne intermediate states in the intense LAR processes. In par-
monic generatiofHHG). In this case, the intense field first yicyjar, we are interested in the recombination dependence on
produces multiphoton ionization of an atom. In the secongpe jncident electron energy. To this end, we begin in the next
phase, the electron begins to tunnel through the potentidection with a short exposition of the formalism and compu-
created by the ion and the laser field. For particular orientagational methods employed, followed by a section that pre-

tions and strengths, this field may return the electron to thgeants our results with an accompanying discussion.
vicinity of the nucleus. At which point, as the third step, the

electron may recombine and emit a high-energy photon. If

Il. FORMULATION
As a representative system, we consider the interaction of
*Email address: suxing@lanl.gov a free electron with a proton in the presence of an intense
"Email address: lac@lanl.gov laser field. A quantum-mechanical depiction of this process
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involves an electron wave packet, initially positioned at a 10°
distance Ry, from the nucleus with a momentumg(Ey
=py2/2), evolving according to a time-dependent
Shrodinger equation of the forgatomic units[23])
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+ xEof(t)cos(wt)]\If(x,yh). (1

Radiation spectrum (Arb. Units)

We have made the dipole approximation and considered lin-
ear polarization, which imparts a preferred direction in the : E
case of an intense field that permits a reducthn to a two- 107 5050505505050
dimensional form. The laser pulse has a Gaussianlike enve- Radiation frequency (eV)

lope [f(t)=sir’(at/T)] with a duration T, a peak field

strength ofE,, and a frequency of(A =27/ w) with polar- FIG. 1. (Color onling The radiation spectrum for the recombi-
ization along thex axis and propagation in thedirection. A nation process.

two-dimensional soft-core potenti§24] approximately de-

scribes the Coulomb attraction with the nucleus. In the ab-

sence of external fields, this potential supports a number of Pa(Polt) :f f CID:,(x,y)‘If(x,y|t) dx dy. (3)
bound statesn, designated by the wave functich,(x,y).

Selecting the screening parametengs0.63 gives a lowest- We continued the TD propagation beyond the termination of
energy level ofe;=-0.5 a.u., corresponding to the ground the laser interactioft>T) to check that the final recombined

state of th? hydrogen atom. populations in the eigenstates did not overlap the outgoing
The initial state consists of a Gaussian wave packet at gomponent of the wave packet.
distanceR, (alongx) from the nucleus with momentuimy,

10 |

specifically, lll. RESULTS AND DISCUSSION
2 2
W(xy [t=0)=N exp{— X+Ro)” y_}eipox, ) As suggested by earlier analytical studjs13, intense
207 20§ laser-induced recombination should generate x-ray radiation.

Thus, as a first test of our procedure, we calculate the radia-

; o : tion spectrum by considering an initial electron wave packet
r ively, andN the normalization constant. Typi X ; o
espectively, andl the normalization constant. Typically, we with py=0.5 scattering from the model hydrogen potential in

chooseo,=0y=5ag to produce a narrow momentum distri- an intense(2 x 104 W/cn) laser field(A=800 nm: period

bution. In order to maximize the recombination probability, — . .
we arrange for the electron wave packet to reach the nucledg2-87 9 W't_h a pulge duratlpn of 50 fs. To reproduce_thgse
at the peak laser intensiffRo=pqy(T/2)]. earlier studies, which considered only a purely periodical

We solve the TDSE for the initial condition in E(R) by laser field, we have selected a pulse duraeris cycle3

apolving a sblit-operator algorith in a spatial box of much longer than that _for subse_quept simulations. Thg qal—
siggyzoi.aaBg<51.%aB. Mos’? caser[sﬁijmploy s grid of 2048 culated spectrum as dlsplayed in Fig. 1 shows a rad|at|on
points in thex dimension and 512 in thg dimension with cutoff _(ﬁ“’max) "’,‘t _~60 eV, in very good agreement with the
step size§A,=A,] of 0.1ag. This particular choice of grids analytical predictior{9-13,

stems fro_m the kinetic energy pr_opaga’gion, Whiqh employs a fiomax=E+ 1, + 22U, + 2\e’m, (4)

fast Fourier transform that requires grids df @oints. The

application of absorption edgg6] in each dimension sig- Wwith I, the ionization potential, and ,(=E§/4w?), the laser
nificantly reduces reflection at the boundaries. We performegonderomotive potential. Since our approach includes many
numerous sensitivity checks with respect to the coordinatéecombination channels, such as to excited states, in addition
ranges and step size. We found little dependence of the basie the direct transition to the ground state investigated in
features on the extent of the box in(e.g., n,=4096, A, Refs. [9-13, we expect differences especially in the low
=0.1ag) or the grid size(0.2 compared to Odl). We did  frequency regime. However, the agreement in the high-
observe some dependence on the extent ofythex, espe- frequency cutoff provides a general demonstration of our ap-
cially for the low-energy collisions(py;<0.30 a.u). This  proach.

arises from the greater spreading of the wave packet under We now turn our attention to the dependence of the re-
these conditions. Good convergence though resulted betwe€ambination process on the energy of the incident electron.
512 and 1024 points. Figure 2 shows the results in which an ultrash@rt 7.5 fs;

We performed one TDSE calculation for each electron~3 cycles, intense(10** W/cn?) laser pulse at 800 nrta
wave packet characterized by an initial momentpgnand  Ti:sapphire lasgrassists the electron-ion recombination. Fig-
calculated the recombination probabil®y(p,|t) to a bound ure Za) indicates the probabilityPy(po| T) at the end of the
stated,, by projecting onto the total wave function laser pulse of electron recombination into the ground state,

where oy and oy, represent the width ix andy directions,
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FIG. 2. (Color onling The intense laser-induced recombination /G- 3. (Color onling (&) The time evolution of the ground-state
probability P,(po| T) is plotted as a function of the initial momen- POPulation during the entire pulse interaction abyithe cen-ter-of-
tum p, of the free-electron wave packet @ the ground state and Mass Positionx) (solid green ling and momenturm(p,) 35; blue
(b) the first excited state of a model hydrogen. The ultrashort lasefi@shed lingfor the two wave packets and the laser field envelope
(=800 nn) pulse has a Gaussianliksin?) temporal envelope E(t) (X700; red dotted ling The laser parameters are the same as

with a duration of T=7.5fs, and its peak intensity is equal to those used in Fig. 2.

4
10 wienf. ing multiphoton peaks occurs in the normal ATl spe¢2d.

) o Figure 2b) shows the recombination into the first excited
as a function of the initial momentug, qf th_e free electron stateP;. We also observe IATI peaks separated by the laser
wave packet. We recall that each point in the plot correpa0n energy. Taking into account the ponderomotive shift
sponds to a solution of the TDSE for a specific The most (U,~5.82 eV} for the loosely bound first excited statk,
noticeable feature of the plot is the occurrence of recombi-_ g eV), we determine that the first IATI peak a
nation at specific momentanergie of the incident electron 033 él u. corresponds to an eight-photon proc(asssB)O
wave packet. The first peak, locatedpgt=0.25 a.u., corre- The following two peaks account far=9 andn=10. Com-

sponds to the initial kinetic energy &= 0.85 eV. Taking : . X o
: . _ paring Figs. 2a) and 2b), we find that the probability of
into _account the ponderomotive upshift),~5.82 eV of recombination to the first excited state dominates that to the

gh; Ionlzatlcbmtpotentltﬁlp=f13.6 eIV, twe f'ndd”:ﬁt the er‘z@t’ round state by a factor of 8. This seems reasonable since for
ierence between (ne Iree electron an € ground sta specific momentunp,, recombination to the first excited

equals 20.27 eV. The rgtio of this energy differgnce to the"state represents a lower-order IATI process8 compared
laser photon energy is very clos_,e_to _the Integer 1 0 n=13. Recombination to excited states has generally been
(=20.27 eV_/1.552 ey Egsentlally, this "T‘p"_es that the in- considered less important than to the ground level and has
tense laser-induced multiphoton recombination occurs as tr@een neglected in other studifgs-13. However, these find-
inverse process of the above-threshc_)ld ionization in whicnngs indicate that in some situations these processes may
the bound-state electron absorbs an integer number of Iasghy e rather profound effects on the overall recombination.
photons, thereby generating photoelectron peaks in the con- g0 the TDSE solution, we can trace the details of the
tinuum. Namely, an inverse ATIIATI) peak will appear in recombination dynamics. In Fig(& we display the evolu-
the_ regombi_nqtion spectrum, if the following resonance CON%ion of the population in the ground stag(po|t) during the
dition is satisfied: entire interaction with the laser pulse for two special cases
Ey+1,+ Uy = nho. (5) p0=0.32 (dgshed ling gn_d 0.39 a.l_J(soIid !ine). The final
recombination probabilities associated with these two mo-
This condition also coincides with the analytical formula for menta correspond respectively to local minimum and nearby
x-ray generation9,13]. Once Eq.(5) is met, the electron maximum in Fig. 2a). We plot in Fig. 3b) the laser field
emits a high-energy photof¥nZw) and radiatively recom- E(t)=E, coqwt)f(t), as well as the expectation value of the
bines to a bound state with ionization potentialReturning  position ((x)) and momentun{(p,)) along thex axis for a
to Fig. 2a), we find the next recombination peak p§  wave packet withp,=0.39 a.u. Starting from a position
=0.41 a.u., which corresponds ie=14 and to a separation along the negative axis, the electron accelerates towards the
from the first peak approximately by one laser photon. How-nucleus under the influence of the attractive Coulomb-like
ever, then=15 multiphoton recombination peak that should potential and the laser field. Around a time of 2 fs, the field
exist nearpy=0.53 a.u. does not appear, although the reserves and presents the electron with a repulsive barrier.
=16 peak still follows. The disappearance of tirel5 peak The electron in turn begins to slow in the vicinity of the
may arise from destructive interference processes involvingucleus. As this occurs, the ground state population grows as
other bound states. Interestingly, a similar situation of missrecombination becomes very effective. The field reaches a
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Y (units of a;)

X (units of &)

FIG. 4. (Color onling Contour displays of the probability density(x,y|t)]> as a function of time fop,=0.39 a.u. and the laser
parameters of Fig. 3. Maximum intensiigark gray(red)] set to a probability of 0.001 for times of 1.5, 2.25, and 3.00 fs and of 0.0005 for
7.5 fs.

maximum(~2.7 fg, completely stopping the electrdxp,) To this end, we examine the temporal evolution of the
=0) and reversing its direction. At this point, we observe aprobability density|W(x,y|t)|?. Figure 4 depicts representa-
large recombination peak indicated in FigaB The recom- tive events over the full duration of the pulse and displays
bination peak appearing near the field maxima gmg=0 intensities set to two different maximums of the probability:
has an analog in the tunneling process of normal ATI, in0.001 for the first three times and 0.0005 for 7.5 fs. This
which the bound-electron wave packet tunnels through thadjustment in correspondence between the color template
intense laser-dressed atomic potential barrier as the lasend the probability provides the greatest contrast and illumi-
field reaches its maxima. However, since ionization pro-nates the major features. At early timés=1.50 f9, the
cesses also occur within the field, most of this population ipacket assumes its initial free Gaussian form.tBp.25 fs,

lost as the electron traverses the potential well. The fieldhe field has reversed causing the packet to slow. Consider-
again changes sigin-3.3 fg, driving the packet back across able recombination has occurred as evidenced by the intense
the well and leading to another maximum around 4 fs in thepattern in the vicinity of the nucleus. In addition, a part of
recombination. This recombination-reionization process rethe pack has already reflected from the field and moved back
curs for the remaining duration of the pulse. If the initial across the center. The third panel corresponds to a weakening
kinetic energy(p3/2) satisfies the multiphoton resonance field that allows some of the probability to stream out in the
condition[Eq. (5)], then the ground-state population remainspositive x direction. In the final pane(t=7.5 f9, the pulse
elevated through the duration of the pulse as illustrated fohas died, and the pieces, arising from multiple field reversals
Po=0.39 a.u.(solid line). On the other hand, if not, the and close nuclear encounters, move out in the remaining
ground-state population drops and remains at a small valu€oulomb potential. We have, in addition to lowering the
as shown by the dashed lifg;=0.32 a.u.. The examination maximum probability presented, decreased the lower bound
of averaged quantities along thealirection provides general to depict the wealth of detail that arises during the complete
insight into the IATI mechanism; however, it can mask thepulse duration. As a further example, we display a short time
complicated intricacies of the full TD process. sequence in Fig. 5 and a surface plot in Fig. 6.
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FIG. 5. (Color onling The same as Fig. 4 but at different times.

We now examine the effects of the laser intensity on the~0.37 a.u) and n=19 (at py~0.51 a.u) processes have
IATI process. Figures (@) and 1b) show the recombination larger probabilities than the=17. This seems at first coun-
probability to theground statefor laser intensities of=1.3 terintuitive since generally for a given set of parameters, the
and 2x 10" W/cn?, respectively, with the other laser pa- higher the order, the less likely the occurrence. However, we
rameters the same as for Fig. 2. IATI peaks similar to thos§an understand this trend, at least qualitatively, by consider-
of Fig. 2a) clearly appear with shifted positions due to the iNg partial channel closings. During a laser cycle, the addi-
intensity dependence . In Fig. 7@ the first peak ap, tional quivering energy of electrons in a laser field varies
~0.20 a.u. corresponds to the=14 multiphoton process, Instantaneously with the field, ranging from zero td,2\We

while the peak atp,=0.25 a.u. in Fig. ) represent: 0.003 [
=17. The positions of the peaks basically fulfill the multi- 0.0025|--(a) ; ..5\ /
photon resonance condition of E&). By comparing to Fig. o 0002 £} [\
2(a), we find a distinct enhancement in the recombination = 0.0015 iy f » / \
probability with increasing laser intensity. Eé TSR b \
Figures 7 and @) yield another interesting trend, namely o ‘\ \\
that the IATI peak amplitudes become larger for high-order 0.0005¢ R N A 1
processes. For example, in Fig(by the n=18 (at po 00d}13.02 025 03 035 04 045 05 053 06 06
0.006 |-(b)- g ;
~ 0.005]: Pal
E gooa[ gy
S 0.0034 /.3 ]
A o.oow . v
0.001[ -2 U ]

015 037025 03 035 04 045 03 055 06 065

Momentum P, of electron wavepacket (a.u.)

FIG. 6. (Color onling The surface plot of the probability density FIG. 7. (Color online Similar to Fig. 2a) but for different laser
att=3.75 fs. intensities:(a) 1 =1.3x 10 W/cn? and(b) | =2x 10 W/cn?.
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0.0012 prerrprrr e e e e tion process to the ground state. In addition, for the case of
k A=400 nm, indicated by Fig.(B), we recover not only the
n=5 (pp=0.17 a.t andn=6 (py=0.50 a.u IATI peaks, but
also bumps at arounpy=0.25 and=0.42 a.u. We attribute
these extra structures fodirect process by which the free
electron first recombines into an excited level with the sub-
sequent laser deexcitation to the ground state. Its counterpart
in normal ATI evinces itself as the excitation of intermediate
stateg[29]. Additional support for this view comes from ex-
amining atA=400 nm the population in the second excited
state, which displays distinct dips fgg around 0.25 and
0.42 a.u. We note that these indirect recombinations appear
more significant for short-wavelength lasers, as compared to
the results for 800 nngindicated in Figs. 2 and)7 Figure
8(c) examines the case for a 248 nm laser with a pondero-
motive componentJ,=0.54 eV much smaller than either
the ionization potential or the laser photon energyw
=5 eV). We identify the dominant peak p=0.29 a.u. with
the direct three-photon recombination process. Comparing
laser wavelengths{a) A=565 nm, (b) A=400 nm, and(c) A the magnitudes of recombination probabilities in Fig. 8, we

=248 nm. The laser pulse has a peak intensity &f ¥8/cn?, with conclude that short-wavelength lasers generally favor IATI
the same duration of=7.5 fs. ' since lower-order processes dominate.

10.15 02 025 0.3 0.35 0.4 045 05 0.55 0.6
Momentum p,, of electron wavepacket (a.u.)

FIG. 8. (Color onling The IATI spectrum for different driving

start with the field at zero and a particular §eft of allowed IV. CONCLUSION

multiphoton recombination energiésfiw=E,+1,). As the . . N .
nutip giashio=Ey p). We have investigated the recombination, induced by an
field rises, the lower-order processes become disallowed ac-

cording to the energy conservation condition. With decreasEjltraShort and intense laser pulse, of free-electron wave

ing intensity, these channels again open to permit recombf—’aCketS into atomic bound states through numerically solving
nation. The ponderomotive potential, which represents théhe time-dependent Schrddinger equation. The recombination

: - eaks appear at specific incident electron energies, separated
laser-period averaged quivering energy of an electron, acts as

an effective additional ionization barrier. The higher the or- y the photon energy of the driving laser. This phenomenon

der, the less closure occurs during the laser cycle. The ma o essenyally the mve_rse.to the normal A.TI process. In addi-
ion to direct recombination to the atomic ground state, we

nitude of the recombination peaks results then from a com- . ST

petition between the order of the process and the degree 0Iso observed IATI features in the spectra of recombination

which the channel closes during the pulse. Interestingly, this” excited states. These excitation mechanisms, often ne-

kind of phenomenon has been noticed and observed in t . ,

normal ATI spectrg28]. jon process. Many of the phenomena_ as;ouated with stan-
Finally, we check the dependence of the IATI process Ondard ATI have counterparts in recombination. For example,

the driving laser wavelength. Results for the recombinationCertaln IATI peaks appear suppressed and interlopers, not

to the ground state appear in Fig. 8 f@) A=565 nm (e associated with direct multiphoton transitions, arise. These
' ~ features probably originate from indirect processes involving
=2.2¢eV), (b) A=400nm (3.1 eV), and (c) A=248 nm

. ) 4 : intermediate transition to excited states. Finally, we studied
(5.0 eV for a peak laser intensity di=10'* W/cn? with a the behavior of the IATI structures as a function of intensity

duration ofT=7.5 fs. Generally, the IATI peaks, separated by, \yavelength. The degree of recombination rises for

the photon energy of the driving laser, still arise in the ré-gpqoer wavelengths since these favor lower-order processes.
combination spectra for different laser wavelengths. How-

ever, some subtle differences exist. For example, in K@), 8
as expected, we have IATI peaks for the8 andn=9 pro-
cesses at momenta of 0.31 and 0.50 a.u, respectively. How- This work was performed under the auspices of the U.S.
ever, we also discover additional peaks gt=0.20 and Department of Energy through the Los Alamos National
=0.60 a.u. that do not correspond to any direct recombinataboratory under Contract No. W-7405-ENG-36.

lected, can have significant effects on the total recombina-
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