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Photodetachment in a strong circularly polarized laser field
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The saddle-point analysis of the transition amplitude shows that the quantum interference effect does not
occur in the direct process of photodetachment by a circularly polarized laser field. This fact is interpreted in
terms of classical electron trajectories. Comparison between the length and velocity gauges is performed by
simulating spectra of photoelectrons produced in a focus of a laser pulse. A substantial discrepancy is found in
the kinetic energy distribution of photoelectrons. At low energies, only the predictions in the length gauge are
consistent with the Wigner threshold law.
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lonization of an atomic system in a strong laser field re-[17]. Their results are in accord with the KFR theory and
ceived great interest during past decades. Numerous nonpeavith the recent experimental observations. Developed to de-
turbative methods have been developed to treat the probleracribe photodetachment from a short-range potential, the
Among these are the Keldysh-Faisal-Re{$&~R) theory = QQES method provides an exact solution for the detachment
[1-3] and its various modificationgt,5], the R-matrix Flo-  rate[18]. Though the direct relation of results by this method
quet theory[6—8], the Floquet close-coupling meth@@l, the  to the quantum interference effect is masked by the numeri-
non-Hermitian Floquet Hamiltonian methti0], the quasis- cal routine, it does predict the interference structure similar
tationary quasienergy statéQQES approach[11], and di- to the one predicted by the Keldysh-like theory.
rect numerical integration methofl$2,13. To date, the quantum interference has been considered

The analytical KFR theory is a most fascinating approachonly for the case of linearly polarized laser field. In the
Despite to the fact that it was first proposed by Keldysh 40present work we investigate its role in the process of ioniza-
years ago and since that time has been under intensive disen by a circularly polarized field. Our approach is analo-
cussion, a deeper analysis of its results still continues to givgous to the one developed by Gribakin and Kuchiy and
insight into the physics of photoionization. A great advantageat employs the saddle-point analysis of contributions to the
of the KFR theory is its analyticity. It enables us to describemultiphoton transition amplitude. The method is based on
the phenomenon of ionization on a more fundamental levelthe strong field approximation, which neglects the core po-
relating it to a coherent superposition of electron trajectoriesential in the description of the final electron state. This ap-
in the continuum. In particular, the effect of quantum inter-proximation is justified when the electron is initially bound
ference in the direct process of ionization is intrinsically in- by short-range forces. Thus, the method is suited for the
cluded in the final expression describing the ionization ratedescription of the process of photodetachment of negative
Only recently this matter came into discussion, after experiions, where the asymptotic Coulomb potential of the core is
ments on strong-field photodetachment of negative ions in absent. In our calculations we use the length gauge to de-
linearly polarized laser field revealed an interference strucscribe the field interaction. Though the velocity gauge sim-
ture in photoelectron spectfa4,15. plifies the consideration for circular polarizati8], it was

Theoretically, the interference effect arises due to a supergued, however, that the length gauge should be used to
position of saddle-point contributions in the complex timeobtain correct results for the photodetachment fdle We
plane. Within the oscillation period of a linearly polarized Show below that the two approaches substantially differ in
field, there are two such points contributing to the amplitudgneir predictions. We also discuss the origin of this difference
of electron emission with a given momentum vector. Thend provide a judgment on the proper gauge to use in the
saddle points are attributed to two spatially separated eled{FR theory. , ,
tron emitters aligned along the polarization axis of the field, L€t us consider the process of photodetachment in a cir-
Such a semiclassical description of ionization reflects th&ularly polarized laser fieldF(t)=F(codwt), sin(wt), 0),
fact that in a harmonic field, the bound electron can be reWhereF ande are the field strength and frequency, respec-
leased at either side from the core along the external forclvely- The polarization plane is assumed to coincide with the
direction. The two emitters are coherent, and thus, their su,¥) coordinate plane and the polarization direction is coun-
perposition gives rise to the interference structure in thderclockwise. Following the adiabatic approximation of Grib-
angle-resolved momentum distribution of photoelectrons. Ir?kin and Kuchiev{4], the n-photon differential detachment
the limit of small photoelectron momenta the effect reduced@t® has the form(atomic units 7=e=m,=1 are used
to a simple picture of a two-slit interfereng@4,16. Quan-  throughout
tum interference is not restricted, however, to low kinetic p?2  F2 3
energies, rather this effect is ubiquitous in the emission spec- dw, = 27T|Apn|25<5 i Eo- nw) 3 ()

w (2m)

trum of photoelectron§l5].

The quantum interference effect is also predicted by thedere E,=-«?/2 is the energy of the initial bound stagejs
QQES method11] and by non-perturbative Floguet method the momentum of the outgoing electron, afyg, represents
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the amplitude of the transition to the final state. The energy y p
of the final state is determined by the energy conservation !
rule represented by th&function in Eq.(1), where the term ‘. £ X
F?/2w? corresponds to the ponderomotive shift of the de- ‘y
tachment threshold. Neglecting the core potential in the de-
scription of the final state, the wave function of the outgoing (a) counterclockwise (b) clockwise
electron is represented by the Volkov function. In the length
gauge, the transition amplitude acquires the form FIG. 1. Electron emission from a circular orbit at the azimuthal
angle ¢ in the plane of circular polarizatioria) and (b) show tan-
w [ (p+ky?\~ gential trajectories of the ejected electron for the counterclockwise
Apn:ZTfo EO_T Bo(p +ky) and clockwise polarization of the field, respectively. Origins of

these trajectories are located at opposite sides from the core.

H t
Xexp{l—J [(p+kt,)2—2EO]dt’}dt, (2) value ¢+3m/2. This value corresponds to the tangential
2 emission from the orbit, as depicted in Figajl The origin
wherek,= ['dt’F(t") is the classical electron momentum due O.f the tangential trajectory IS umq_uely defined by the emis-
¢ sion angle, and no such trajectories that are parallel or that

to the field andeo(q) is the Fourier transform of the initial jtersect each other exist. Therefore, the interference effect is
electron wave function. More details on derivation of E).  gbsent.
can be found in Ref{4]. It is easy to perform similar calculations for a clockwise
The integrand function of Eq2) contains a rapidly oscil- circularly polarized field. In this case the electron is released
lating exponent exXpS(wt)], where S(wt) represents the when the phase of circular motion is-3#/2, which also
coordinate-independent classical action. Thus, the integraksults in the tangential emissidfig. 1(b)]. The classical
over time can be calculated analytically by using the methodonsideration of electron trajectories provides a simple quali-
of steepest descents. In the case of circularly polarized fieldative interpretation of the interference effect in photodetach-
the explicit form of the action is ment by a linearly polarized field. Linear polarization can be
represented by a superposition of clockwise and counter-
F clockwise circular polarizations. Consequently, the electron
S(“’t):n“’t_;p‘l codwt - ¢), (3 emission into a given angle undergoes two paths, corre-
sponding to the two different trajectories shown in Fig. 1. A
where pj=pcosé is the component of the momentum  coherent superposition of these paths, as appropriate for lin-
parallel to the polarization pland, is the angle of electron ear polarization, gives rise to interference analogous to two-
emission with respect to the polarization plane, andslit interference.
p=arccosp,/p,) represents the azimuthal angle in this plane. The rest of the calculations represent a straightforward
The saddle-point condition is defined By(wt)=0 and has a routine. As it was discussed id], in the length gauge the
pair of complex conjugate roots. According to the theory oftransition amplitude is determined by the contribution from
adiabatic transitions, only the root with a positive imaginary'arge distances. Then, it is sufficient to describe the initial

art is of physical meanina. It has the following form state by its asymptotic wave functionA. For a negative ion it
P phy g ¢ has the formgq(r)=Artexp(—«r)Y,(f), where A is the
3 [ ne? n2w* normalization coefficienty),, is a spherical harmonic, and
wtszaffﬂpﬂ In E+ Fz_pz_l : (4)  1,m are the angular momentum quantum numbers of the
Il I

electron in the initial state. The quantization axis of the an-

Thus, only one saddle point contributes to the transitiorgular momentum coincides with the axis. The Fourier
amplitude. This is in contrast to the case of linearly polarizedfansform of ¢, calculated at the saddle point is given by
laser field, where contributions from two saddle points definepo(q) =47A(G%+ k2 "Ym(§), wWhere g—ix, and the argu-
a coherent superposition of two emitted matter waves, givingnent of Y, is a complex vector. The complex spherical
rise to an interference pattern in the photoelectron spectrun@nglesé,, ¢, can be expressed by using a formal definition:
The quantum interference in the process of photodetachmefps6,=q-2/\g?, coseq=0;-X/\qf, whereq;=p,+k;_is the
by circularly polarized field does not exist. This fact can becomponent of the complex momentumparallel to the po-
illustrated by considering classical electron trajectories. Distarization plane. Evaluating the integrand of K@) at the
regarding the core potential, the electron in a circularly po-saddle point, substituting,, into Eq.(1), and integrating the
larized field moves on a circular orbit established during thdatter over the coordinate of the momentum space, for the
adiabatic switching on the field. In this adiabatic case, thdlifferential n-photon detachment rate we obtain
coordinate phase of the circular motion in txgy) polariza- dw, A2w? (=Im)t| _ofop 2
tion plane matches the rotational phase of the field strength ;= g 2 (2 +1) P|m(l— sin 0)

: L ) . (I + |mi)! K

vector. The instant of electron emission with a given momen-

tum p is determined by the saddle poing It should be (p=Vr? -1 Vi + pPsinté am
understood that the real part of the complex titpeorre- [,7-1F cosd| F

sponds to the real time scale. It follows from E4) that the v —(p+\7?-1)—pcosé
electron emission at a given azimuthal angleccurs when @

the phase associated with the circular motion acquires the X exf 2Fp cos O 7 — 1lw?], (5)
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FIG. 3. Electron distribution over the kinetic energy in the plane

de9f circular polarization. Solid and dashed curves correspond to pre-
dictions in the length and in the velocity gauge, respectively. The
curves are normalized to each other at the maximum yield.

FIG. 2. The spectrum of photoelectrons produced by photo
tachment of F in a laser pulse of 1400 nm wavelength and 2
X 10" W/cn? peak intensity.

valence electron in F This function is given in Ref{20] in
a parametrized analytical form, and its Fourier transform can
be calculated analytically

where 7=nw?/(Fp cosé), le‘(Z) is the Legendre polyno-
mial, andp=(2nw-F?/w?+2Ey)? is the electron momen-
tum determined by the energy conservation rule.

Equation(5) is used to simulate a spectrum of photoelec- 4
trons produced by photodetachment in a laser pulse of high Do(p) = — 327 Y 11(D) > CiNizgi—pzy
intensity. The simulation is performed for realistic experi- i=1 (pe+ &)
mental conditions where Hons interact with a focused laser
beam of 1400 nm wavelength afgE2x 1013 W/cn? peak ~ where numerical paramete®;, N;, & are given in[20].
intensity. The initialp state(I=1) of F~ has the binding en- Equationg6) and(7) are used in a simulation of the pho-
ergy E,=-3.401 188 7 eV[19]. The calculation routine is toelectron spectrum of Fat the same laser parameters as
analogous to the one described in R&8]. It involves sum-  described above. The shape of the spectrum is similar to the
mation of photodetachment rates for different valums ©One shown in Fig. 2. For a quantitative comparison, we
=0, +1 of the projection of the initial angular momentum, present in Fig. 3 the kinetic energy distribution of electrons
the statistical averaging of detachment channels associat@hitted in the plane of circular polarization. The solid and
with the two spin-orbit subleveléP‘{,z andPj,,, of the final dashed curves correspond to calculations in the length and in
atomic state, and integration of the electron yield over théhe velocity gauge, respectively. The figure shows a substan-
intensity distribution in the laser focus. The result of simula-tial discrepancy between the two predictions. In particular,
tion is presented in Fig. 2. The figure shows the electrorthe relative yield of electrons with low kinetic energies is
distribution over the momentum scale and the emission angléonsiderably enhanced in the length gauge compared to the
with respect to the plane of circular polarization. The specvelocity gauge. The maxima of the two distributions appear
trum consists of contributions from a series of excess photoat different kinetic energies, separated by approximately
detachment peaks with=4. The peaks are ponderomo- twice the photon energy. Such a difference can be easily
tively shifted and broadened and overlapping each other, givesolved experimentally.
ing rise to the regular structure along the momentum axis. The discrepancy found here arises from the fact that the
The spectrum, however, does not exhibit any structure ass@hotodetachment rate in the length gauge is dependent on the
ciated with the quantum interference effect. value m of the projection of the initial angular momentum

In the following we compare these results with predic-[See Eq.(5)]. In contrast, predictions in the velocity gauge
tions obtained by using the velocity gauge. The differentialare dependent on its absolute valug. In order to explore

n-photon detachment rate in the velocity gauge has the forrthis fact deeper, let us consider the threshold lipait 0. In
[3] this limit the detachment process should obey the Wigner

threshold lawj21]. Its validity under strong laser field con-
dw, _ o’p (n B |:_2>2|~ ( )|232<E) ®) ditions has been discussed in Rg#2]. The law predicts the
dQ  (2m)? 203 PolP)IJ; n)’ detachment rate to be proportionalg8*, where¢; is the
angular momentum of the electron in the final continuum
where 7 is introduced in Eq(5), J, is the Bessel function, state. In the case & considered heré =1,n=4), the low-
and ¢y(p) is the Fourier transform of the initial wave func- est final-state angular momentum according to the selection
tion calculated at the momentumof the outgoing electron. rules is€¢;=n-1 for the initial state withm=-1, and{;=n
The presentation of the initial wave function by its +1 for m=0, +1. Expanding Eq(5) over p in the limit of
asymptotic form is not justified in the velocity gauge. There-low momenta and taking the first significant term into ac-
fore, here we use the Hartree-Fock wave function of thecount, we find that the-photon detachment rate is propor-

()
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tional to p?™V*1 when m=-1, and it is proportional to distributions of photoelectrons calculated in the length and in
p?™P* whenm=0, + 1. This result is absolutely consistent the velocity gauge, respectively. The discrepancy arises from
with the Wigner law[23]. In contrast, predictions in the ve- the fundamentally different character of contributions from
locity gauge fail to reproduce the threshold law. Indeed, exjpjtial states with positive and negative values of the angular
gapdlﬂg eqs(62 and(?) in tthe “T‘%gz)ﬂ ‘.N% find tgattthe momentum quantum number, as predicted in this work. In

etachment rate IS proportional o= = =, INAEPENCENT ON 0 jimit of 0w electron energies, only the calculations in the
the valuem of the projection of the initial angular momen- : ; i

oljﬁ?gth gauge are consistent with the Wigner threshold law.

tum. As a consequence, the detachment yield near thresh he | h . in th ldvsh
from the m=-1 initial state is lower in the velocity gauge. ' NuS: the length gauge is proper to use in the Keldysh ap-

For example, in the lowest order detachment channel considioximation. This result represents an important cornerstone
ered heren=4, it is proportional top*! instead ofp’. This  in the years-long discussion on the appropriate gauge to use
explains the discrepancy at low kinetic energies shown inn the KFR theory.

Fig. 3. . . . . .
In conclusion, it has been shown that the quantum inter- The authors greatly appreciate fruitful discussions of this

ference effect is absent in photodetachment by circularly poWork with Professor Hanspeter Helm. This research was sup-
larized laser radiation. A substantial and experimentally obPorted by the Deutsche Forschungsgemeinschaft, Grant No.
servable discrepancy is found between kinetic energyKl 865/1-1.
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