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High-energy above-threshold detachment from negative ions
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Above-threshold detachment of electrons from negative ions by an elliptically polarized laser field is ana-
lyzed within the strong-field approximation. The low-energy part of the spectrum, that is, its structure and its
apparent cutoff, strongly depends on the orbital quantum nuindfethe initial ground state. The high-energy
part is characterized by the usual extended plateau caused by rescattering, which is essentially independent of
the ground state. The potential that the returning electron experiences during rescattering is modeled by the
sum of a polarization potential and a static potential. This rescattering potential does not have much effect on
the shape of the plateau, but it does on its height. Fofl H0), the yield of rescattered electrons is five orders
of magnitude below the direct electrons, while for(ll=1) the yields only differ by a factor of 40. We also
analyze the dependence of the angle-resolved energy spectrum on the ellipticity of the laser field and confirm
general symmetry properties. An angle-integrated elliptic dichroism parameter is introduced and analyzed.
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I. INTRODUCTION (KFR) theory that takes into account the first-order correc-

Laser-induced above-threshold detachmegATD) of tion in the rescattering potentig§ll1,12. The elastic or in-

negatively charged ions differs from above-threshold ionizaglastic recollision of the ionized electron with its parent ion
tion (ATI) of neutral atoms by the absence of the net Coul€ads to a variety of Processes. BeS|d'es high-order ATl
13-15, these include high-order harmonic generatjidf],

lomb attraction of the detached electron by the residual atont}: ; . e .
onsequential multiple ionizatiofil7], laser-assisted x-ray

Since the outermost electron of a negatively charged ion i§ , | ) binati d
only loosely bound and easily detached by moderately stronglom scattering18], electron-ion recombinatiofl9], an
lectron-atom scatterin@0].

fields, it has been a challenge for many years to carry ou . . .
- ; - ; S e The main problem of the SFA applied to ATl is its neglect
experiments with negatively charged ions with fields strong f the Coulor%b attraction betweeﬂpthe ionized electrogrjl and

enough. to observe the nonperturbatlye effects.that are Chaﬁ's parent ion. This affects, in particular, the total ionization
acteristic of ATI[1]. The early strong-field experiments only

. X rate and the electron spectrum for low energies, especially
investigated total detachment rafe$. Only recent measure- for elliptic polarization. Moreover, even the improved SFA

ments have succeeded in recording angle-resolved energy,oq not incorporate the important effect of Coulomb refo-
spe_ctra forH [_3] and, thereafter, for F[4]. The rescatte_rlng cusing of the wave packet of the returning electi@i].
regime[5], which has generated the strong renewed interesgonsequently, one may also question its reliability regarding
in ATl over the paSt decade, has not yet been entered in ATq‘igh_order ATL even though’ for reasons not fu”y under-
even though the recent experimgd came close. stood, it reproduces even subtle effects such as the intensity-
Strong-field ionization of many-electron atoms can be redependent enhancements of groups of ATI pgaRs23.
markably well described in the single-active-electron ap- This problem is absent from ATD, and indeed it has been
proximation(SAEA), where the problem is treated as an ef-argued that the combined SAEA and SFA should be guanti-
fective one-electron problem with an optimized atom-tatively reliable in this realn{24]. This has been recently
specific one-electron potential. Numerical solutions of theconfirmed for the negative ion H[3,25,26. In particular,
three-dimensional time-dependent Schroédinger equation igiven the absence of Coulomb refocusing, the improved SFA
this context have reproduced the experimentally observedhould yield excellent results when applied to high-order
angular-resolved electron energy spectra with high accuracXTD of the negative ions. On the experimental side, there is
[6,7]. However, for an elliptically polarized laser field, espe- the problem of how to prevent premature detachment in the
cially if the intensity is high and the frequency in the infra- leading edge of the pulse, in view of the low electron affinity
red, this method becomes extremely time consuming. of the negative ions. This can be accomplished with the help
Within the SAEA, ATI processes have been successfullyof short pulses and/or low frequencies, and by a proper
described using quantum-mechanical models based on tlehoice of the ion. The maximum binding energy is realized
strong-field approximatiogSFA) [8], which yields excellent by negative ions with a filled valence shgl7]. The electron
agreement with the data, in particular for circular polariza-affinity of halogen iongsuch as F) exceeds 3 eV and there-
tion and not too low electron energi§¢8]. The high-order fore they are most suitable to explore strong-field effects
ATI spectrum is characterized by an extended plateau whosexperimentally. Experiments with heavier halogen 6@k,
height is several orders of magnitude lower than that of thér~, and I') have been done, but only for few-photon detach-
direct ATI spectrum and extends up to a well-defined cutoff. ment(see, for exampl€,28] and references thergin
This plateau is the manifestation of rescatter[dg]. It is With this in mind, we focus in this paper on high-order
very well described by an improved Keldysh-Faisal-ReissATD of negative ions, in particular for an elliptically polar-
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ized laser field. We will use the SFA formalism similar to that scattering state with asymptotic momentprand the ground
of Ref. [12] in which high-order ATI by a linearly polarized state, respectively, of the negative-ion Hamiltoni&h
laser field was considered. The difference is the absence &f-V2/2+V(r). The time-evolution operatdd(t,t’) satisfies
the long-range Coulomb potential. Also, for rescattering wethe Dyson equation

will use optimally suited potentials that depend on the elec- .

tronic structure of the respective ion. Preliminary results of "N _ N " ” "o

this approach have been communicated bef@@, also Ut) = U (L) 'f drU L OVUITE), ()

with regard to the experimen].

In the absence of the long-range Coulomb potential, avhereU, (t,t") is the time-evolution operator of the Hamil-
useful model results when the remaining electron-core intertonian H, (t)=-V2/2+r -E(t) of a free electron in the laser
action is modeled by a zero-range potential. This permits afield. The eigenstates of the time-dependent Schrodinger
accurate solution within the quasistationary quasienergy apequation with the Hamiltoniail, (t) are the Volkov states
proach[30,31]; for a review, see Ref32]. The ground states
of negative ions with high electron affinitguch as F, CI-, [ () =[p + At))exd - iS,(D)], (4)

BrY, I, At") arep stateq1=1), while the standard zero-range
potential approach was developed forstates(I=0). Re-
cently, the effective-range method was applied in this context 1 (t

[33], and the results were compari&] with the experiment St = Ef dt'[p +A(t)]?, (5)
(4]

t'

where

The generalization of the SFA to elliptic polarization is gpq l|g) denotes a plane-wave state[(r|q)

straightforward, thanks to the availability of the Volkov so- =(2m)3exp(iq-r)]. The Volkov time-evolution operator
lution [35]. However, this theory produces a fourfold sym- has the expansion
metry in the angle-resolved electron spectra, which is
strongly violated by the experimental data for low electron
energies. Taking rescattering into accoyé], which dis- UL(t:t,):fd3k|lr/f§<L)(t)><¢(kL)(t,)|- (6)
obeys the fourfold symmetry, does not improve the agree-
ment, since its effect on the low-energy spectra is insignifi- Equations(1) and (3) are exact. Introducing the strong-
cant. Much work has been done in order to explain theséield approximation, i.e., replacing(zpp(t)IU(t,t’) with
results(see references ifiL4]). Again, for negative ions the <¢(L)(t)\u(t,t’) in Eqg. (1) and, subsequently) with U, on
SFA results for elliptical polarization are expected to be retpa right-hand side of Eq3), we get
liable, but a verification is still needed.

In the present paper, we will analyze the ellipticity depen- MSA=MY + M, (7)
dence of the angular distributions of electrons wathnd p
initial-state symmetry. Particular attention will be devoted towhere
the dependence of this angular distribution on the sign of the o
ellipticity (the so-called elliptic dichroism effe¢B87]). We M“-’):—if dt( O (t)|r - E()] (b)), (8)
use the atomic system of units=e=m=1). P . P

Il. THEORY MgP:—f dtf dt' (i () VUL O - E(D]si(D)).
—% t

Consider a negative ion initially in its ground stdig) 9)
that is irradiated by a laser pulse with vector potentié)
and electric fielde(t)=—d/dtA(t). The probability amplitude The amplitudeM(?) is the KFR amplitude[8], which de-
for detecting an ATD electron with momentumand kinetic  scribes direct electron detachmé@4], while the amplitude

energyE,=p®/2 is [14] MW is the rescattering amplitude, which is responsible for
t the high-energy plateau in the electron energy spectrum. It
Mp; =—i!i_r2f_m dt' (g, ()|U(L,t)r -E(t)]s(t')). (1)  corresponds to a generalization of the three-step model of

high-order above-threshold ionizatiqsee [14] and refer-
ences thereinto high-order ATD. In the first step, the elec-

o . . -
Here U(t,t') is the time-evolution operator of the Hamil tron is detached from the negative ion; in the second step, the

tonian free electron moves in the laser field and may return to the
2 atom; in the third step, the electron scatters elastically off the
H(t) =~ St E(t) +V(r), (2)  atom. Owing to further acceleration after this elastic scatter-

ing, the electron can acquire an energy much higher than in
wherer -E(t) is the laser-field—electron interaction in the the direct ATD process. In principle, in the single-active-
length gauge and the dipole approximation, affd) is the  electron approximation, the potentid(r) represents the op-
interaction of the electron with the rest of the negative ion intimized one-particle potential felt by the electron. We will
the absence of the laser field. The staggsand ¢; are a  discuss our choice df(r) in Appendixes C and D.
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Using partial integration and the Schrddinger equations

for functionsl//:}) and i (t) = iexp(—iE;t), the amplitudev g?)
can be transformed into

o 2
ME?)=if_ dt{—[p+A(t)] -

2
wheregE; is the energy of the ground state. Inserting E).

Ei}w:,”(t)ma», (10)

into Eq.(9) and performing the integration over the interme-

diate electron momenta (see Appendix A, we get the fol-
lowing exact result’ =t—7):

® %° 3/2
my=- [ atf " of 27) expits 1) -5 01
= Jo
xexp(—li)wg”(t)lwkw(t»

27 Jk?
Xk + A - EW)d)] =k

1 t
L.

with a(t)=/tdt’A(t").

Exploiting the periodicity of the laser field with respect to
T=27n/w, as in Ref.[12], we can decompose the transition
amplitude in the form

(11

where

ks= dt'A(t') = %_[a(t -7 -a(t)], (12

Mpyi == 2w >, 8E, —E +Up—no)Ty(n), (13

which also displays energy conservation in terms of “absorp-
tion of laser photons.” The differential detachment with ab-

sorption ofn photons is then

Wpi(n) = 27Tp|Tpi(n)|2- (14)
In the expressions above, we defined
27 d
Tpi(n) = JO Z‘i%i(w)exp(inso), (15
where( g=wt, ¢’ =p—w7)
Toi(@) = (T3 + T))explilp - ale) +Uy(@)],  (16)

with [g=p+A(e)],
TO(¢) =iE(e) - -7 -(E—q—2)~ 1
pi (@) = (@)'aqlﬁi(Q)— T gi(a),  (17)
o 2 3/2
T (g) =i f d(l—”) explilS (@) - S (¢)
0
+Er]}exp< 7 )V (k+A(e")|r -E(¢")
27 gk2) kP ¢ ¢
X|‘r//i>|k:ksa (18)

~ d°r ]
#i(q) =f (ZT)g,zzM(r)exp(— iq-r), (19

PHYSICAL REVIEW A 70, 053403(2004)

3
Vg = f dr sV(rexpliK -r). (20)
(2m)

The functiorﬂ/{l(go) in Eq. (16) is defined as the periodic part
of U(t)=3['dt' AX(t")=Uy(t) +Ugt, with Up the ponderomo-
tive energy. The termg*o) and 7“) correspond to detach-
ment without and with rescatterlng respectively. The integral
over the travel timer in Eg. (18) can be done by numerical
integration, while the integral ovep in Eq. (15 can be
performed using the fast Fourier transform, or also by nu-
merical integration. The integrands contain matrix elements
whose explicit form is given in Appendixes B, C, and E.

Alternatively, the integrals over time in the above equa-
tions can be evaluated by the method of steepest descent
(saddle-point methgd The results in this paper will be ob-
tained as described above, but for later use in Sec. IV C we
state here the “saddle-point equation”

[p+A(D] = 2E;. (21)

This equation is obtained by looking for timéshat render

the exponential under the integral on the right-hand side of
Eqg. (10) or Eq.(15) with Egs.(16) and(17) stationary. This
exponential receives contributions from the Volkov actibn

and the bound-state energy, which immediately leads to the
condition(21). SinceE; <0, the solutiong will be complex.
With the action(5) evaluated at the saddle-point solutions,
the direct amplitude assumes the form

T(O _ _E { S } 1/ZexF{iSpi(ts)]

X{[p +Atd1? - 2E}i(p + A(t)),
whereS;;(t)=S,(0) - Eit, S(0)=—E(t)-[p+A(1)].

(22)

IIl. SYMMETRY CONSIDERATIONS

We will present explicit results for the elliptically polar-
ized laser field

E
;Z(éz sin wt — éys CcoSs wt) (23

E(t)
Vl+e

with ellipticity e, where@, and &, are the unit polarization
vectors along thg andz axis, respectively. For the momen-
tum of the detached electron, we use spherical coordinates
p=(p, 0, ) with the polar axis in the direction of the semi-
major axis of the field23) so that co®9=p -&,. The electron
momentum is in the polarization plane of the lasergif
=+7/2.

The exact differential ionization rate(p, ) = w,;(n) [38]
satisfies the inversion symmet¢ywofold symmetry [39]

w(=p,e) =w(p,e), (24)

as well as the symmetry
w(p,— &) =W(py, ~ pyvpz-s) = W(px-pw_ Ppe). (25
The symmetry (24) corresponds to (6,¢)
—(m—6,¢+m), while for Eq. (25 p,—-p, implies
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¢— ¢+, and p,— —p, corresponds t@— - 6. In addi-
tion, the rate is independent of the sign of the momentum
componentp, which is perpendicular to the plane of polar-
ization.

If we consider only electron emission within the polariza-
tion plane, it is convenient to introduce the polar coordinates
(p,#) in theyz plane, such that tay=p,/p,, wherey is the
angle with respect to the major axis of the polarization el-
lipse. Its connection with the spherical coordinates is given
by =+ 6 for p==x/2.In this case, the symmet(g4) is the
twofold symmetryw() =w(i+1r),while the symmetry25)
gives W(i, —e) =w(m—i,e) =W(—i,e). For linear polariza-
tion, it is w(y) =w(=).

The above symmetry relations are exact. For the direct
electrons, we have the additional symmetig9]

Electron yield (arb. units)

W(O)(p,s) = \N(O)(pw ~ Py Ppe) = W(O)(pw Py~ Ppe) (26)

and
0 20 40
W(O)(p, €)= W<O)(p, -g). (27) Kinetic energy (eV)
The relations(26) lead to the fourfold symmetryw(i) FIG. 1. (Color online The focal averaged electron spectrum for
=w(m—¢)=w(-¢), while the relation(27) has the conse- F (E;=-3.4 e\ for a laser wavelength of 1800 nm and peak in-
guence that the elliptic dichroism parameter tensity | h.=1.5x 103 W/cn? for three different directions with
respect to the polarization axis of the linearly polarized fiedd:
Se) = w(e) —w(-¢) (28) =0°, 20°, and 40°. The direct detachment spectra are presented by
w(e) +W(-g) gray (red) curves, while the black curves also include detachment

. . . i with rescattering.
is zero in the KFR approximatiori®(s)=0.

Due to the symmetry relation®4) and (25), we have
wW()=w(y+m) and Wiy, e) =Wy, =) =W(m= i, &) ~W(m
—,€), so that it is enough to analyze the dichroic effects for
¢ e[0,7/2]. It is useful to introduce the angle-integrated
elliptic dichroism parametei(e) by the relation

integral overl so that, for everp, (w,;) can be calculated as
a single sum oven=(E,-E))/ o.
In Figs. 1 and 2 we show examples of the spectra for

[W(e) - W= o)
W(e) +W(-¢) '

with W(e)=[7"2 w(e, )dy.

Ae) = (29

IV. NUMERICAL RESULTS X
107

0.36 |

A. Focal averaging

For fixed laser intensity, the energy spectrum consists of
a series of discrete peaks at enerdigs Ei+nw-1/(4w?),
N=Nin,Nmint1,.... For adetailed comparison with experi-
mental data, this spectrum has to be integrated over the
spatio-temporal intensity distribution in the laser focus. We
will apply here Gaussian focal averaging as explained in Ref.
[40]. For the case of weak focusin@s is the case in the
experiment[4]), the diameter of the atomic beam is small
compared with the Rayleigh range of the laser beam focus, 0 10 20 30

Electron yield (arb. units)

10- _|||||||||||||||||||v EREERENE FE

and the focal-averaged electron yield is Kinetic energy (V)
Imax (| I max | /2 FIG. 2. (Color onling The focal-averaged electron spectrum for
(Wpi) f T |n|— > Wyi(n)S(E, - E; - nw F~ in the direction of the major polarization axis for four different
0 n ellipticities: e=0, 0.18, 0.36, and 0.5. The laser wavelength is 1800
+1/(4?) (30)  Nm and the peak intensity I 103 W/cn?. The direct detach-

ment spectra are presented by g(agd) curves, while the black
wherel . is the peak intensity. Thé function cancels the curves also include detachment with rescattering.
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different angles and ellipticities. The spectrum is averaged 6
over the spatio-temporal intensity distribution in the laser
focus that corresponds to the experimptjt The finite mo-
mentum resolution of the detector is not taken into account.
According to Ref.[3], it amounts toAE<1 eV for E,

=15 eV, so that it suppresses the peaks and makes them
smoother. Except for the lowest energies, the calculated
focal-averaged spectra display well-resolved peaks. At low
energies, the spectra are governed by the direct electrons. At
some rather well defined higher energy, the rescattered elec-
trons take over and form the characteristic plateau. The cut-
off of the spectrum is shifted to lower values with the in-
crease of the angl® and/or ellipticity e. The noticeable
feature of the rescattered spectra is pronounced enhance-
ments. These enhancements are also very pronounced in ex-
perimental ATl spectra, sef2]. For theoretical develop- -

ments, see Ref[23]. The plateau in the spectrum of the -

low-energy direct electrons disappears with the increase of -

the angled, while for the high-energy rescattered electrons o é "1 : é : Ell '1'0' -
only the cutoff position of the plateau is shifted to lower E/U

values. In contrast, the rescattered plateau disappears with p. P

the increase of the ellipticity, while the direct plateau is less

affected. .
. . the electron energl, (scaled to the ponderomotive energy) for
A comparison of the experimental data from Réd] different angles:#=0° (upper pane| 20° (middle pane, and 40°

(only electrons witlE, <18 eV were registergaénd the the- (bottom panel The laser-field intensity is=10'* W/cn? and the

oretical results for/=0 ande=0 were presented in our ear- yayelength is\=10 600 nm. The dotted lines correspond to direct
lier paper[29] and in Ref.[34]. Both papers found better getachment.

agreement for a peak intensity higher than reportefdjnA _ _ .
qualitative discrepancy between the theory and the data thaplutions of the saddle-point equatiqf+ «*=0 (see Appen-
could not be removed by adjusting the intensity was obdix E) so that

u.)

CTTTTTTTT

Detachment rate (a.

FIG. 3. Detachment rates of HE;=-0.75 eV} as functions of

served in the region near 15 eV. We conjectuf€] that 0 exp(iSy)
this discrepancy might be due to many-electron contributions TOM) Mg+ (= 1)'My,  Mg= T (31
to ATD that are beyond the single-active-electron approxima- V=&

tion, as in one-photon photodetachm¢at]. Indeed, Ref.  For example, for the detachment of electrons in the direc-
[34] attributes the peaks near 15 eV to the shape resonancgen of a linearly polarized field, we hav&=ne+(pA
which in F is located at 14.85 eVsee p. 611 in Refl42)).

B. Dependence on the initial state

In order to analyze general properties of the detachment
rates, in Figs. 3 and 4 we present results obtained without
focal averaging. The detachment rates by a linearly polarized
field are plotted as functions of the electron energy in units
of the ponderomotive energy for different emission direc-
tions and for H (Fig. 3) and F (Fig. 4). The figures show
that the ultimate high-energy cutoff of the spectrum depends
on the angled and is the same for bothHand F. It is at
10U, for 6=0 and decreases with increasifig The low-
energy part of the spectrum is determined by the direct de-
tachment rates. One can notice that the direct part appears to
have different cutoffs for Hand F: while the rates for H
quickly decrease for energies abovdg? the direct rates for
F~ extend to higher energies and start to decrease noticably

—_
ol
o

'
o]

—h

o
L
o

Detachment rate (a.u.)
=

—_
o-
(o2

'
o

—_
L O
o

only above the higher energyJ3. 10 TR T
In order better to understand the behavior of the direct 0 2 4 6 8 10
detachment rates, we recall that they can be obtained from Ep/ Up
Egs. (14)—(17) solving the integral overp=wt using the
saddle-point methogisee Eq.(22)]. For fixed electron mo- FIG. 4. Same as Fig. 3, but for F1=10W/cn?, A

mentump, for a linearly polarized laser field there are two =1800 nm.
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FIG. 5. (Color onling Electron spectrum in the directiof=0°
for direct ATD of F by a linearly polarized laser with a wavelength
of 1800 nm and intensity #Wcm™. The results are obtained
taking only one of the two saddle-point solutiqu®t-dashed curve
and circle$ or taking both solutions but with different ground state:
a fictitious|=0 ground statésolid curve “S1+S2j and the correct
=1 ground statédashed curve “S1-S2"Notice that the positions
of destructive and constructive interference are alnfatsteast for
low energies complementary fot=0 andl=1.

+Up COS ¢)sin ¢/ w, -S'=(p+A_cosp)E, sin ¢, o1
=arccof(-p-ix)/A_], ¢,=2m—¢;, Im =0, O<Reg

<2 In Fig. 5, we compare the rates obtained taking only

solution 1(circles), only solution 2(dot-dashed curyeboth
solutions  with 1=0 (solid curve denoted by
“S1+S2"), and both solutions with=1 (dashed curve de-
noted by “ S1-S2J. We see that the contributions of the
solutions 1 and 2 are practically identical. NearUpZhey
interfere destructively for=0, while they interfere construc-

tively for [=1. These results are in agreement with numerical

results presented if29] and Eq.(1) of Ref. [4]. The very

PHYSICAL REVIEW A70, 053403(2004)

refer to the two solutions by, andt, (Ret;<Ret,). They
satisfy

[p+AMt)?=2E-p7 (i=1,2. (32

Let us ignore, for sufficiently high intensity, the right-hand
side of this equation so that andt, are real[provided |p,|
<max |A(t)|]. After its birth at either one of these two times,
the electron then follows the classical orbits

vi)=p+AM), p=(p,p)=At).p,),

t

() =(t-t)p+ f d7A(7).

{;

(33

When an electron is born at the tinbg an electron born at
the earlier time; would have reached the turning point of its
motion, which is at the distance

tp

Xy(tp) = (L, —t)p + f d7A(7) = AX (34)

ty

from its starting point at the origin at the position of the ion.
The subsequent motion of these two electrons is identical,
except that one is delayed with respect to the other by the
distanceAx. Hence, there are two different points of view:
electronic wave packets originate at the same position—the
position of the ion—at different times, or at the same time
but at different positions—at the ion and at the turning point
of the ponderomotive motion. Both are equivalent.

The direct quantum-mechanical transition amplitg22)
incorporates the superposition of these two orbits. It can be
written in the form

Tgf)(n) = CeSit{1 + (- 1)|ei[spi(t2)_spi(t1)]}’ (35)

pronounced difference between the complete spectrd for where the prefacto€ combines the square root and the form

=0 andl=1 is due to the different behavior of tharect
electrons. Owing to the destructive interference nggr

factor on the right-hand side of E@22). [The factor of
(-1)' that multiplies the second term comes from the parity

~4.2U; for =0, the direct electrons appear to have theirof the ground state in Eq22) and the fact thatE(t,)=

cutoff at lower energies fdr=0 than forl=1. Therefore, for

—-E(ty), while p+A_ coswt, ;=+*ik.] Let us consider the

| =0 the rescattered electrons have a chance to become dorngase wherép| <max |Aq(t)|, so that we may neglect the first

nant for lower electron energies than forl.
For increasing ellipticity, the saddle-point equatii)

keeps having two solutions per cycle up to a certain “criti-

cal” ellipticity £,=0.755[43]. For e> ¢, there is only one

solution per cycle, and the interferences considered above

cease to exist. For circular polarizatiGe= + 1), this solution
is given by cosp—p)=—(p?+2Up+k?)/\2Up(p2+pd),

tanp=ep,/p,. The absence of interferences for circular po-

contribution toAx with respect to the second. Moreover, for
small|p|, the electrons are born near the maxima of the field
so thatt,—t;~=T/2 and

Soi(to) = Spi(ty) = (p72 +Up—E)T/2+p - Ax.  (36)
But, for a not too short pulse, we have
p?2+Up—E; = nw (37)

larization has been confirmed by the most recent ATD ex-

periment[44].

C. Analogy with double-slit diffraction

for some integen. Hence, we obtain the interference pattern
of a two-slit source,

11+ (- 1)'el$i@ % W2 =21 + (- 1)™ cogp - Ax)].
(38)

For a linearly polarized laser field, the saddle-point equa-

tion (21) for specifiedp has two solutions during one cycle

This is a rederivation of a result by Gribakin and Kuchiev

of the field. We decompose the momentum in componentf24]; see alsd25,26. For simplicity, we have treatefix as

parallel and perpendicular to the laser figd; (p;,p ), and

real, which restricts us to the tunneling limit.
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Ep/ UP FIG. 7. (Color onling ATD electron spectra normalized so that
the maximum of their direct low-energy part is equal to 1. Only the
FIG. 6. (Color onling ATD electron spectrgsolid curve$ for high-energy part withE,>4Up is shown. The laser intensity is
Br~ (upper paneland CI (lower pane) in the direction of the laser 103 W/cn?, the wavelength 1800 nm, ar@k0. The laser field is
polarization. The contributions of the polarization pa@#) (dashed linearly polarized and no focal averaging is taken. The spectra are
curves and the static partC8) (dotted curvesof the rescattering for F~ (dot-dashed ling CI™ (dotted ling, Br~ (dashed ling and I
potential are analyzed. (solid ling), with the relevant parameters given in the Appendixes.

D. Dependence on the rescattering potential static potential, while for F the contribution of the static
In our previous papef29], we have analyzed the influ- potential is dominant. Here we will analyze the spectra of
ence of the static and polarization potentials on the highheavier halogen ions. In Fig. 6, we present high-energy
energy ATD spectra. The examples of Hnd F ions were  (E,>4Up) ATD spectra for BF and Cr. The laser intensity
investigatedplease notice that the laser intensity forwas  and wavelength are ¥W/cn? and 1800 nm, respectively.
1.1x 10" W/cn? and not 18° W/cn? as mentioned in Fig.  We see that both for Cklower pane) and Br (upper pane|
4 of Ref.[29]). We also noticed that for H the polarization the total spectrungsolid lines is mainly determined by the
potential makes a slightly stronger contribution than thecontribution of the static rescattering potenti@g) (dotted

H™ 20 1 (a) F 90 1 (b)

180

270 270

FIG. 8. (Color onling Detachment rates, EqC11) as functions of the polar anglg tan ¢=p,/p, (see Sec. ll), for fixed electron energy
E,=2Up, for different ellipticities:e=0 (solid black ling, e=0.18(dashed blue ling e =0.36(dotted red ling, ande=0.5(dot-dashed green
line), and for(a) H-, laser intensity 18 W/cn? and wavelength 10 600 nm, rates < 1077 a.u., withx=2.25 fore=0, x=1.6 for &
=0.18, andx=0.8 for£=0.36 and 0.5(b) F~, intensity 18° W/cn? and wavelength 1800 nm, rates in 5:2%0°7 a.u.

053403-7



GAZIBEGOVIC-BUSULADZIC, MILOSEVIC, AND BECKER PHYSICAL REVIEW A70, 053403(2004)

e=0

e=0
£=0.18 0.18
e=0.36 0.36
£=-0.36 -0.36

FIG. 9. Polar diagrams of the high-energy detachment rates of FIG. 10. The same as in Fig. 9 but for nd for the laser
H™ for the same laser parameters as in Fig),8or E,=4Up (left- parameters of Fig.(8). The rates forE,=4Up (left-hand panels
hand panels E,=6Up (right-hand panels and for the ellipticity  are in multiples of 1.25% 1078 a.u., except foe =0, for which they
£=0 (top panely £=0.18(panels in the second rowe=0.36(third are in multiples of 2¢10°® a.u. ForE,=6Up (right-hand panels
row), ande =-0.36(bottom row. The rates folE,=4Up (left-hand  they are inxx 107° a.u., withx=13.2 fore=0, x=7.9 for£=0.18,
panel$ are in multiples ofkx 1072 a.u., withx=1.5, 0.9, and 1.07 andx=0.87 fore=+0.36.
for =0, 0.18, and +0.36, respectively. F&,=6Up (right-hand
panel3 we havex=1.1, 0.33, and 0.004 38 fac=0, 0.18, and

X E. Elliptical polarization
+0.36, respectively.

First, we will present numerical results for the low-energy

electrons. According to the symmetry considerations of Sec.
lines) and that the contribution of the polarization potentiallll, the detachment rates should obey the fourfold symmetry
(C4) (dashed linesis small. (26) which holds regardless of the angular momentum of the

For H, the low-energy direct detachment rates are almosground state. This is confirmed by Fig. 8, which displayfs

five orders of magnitude larger than those of the rescatteringolar diagrams foE,=2Up, for various ellipticities, and for
plateau. For the heavier halogen ions, the static part of thel™ (I=0) and F (I=1) ions.
rescattering potential is much stronger so that the rescatter- Next, in Figs. 9 and 10 we show results for the higher
ing plateau becomes higher. In order to explore this, in Fig. Znergiess,=4Up and 8Jp. Fore=0, the fourfold symmetry
we compare the rescattering parts of the negative-halogeiis preserved, as it should, and the spectrum shows the typical
ion spectra. The spectra are normalized so that the maxingidelobegsee Ref[12] and references thergirFor nonzero
of their direct parts are equal to 1. In this way, we are able teellipticity, the fourfold symmetry is violated but the twofold
compare the relative heights of the rescattering plateaus faymmetry (24) is preserved. Comparing the results for
F~, CI', Br, and I'. As expected, because the number of=0.36, with those foe=-0.36, we confirm that the symme-
scattering centers is the largest for iodine, the correspondintgy relation(25) is satisfied.
plateau is the highest. It is lower than the direct part of the Finally, in Fig. 11 the angle-integrated elliptic dichroism
spectrum by a factor only 40. The heights of the rescatteringgarametet\(e), defined in Eq(29), is shown for F ions as
plateaus decrease from iodine to fluorine by a factor of aboua function of ellipticity for various electron energies. For
30, but even the plateau in fluorine is still higher than the oneenergies less thanUp, this parameter is close to zero be-
in H™ by almost two orders of magnitude. Therefore, thecause this part of the spectrum is dominated by the direct
heavier negative halogen ions are excellent candidates for alectrons for whichA©(¢)=0 in view of Eq.(27). For higher
experimental observation of the rescattering plateau. energiesA(e) is a smooth function of. It assumes its maxi-
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L negative halogen ions so that these are excellent candidates
P — E=40 RN for an experimental detection of the rescattering plateau for
- —- E=6U, e \\ 1 negative ions.

0.3 _ E =8U, s ] The angular distribution of high-energy electrons is

- e 14 strongly affected by the laser ellipticity. A measure of the
1 asymmetry introduced by the ellipticity is the angle-

\ i integrated elliptic dichroism parameter introduced in this pa-
per.

For elliptical polarization, there are only few experimental
data for high-order ATI of atomp45,46 and none for high-
order ATD of ions. For rare-gas atoms and the pertinent laser
parameters, theoretical calculations based on the same for-
malism discussed in this paper and interpreted in terms of
) L el T B e S guantum orbits can be found in Refgl5,47. They show

0 0.2 D4 0.6 features very similar to Figs. 9 and 10, in particular the lack
of symmetry with respect to the two polarization axes. In

FIG. 11. (Color onling Angle-integrated elliptic dichroism pa- Vview of the lingering doubts regarding the significance of
rameter as a function of the ellipticity for "F laser intensity Coulomb effects even for high-order ATI, experiments with
10" w/cn?, and wavelength 1800 nm. The detached electron ennegative ions, where the absence of the long-range Coulomb
ergy is E;=4Up (solid curve, E,=6Up (dashed curve andE,  potential facilitates the comparison of theory and experi-
=8Up (dot-dashed curvye ments, are highly desirable.

A(®)
o
o

T
\
> N

T
\
N
-

0.1

\
-
ol ey ]

mum of A(¢=0.28=0.31 forE,=4Up, A(£=0.51)=0.25 for ACKNOWLEDGMENTS
E,=6Up, while for E;=8Up the maximum isA(s=0.67) . . _ _ .
=0.36. Ultimately, when the ellipticity approaches circular We enjoyed discussions with M. V. Froloy, . Yu. Kiyan,

A TP : . .. N. L. Manakov, G. G. Paulus, H. Rottke, and A. F. Starace.
olarization, elliptic dichroism disappears. Maybe surpris-__' . ! o ' .
pofarizat puc ot 'S Isappears ybe surpris This work was supported in part by VolkswagenStiftung and

ingly, Fig. 11 shows that, for lower electron energies, this e g . :
tendency already develops for rather low ellipticity. by the Federgl Ministry of Education and Science, Bosnia
and Herzegovina.

V. CONCLUSIONS APPENDIX A: INTEGRAL OVER THE INTERMEDIATE

The energy spectra of electrons detached from negative ELECTRON MOMENTA

ions are characterized by two regions. The low-energy region In Eq.(9), having inserted the expansie8) of the Volkov

gbelow_2—4Up, dependmg on the parity Of. the ground sjate ime-evolution operator, we are concerned with an integral of
is dominated by the direct electrons and is strongly affecte he type

by the parity of the ground state. The spectrum is made up by
two contributions, which can be attributed to electrons enter-
ing the continuum at different times during the field cycle. I(a,ky) :fd3kf(k)exr{ia(k - k9?1 (A1)
The parity dependence is particularly important in the region
around 3—4J, where these two contributions interfere con- Shifting repeatedly the integration variate we may write
structively for odd parity and destructively for even parity.
This is relevant to the interpretation of the experiment Withl(a,ks) — f a3k f(k + kexp(iak?)
F~ (I1=1) [4]. The apparent plateau in the region in question
is caused by this constructive interference.

The high-energy spectral region is characterized by the :Jd3k expk - 919k f(kgexpiak?)
rescattering plateau whose yield is below that of the direct
electrons by several orders of magnitude, depending on the 2 i
ionic species. Its start depends upon how quickly the yield of J d*k exp{la k + ——) }e r{ 2)f(ks)
the direct electrons drops with increasing energy, as just dis- diadk 4adk
cussed. Hence, for Ht starts between 2 and 3, while for ( )3/2 p( i )f(ks)

= A2
da gk? (A2)

F~ its onset is at significantly higher energies abouk.4in =
any case, for a linearly polarized field and electrons emitted

in the direction of the field, it starts rolling off near its clas- which is a formal solution of the integral. This yields Eq.
sical cutoff at 10p. The shape of this plateau is determined(11) of the main body of the paper.

by the laser field parameters, in particular the ellipticity, and The three-dimensional integral over the intermediate elec-
on the direction of electron emission, but it is essentiallytron momenta(Al) appears frequently in consideration of
independent of the angular momentum of the ionic grounchigher-order atomic processes in strong fields. The exact so-
state. However, its height strongly depends on the number déition of this integral was presented in the form of a power
rescattering centers. This number is higher for the heavieseries in Ref.[48] in the context of high-order harmonic

o
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generation. Later on it was used for high-order above-
threshold ionizatior[12], laser-assisted x-ray—atom scatter-

ing [18], and electron-ion recombinatidi9]. In the special

PHYSICAL REVIEW A70, 053403(2004)

|A6

Tin==" @+ AAl@s(0y b, (BY)

cases when the atomic system is modeled by the zero-ranggth

potential[31,49, this integral can be solved exactiynly the

zeroth-order term of the mentioned power series survives
[50]). An exact solution also exists for a Gaussian potential

(see[51] and references therginn this appendix, we have

S(0q, bg) = (B10)

Sm,0 COS 6= rsin O, a.
V2

considered the solution of thls integral in the context of the For the detached electron momentys (p, 6, ¢) andq

rescattering matrix elemell\xlpl .

APPENDIX B: MATRIX ELEMENTS FOR DIRECT ATD

The amplitude of direct ATD can be obtained by calculat-

ing the integral over timg, i.e., over the variable=wt. This
can also be done by using the saddle-point method EXin

We will prefer here the numerical integration. The ground-

=|p+A(p)|, the anglesd, and ¢, are determined by the ex-
pressions

E, cose

g cosf;=p cosH+ —
oVl +e

sin g,= 1 - cog 6,

state wave functions of the negative ion in momentum space,

which appear as the subintegral functions, are givej24.

We will present here explicit expressions for the negative

halogen ions we are interested in. According to R24], we
have

% = Yim(r) = (AIr)exp(— «1)Yim(7), (B1)
whereE;=—«?/2 and for
H™: 1=0, A=0.75, «k=0.235, (B2)
F: I1=1, A=0.7, k3,=0.4998, k4,,=0.5035,
(B3)
while according tg52] we have
Cl: A=1.34, «=0.516,
Br: A=1.49, «=0.498,
I”: A=1.9, «=0.475, (B4)

with 1=1 andj=3/2. In ourpaper, the calculations for'F
were done fofj=1/2. Using Eq.(19), we get

ool = 5 o, 85)
Yr(@) =1 I )3,2qf(q)Y1m(q) (B6)
where
f(a) = %(quKKz - éarctang)

According to Eqg.(17) and with the explicit expressions for
the spherical harmonic¥,, the direct amplitudegf)?) are

(B8)

g sin 6, cos ¢, =p sin 6 cos ¢,
eE, sing
q sin 6, sin ¢q= psm93|n¢+¢2, (B11)
w\Vl+e

for the elliptically polarized laser field23). For a linearly
polarized field along the axis, we havep,=¢.

An alternative form of the matrix elememé) can be
obtained using Eq8) and the first equation in E417). The
result is

A\2 E(e) -q
0
7—;0)0 (q +K2)2’ (812)
and, for linear polarization,
70 _ 6 L
pim= EL Sin ¢| dpoh +sin g—(h+f) |,
x
(B13)
with
h( )——(1+i>f( )—M—Earctanq—
q) = a4 q) = PP+ D W
2 o (n+1)(2n+1)<q)2n
== ) "—| - B14
K3,§0( ) 2n+3 K (B149

For linear polarization, the dependence @g=¢ in Eq.
(B10) disappears after taking the absolute square of
exp(img) in the detachment rate. For elliptical polarization,
the matrix elemen{B13) has the more complicated form

AE e"“¢
Toin=~ \/Z‘mm i+ Dsine

+ £ COS 6 Sin ¢y COS @]+ i|m|fee™™? cos ¢
- 1)h sin ¢},

LLsin 6 sin ¢
+(Im (B15)

with 0’:0q+m7-r/2.This form of the matrix element we will
also need in Appendix C.
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APPENDIX C: MATRIX ELEMENTS FOR ATD
WITH RESCATTERING

According to Eq(18), in order to calculate the rescattered
electron spectrum, we need the matrix element

9~
(lrlyn =17 4i(9), (CD

where the vectog=ks+A(¢—w7) [see Eq(12)] lies in the

PHYSICAL REVIEW A 70, 053403(2004)

angle¢. Namely, in the rescattering term we have the factor
dmo [see Eq.(C3)], while for the direct term we have the
factor expgim¢) [see Eqs(B10) and (B11)], which disap-
pears upon taking the absolute square in @4) . For an
elliptically polarized laser field, the results do not depend on
¢ in the special case where the electron is emitted along the
major axis(z axisg) of the polarization ellipse, i.e., fof=0.

We usually integrate over all anglés which gives an addi-
tional factor 27 in the differential detachment rate. The rate

laser polarization plane. Using the results of Appendix B, wesummed over alm and over the electron spin projections,

get
iA\JE

_ 9
T (g2+ K2)2'
For the elliptically polarized field, the matrix element
(glr -E(@)|¢y is given by Eq.(B15 with ¢— ¢-wr,
q—0, ¢y=sgrig-&)m/2, and cosfy=§-&, sin 6,=(0-8/.
For a linearly polarized field along tteaxis, we have

(dlr |t = - (C2

A\

dmo~, (9. (C3)

<g|l’ ' éz| ¢1m>

and integrated oveg, is then
|

Wy, (n) =2 % 2 Wy(). (C10

If the effect of fine-structure splitting is taken into account,
the detachment rate for thjec1+£1/2 sublevel is

2j+1

o ar2
21+1

pé,

(n) = (C11)

Wpo,l(n)-

For example, for Fthe electron affinitij/Z is different for
j=1/2 andj=3/2[see Eq(B3)].

We also need the Fourier transform of the rescattering

potential V. We haveV(r)=V(r)+Vp(r), whereVp is the
polarization potential,

ap 4_ ap
2(r2 + d2)2‘ 221/3’

with  ap(H)=4.5 a.u., ap(F)=3.76 a.u., ap(Cl)=14 a.u.,
ap(Br)=30 a.u., ap(l)=27 a.u., Z(H)=1, Z(F)=9, Z(Cl)
=17,Z(Br)=35, andZ(1)=53. The Fourier transform &f; is

Vp(r) == (C4)

VP = - —F—exp(- Kd). (C5)

6d

The static potential/s for H™ can be calculated exactly, with
the result

Vs(r) = - (l + :r—L)e"Z’ (C6)
and
g__ 1 K48
V=g (K2+4)2" (€7

APPENDIX D: RESCATTERING POTENTIAL

In our model, we suppose that the detached electron res-
catters on the residual part of its parent atom. We will neglect
exchange effects. In this case, the potertadn which the
electron rescatters consists of two pa¥s,Vp+Vs. The tar-
get atom is polarized by the Coulomb field of the incident
electron and this effect is usually modeled by the potential

ap
2(r2+d??’

whereap is the electrostatic dipole polarizability of the atom
whose values can be found in R§52]. The parameted is
connected withep and the nuclear chargé by the formula
d*=ap/ (22'3) [53].

The static potentiaV/g includes the interaction of the in-
coming electron with the nucleus and the atomic electron
cloud. It can be written in the forrfb4]

Vp(r) = - (D1)

The static potential for fluorine can be modeled by the ;o

double Yukawa potential,
—r/D

Vg(r) == ———[1+(H-1)e™""P], (C8)

with D=0.575,H=DZ%% and with the Fourier transform
Z 1 H-1
Ve = - +
“ 2mH|K2+D? <H+1)2
K2+ | ——
D
The vectorK in the above expressions ks=k;—p.
It should be mentioned that our detachment naggn),

(C9)

Z
s == £+ [ 2009, 02
p(s) = 2 H & ipa(ry, ... Fi-1S e, - I
k=1k#]
(D3)

is the density of the atomic electrons in the stite The
Fourier transform ol/g can be represented in the form

1
Vi = 2l F(K) = 2], (D4)

whereF(K)=/d% p(r)exp(iK -r) is a real form factor. For an

for a linearly polarized laser field, does not depend on theelectron scattering of a hydrogen atom, we hawe)
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=|ns(r)[?=exp(-2r)/ m, so thatVs and fo) are given by g?=[p+AM)2=-«? (E5)
Eqgs.(C6) and (C7), respectively. For electron scattering off ) )
helium, the wave function can be obtained variationally, with@nd: in turn, the momentum componei, dy,d,) will be

the result yiry,ry)=exg—(ri+r,)/b]/(7b%), b=16/27, so complex. The plane-wave expansi¢i2) can immediately

that p(r)=2 expg-2r/b)/(mb?) and F(K)=2/(1+K2b?/4)2, be analytically continued to complex values gf since
For more complex atoms, an analytical expression\/@? exp(-ig-r) is an entire analytic function of the momentum
' Ipomponentsli, and, on the right-hand side, so is the product

cannot be obtained. However, numerical calculations for. * o ) N
electron-atom scattering can be simplified significantly byl!(4")Yim(@). Note that individuallyj(qr) andYix(q) depend

using a semiempirical core potential, i.e., by effectively treat-2n 0dd poyvzers_zc)t]%)r odd! and, therefore, exhibit a branch
ing the target as one quasielectri@s]. A relatively simple  CUt IN G=V0,+ 05 +0;.

analytical potential for describing elastic scattering of elec- N view of Eqs.(10) and(ES), what we actually need after
trons off atoms was proposed in Ref§6,57. It is based on having carried out the saddle-point integration is

the independent-particle model for bound states of electrons : 2, 2

in atoms, which maintains a close relationship to the Hartree- lim (+ <)X(@). (E6)
Fock model[58]. For F, CI7, Br, and I', here we use the
independent-particle-model potent{@8) represented by the Integrating by parts and using the differential equation satis-
double Yukawa potentigl59] with the parametersl andD  fied by the spherical Bessel functions, we find

given in Ref.[58], which has the Fourier transforgC9). _

Potentials for negative atomic ions are giver[&®,61]. For (" + k) Xo(@) = 1, (E7)
more recent developments of analytical local electron
electron interaction model potentials for atoms, see B&l-

q2+ «2—0

‘while for | #0 we get

(@ + %@ =1(1+2) f dre”ji(an)/r
APPENDIX E: DIRECT MATRIX ELEMENT 0
FOR ARBITRARY | m(q\ TM+2 (1141 3 ¢
Let us start from Eq(10) . In view_of Fhe wave functions = 2\ 24 (I +3/2) > N 272
(B1), we need to calculate the spatial integral —
Val(1+2) a)'_(a)'
I — d3 —iC]-I’e Y, (F E1l = =1, (E8)
m(@) = | dre™T ==Y (F), (ED) 2|+1F<HT3>F<|§+1) k) \k
whereq=p+A(t). With the help of the plane-wave expan-
sion where, evaluating the hypergeometric function, we used that

g°=-«2. Putting everything together, we note that the only
dependence on the angular-momentum quantum numbers oc-

% |
exp(-iq-r)= 4772‘) =0 2 Yin()Yin(@, curs in the form of the solid harmonics,

m=-1

(E2) o
| V@, (E9)
we find that K
Lim(Q) = 47Y,,(@) (= 1)'X,(q) (E3) These are homogeneous polynomials of otderthe Carte-
with sian momentum componerds(i=x,y,z) and, therefore, en-

tire analytic functions ofy; for any integed. Once thecom-
“ , plex) solutions ty of the saddle-point equatio2l) are
X(a) :f rdr exp(— «r)ji(qr). (B4 determined, the momenta=p+A(t) are known. Hence,
0 there is no branch-cut-related ambiguity in the evaluation of
The temporal part of the matrix elemgi0) will be car-  the solid harmonicgE9) for complex momenta. This result
ried out by saddle-point integration. As a result, the momenta&an be applied for arbitrary ellipticity and not only for the
q will satisfy linearly polarized case of Ref24].
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