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Above-threshold ionization of negative hydrogen
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We present detailed calculations for two-and three-photon above-threshold ionization of the negative hydro-
gen ion. In addition to calculated values for partial wave amplitudes and phase shifts pertaining to recent
experimental resultsXin Miao Zhaoet al, Phys. Rev. Lett78, 1656(1997], we also address the question of
the asymmetry of photoelectron angular distributions in ionization under elliptically polarized radiation, which
has been studied experimentally in other negative [@sBlondel and C. Delsart, Laser Phy.3 (1993;

Nucl. Instrum. Methods Phys. Res.®, 156 (1993; F. Dulieu, C. Blondel, and C. Delsart, J. Phys2B,
3861(1995]. [S1050-294{@7)08810-7

PACS numbd(s): 32.80.Wr, 32.80.Rm, 32.80.Gc

[. INTRODUCTION hydrogen being a two-electron system poses serious de-
mands on the calculations of multiphoton transitions as illus-

It has been known1-7] for quite some time now that trated by previous work8—15 on aspects of this system.
multiphoton ionization of atoms with radiation elliptically Our approach has evolved as a side product of our work on
polarized can lead to photoelectron angular distributionghe nonpertubative solution of the time-dependent Schro
(PAD) lacking the usual fourfold symmetry found under lin- dinger equation for two-electron atoms in strong laser fields
early or circularly polarized radiation. This effect is present[16—19, with the atomic structure handled in terms lot
in the fundamental description of the process in perturbatiogliscretized bases constructed as linear combinationB of
theory and has been indentified to be connected to the nomsplines[20,21]. The calculation of ATI through a discretized
zero value of the phase shift of the final continuum statebasis also requires appropriate handling, as discussed else-
Formally the phase shift leads to a complex multiphotonwhere[22], where a new versatile method applicable to any
transition amplitude, which when combined with the elliptic- discretized basis has been shown to provide accurate results
ity parameter produces terms that, depending on the valuadithin perturbation theory, which is the case of interest here.
of the other parametefsuch as radial matrix elemeptgan  Through a combination of the above techniques, we have
lead in general to a more or less asymmetric PAD. From théeen in a position to obtain results on two- and three-photon
structure of the resulting expressions it is evident that if thgonization including ATl over an extensive energy range,
phase shifts of all partial waves were zé¢oorresponding to  Which by a happy coincidence also covers the range of ex-
plane wavep the asymmetry would disappear. The con-perimental data reported most recently by Zkaal.[1]. We
tinuum state resulting from electron detachment of a negahave at the same time examined PAD’s for polarization of
tive ion might be thought of as coming as close to a planevarying degree of ellipticity and, as discussed in the follow-
wave as one can expect in a real system with a bound initidhg sections, the asymmetry is in general present depending
state. This aspect has been investigated experimentally W3f course on the degree of ellipticity and the wavelength of
Blondel and collaborators, who have produced extensive rghe radiation, as expected to be the case. One of the chief
sults on PAD’s including elliptical polarization, which has advantages of and motivation for studies in negative hydro-
not shown any significant asymmetry. Is it because of a neagen is its fundamental significance as a negative ion and at
plane wave character of the final state? the same time a very special two-electron system combined

Above-threshold ionizatiofATI) adds a further aspect to with the possibility of performing accura#b initio calcula-
this question. A multiphoton transition amplitude involving tions. Atomic units are used throughout this work.
absorptions within the continuum, as ATI does, is by neces-
sity complex because of the presence of poles within the
continuum. This led one of ud.L.), some time ago, to the Il. THEORY
assertion that the asymmetry should be present in ATl even
if all phase shifts were zero, which has to be understood as
the limit to plane waves. As we shall see later on, that asser- The transition probability per unit time within lowest non-
tion was overenthusiastic and the actual situation is subtlexanishing order of pertubation theory for nonresonant
It was nevertheless that question in fact that motivatedN-photon ionization can be written as
Blondel and collaborators to search for that asymmetry in

A. Photoelectron angular distributions

negative ions including ATl in one case. It is against this W?B')=<ATN|N, 1)
background that we undertook the present work in negative
hydrogen.

Our chief objective was to explore in a quantitative set-whereay, is the total angle-integrated generalized cross sec-
ting the question of the asymmetry including ATI. Negativetion given by
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. (27ma)Vk N N2 the integration is over all angles of propagation of the pho-
ON= g2 ij dQ[Mtg'[%, (20 toelectron and the symbolsg denote the final and initial
state, respectively.
The dependence of the angular distribution of the photo-
with « being the fine structure constaktthe wave vector of electrons on the atomic structure and the polarizagiofithe
the outgoing photoelectron related to its energyERy=k?/2,  field is now contained in the quantityl %‘) defined by

M(f[;): 2 2 <f|DE‘|VN,1>"'<V1|De|g> , 3
UN—1 vy [wg+(N_1)wL_vafl]'”[wg_le—’—wL]
|

whereD is the atomic dipole moment operator that can bef ;lz,ms>
expressed either in the lengt€qr) or in the velocity €S
gauge D=qgV/w), with g being the electronic charge. The o ~
summations are carried out over all possible intermediate = E| i'e” Y (k)(SLM ;| SMelL M)
states including the discrete and continuous parts of the e
atomic spectrum. The generalization of E) to ATI of X(sCsSMS|scmSCsms)(ICILML|Icmclm)|SLJfMJf>,
orderN+ R, whereN photons are needed to ionize the atom
plus R extra photons, which are absorbed in the continuum, (4)

involves the presence of poles in the integral. In that casewvhereJ; are the allowed angular momenta dnoh,mg the
Eq. (3) requires the removal of the poles from the real axisassociated partial waves for the outgoing photoelectron. The
through quantities; and taking their limits to zer§23]. explicit presence of the core states, as we already discussed,

Although spin-orbit coupling plays no role in this work, IS here important only when one wants to calculate photo-
we have chosen, for the sake of completeness of the formaftl€ctron angular distributions. The angles in the spherical
ism, to exhibit the spin variablen, in the final state of the 1armonic specify the direction of propagatikrof the pho-

. toelectron. These angles are in reference to a Cartesian sys-

photoelectron and the core. Alternatively, we could hav

. " . th ¢ in | [ irem of coordinates whoseaxis is taken along for linearly
written all equations without reference to spin. In general, INyolarized light and along the photon propagation vector for

order to calculate the photoelectron angular distribution for %lliptically or circularly polarized light. In the present case,
process that leaves the residual core in a state characterizgg, polarization vector is written ag=(1+ 7]2)—1/2(;(

by Ic, m, andms_quantum numbers, the continuum states.+j ,,9) where the ellipticity parameter varies from 1 to
are expanded as -1.

Substituting the above state representation into(Bgand carrying out the angular momentum algebra we oljte2h

MM (e me,mgkmg p)= X ile (=1t ST le My MsMuyr () DMV ()[(23p+1)(2L +1)(28+1)]

Jf ,m

s L g
“IMs M. =M

Sc s S le | L .
ms. mg —Mg/img me —M) (5)

Here Dg'j> is given in Eq.(3) with the difference that the final state is of the fof8LIM ):

I O N e i e L o

VN-1 vy [“’g"’(N_1)0)L_(UVN71]'“[wg—w,,l—wl_]'

The differential cross section féd-photon ionization is given by

doy(le:k: 7) R
— g =2m2raN X IMM(lg,me,mg;k,mg;)|? @)
Me Mg ;Mg



3108 L. A. A. NIKOLOPOULOS AND P. LAMBROPOULOS 56

from which integrating over all angles we obtain the

N-photon generalized cross section as 10— ' ' ' ' '
'\}\/\m -——-5
5 - 1
bn=2r(2raY, IDY(7)2 ® N e : ’
Js f ; 11 \ ~
S0t e |
The exact dependence on the photoelectron angles and t 5 Y
ellipticity » of the quantityM{y’, for N=2,3, are given in & [ T
Appendix A. Given the initial and final ion state, E¢(p) £10° | v Tteeelll e
contains all the necessary information to calculate angula § Yo T h
distributions sincéM™)|? is proportional today /dQ2. The 3 el T ]
unknown quantities are tHDS'f“) for each ionization channel. §
The way in which we calculate these quantities is describer *
in the next section. 10 ¢ 1
B. Atomic basis 10°

000 002 004 006 008 010 012 0.14
The computational procedure used here has been pr Photoelectron Energy(a.u.)
sented in detail in a series of articlgl,24,29. In brief, we

use one-electron hydrogenic orbitals: FIG. 1. Photodetachment partial rates in a.u. for two-photon

Yai(D) ionization. Energy region covers ionization with and without ATI,
¢n|mms(r)= %Ym( 6,%)o(my). (9)  Which begins at photoelectron energy 0.0277 (aindif:ated by the
arrow). Note that 1 a.u. of energy is 27.112 eV, while 1 a.u. of rate
. . . i is 2.41x 1077 s7L,
The radial functiongy,(r) satisfy the equation:
1d2 z 11(01+1) Consequently, these rates and phase shifts in general do not
_ N=E r 10 coincide for different channels. For the energy region that we
2d 2 2 2 an( ) nIXnI( )l ( ) A A .
= r r examine, the smoothness and density of data points are suf-
. . . . . ficient to use a cybic spline interpolation in order to obtain
with Ey being the eigenvalue. The, functions with nega- a4, for intermediate energies. The value of the ground state
tive or positive eigenvalues are expaqded on a S,e.B of differs by about 14% from that calculated by Pekd&3].
splines of orderk and total numbep defined in the finitt 14 opain 4 better ground-state energy, we would have to
interval[ 0,Rya,]- Two-electron states with total angular mo- j,,de a large number of states within each series of con-
mentum L are constructed in theLSSIf:oupllng of  figurations associated with each excited “inner” electron.
two-electron  configuration  space Wy n,.("1.2)  Calculations of ATI by a discretized basis require a suffi-
=A|I131I252LMSMS)Rnﬂlynzb(rl,rz) where A represents ciently dense spacing of continuum states, which must also
the antisymmetrization operator. The two-electron energgxtend high in energy. In order to have continuum wave
eigenfunctions are written in the forf26] functions, as vv_eII as the _correlated ground state simulta-
neously, our primary criterion was the agreement between
velocity and length gauge for the calculated dipole matrix

SL __ SL SL .
Q= > Chie)(Nal1,nal ) Wi i (ara), elements. With much more effort, the ground-state energy

I1.nol ; S
nyly.naly (11) could be improved, but would not have a significant effect on
the quantities of interest in this work.
where C5i,(n4l1.nyly) is the eigenvector of the atomic
Hamiltonian matrix for thenth energy eigenvalue. Here . RESULTS

|C§("E)(nlll,n2I2)|2 is the probability density for the con-
figuration (h411,n,e5) in the nth energy eigenstate. F&
>0, CIDE(LE) represents discretized continuum states. In the We consider absorption of two photons from the ground
present case, the order Bfsplines isk=9 with p=150 and state of negative hydrogen in the photoelectron energy re-
Rmax=150 a.u. The knot sequence that we use is sinelikgion (0—0.15 a.u. From the dipole selection rules, the num-
used first by Tang and Chamg1] for calculations of multi-  ber of independent channels are two, with final total angular
photon processes. In that reference, one can find the detaisomentalL=0,2 (i.e., S and D). The resulting H atom for
of the method we have used to calculate the phase shifts féhese energies remains in its ground state and so we also
each channdl=0,1,2,3 needed for the PAD'’s. haveJ;=0,2. In Fig. 1, we show, for linearly polarized light,

In order to calculate the summations over intermediatéhe partial photodetachment raié€S) andI’(D) wherel is
states in the ATI case, we use the recently developed exhe intensity-independent rate in a.u. defined by
trapolation method whose details can be found28]. Be- 1
cause of the discretization of the continuum, the detachment  * ).\ _ 2N 2
rates and phase shifts are calculated for discrete energies. 12 I (i)=2m(2wa)’|D{?(n=0)|?>, i=SD. (12

A. Two-photon detachment
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Our calculations are in good agreement with those of var

der Hart[15] in the case without ATI. The same holds true B B a o
for the calculations that Proulx and ShakesH&(9] have
performed for two-photon ionization for a wide photon en-
ergy region. Calculations of cross sections for two-photor
above-threshold detachment of negative hydrogen have als
been performed by Sanchetal.[13] for a different photon n ¢ m 0
energy region. Very recently, in experimental wdtK in
negative hydrogen with ATI at photoelectron energy about
0.058 a.u. the brancing ratio of tlseandD partial waves has
been measured. For this particular energy, the reported da
show branching by 90% 10% into theD wave, an obser-
vation that is in excellent agreement with our calculations, o
which predict 89%. Furthermore, the agreement between our FIG. 3. Two-photon detachnjent_ angma.r distributions as func-
theoretical values and the experimental ones suggests that fins of ¢ of photoelectrons for kinetic energi&=0.006, 0.0583,

- o . . .077, 0.011, 0.062, 0.104 a.u. and for various values of the ellip-
0 ) ) ,

laser intensities at Igast up to<30'° Wicn? the mte_ractlon ticity parametex(starting from the inner graphs;—0.0, 0.18, 0.36,

between the negative hydrogen and the laser field can b@

g . ‘54, 0.70, 0.90. For visual facility, the azimuthal angular depen-
descrlb_ed well by pertubation theory. . dence distribution is on the polarization plang € 7/2) and the
_Turning now to our results, we see that the dominant Conpoiar piots have been expanded with increasing ellipticity. This
tribution comes from theD symmetry. We also note the gges not imply increasing rate with ellipticity.
threshold behavior where the dominant channel is the chan-
nel with the lowest angular momentum, an effect well estab-

an/2 an/2

lished for negative ions from the Wigner law: behavior for a rather large photoelectron energy range. As
expected, the value of the phase shift decreases with the
o~ et (13) energy of the outgoing electron. Using E§), after the in-

terpolation in energies and phase shifts for the chariB@s

This particular behavior for negative ions originates fromwe produce angular distributions for different photon ener-
the absence of a long-range Coulomb potential for the outgies and various values of the ellipticity paramesgfig. 3).
going photoelectron. Also we note that a rise in the detachThese graphs reveal a gradually increasing asymmetry on
ment rate for the partial wave, which corresponds to the lowangle 6, as the absolute value of the ellipticity parameter
est angular momentum, occurs when the photoelectromcreases. The valug=0 corresponds to linear polarization
reaches an energy of about 0.028 a.u. The agreement behere it is well established that the angular distributions
tween length and velocity gauge remains satisfactonhave fourfold symmetry. The asymmetry can in principle
throughout the energy region under consideration. The difalways be present for elliptical polarization, independently of
ference is within the thickness of the line of the graphs. Thavhether we have excess photon absorption or not. A brief
phase shifts for the channdls=0,2 necessary for the calcu- argument as to why that happens is the following. The struc-
lation of PAD are shown in Fig. 2. From that figure, it is ture of the angular dependence of the outgoing photoelectron
evident that since the phase shift of the char®& consid- in the case of elliptical polarization for a fixed and for
erably different from zero, it exhibits a strong nonplane wavearbitrary number of absorbed photons will be of the tjjpe
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10° . } | form for the detachment rate is given in Appendix A. From
— e this graph it is apparent that when the dominant partial wave
IRy ey corresponds to the lower angular momentdere theS
~~~~~~~~ === B=00582 au wave there is a large decrease for the transition rate with
increasing ellipticity of the light, i.e., going from linear to-
ward circular. That is what is expected in general, since the
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ number of possible paths that end up to the final state, for a
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ multiphoton process, is the maximum one when the light is
linearly polarized. But when the dominant partial wave cor-
responds to higher angular momentgnere theD wave it
is possible to observe a different behavior for the transition
rate, namely, its increase with increasing ellipticity of the
_______________________________ light. But there is an upper limit for this increasgn=1)/
i I'(p=0)—1.5 whenAg/Ap—0, as is knowr{30], which is
easily obtained if one considers the two limiting casgs
10 0.0 012 014 016 0‘.8 o _=0 (linear Iig_hb and 7;=_1 (circular light) in t_hg_correspond-
Ellipticity n ing formulas in Appendix A, where the definition of symbols
As,Ap can be found.

10 -

Total Photodetachment Rate/I® (a.u.)

FIG. 4. Total two-photon detachment rate as a function of the
ellipticity # of the light for four photoelectron energies. Photoelec- B. Three-photon detachment

tron energies correspond to ATl and no-ATI cases. .
Here we calculate partial photodetachment rates and an-

2 gular distributions for elliptically polarized light, for the case
, (14  of three-photon ionization in the energy region where it is
possible to have one and two excess photon absorptions.

where all the nonvanishing terms have either even ormdd Now the angular momentum of the final states canlbe
9 =1,3 and again we consider the case where the resulting H

The amplitudes,,, are integrals over the intermediate states g
: X . atom remains in its ground state. The order of the process
involving the reduced radial elements. From the above for-

mula, we are led to fourfold symmetry when the amplitudesnOW is higher than for the two-photon case and we need 1o

are real. The amplitudes in a multiphoton process are Cc)m(—;-nlarge the atomic basis in order to preserve the reliability of

plex for two reason$6]. The first reason is that, in the con- the calculations. The reason for this is that the extrapolation
tinuum, in the absence of spin, which for this argument igMethod[22] we use demands a sufficiently high density of

unimportant, the wave functions of photoelectrons can b&tates in the energy region where the poles occur. The suit-
written as[28] able density of states depends also on the photon energy,

independently of the order of the process. Consequently we

M P=| S agem
m

> . enlarge the box radius to 250 a.u. and at the same time we
|k)=4 20 Z | i'e"‘”GH(k,r)Y,ml(0¢)Y|*m|(9k¢k), improve the quality of theB-spline set, takingk=11, p
=0 m=- (15) =202, and a knot sequence that is dense in the energy region

close to the nucleus and that decreases nearly linearly far

wheres, are the phase shifts due to the potential of the atonfWay from the nucleus. The value of the ground state that we
andGy,(k,r) are real radial functions. Therefore the complexobtain differs from that of Pekeris as much as in the two-
amplitude here is due to the existence of phase shifts. Thahoton case. In Fig. 5, we show partial photodetachment
second reason has to do with the case in which we have dites for the symmetries=1,3. Again the dominant contri-
excess photon absorpti¢ATl). The presence of the poles at bution to the detachment rate near the threshold comes from
certain energies in the integrals, introduces an imaginary the partial wave with the lower angular momentum as ex-
part at these energies. Thus even when we have no ATI, ipected from Wigner's law.

the elliptical case, the asymmetry in angular distributions can At this point, it is perhaps useful to discuss a feature of
appear because of the phase shifts. In the present case, fRephoton detachment, namely, the rise of the rate at every
existence of the asymmetry when we do not have ATI sugphotoelectron energy where a threshold is crossed. This is a
gests that the state of the outgoing photoelectron is not general effect that should happen for all negative ions in the
plane wave. Now regarding the ATI case, it can be proverATI case, at energies that can be determined given the elec-
(see Appendix Bthat in the perturbation theory regime and tron affinity, the order of the process, and the number of the
the plane wave approximation, under the assumption thaxcess photons. The number of such rises is exattlyhe
there are no other bound states except the ground one, tleeder of the overall process. The reason for this is again the
fourfold symmetry is conserved. A different argument by Wigner threshold law and occurs every time the number of
Crance[29], assuming plane waves for the photoelectronexcess photons in ATl increases. The rise is present for each
leads to the same conclusion. Finally we present the totathannel, but the Wigner law leads to a sharper rise for the
detachment ratéFig. 4) as a function of the ellipticityy of ~ channel with the lowest angular momentum. If the electron
the light for selected photoelectron energies. The explicigffinity is E,;, the order of the proced$, and the number of
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FIG. 5. Photodetachment partial rates in a.u. for three-photon F|G. 6. Total three-photon detachment rate as a function of the
ionization. Energy region covers ionization with and without ATI, ellipticity # of the light for four photoelectron energies. Photoelec-
which begins at 0.0139 a.garrow) while the ATI involving two  tron energies correspond to ATl and no-ATI cases.
photons begins at 0.0554 a(second arrow

makes the rise discernible even when the total rate is exam-
ined. We have chosen to emphasize the partial wave features,
since these threshold effects are intimately connected with
the angular momentum. Also, we present total detachment
rates (Fig. 6) as a function of the ellipticity of the light.
Behavior similar to that of the two-photon case is observed
R=0,1,2,..N—1. (16)  for the three-photon transition rate for selected photoelectron
energies. Finally, we present the phase shifts for the channels
orresponding to angular momenturs 1,3 (Fig. 7). Angu-

Therefore, for the two- and three-photon detachment rate o ; . ; N
P Er distributions for different energies and various ellipticities

and for the energy region that we consider, since there is n h in Fia. 8. H in th trv is ob bl
structured contunuum, the rises occur at the expected eneft€ SNOWN In Mg. ©. Here again the asymmelry 1S observable
d increases gradually with increasing ellipticity of the

ies and they are completely predictable as we can see fro .
g Y pietely p ight. Note also the energies of the photoelectrons corre-

the corresponding figureigs. 1 and 5 sponding to ATI with one(E,=0.01018, 0.0532 a.uand
E@=0, EM=E,, N=2 (17) two excess E,=0.0617 a.u.) photons.

the excess photorRR, then the photoelectron energiEs at
which one should expect rises for the detachment rétes
there is no other reason for this, such as autoionizing $tate
are given by the formula

E|('R):Eaf N_Rl

E(ro)=0, ESl):Eaflza EEZ):ZEafa N=3. (18 ' I

Now, regarding how large these rises are for a given pho
toelectron energy, it depends on the number of the exces 0.01 -
photons needed to reach this energy. Increasing this numbe
we should expect a tendency for the rises to be less shar

since the order of the process is increased. T ool
The above analysis is compatible with the observation o=

Proulx and Shakeshaf®] in their investigation of the two- §

and three-photon detachment rates of negative hydrogen. § _gg1 L

the case of three-photon detachment, they found a rise of tra
detachment rate due completely to a rise in the partial wav
corresponding to the lowest angular momentum1 at a 002 |
photoelectron energy where the two-photon detachmer
threshold is located, but not in the two-photon case. That i

correct if one examines the total two- or three-photon rates  _g g3 ‘ <
as Proulx and Shakeshaft did. Since the2 wave in the 0.00 0.05 0.10

two-photon case overwhelms the=0 (see Fig. 1, the rise Photoelectron Enegry (a.u.)

is masked in the total two-photon rate. On the contrary the

L=1 andL=3 contributions at the position of the rise are  FIG. 7. Phase shifts corresponding to chanreland F with
comparable in the three-photon cagee Fig. 3 which  angular momenturh=1,3.
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E=0.006 a.u. E=0.036 a.u.
n/2 n/2

3n/2 3n/2
E=0.078 a.u. E=0.191 a.u.
m/2 n/2

3n/2 3n/2

FIG. 8. Three-photon detachment angular distributions as functiogsobfphotoelectrons for kinetic energi&s=0.006, 0.036, 0.078,
0.191 a.u. and for various values of the ellipticity parameter as in the two-photon case. For visual facility, the azimuthal angular dependence
distribution is on the polarization plan@(= 7/2) and the polar plots have been expanded with increasing ellipticity. This does not imply
increasing rate with ellipticity.

IV. CONCLUSION same time served as an example of the versatility of the
techniques we have employed, which can be readily ex-
tended to provide answers even in the nonpertubative re-

C?irnn?dl’ \1ve dh?v?hshtc))rwnk(tjh?:melllfpttrl]ca:c p?;alrézat'r%r:nwt'r” in gime, when related experimental data become available, as
principie fead 1o the breakdown Of the Touriold Symmely asy ¢ yaen shown in the case of two-electron atphes-18.
is the case with neutral atoms. Of course the degree of asym-

metry will depend on the ellipticity parameter as well as the
wavelength, and the absence of the asymmetry at some ACKNOWLEDGMENTS

wavelength does not imply its nonexistence. Although our The authors would like to thank Dr. Jian Zhang for much
results have been obtained for a case ofSgrinitial state  helpful advice regarding the atomic structure of negative hy-
leading to arnS; residual core, the effect should, if anything, drogen. One of ugL.N.) would like to also thank P. Ma-

be even more pronounced in more general cases. We have iigakis for many valuable discussions on aspects of two-
addition shown that, in the case of a single bound state, thglectron atom calculations. Pertinent and useful comments

absence of nonzero phase shifts in the continuunpy Dr. C. Blondel on an initial draft of the manuscript are
stategplane wavek preserves the fourfold asymmetry even gratefully acknowledged.

in the presence of ATI. This modifies the validity of an as-

sertion made by one of ud.L.) in an earlier papef6]. APPENDIX A:

_Fmally we have prow_ded results for phas_e shifts and rates 1\vo. AND THREE-PHOTON TRANSITION RATES

into the channels of final states that are in excellent agree-

ment with recent experimental dafta], as well as for the Here we present the explicit dependence on the ellipticity
results for three-photon detachment, which may be of use iof the light of the two- and three-photon total transition rates.
extensions of the relevant ATl experiments. This work at theThe following formulas apply to ionization or detachment

As far as the photoelectron angular distributions are con
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from an atomic system having angular momentumO0 in
its ground state. For a two-photon transition the amplitude X
given by Eq.(5) is

30

(1-7%)| Qp+ 5

(5 c0§0k—1))

X (cospy+i 7 singy) — Qesirté,[ (1+37?)
@)y T 2
MY () = 352 (1= 79)(2As— Ap)

(1+7%)
X cos3p+in(3+ nz)sin&ﬁk]}, (A4)
+3Ap[(1— 7?)cogb,— (1+ 7?)
with Qp,Qf:
X Sir? 6,cos2p,—i2n sirfé,sin 24,1}, A+ 4A A
=g Qe=p (A5)

(A1)

- _ andAsp,App ,Ape defined through integrals of reduced ma-
where the quantitiesAs,Ap are complex in general and trix elements over discrete and continuum states:
given by

va,P vy,LipkLo
1S Vl,P 1/2,L1

ALl,LZEE >

RV,PRL(/,i
LS wP i=SD. (A2) i

A=D ———

v WgT @,pT @

(wg_wylP_wL)(wg_wule_zwL) '

, L,=S,D andL,=P,F. (AB)
The R’s are reduced matrix elemenf81] and the sub-

scripti refers to the final value of the angular momentum for
each channel. Here the intermediate states, denoted, by ov
should be understood as belonging to the discrete and co
tinuum spectrum of symmetify. The relation between ellip-
ticity » and the polarization vector of the field has already

From the quantity|M®)(%)|?, performing the integral
er the angles, we obtain for the total three-photon transi-
ton rate:

been defined in the main text. The angular variablgs ¢,) - 1672 [7 (1—7?\? )
determine the direction of the photoelectron in the final state3 (2 7741)3 W () = 525 |9 | 1+ 72 [5Aspt 4Appl
Integrating the quantityM(?)(#)|? over these angles, we
obtain the total cross section through E@b. and (2):
1+87%+ 5*
+12 77— | Apk|? (A7)
W)= o 5| | ag?
2m(2mal) 7 45 1+79 S APPENDIX B: (1+2)-PHOTON DETACHMENT
In this appendix, we prove that for systems without bound
1+ 472+ 7 states other than the ground state, in the plane-wave approxi-

2
+4(1—+7]272— |Ap]

(A3)

For the three-photon transition, the amplitude is

3) 2\ .
M (7;)=—|mﬁsm0k

mation and in the perturbation theory regime, angular distri-
butions preserve the fourfold symmetry in the elliptical po-
larization case. In order to discuss a case from which the
generalization td\N photons is straightforward, we consider
two excess photons. We also consider photon energy such
that one photon detachment is allowed, which does not mean
that this procedure is not applicable for more general situa-
tions. The crucial point is that there are no sums over dis-
crete states, since they are absent, but only integrals contain-
ing Dirac delta functions.

In this case, generalization of E() is written as

(f|D€ vo)(v,| Dev1)(v1|DE g)

M{Et? = lim
(61,62)

_0 12 (wg+2w|_—w,,2+i62)(wg+ w,_—a),,l-i-iel)'

(B1)
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Now the poles are at the positiok§/2= w; = wy+ | ,k3/2
=wy=wgt 2w .
When one-photon ionization is allowed using the well-
known identity
(1
P

X

1

o XtHle

)—ims(x), (B2)

relation(B1) is written as

Dév,)(v,|Dé v1)(v1|DEg)
(01— wyl)(thZ_ wvz)

(ki

vivo

— (k¢ DEk(Kk,| D& k1)(ky| D& g)

&lv1)(v,/Dg Q)
w

. . (koD
—im(ki| D8ky)PY, v
vy 1 vy

(k¢|Delk,) (k| DE k1>_

W2 W,

—im(k;|DEgPY,

(B3)

L. A. A. NIKOLOPOULOS AND P. LAMBROPOULOS

S (k¢|Delk,)(ko| Delky) 89)
Wy — (,()k2
can be separated into a sum over bound states and an integral
that contains only the continuum. The integral vanishes be-
cause of Eq(B6) and only the sum over the intermediate
bound states remains. This sum makes the amplitudes of Eq.
(14) complex and therefore reduces the fourfold symmetry of
angular distributions to twofold symmetry. Under the as-
sumption that the negative ion has no intermediate bound
states, the final expression is

(k¢| Delko)(ko| Delky) (k| DEG)

(01~ o ) (0~ wy,)

Mig ?=P f d%k,d%,
(B10)

Since the matrix elements are delta functions, it is easy to
calculate the integral and therefore we have

Here P denotes the principal value of the corresponding in-

tegrals. In the plane-wave approximation, we represent the

continuum wave functions as

1
k)= Zn® el (B4)

Using the velocity gauge, it can be shown easily that the
dipole matrix element between two continuum states leads to

the Dirac delta function, namely,

(k|D&a) = kés(k—q). (85)
Thus from the above relation we have
(k¢|Delky)=kses(ki—ky)=0 (B6)

sincek?/2m= wy+ 3w, andk;—k,=2mwy /(k¢+k;) #0.
Finally we have
(ki|Defkz)=0, (B7)

(Kl Dé‘ k2><k2| Dé| ky)=(e kf)25(kf_ ko) o(k,— kl)3(:}?;8)

The sum integral

(&kp? , .
(1+2) k;|eD|g). B11
If we use the relations
<kf|éD|g>:é'qu)g(kf)y
. . cos¢+in sing
& k¢=k;sing N k2/2=wy+ 30,
(B12)

we obtain for the angular distributions the formula

3

(1+2)12_ g e | 4(Kr)|?sir® 9(cos ¢
L

fo 1 (2%2)%(1+ 42
+ n’sirt¢)*®

M

(B13)

where ®4(k) is the Fourier transform of the ground state.
From the above formula, the fourfold symmetry of the PAD
for elliptic polarization is evident. Under the same assump-
tions, it is possible to generalize the above formula to
N-photon ionization, with the result

(wg+ N )N
(2NN=D))(L+ ) Nef NP

M=

X |®y(ke)|?sin?Nor(coS s+ nsirt de) M.

(B14)
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