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Multiphoton detachment rates of H™ for weak and strong fields
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The time-independent Schtimger problem for the H plus ac field system has been solved from first
principles via the nonperturbative many-electron, many-photon th&EMPT) for a wide range of values of
frequencyw and of intensityl of linearly polarized light. The calculations obtained the multiphoton electron
detachment rateMPEDRS as the imaginary part of a complex eigenvalue and were done for combinations of
values ofw and of| defining regimes of “weak” and of “strong” fields. Most of the results cover the cases
of two-, three-,..., seven-photon electron detachment, studied as a function of frequency and of intensity.
However, special cases, such as the one=02 X 10 W/cn? for the CG, frequency of 0.117 eV, represent
detachment processes into various symmetries requiring the absorption of at least 25 photons. The MEMPT
results were obtained without any empirical adjustment of energies or of basis sets. The dressed-atom reso-
nance wave function consisted of optimized function spaces for the initial and final states, including the lowest
1S, 1P°, and D doubly excited state$DES). The initial state was represented by a ten-term numerical
multiconfigurational Hartree-Fock wave function whose energ,5275 a.u., is very close to the exact one,
—0.5277 a.u., and which accounts self-consistently for electron correlation as well as for the proper magnitude
of the 1s orbital at large values af. The H* DES wave functions were correlated, yielding accurate energies.
However, their presence does not affect the results at all. The results converged well when 15 photon blocks
were used. In spite of the large number of absorbed photons required in cases such asftegu@dcy, the
calculations converged well, within the numerical accuracy of the algorithms, by using free-electron angular
momenta with 1 up to 7. The systematic quantitative study of the dependence of the MPERRs:dhhas
led to conclusions as to the behavior at thresholds and as to the limits of validity of the predictions of the
lowest-order perturbation theory. An interesting result is the appearance of intensity-dependent structures in the
two-, four-, and six-photon detachment rates, which is caused by the interference’& ainel ‘D channels.

For a number of I, w) pairs, comparison is possible with published results obtained by earlier large-scale
calculations which either started from first principles or used parametrized one-electron models. Overall, there
is good agreement. We conclude that the current level of theoretical knowledge of MieEDR spectrum is

very satisfactory for a large set of experimentally possible laser parameters.
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I. INTRODUCTION presence of an external static or dynamic field. These ap-
proaches are based on rigorous formalism and are imple-
In order to compute reliably properties related to the non-mented via computational methods that are characterized by
linear response of a polyelectronic atomic state, ground otwo basic features: The first aims at the use of state-specific
excited, to a laser field, it is necessary to solve the correwave-function expansions, a fact which allows, via the di-
sponding many-electron, many-phottMEMP) problem. If  agonalization of appropriately constructed matrices, the in-
the result of the atom-field interaction is an average ovecorporation of the necessary electronic structure characteris-
many field cycles, there are observables, such as multiphotdits of ground or excited states. The second involves the
electron detachment rat@IPEDRS, which are computable extension into the complex energy plane, where the imagi-
within a time-independent framework. When the expressionsary part of the calculated state-specific energy is the decay
of lowest-order perturbation theofiyOPT) produce accurate rate. The large-order perturbative approach was demon-
results for the MPEDRSs, the field can be characterized astrated on the calculation of LoSurdo-Stark shifts and widths
weak When the LOPT breaks down, the field is said to benot only of the ground state but also of excited states of
strong In this case, either all the necessary higher-order perhydrogen[1], where one of the difficulties that had to be
turbation theory terms have to be computed or the wholeesolved is how to handle rigorously and efficiently the zero-
approach must be nonperturbative. In all cases, the manyrder degeneracy. The nonperturbative approach has been
electron part of the problem remains. implemented for the calculation of energy shifts and widths
Publications from this institute have proposed large-ordein magnetic fields, with applications to hydrogen and to dou-
perturbative as well as nonperturbative approaches for thely excited state¢$DES) of H™ [2]. Its most extensive imple-
systematic tackling of the many-electron problem in thementation has been for the calculation of properties induced
by dc and ac electric fields, with applications to a number of
small atoms in ground or excited stat§3,4] and references
*Electronic address: thmerc@eie.gr therein.
Electronic address: can@eie.gr It is the nonperturbative MEMP theorfMEMPT) ([3]
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and references thergithat we apply here to the two-electron situation which is achievable in the laboratory. Given that
H™ for the calculation of MPEDRs for a wide range of field the detachment threshold of Hs 0.027 75 a.u(0.755 eV,
frequenciesw and intensitied of linearly polarized light. the use of the C@laser frequencies around 0.004 30 a.u.
Specifically, these cover the ranges fram=0.114 to 0.843 (w=0.117 eV, A\~105900A) implies a seven-photon de-
eV and froml =1.0x 10° to 1.1x 10"*W/cn?. Combinations tachment process in the weak-field regime where the energy
of values from these two sets of parameters define situatiorshifts are insignificant. The initial application of the MEMPT
of weak as well as of strong-field interactions and of electroralso produced results for frequencies requiring a minimum of
detachment requiring the absorption of many photons, reaclene, two, or three photons for electron detachment with un-
ing a case of 25 photons whémecomes X 101*W/cn? for  shifted energief9]. Using a correlated wave function for the
the CG frequency of 0.117 eV(1 a.u., of energy for H initial state, attention was paid to the calculation of observ-
=27.1966 eV). able phenomena caused by the field-dressed interchannel
Most of the herein MEMPT results constitute predictions,coupling in the final state, without and with the presence of a
complementing the information on the multiphoton electrondc field, for laser intensities in the range 8.50'°-0.7
detachment processes in Hiready in the literature. Some X 10'*W/cn?. For example, in the frequency region of the
of this information is experiment#é.g.,[5]). However, most  two-photon detachment threshold, an intensity-dependent ef-
of it is theoretical and, where possible, we compare withfect was found which was attributed tdi€ld-induced cou-
earlier theoretical MPEDRES]. pling and interference between the continud® and D
During the past two decades, the system Hlus laser channel8 (Fig. 4 of [9]). Also found was that the simulta-
field” has been treated in terms of two categories of ap-neous mixing of a parallel dc field increases the nonpertur-
proaches as regards the way electronic structure and thmative character of the spectrum of the above threshold de-
spectrum are accounted for. In the first category are calculdachment[11]. The solution of the quantum-mechanical
tions which were done from first principles by perturbative problem for H in the presence of parallel dc and ac fields
or nonperturbative methods. In the second category are caddso produced quantitatively the oscillations in the detach-
culations which were done by employing one-electron pament rate as a function of frequency, a phenomenon which
rametrized models. The replacement of the two-electromad earlier been observed experimentdfyb)] and pre-
problem (or, of the many-electron problem for larger nega-dicted only via semiclassical calculatiofi$,9] and refer-
tive iong by a one-electron model, where the binding energyences therein Finally, it was concluded that the proper rep-
is taken from other calculations or from experiment andresentation of the perturbed final state, i.e., of the dressed
where the wave functions are adjusted according to théree electron in a short-range potential, is crucial for obtain-
model, facilitates the calculation of MEPDRs and offers theing accurate results. For basis expansion-type methods this
opportunity for extensive computations with good overall ac-implies making certain that convergence as a function of
curacy. Nevertheless, the fact remains that such models caangular momenta in the continuous spectrum has been
not form a basis for a general methodology toward the unachieved. These findings provided a reasonable explanation
derstanding of the interplay between the parameters of thg,9] for the then existing qualitative discrepancy in two-
laser field and the characteristics of atomic spectra an@hoton detachment rates between the prevatusitio cal-
atomic structure. For example, even for the simple case ofulations[13,14] and calculations based on model potentials
the H™ spectrum, when the two-electror ground state is  with perturbed free-electron orbital$5,16].
replaced by models of am electron, the roles of angular The early MEMPT results on MPEDRs of thave been
correlation or of DES remain unknown. compared in the literature with results obtained by other
The justification and the methods of the MEMPT are pre-methods, perturbative or nonperturbative. For example, such
sented in detail in Ref3] and references therein, and only a comparisons were presented by Mercouris and Nicolaides
brief review will be given heré¢Sec. I). The essential result [9,6] for two- and three-photon rates and generalized cross
of a MEMPT calculation is a complex eigenvalue and thesections, the latter having been deduced from the nonpertur-
corresponding eigenfunction, representing the field-dressedative MEMPT calculations for values of the intensity as-
resonance state. The computation is based on a superpositisamed to be in or near the weak-field regime. It was shown
of state-specific eigenfunctions with judiciously chosen func{9(b)] that there is reasonable agreement between the
tion spaces of real and complex orbitals, allowing formallyMEMPT results and the model ones by Geltnjaid]. Over-
and practically the systematic calculation of the effects ofall agreement with the early MEMPT results was also re-
electronic structure, of electron correlation, of multiply ex- ported by Liu, Gao, and Staraf&8], who employed a varia-
cited states, and of interchannel coupling, occurring in theionally stable procedure at the LOPT level with empirical
discrete and in the continuous spectrum. No empirically adenergy differences and adiabatic hyperspherical functions.
justed parameters for potentials, for shifted or unshifted enOn the other hand, serious discrepancies were observed
ergies, or for basis sets are necessary. when Dar et al. [19] published their results and compared
The development and first applications of the MEMPTwith the MEMPT ones for C@laser frequenciefs,7]. The
were carried out in the 1980s on two prototypical negativeauthors off 19] implemented Floquet theory at the level of a
ions, H and Li" [6—12. Specifically, for the calculation of one-electron model, and Keldysh-type theories at the level of
MPEDRSs of H', we considered the case of linearly polarizedone and two electrons, for rates at the g&ser frequency of
light of frequencies in the range 0.004 00—0.004 30 a.u.,{(C00.117 eV. We now know that the MEMPT results[@f6] for
lase) and of intensities 0% 10°—1.25x 101°W/cn? [6,7], a  intensities smaller than about<110*®W/cn¥ are not accu-

013410-2



MULTIPHOTON DETACHMENT RATES OF H FOR WEAK . .. PHYSICAL REVIEW A 63 013410

rate. That application contained intrinsic numerical errorsof the discrete and the continuous spectrum. The detachment
due to the smallness of the rates, i.e., of the imaginary part afate corresponds to the imaginary part of this eigenvalue for
the complex eigenvalues, and led to false indications of coneach value ot» andl.
vergence when the field strength was on the low . 7], (3) In order to secure accuracy and reliable convergence,
the region of intensities between ®1@nd 16°W/cn? was it is necessary to start with an accurate wave function for the
chosen so as to be in the vicinity of the perturbative regimainperturbed initial state. In the case of problems such as the
on the low side and to the closing of the seven-photon champresent one, the calculation for the bound wave functions,
nel on the high side. Furthermore, this range was suitable fancluding that for the initial state, is carried out according to
the experimental capabilities of the tijn&ince the available the state-specific theorf20] and references therginOnce
computer power was then very restricted, numerical experithe correlated wave functions for the most significant local-
mentation and extensive optimization of the function spacefzed states are computed, we estimate what types of, and how
while searching for stability of the complex eigenvalue, wasmany, real and virtual states will contribute V&) to all
not done. MEMPT results for the GQOaser frequencies orders. This estimate is, of course, only an approximation.
0.114, 0.117, and 0.120 eV for intensitiesx10'°~2  The final solution is obtained by the systematic addition or
x 10 W/cn? are presented here. subtraction of terms and of parameter optimization until con-
The structure of the paper is as follows: In Sec. Il wevergence is established.
outline the essential features of the MEMPT. In Sec. Ill we (4) The overall calculation for a particular state, or a set of
discuss the function spaces used in the calculations. In Sestates of interest, searches for the following.
IV we present the MEMPT results, some of which are com- (i) A frequency- and intensity-dependent square-
pared with available previous theoretical results. The depernintegrable N-electron wave functionW¥(r;p*), which is
dence of the MPEDRSs on frequency as well as on intensity isonnected directly to the unperturbed wave functibg(r)
revealed in a quantitative way. Section V is our conclusion.and has maximum overlap with it. The lettestands for the
real coordinates of electrons in states which are bound. The
complex coordinate* =re~'? is the coordinate in the Ga-
mow orbital of the outgoing electron. The form of the

The MEMPT aims at making theb initio nonperturbative ~MEMPT wave function for single-electron ejection is
calculation of field-perturbed states and of quantities repre-

Il. BRIEF REVIEW OF THE MEMPT

senting the cycle-averaged nonlinear response of atoms and \I’(r;p*)=2 ai n(0)| W i(ry);n)

molecules to strong static and dynamic electromagnetic ion

fields, feasible and physically transparent for arbitrary

N-electron states. To this effect we choose trial wave func- +2 aj n(0)|X(Fy1,p*):n). )
tions where the function spaces are optimized appropriately " JUN=1E A

and are as state-specific as possible. This allows a practical
understanding of the contribution of different parts of the'W; denotes discrete bound stat@scluding the initial one
wave function and of the spectrum, a fact which, apart from¥) and the localized parts of autoionizing statésdenotes
improved convergence, facilitates the transfer of meaningfutinbound states in the continuous spectrum represented by
information from a MEMPT calculation on the spectrum of complexL? wave functions|n) denotes the photon states.
one system to that of another. rn—1 andry represent collectively the real coordinates of the
The key features and computational steps are as followsvave functions for theN— 1)- electron core for each chan-
(1) The framework is time independent and employs thenel j and for theN-electron bound and autoionizing states.
“atom plus field Hamiltonian in the dipole approximation, The magnitude of the contribution of each of the wave func-
which, for linearly polarized monochromatic light along the tions in the expansiof®) to the determination of the energy
axis is, in a.u., shift and width depends, weakly or strongly, erandF ...
(i) A state-specific complex eigenvalue

Hac:Hatom+wajuaw_%Facz(a:ru'l'a'w)- (1) i
zp(w,Fad =Ept A(w,Fad — 5 I'(w,Fad, (€)
w is the field frequencyal(aw) are the photon creation

(annihilation) operators, andr , is the electric-field strength where the energy shifh and decay widtH" are small com-

(1 a.u=5.14x10° V/icm). pared to the unperturbed enerBy, andz, is connected to
(2) The problem of computing the MPEDR to all orders is E, smoothly as a function of the laser paramete@ndF 4.
formulated as follows: Using thel .. of Eq. (1) and a prop- (5) Given the structure of the MEMPT wave function, Eq.

erly chosen set oN-electron function spaces consisting of (2), the computational search fap has two major phases.
real as well as of complex one-electron basis sets, a stat@he first involves the calculation of accurate state-specific
specific complex eigenvalue matrix equation is constructedrepresentations of the field-free discrete and autoionizing
whose form and method of solution are giveri39,10 and  N-electron states and of the term-dependent channel states of
are not repeated here. The sought-after complex eigenvaluke (N— 1)-electron core. In general, the wave functions are
corresponds to the resonance state resulting from the fieldnade up of a zero-order part, computed at the Hartree-Fock
induced mixing of all physically significant field-free states (HF) or multiconfigurational HF(MCHF) level, and of a
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correlation correction part. The advantages of solving thavhose energy i€=—0.5275a.u.(The accurate value for
many-electron problem for each ground or excited state inhe energy of H is E=—0.5277a.u.) The values of the

this way are discussed [20]. coefficients are
The second phase involves the calculation of the mixing
coefficients in Eq(2) via the repeated diagonalization lef,. @,=0.971, a,=—0.208, a;=-0.014,

and the optimization of the rotated Gamow orbitals which
are coupled to the core wave functions for each chanaedl

for each “Floquet” block in theH .. matrix, representing real a,=-0.003, as=-0.110,
and virtual photons, absorbed or emitted. The number of
complex radial functiongEgs.(9)—(11)] and of angular mo- ag=—0.016, a,=—0.004, ag=—0.018,

menta are augmented systematically, until stability of the
complex eigenvalug, is observed as a function of a nonlin-

ear parameter in the basis set and of the rotation afigle ag=—0.005, a;,=0.006. )
Presently, it is not possible to decidgpriori on the range
of values of the field strengttior each frequengyfor which From Eqgs(4) and(5) it is evident that the major structure

accurate results can be obtained for a giealectron state. features which contribute to the Hproperties are repre-
However, we do know that there are serious difficulties forsented by the 4 configuration, by the & radial correlation,
weak and for very strong fields. In the first case, the problemand by the p? angular correlation, with orbitals optimized
is purely numerical, since the imaginary partzfbecomes  self-consistently. Such a wave function was used in the first
extremely small. For widths smaller.thanTL]Qa.u., we have MEMPT calculations as we[l9(a)]. A systematic analysis of
found that these MEMPT calculations either may lead tothe connection between the wave-function characteristics of
unreliable solutions or cannot produce stable solutions at althe initial state of H and of the MEPDRs showed that the
Of course, rates in such regions are computable by LOPTdominant effect of angular and of radial correlation on the
provided the many-electron problem is handled correctly MPEDRSs is via the changes they cause, self-consistently, on
and there is no need for the application of nonperturbativeéhe magnitude of the S orbital for large values of its coor-
theory. In the second case, the spectrum is distorted, and thgnate[21].
correct correspondence betweleg andz, and betweenV We now come to the calculation of wave functions for the
and ¥ may either become fuzzy or even disappear, whilelowest-lying DES of'S, 'P°, and D symmetry. According
more than one complex roots may appear in the same neiglo the state-specific theory for autoionizing stai9], and
borhood. In the present work, all solutions that are reportedeferences therejnthe optimal representation of the main
were identified clearly, whether the field was weak or strongpart of the localized component is achieved compactly via a
MCHF calculation subject to appropriate orthogonality con-
IIl. CHOICE OF FUNCTION SPACES FOR strains. Although this is not the place to discuss the state-
THE PRESENT CALCULATIONS spemflc theory and methods of computathn Qf multiply ex-
cited stategse€] 20,23 and references thergint is useful to

The W, of Eq. (2) consisted of wave functions for tHes point out the following: A successful calculation of a bound
' 9. MCHF wave function, whose energy is in the continuous

ground state and for the lowest-lying doubly excited resO~ o ctrum and which is expected to be a qood zero-order rep-
nances of'S, P°, and D symmetry. In fact, the calcula- " P g b

. . . . . __resentation of the exact wave function, depends crucially on

tions were carried out without and with electron correlation : . )

. . . the accuracy of the numerical techniques and on the choice

in the ground state and without and with the presence of the ' . . : :
; . X . 0of the configurations in terms of which the MCHF equations

two-electron resonances in order to determine their contribu:

tion. The results of this study are reported elsewHers. are constructed. In doing so, two criteria are important. The

. . . first is the magnitude of the mixing coefficient. Here we note
Here we present the final results which are obtained from th . .
. at orbital transformations are often useful and even neces-
use of well-correlated wave functions for these states.

The 1s ground state was represented by a ten-ter sary in order to obtain a correct convergence. The second is

MCHE wave function whose orbitals were obtained numermhe way that certain configurations facilitate the solution of
. X the MCHF equations, regardless of the size of their mixing
cally from Froese-Fisher's codg2]. For a small system

such as H, this calculation is economic and the resulting coefficient. A well-known example from the MCHF theory

; i of low-lying discrete states is the calculation of the He
wave function not only is compact but also accurate. Hence

. . e : - “"1s25 1S wave function and energy. In order to achieve
there is no need to include additional correlation variation- roper converaence. the MCHE caleulation must contain the
ally in terms of analytic virtual orbitals as is usually done in prop 9 '

o 1s? configuration as well, even though its mixing coefficient
}_T,e Ig‘vmvg\\xaor‘ﬁn(gtit:r?v?/:]ai‘::i-?/\?aegzgetgeigm} The MCHF is small, about 0.11. Otherwise, in the absence of teg 1

configuration, the energy of the final solution is below the
exact one, even at the single-configuration HF levei2E).

— 2 2 2
Wo=a1h(18%) + apih(25°) + agh(3s%) + ayih(45°) For the case of H, it turns out that the numerical MCHF
i 202) + 3p2) + 4p2) + 3¢2 equations lead to properly converged state-specific solutions
as(2p7) + ag(3p7) + azy(4p7) + agh(3d°) only for the 1S and !D states, for which the following wave
+ agh(4d?) + agp(41?), (4)  functions and energies were obtained:
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TABLE |. Nonperturbative multiphoton electron detachment ra&dBEDRS (in a.u) of H™ at the CQ
laser frequency(0.117 eV for intensities in the range 1:010'°—1.0x 10" W/cn?. The MPEDR for this
work is equal tol" of the complex eigenvalue of E¢3). For Ref.[19]: (a) Floquet calculations with a
parametrized one-electron potentiéd) Keldysh formula with a Hylleraas ground-state wave functi@y;
Faisal-Reiss formulas with a Hylleraas wave function. For R&f]. Floquet calculations with a parametrized
one-electron potential.

Photodetachment Rata.u)

MEMPT
Intensity (W/cn) (This work) Ref.[19] Ref. [24]
1.0x 100 1.038(+0.12)x 10 ° 0.966<10°°
1.12x 10° 2.044(+0.11)x 10" ° 2.7x10°° (a)
8.8x10 * (b)
2.1x107° (¢)
2.52x 10 1.12(+0.08)x 10 7 1.4x1077 (@)
5.1x10 2 (b)
1.0x1077 (¢
5.0x 100 1.81(*=0.06)x 10" © 1.67x10° 6
10.0x 10t° 1.68(+0.03)x 10 ° 1.61x10°°
®o(1S)=0.815/(2s%) —0.0754(3s?) — 0.56 7( 2p°
o(*S) Sp(2s°) S4(3s°) (2p°) el(0)=3 V(o) iV(p*), 9)
—0.074/(3p?) —0.047(3d?), (6) n
Eo(1S)=9.554 eV above H 4, and where
¥ o(*D) = 0.851(2p2) — 0.450(2s3d) — 0.250/(3p?) f)(ry=r"*""te7a" with n=12,3,..,12 and
—0.083)(3d?), (7

[=0,1,...,7. (10

Eo(!D)=10.147 eV above H4

These energies compare very well with the ones obtaine@iven the range of values @ and|, and the fact that the
from complete calculations, including the small shift from N=2 excited states are 10.2 eV above theslate, no field-

the contribution of the open channe[E(S)=9.552eV, induced excitations of the coreslorbital were considered.

E(!D)=10.199 eV [23]. (Referencd23] discusses the reso- The exponenta in Eq. (10) was optimized and the final
lution of the H™ resonance spectrum up to the=4 or 5 value, for which a range of stable results was obtained, is

thresholds and compares with available results for Iow-lyingazo-zo- ) ) )
DES. We found that good convergence is obtained in general

The 1P° spectrum contains Feshbach resonances just b&hen 15 photon blocks are included. In spite of the large
low the n=2 threshold and one shape resonance just abov@umber of absorbed photons required in cases such as the
it at 10.215 eV above the Hslthreshold. The lowestp®  CO: frequency, the calculations converged well, within the
resonance below the=2 threshold is at 10.173 e¥23]. numerical accuracy of the algorithms, by using electron an-
Since the MCHF equations did not produce a reliably con9ular momenta 1 up to 7. Test calculations showed that ex-
verged solution for thes&P® states, we resorted to a more Pansions with 1 up to 9 made only a slight difference from

approximate representation by diagonalizing the energy méh;)se obtained with momenta 1 up to 7 of the order of 0.5~
trix constructed from full configuration interaction with hy- 2%. . .
drogen orbitals 82p,3s,3p,3d,4s,4p,4d, and using the Convergence and stability of the complex eigenvalue

wave functions of the two lowest roots, which are at 10.201V&/U€ is easierg/vhewlig large. When the rates get small, of
and 10.240 eV above the Hsthreshold. the order of 10°-10 “a.u., changes in the number of pho-

ton blocks cause a greater change, percentage-wise. For ex-
ample, for@=0.117 eV, when the rate isxX110 °a.u. the
estimated error is 11%, whereas when intensity increases and
brings the rate to 1:810 ®a.u., the error is only 3%see

Xj(p)=(1s)@el(0). @  Tables I and . The results were stable when the variation

of the rotation angl® is between 17°-25°. In general, in the

el(#) has orbital angular momentuimand is expanded in region near a threshold, convergence and stability of results
terms of a square integrable basis set of STO'’s, are more difficult than otherwise.

The X; of Eq. (2) were obtained as a product of the 1
core orbital and a Gamow orbital,
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TABLE Il. MPEDRs of H™ for the MEMPT for CQ frequencies and intensities up to 2.00'*W/cn?. The error margins are deduced
from the behavior of convergence as a function of the number of photons blocks.

Photodetachment Ratés.u)

Intensity(W/cmZ) 0.114 eV 0.117 eV 0.120 eV
5x 10 1.780(-0.060)x 108 1.810(-0.060)x 106 1.851(-0.070)x 10 ©
7x10° 0.560(=0.024)x 10°° 0.565(0.024)x 10°° 0.569(=0.024)x 10°°
1.2x10M 0.279(+0.002)x 10™4 0.282(+0.002)x 10™4 0.283(+0.002)x 1074
1.4x 101 0.408(+0.002)x 10" 4 0.410(+0.002)x 10" 4 0.411(+0.002)x 10" 4
1.6x 101 0.588(+0.002)x 10~ * 0.591(+0.002)x 10~ * 0.592(+0.002)x 10~ *
1.8x 101 0.780(+0.002)x 10 * 0.782(+0.002)x 10" * 0.785(+0.002)x 10~ *
2.0x 10" 0.994(+0.001)x 10" 4 0.997(+0.001)x 104 1.001(-0.001)x 104
IV. MEMPT RESULTS AND COMPARISON WITH tonian, in conjunction with a parametrized one-electron
AVAILABLE DATA model potential.

The agreement of the MEMPT results with those of Tel-
nov and Chy24] for the intensities X 10%°, 5x 10 and

We start with the results for the MPEDRs using three10x 10'°°W/cn? is very good. This is satisfying, considering
frequencies of the CPlaser, 0.0042, 0.0043, and 0.0044 that the calculations df24] used large basis sets and sub-
a.u., and eleven values of intensity in the range 1stantial empirical input. As regards the comparison with the
X 101°W/cm?—2x 10" W/cm?. These MEMPT results re- results of the three methods applied byrDet al. [19], the
place the ones that were published[ij and which, for MEMPT results are in very good agreement with those ob-
numerical reasons, are inaccurate, except the oned for tained from the Faisal-Reiss formulas, and in general agree-
=1.25x 101°W/cn? [6]. Through the present study we es- ment (within a factor of 2 for the worst cagewith those

tablished that only when the rates are larger than abodfom the other two types.
10 Mau. (1au=4.13x10%sec’)) is the stability of the Table Il contains the MEMPT results for three frequen-

complex eigenvalue, as obtained by the MEMPT algorithmsCies: 0-114, 0.117, ?nd 0.120 eV, and for seven intensity
reliable. Our results, computed using the wave functions dis\_/alues, up to 2.8 191 chm.z' The_se predlcnons may be of
cussed in Sec. lll, are contained in Tables | and Il. They aré'S¢e to future experimental investigations.
assigned error margins which are deduced by following con-
vergence as a function of the number of the photon blocks.
Specifically, these error margins stand for the maximum de- Most of the existing calculations for the MPEDRs of the
viation of the rates from their average value in the range oH~ 'S state are for frequencies and intensities that are ca-
14 to 16 photon blocks, which is the region where conver{pable of ejecting one electron by one, two, or three photons.
genge is reached. It can be seen that this margin narrow@ur results for this region are presented in Figs)11(e),
with increasing intensity and consequent increase of the ratand in Tables Il and IV for various values af andl.

Table | also compares the MEMPT results with those of In Table Il we compare with the previous MEMPT re-
[19,24 for frequencyw=0.0043 a.u. (0.117eV) and inten- sults of Mercouris and Nicolaide§able Il of [9(a)]) for a
sity values, used in[19,24, in the range 1 range of frequencies from 0.0098 to 0.0500 a.u. andl for
X 10 W/cnm?—10x 10'°W/cn?. This range corresponds to =0.7x 10 W/cm?. Note that we report the half-widths for
the strong-field regime, since perturbation theory breakshe correct value of the intensif$]. This comparison sup-
down already below % 10'°W/cn? [19]. Electron detach- ports the validity of the early MEMPT results in a satisfac-
ment takes place with the absorption of more than sevetory way, considering the fact that our computer capacity
photons, where the extra photons are needed because of thas much more limited at that time. The main characteristics
ponderomotive energy shifts. In the column for R&B], we  of the behavior of the MPEDRSs for this frequency range
have included the results of three types of calculatid@able  were predicted in[9(a)] and are verified by the present
Il of [19]). The first is from “Floquet” theory with a MEMPT results. These characteristics are the following: Be-
Yukawa-type one-electron model potential, whose results théore the three-photon channel opensvat 0.0106 a.u., there
authors considered as the benchmark for all the calculationis a minimum of the rate ab=0.0105 a.u. and then a jump,
that they did. The second type is from two-electron Keldyshright after the opening of the channel. In the frequency re-
theory with a 24-parameter Hylleraas wave function for thegion between the three-photon threshold and the two-photon
initial state, and the third type is from the Faisal-Reiss variathreshold atw=0.0149 a.u., the rate falls by a factor of 5.
tion of Keldysh theory, again with the same correlated waveWith the opening of the two-photon channel, the rate rises
function for H". The numbers in the column for R¢24] in again sharply ato=0.016 a.u. followed by a new decrease,
Table | are results of computations using Floquet theory andntil «=0.028 a.u., where the one-photon channel opens.
a pseudospectral method for discretizing the dressed HamifFhis picture of the dependence of MPEDRs on frequency,

A. CO, frequencies aroundw=0.0043 a.u.

B. Electron detachment by one, two, and three photons
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FIG. 1. () MPEDRsT [see Eq.(3), in a.u] for | =1.4x 10**W/cn? in the frequency region covering mainly three- and two-photon
detachment. The threshold energies are indicated by the numbered lines on the graph. The structure above the two-photon threshold is due

0.35
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to the interference between tH& and *D channels. (b) MPEDRSs (in a.u) for |=1.0x 10'*W/cn? in the frequency region covering
mainly three- and two-photon detachment. The Floquet one-electron model resulter @&t@b[19] are also shown. At this intensity, the

two-photon threshold structure shown(a is very weak. (c) MPEDRs(in a.u) from the present MEMPT calculations for three values of
intensity in the frequency range where three- and two-photon electron detachment occurs. Note that the three-photon rate rises at threshold

sharply and falls rapidly with frequency.(d) Comparison of the MEMPT results for three-photon electron detachment rates2a
X 10°Wi/cn?, with two other nonperturbative calculations(e) Same as(d) for two-photon electron detachment rates and4.0
X 10°W/cn?. The MEMPT reveals structure at the two-photon threshold due td$htD channel interference.
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TABLE Ill. MPEDRs (I'/2 in a.u) of H™ from two MEMPT  should be normal for a simple spectrum of a negative ion and
calculations(Ref.[9(a)] and this worl, covering mainly the energy  for intensities which are not strong.
range for three- and two-photon electron detachment =a7.0 Comparison with results of other types of nonperturbative
X 10*°W/cn?. The three-photon threshold is @=0.0107 a.u. and ¢ |cylations is done in Figs(1), 1(d), and 1e) and in Table
the two-photon threshold is ai=0.0149 a.u. Sef5]. IV, whilst a comparison with results from LOPT is done in
Sec. IVF. In Fig. 1b), we show the MEMPT results fdr
=1x10"Wi/cn? in the region of one-, two-, and three-
Frequency(a.u) Ref.[9(a)] This work photon detachment and we compare wil®]. The agree-
ment is very good. We note that Boet al. [19] found that

I'/2 (a.u)

0.0098 0.71x10°° 0.623x 10 ° :
e e LOPT begins to break down between the thresholds for one-
0.0100 0.65%10 0.574x 10 .
e and two-photon detachment. Figure(cil presents the
0.0105 0.41 10 0 o
4 s MEMPT  rates  for 1=(1.2x10", 2x10% and4
0.0110 0.11%10 0.883x10 0 .
00115 0128 10~ X 10*W/cn?) in the frequency range of 0.23—0.55 éwo-
' 4 . 4 and three-photon detachmgnNote that the structures at
0.0120 0.13& 10 0.114x 10 . . . .
00121 0.10% 10" threshold depend on intensity, in agreement with the early
0'0125 0.891< 10°5 results of[9(a)]. These results compare very well with those
0.0130 0.74% 105 0.655¢ 105 qf [19,25 even though it is not possmle to de_tect in their
5 figures, where the rates are given on logarithmic scale,
0.0135 0.48& 10 .,
e 5 whether the same threshold detail is present there. Wang,
0.0140 0.40% 10 0.354x 10 . .
0.0144 0.28% 105 Chu, and Laughlin[25] used ququet theory Wl'th a one-
0.0160 0.28% 104 0.251% 10-* electron model and Floquet matrices reaching dimensions of
: : L, : ., about 10006 10 000 for|=4x10*°W/cn?. Their results
0.0180 0.21K 10_4 0.190x 10_4 showed intensity-dependent variations near the onset of the
0.0200 0'16&10_4 0'14%10_5 detachment thresholds, in agreement with the predictions
0.0250 0.10k 10_5 0.905x 10_5 published iN9(a)]. (See Fig. 4 of9(a)] for the two-photon
0.0275 0.76% 1074 0.698x 1074 detachment rate in the rangé=0.55x 10"°°W/cmP—7
0.0325 0.92% 1073 0.750x 1073 X 10°W/cn? [6]). Wang et al. [25] also made a detailed
0.0375 0.15&10 0.136<10 analysis of the experimental data by Taagal, Balling
0.0425 0.176&10°° 0.155¢10°° et al, and Bryantet al. [5] and concluded that the proper
0.0475 0.17x10°3 0.154x10°® interpretation of the measured processes requires a nonper-
0.0500 0.16%10 3 0.150< 103 turbative treatment.

Figures 1d) and Xe) present our MEMPT results fdr
=2x10"W/cn? and| =4x 10"°W/cn? and compare them
to those of Wanget al.[25] as well as of Da et al.[26], the
latter obtained fronR-matrix Floquet calculations. The mag-

TABLE IV. MPEDRSs of H™ (in a.u) from three nonperturbative calculations for three laser frequencies and 15 values of intensity.

Photodetachment Rata.u)

Intensity 0.650 eV 0.755 eV 1.164 eV
(WicnmP) This work Ref.[28] This work Ref.[28] This work Ref.[27]
1x10° 4.33x10°° 4.85x10°° 6.33x10°° 4.51x10°® 4.66x10°°
4x10° 6.95<10 8 1.80x10
8x10° 2.78<10°7 3.60x10°°
1x 100 4331077 4.80x10°7 5.05< 107 2.98x10°7 4.50x10°° 4.65x10°°
5x 10° 1.04x10°° 6.82x10° 6 2.20x 1074
8x 10 2.58x10°° 1.71x10°° 3.56x 104
1x 104 3.98x10°° 4.37x10°° 2.63x10°° 2.78x10°° 4.43<10°4 4.53<10*
2x 104 1.46x10°% 1.58<10 4 0.99x 104 1.05x10°* 8.70x 1074
3x 10 3.01x10°4 2.10x 1074 1.28<10°3
4x 101 4.95x 1074 5.30x 104 3.55x 104 3.76x10°4 1.66x10 2
6x 10t 9.78<10°4 7.19x10°4 2.38x10°2
8x 10 1.55x10°3 1.52x10°3 1.15x10°3 1.23x10 3 2.98x10°2
9x 10t 1.88x10 2 1.40x10°2 3.24x10°3
1x10%? 2.12x10°° 2.18x10°° 1.64x10°3 1.73x10°8 3.46x10°° 2.95x10 %
1.1x 10%? 2.40x10°° 1.90x10°3 3.65x10°°
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FIG. 2. (&) MEMPT results for MPEDRSs in the frequency range between the seven-photon and three-photon threshbids.and
X 10 W/cn?. The structures in the six-photon and four-photon channels are due 1&th2 channel interference.(b) Same as irfa) for
I =2.5x10°W/cn?. The structures are smoothed outc) Same as in@) for |=7.0x 101°W/cn?. The fingerprints of'S-'D channel
interference are present only in the four-photon chann@) Same as ifa—(c) for | =1.4x 10"*W/cn?. Note that the positions of the
photon thresholds have changed significantly from those of gi@pielative to the form of the overall curve as well as in absolute terms.

nitudes of the rates are in general agreement. However, thether values ofw andl, the MEMPT results and those ob-
shapes near threshold differ. Our results indicate the exigained by the one-electron model Floquet calculations of Tel-
tence of a dip, which we attribute to the interference betweemov and Chyj27,28 are in good agreemefthe discrepancy
the 'S and D channels. The effects of such channel inter-ranging from 2% to 10% and they show the same behavior
ference were presented quantitativelyf&9,6]. All calcula-  as regards the maxima and the minima of the MPEDRs for
tions show the thresholds to be shifted to higher frequencieghe frequencies used: 0.650 ef.908 um), 0.755 eV

as intensity increases and to become less sharp. This pher 640 m), and 1.164 eV(1.064 um).

nomenon is general, and is further discussed in the next sec-
tion where rates for detachment by more than three photons
are presented.

Finally, in Table IV we compare our results with those of ~ To our knowledge, the existing results from nonperturba-
Telnov and Chij27,28, which were obtained by implement- tive calculations for this region are scarce. In contradistinc-
ing Floquet theory with complex scaling and a model potendion, the present quantitative study of MPEDRs for energies
tial. We point out that for the lowest three intensitiggeak-  above the three-photon detachment threshold is extensive.
field regime the frequency of 0.755 eY1640 nm coincides  The frequency-dependent MEMPT results are presented in
with the position where the one-photon channel opens. As &igs. 2a)-2(d) for four intensities between 1.3210'° and
result, the calculation is very sensitive to the value of thel.4x 10" W/cn?.
electron affinity used. Therefore, for this special case we For intensities 1.%x10"W/cn? [Fig. 2@] and 2.52
avoid the comparison with the value giver[#8]. For all the X 10*°W/cn? [Fig. 2(b)] the curves of the detachment rates

C. Detachment by four, five, six, seven, or eight photons
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are similar as regards the appearance of minima and maxime [
the existence of which was already discussed in Sec. IV B. L | MEMPT
The frequency where thew-photon detachment channel
opens is calculated fromE(binding+U,=nw, U,
=F?/4w?, whereF is the field strength. Forthese intensities,
the ac shlft is negligible compared tdy, .

On the other hand, when intensity increases to 7 g 3 8
X 10°W/cn? [Fig. 2(c)] and 1.4< 10*Wi/cn? [Fig. 2(d)], = 10° o ?

4/~\1=7.0 x10" Wier®
10° ¢ AN
; g ,L ‘1) S X ies9x10° wiom?

1235 x10" Wiem®

the curve of the MPEDR vs frequency changes form. For | -2‘§}10._chm
intensity 7x 101°W/cn?, when w reaches the five-photon I ;
threshold, there is no sharp reduction of the detachment rate |
Instead, only a change of the slope of the curve is observed 4471 5
The same trend exists for the higher intensity of 1.4 o6 ot o0 022 ood oz

X 10 W/cn?, as it is seen in Fig. (). Now, the MPEDR
curve shows no minimum either at the five-photon or at the
seven-photon threshold. Our explanation of this phenomenon F|G. 3. Nonperturbative MPEDR&.u) from the MEMPT, in

is that, at these high intensities, it is the higher-order contrifogarithmic scale, for four intensities, covering the frequencies for
bution of photon channels with>6 that dominates and not detachment by 6, 5, and 4 photons.

the six-photon channel. Therefore, the maxima and minima

that appear at lower intensities as a direct result of the sugplot. In both curves, there exist two peaks, which is the result
cessive opening of the immediate photon channels are pr@f the contribution of the'S and D channels and of their
gressively reduced, or even washed out. coupling[9(a)].

In support of this interpretation we turn to the results of  Finally, it is also possible to compare with and extend the
Telnov and Chij24] which were obtained for only one fre- early results published by Shakeshaft and TEgj only for
guency(0.117 eV} and for three values of intensity. They one value of frequencyy=0.234 eV, and for five values of
report the partial widths for tha-photon channels. For the intensity. They used a one-electron parametrized Yukawa-
lowest value of intensity, 1:010°W/cn?, the eight-photon type potential and Floquet theory. Table V compares their
partial width is dominant, contributing 73% to the total rate.results with ours, the latter obtained for ten values of the
At this intensity, the energy difference is such that at leasintensity in the range between x2L0"W/cn? and 1
eight photons are required for electron detachment to occup< 10t*W/cn?. The agreement is rather good. The MEMPT
When intensity becomes 5QL0*W/cn?, the minimum predicts that ad increases, the rate reaches a maximum
number of photons required for detachment is 11. The elevearound| =6.3x 10*°W/cn? and a minimum around=7.0
photon width has a much lower contribution to the total X 101°W/cn?, where the four photon-channel closes. The
rate—25%—while the higher channels of 12, 13, and 14topic of the behavior of the MPEDRS as a function of inten-
photons contribute 59%. Finally, at intensity 1.0 sity is discussed further in Sec. IVE.

X 10" W/cn? the minimum number of photons for detach-
ment to take place is 16. This channel contributes 27% to the D. The influence of doubly excited states
total width, while the sum of the widths of the higher ones, . L
The frequencies used in this work are much smaller than

17, 18, 19, and 20 contributes 5J%4]. These facts support ; L
the view that the aforementioned changes as a function o%_lo eV, where the first set of DES begins in the unper-

intensity of the nonperturbative MPEDRs result from the

Frequency (eV)

strong influence of photon channels of higher order. In fact, [ M
as it is clear from Fig. (c), indication of this effect appears I 1=1.0x 10" Wiem? -
already in the region of three- and two-photon detachment, 5| nf’
where the rise of the rate at the channel threshold become I —s— MEMPT ]
less sharp akincreases. Eventually, when intensity aquires o Doerret al. [19] ¢
large enough values, the behavior of the MPEDR versus fre-5 4r D/‘\ . ?[
quency changes form. As an example, in Fig. 3we plotona® | 7 ”\i o M . /
logarithmic scale the rate we for four intensities between % 31 4 = % _— ", O ;
2% 109 and 7x10'°W/cn?. Our results show that the five- ﬁzé—-o ;;.’:ﬂ‘l»
photon threshold behavior changes significantly with inten- P.l:r’ "?«....}‘
sity.

The only frequency-dependent nonperturbative calcula-
tions of MPEDRs that we found in the literature for the re- 322 o025 o026 027 028 025 030 031 oa2

gion beyond the three-photon threshold are those ofr Do
et al. [19]. Specifically, these authors plot the MPEDR vs
1/w for | =1x 10" W/cn?, a combination corresponding to  FIG. 4. Comparison of the MEMPT rates with the Floquet one-
four-photon detachmerfFig. 3 of [19]). Our Fig. 4 com- electron model calculations dfl9] for four-photon detachment
pares the MEMPT rates with those [df9], taken from their  when!=1.0x 10'*W/cn?.

Frequency (eV)
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TABLE V. MPEDRs of H™ (in a.u) for =0.234eV. Refer-
ence| 29]: Floquet theory with integral equations and a one-electron f H
model potential. The MEMPT calculations reveal the smooth struc- ~_[|  Foton Freauency=029ev &
ture, as a function of, caused by the existence of threshold at e L MEMPT owqp%sf
around! = 7.0X 10 W/cr?. —o— Greenwood and Eberly [30] S
10% E
Photodetachment rate.u) _ ]
MEMPT e
I (Wicn?) (This work) Ref.[29] ~ ‘
2.00x10'° 0.28(+0.01)x10°© 10° k
3.00x 10%° 0.11(+0.02)x 10°° i
4.48< 10 0.35(x0.02)x 10°° 0.44x 1075 Ll
5.67x 10%° 0.80(+0.02)x 10°® 0.88<10°5 10
6.28x 1010 1.23(+0.02)x 105 10 o
6.72< 101 1.15(+0.06)X 10°5 1521075 Intensity (Wiem’)
6.86x 10" 1.05(+0.01)x10°° 1.30x10°° FIG. 5. Intensity dependence of MPEDRm logarithmic scale
7.00x 10%° 1.04(+0.01)x 1075 1.00x107° for ©=0.29 eV, with the results d30] obtained from the solution
8.00x 10%° 1.17(+0.01)x 1075 of the time-dependent Schdimger equation with a parametrized
1.00x 104 1.94(=0.01)x 1075 one-dimensional potential.

discussed this topic. Specifically, the intensity-dependent

turbed H™ spectrum. For example, if the frequency is 0.0160Mputations were done fap=0.400eV, a value that is
a.u., then more than 35 photons are required in order to readfg"y Near the frequency 0.405 &U.0149 a.u.used in Ref.

the first 'SDES. Therefore, one should expect that they do.26) Fig. 3. The results are shown in Fig. 6. The overall
not play a significant role in the calculation of the MPEDRs, Pehavior of the MPEDRs is the same for both calculations.

B . 0
Indeed, our calculations showed that essentially identical rel "€ MEMPT rates rise until reaches 4.8 10t chmz
hereas theR-matrix Floquet rates of26] rise until about

sults were obtained from two types of function spaces, on&/ 00 o :
excluding the DES mentioned in Sec. Ill and one including! =2-1<107~W/cnr. Beyond these points the rate decreases

them. until 1=6x10""W/cn?, where the two-photon channel
closes. Now, the three-photon channel starts dominating and
the rate increases again. The magnitude of the rate is the
same in both calculations.

Obtaining quantitatively the MPEDR as a function of in-  Finally, we report that other MEMPT results, not given
tensity (rather than frequengys also interesting and experi- here for reasons of economy, are in agreement with the
mentally feasible. We have already presented such results Rmatrix Floquet calculation of Purvist al. [32] which pro-
Table V and we discussed other cases for two- and thregtuced the rate for field parameters where the one-photon
photon electron detachment in Sec. II. channel closes and with the one-electron model Floquet cal-

As intensity increases, the ponderomotive shift causes theulation of Dor et al. [19] which obtained MPEDRs in the
closing of photon channels. This effect was studied inregion where the two-photon channel closes.

[30,31 using solutions of the time-dependent Schinger
equation(TDSE) which was solved under the assumption of
a one-dimensional model for'H We did calculations for the
same range of intensities K110~ 5x 10 W/cn¥) and for wo "
the same value of laser frequen@:29 e\j. Our results are 16 MEMPT
shown in Fig. 5 together with those §80]. The results of | o o  [Frequency=0.40eV
[31] are very similar to the ones dB0]. The conclusion - K
from this comparison is that these model calculations indeed 5 27 o
revealed correctly the variations which are associated with = o
the closing of channels. On the other hand, they did not & S
produce an accurate picture either of the magnitude or of the 081 & o
shape of the curve of MREDR vs intensity. We note that in ] o
the MEMPT results, the closing of the channels is associated 04 ¢ 0040000000
with dips at aboutl =6.8x 101°W/cn? (three photoj at Two Photor
about 1 =2.4x10"W/cn? (four photon, and atl=4.1 2 4 : : T :
X 10 W/cn? (five photon. 10" Intensit 2

. . . . y (Wiem®)

Regarding the issue of channel closing, additional
MEMPT calculations were carried out in order to compare FIG. 6. Intensity dependence of MPEDRs far=0.40eV,
with the R matrix Floquet results of Do et al.[26] who also  where two-photon detachment takes place.

E. Channel closing and rates as a function of intensity

2.0+
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FIG. 7. (&) Two-photon generalized cross section from weak-field MEMPT calculations and comparison with the LOPT calculations of
[33] which were carried out based on a parametrized one-electron model. There is a small discrepancy a@40ctV. (b) Same as in
(a) for the three-photon generalized cross section. There is some discrepaneyldoger than 0.34 eV. (c) Same as in@) for the
four-photon generalized cross section. Arousd 0.195 eV there is structure, which is much weaker and shifted in the resuyB8jofThe
ponderomotive shift has been subtracted from our results since LOPT is independent (df iame as in(@) for the five-photon
generalized cross section. The ponderomotive shift has been subtracted from our results since LOPT is independent of it.

F. Results for the weak-field regime Instead, he employed very large expansions of two-electron

By choosing a series of small values of intensity, it is infunct?ons constructed fro@ splines, where the; continuum
principle possible to obtain from a MEMPT calculation functions are box normalized. van der Hart discussed com-
MPEDRs which fall into the weak-field regime. However, parisons with earlier results, for which the reader is referred
because of numerical errors, the algorithms implementindg0 [35]. We note that his exposure of the contribution of the
the MEMPT cannot, at present, yield accurate values for thélifferent final-state channelsS, 'P°,'D, etc., support the
rates in H for intensities below % 10° W/cn?, and for pho-  earlier remarks as to the phenomenon of channel interference
ton energies which are smaller than the one required for five[8,9a)]. (Additional analysis of this threshold property will
photon detachment. For this reason, the MEMPT calculatiobe given elsewherg.Finally, another calculation in the
of ¢(” and o® has not been done here. On the other handweak-field regime was published by ‘Boet al. [26] in
our weak-field MEMPT calculations converged rather reli-which, however, the energies had to be adjusted empirically.
ably for the cases of two-, three-, four-, and five-photon de-Our comments regarding weak-field results such as the
tachment rates. The corresponding’, n=2,3,4,5, are pre- above are as follows.
sented in Figs. (&)—7(d) where they are compared with the ~ We compare with the LOPT results of Laughlin and Chu
LOPT results of Laughlin and Chi83]. Laughlin and Chu [33], which we expect to be rather accurate on the whole,
obtainedo™, n=2-8, by solving the corresponding inho- due to the method of solution and to the choice of the pa-
mogeneous equations using a carefully parametrized oneametrized model(This does not mean that results from
electron model, a method that was applied to by Adel-  other types of calculations are not reliable in general, espe-
man[34]for the calculation of=(?). LOPT calculations for cially far from threshold. For example, see the perturbative
oM, n=2-6, were also done by van der HE86] using the  results of Proulx and Shakeshd®6] for o(® and ¢(®).)
summation method without the use of a one-electron modeSuch a comparison shows that there is an overall very good
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TABLE VI. MPEDRSs (in s from two MEMPT calculations(Ref. [9(a)] and this worl for w
=0.354 eV and four values of intensity for which electron detachment is achieved by three photons. The ratio
ratel® is supposed to be constant in the weak-field regime, where lowest-order perturbation(t@oiy
applies. Se¢6].

This work Ref.[9(a)]
(Rate)4?® (Rate)4®
I (Wicn?) Rate(s %) [st(Wem )3 Rate(s ™) [st(Wem 23
1.75x 10%° 7.92x10° 1.48<10° % 8.90x 10° 1.66x10° %
7.00x 10t° 5.46x 10t 1.59x 10 % 6.14x 101 1.79x10° %
1.58x 10" 5.41x 102 1.38x 10 % 6.04x 102 1.55x 10 %
2.80x 10t 8.03x 10%? 3.66x 10 %2 8.43x 102 3.84x 10 %2
agreement for®) and ¢(*), except arounds=0.40eV for According to LOPT, then-photon detachment rate di-

o® and beyondw=0.34eV for @, where small devia- vided by " must be independent of the intensity. This rela-
tions are observed. Far®. the MEMPT values are a bit tionship can be used to establish to a good approximation the

smaller but the two curves have the same shape. This diffe/alués Of intensity for each frequency at which the LOPT

ence is probably due to the fact that the value of the intenPréaks down. Such an estimate was given in Table[8(@f]

sity, (I =6x 10° W/cn#), which was necessarily chosen for for ®=0.013 a.u. In Table VI we compare the _present
our calculations in order to obtain a reliable stability for the MEMPT results with those of9(a)], corrected according to

complex eigenvalue, was not small enough. If a well-
converged MEMPT calculation with a smaller value lof o ® o & o
were numerically possible, its results would be even closer to 1 L]
the LOPT ones of33].

The case ofr(?) has been subjected to a number of cal-
culations. Early discussions and comparisons were given in " H

[9,17]. Figure 1 of[9(b)] shows the degree of discrepancy = MEMPT
among various calculations at the time. The present MEMPT ~ Frequency= 0.354 eV .
results agree with those ¢83], except close to threshold, 'é o

where the MEMPT results are slightly larger. It is worth
pointing out that, in general, thab initio computation of ] S
detachment rates at threshold are sensitive to the energy dif- ]
ference(binding energyas well as to the quality of the wave
functions. For example, consider the large-scBlenatrix

Floquet calculations of Do et al.[26]. These authors found Y Y T
that without artificially shifting the energies, this type of cal- (a) 10" Intensity (W/em?)

culation of the two- and three-photon rate for low intensities

(1x10° W/cn?) produced results which deviated from the . o o

final results. In fact, they had to move the Ilowest ®

1S Rmatrix pole from—0.526 427 a.u. t6-0.528 876 a.u. in

order to obtain the correct energy difference and, conse-

quently, an acceptable ratfNote that the chosen energy < H

(—0.5289 a.u.is below the exact energy of the H'S state] - MEMPT

Empirical corrections for the binding energy have also been "’2 014 Frequency= 0.218 eV ¢

necessary in other theoretical approaches to the calculation ]
of o™ (e.g.,[18]). Dorr et al. concluded(26] p. 4493 that ] d
“the semiempirical correction is very important to obtain an T
accurate detachment rate.”

Our calculations of MPEDRSs, for all frequencies and in-
tensities, employed the wave function and thearly exact ' T T
energy obtained from the ten-term MCHF calculation and no b) 107" I(Jﬁ1tensity (Wiem?) !
empirical fitting was done. Although we cannot establish the
exact level of their accuracy, we can report that tests showed F|G. 8. (a) Ratel? as a function of intensity fow=0.354 eV,
that the threshold behavior was stable to small changes in thghere at least three or four photons are needed for detachment to
intensity. A possible slight improvement could come from aoccur. The breakdown of thé® dependence appears after 1.1
small change in the magnitude of the MCHdrbital in the  x10"Wi/cn?.  (b) Same as ina) for four- or five-photon detach-
asymptotic region, which extends up to 45 424]. ment.
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TABLE VII. Conclusions from the present MEMPT calcula- problem of computing the nonlinear response of polyelec-
tions as to the intensity range where the LOPT relafforl  tronic atomic states of arbitrary structures in ac fields can be
breaks down for five frequencies. treated within a nonperturbative framework economically as
well as accurately. For example, consider the calculation of

Frequency(eV) Photons I(C\t;;i'zt)y the MPEDR spectrum of an open-ghell negativg ion, say (0]
for a range of experimentally feasible frequencies and inten-
0.218 4 A—5¢10° sities.(The electron affinity of O is 1.46 eV) The compu-
0.223 4 5_6¢10° tational implementation of the MEMPT will consist of the
0.326 3 7_1x 10© following main steps. (i) Calculate the appropriate corre-
0.354 3 9_1K 10 lated nine-electron wave functiofs; and the eight-electron
0.490 2 2_ 3101 wave functiongcore termg of X; of Eq. (2), with real coor-
0.571 2 2_3¢ 101 dinates. If necessary, include configurations representing

doubly excited states and core polarization. According to
[20], these bound functions are compact, consisting of a nu-

[6]. The agreement is good. Additional results are given ifherical MCHF solution for the zero-order reference wave
Figs. 8a) and 8b) where we plot this quantit@/I" vs 1. The functlon_ and a variationally optimized part f_or the remaining
breakdown occurs at abouts (4—5)x 10° W/cm? for four cprrelatlon.(Of course, the MCHF cglculatlon can in prin-
photons and at abolit= (9— 11)x 10°W/cn? for three pho- C|pI(.a.be enlarggd as .much as possple, SO as to_render the
tons. Table VII contains a number of results showing thedddition of configurations with analytic virtual orbitals un-

values ofw and | where the perturbative power law is ex- N€cessary. (i) Couple to the eight-electron final-state
pected to breakdown. wave functions one-electron complex orbitals of a complex

coordinate, according to Eq$8)—(10), and construct the
MEMPT matrix, using the forni2) and the Hamiltoniaril).
(iii) Solve iteratively for the state-specific complex eigen-
The plethora of results presented here for the variouyalue for each pair ofl(w), following the method presented
MPEDR “spectra’ of the system H plus ac-field comple-  in [9(a),10,3. Of course, although the main steps are indi-
ment and enrich the existing information for the weak- andcated by the theory, it is a matter of considerable additional
especially for the strong-field regimes. Furthermore, in comexperience to understand the suitabilityL.éf complex func-
bination with the recently published study of the isoelec-tions as to the representation of the contribution of the mul-
tronic “He plus ac-field system[3], the present implemen- tichannel continuous spectrum to the field-dressed resonance
tation of the MEMPT indicates the way in which the eigenfunction in many-electron atoms for each pajm(.

V. CONCLUSION
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