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Two-photon detachment of H™
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A precision calculation of the two-photon detachment cross section foisHperformed by means of a
non-Hermitian Floquet theory. A highly accurate initial state wave function is used along with fully correlated
saddle-point wave functions for the intermediate and final states. The cross section is investigated for energies
below then=2 andn=3 thresholds. The peak cross section predicted for'fhaesonance is 3.2010 *°
cm*sec at 10.8732 eV. It represents ab initio theoretical prediction in complete agreement with the
experimental result of 3.241.8,—1.2)x 10™° cnt* sec at 10.873(27) eV.

PACS numbd(s): 32.80.Gc, 32.30:r, 32.70—n, 32.80.Dz

Since the advent of high-intensity lasers, multiphoton pro- |Ho—E| |Vsp| 0
cesses have been a subject of intense interest in the literature. | ¢, Vol  |Ho—E—ol V.| _
In general, these processes are strongly affected by [Hij] sp 0 @ P! 0.
intermediate- as well as final-state resonances. The resulting 0 Vol [Ho—E—20|
spectra could be very complicated. In this regard, the H (1)

system is of particular interest to theorists due to the absence
of excited bound states. Varioperturbative or nonpertur- Herew is the photon energy,is eithers for the Swave final
bative) theoretical methods have been used to study the mubtate ord for the D-wave final state|V| implies a matrix of
tiphoton detachment cross section of this systgm7]. V, and Hg is the nonrelativistic Hamiltonian for H The
There has been also a number of two-photon detachmeperturbation potentia’ with a field strengttF in the dipole
cross sectiofTPDCS, o,, experiments for H, both above approximation is
and below the single-photon detachment thresH@8ld11]
mainly in the weaker field or perturbative regime. In particu-
lar, a prominent'D resonance structure above this threshold H'=2F-. E ricofwt)=2V cogwt). (2
has been observed in the experim@d and predicted by '
theory[4—6]. The latest measuremefitO] yields a peakor,
of 3.2(+1.8-1.2)x10 *° cm sec or 420 ¢ 240, —160) In principle, theH?, block should be constructed with a
(F/|2) a.u., whereas the theoretical predictions are @3 set of Swave basis functions. To fU”y account for the cor-
and 710[4] (I'/1%) a.u.T is the width and is the radiation relation of H", it needs a very large basis set that increases
intensity. Hence, despite the rather large error bars quoted ffie size of the matrix of Eq(1) substantially. However, for
the experiment, the existing theoretical data still fall outsideground-state absorption in a weak fielf £0.0001 a.u. is
of the experimental uncertainty. In this work, we advanceused in this work this basis set can be replaced by a highly
this field by performing a precision calculation @, com-  accurate ground-state wave function. Hence,Hﬁprock is
bining the non-Hermitian Floquet formalisih2,13 with the ~ reduced to a X1 matrix. This greatly simplifies the calcu-
complex-scaling saddle-point technicuel] using highly ac-  lation. In this work, we used a 386-term multiconfiguration
curate wave functions for intermediate and final states. Théteraction(MCI) wave function as in Kuaet al. [15]. The
calculated results provide a theoretical prediction that is irenergy of this wave function is-0.527 737 15 a.u. This is
close agreement with the experimgd], well within the  slightly higher than the exact nonrelativistic ground-state en-
qguoted experimental uncertainty. ergy. However, it happens to be the exact energy when rela-
In this work, we extend the non-Hermitian Floquet matrix tivistic and mass polarization corrections are included.
formalism to study the TPDCS of H This method has been TheHY, block is constructed with MCI basis functions of
adopted for the study of multiphoton processes by many au? symmetry. This wave function is used to represent the
thors[12]. However, most of the applications did not explic- intermediate state. In this work, the, for energies both
itly include correlation. In Chu and Reinhardt3], the non-  above(AT) and below(BT) the single photon detachment
Hermitian Floguet matrix method is developed and appliedhreshold are considered. Entirely different intermediate-
to the hydrogen atom in a strong field. In this case, a largatate basis functions are used for the two energy regions. For
number of Floquet blocks are needed in the computation. FABT, an 144-term MCI wave function is used. The nonlinear
weaker fields, the structure of the Floquet Hamiltonian carparameters in these basis functions are optimized to improve
be greatly simplified. In the case of &wave ground state convergence. Since the photon energy for this region ranges
such as H , we can approximate the Floquet Hamiltonian from 0.014 to 0.0277 a.u., the nonlinear parameters were
by optimized by maximizing the dynamic polarizability of the
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TABLE I. H™ S and!D resonances below the Hh€ 2,3) thresholdgin wa.u.); E,e is the relativistic
corrections ofp#, Darwin term,e-e contact term, and orbit-orbit interactiok,, is the mass polarization
correction.E+ is the energy above the Hground state at-0.527 737 15 a.u.

—Enonrel Erel Emp —Ejot Er (eV) ' (meVv)
Belown=2 of H
D 127 930.3 -1.02 -3.71 127935.1 10.8732 8.634
15(1) 148 800.2 -1.65 1.12 148 800.7 10.3058 47.52
15(2) 126 020.0 —-1.62 0.06 126 021.6 10.9253 2.483
Belown=3 of H
D(1) 65 950.3 -0.35 —0.86 65951.5 12.5590 44.8
D(2) 56 810.3 —-0.41 -0.20 56810.9 12.8076 6.69
ID(3) 55752.2 -0.41 -0.03 55752.7 12.836 4 1.20
D(4) 55698.1 -0.34 0.12 55698.3 12.8378 1.01
15(1) 69 001.1 -0.52 0.03 69 001.6 12.4760 38.6
15(2) 57773.2 -0.51 -0.15 57773.9 12.7814 8.27
15(3) 56 091.7 -0.30 2.58 56 089.4 12.827 2 2.65
15(4) 56 000.1 —-0.51 0.07 56 000.5 12.8296 1.09
15(5) 55648.5 —-0.52 -0.01 55649.0 12.8392 0.35

ground state atv=0.021 a.u. The samB-symmetry wave Show a bump that is absent in these references. This bump is
function is used for both th®- and Swave final-state cal- the result of summing the very differegt andD-wave cross
culations. section that intersectsee Fig. 1 The results of Shakeshaft
For theH 5,3 block, the wave function must properly rep- and collaboratorq 4] .also generally agree well yvith the
resent the final state in the continuum. It can be separategf€Sent work and their data show a similar bump in the total
into closed- and open-channel parts. The saddle-point wavePDCS. L .
function [16] is used for the closed channel, whereas the 'N€ resultin Fig. 1 was calculated with &r-0.0001 a.u.
open channel is handled by complex scaling similar to that 0f—lowever, if we dquble or halve this field stre.ngth, the result-
Chung and Davi§14]. For theD-wave final state, we used N9 TPDCS remains the same, except wheis very close
150 terms for the closed channel, and for Bwave final O the threshold wherer, becomes intensity dependent.
state, we used 108 terms for the closed chanrsVatancies These results are also very stable with respect to the number
are built into these functions using the saddle-point method?f terms in theP-wave as well as in the final-state wave
The open channel is simply a hydroges dtate multiplied functions. For_examp_le, if we reduce the _number of terms in
by a series of Slater orbitals as in Chung and D4ti]. the P-wave or in the final-state wave functions from what we
These wave functions yield highly accurate energies andS€d by about 1/4, the changesoipare generally much less
widths for the'D and 'S resonances. These results are giventhan 5%.
in Table I. We should mention that there is a great deal of
theoretical and experimental data on th& and 'SH™ reso-
nances in the literature; many of these references can be
found in Risloveet al. [10]. Since the main interest in this
work is TPDCS, they are not included in Table | for com- °
parison. @
The complex scaling technique is applied to Eh. By g
solving for the ground-state eigenvalug,{-iI'/2) we can 3"
S
bl:\l

LRE s 27 S + D (this work)
calculate theo, in a.u. fromI'/12, which is independent of i “o L7 __ _ D-wave
the radiation intensity in the weak-field limit. To convert to - s _ ... _ S—wave i
cn* sec, this value is multiplied by?. Calculations are done ,/ %
for both the S and D-wave final states. The total rate is R ""\..\
obtained by direct summation. SinEevaries as=* for TP- 7 Tl
DCS, it is very small compared with, . To ensure numeri- P e
cal reliability, quadruple precision arithmetic is used in solv- ° N
ing Eq. (2). 0.4 0.5 0.6 0.7

There are a number of theoretical BT TPDCS data in the
literature[1,3,4,7 for H™, but some discrepancy still exists
among different calculations. We compare our result with  FIG. 1. TPDCS of H for photon energy below the single-
some of those in Fig. 1. The agreement with Geltiffdrand  photon detachment threshold. Circles, REF]; ++, Ref. [7];
Laughlin and Chu[7] is quite good, except that our data crosses, Ref.3]; dotted line, Ref[4]; solid line, this work.
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FIG. 2. TPDCS of H near thgls and'D resonances. The peak Two—photon Energy (eV)
for the D resonance is much higher than the scale in this figure.
FIG. 3. TPDCS of H near the'D resonance, experimental data

For the TPDCS in the AT energy region, the intermediatefrom Risloveet al. [10]. T is plotted at half maximum using the
states are in the continuum. We need-@ymmetry wave energy and width data from Table Te,p=8.9(12) meV,Iheq
function to properly represent this continuum. This can be=8.634 meV;ESP'=10.8732(27) eVE!N®°'=10.8732 eV.
done by using the saddle-point wave function, as in the case
of D- and Swave final states. However, in principle, the The TPDCS, energy, and width measurements for'e
calculated with Eq(1) includes both the single-photon de- resonance have been made by Stiatzl. [8]. More re-
tachment rate(SPDR as well as two-photon detachment cently, a new measurement was done by the same group
rate. In fact, as long as the SPDR is present, it will be thg10]. In this latter experiment, the energy and width have
dominate contribution td'. Hence, in order to calculate,, been determined to be 10.87@22) and 0.008€12) eV, re-
we must remove the SPDR contribution ko This can be spectively. The absolute TPDCS peak for this resonance is
accomplished by removing the open channel and only keemlso determined to be 3.2+(1.8—1.2)x10 “° cm’sec.
ing the closed-channel segment in the intermediatgave  These results agree closely with the 10.873 2 eV, 8.634 meV,
function. This eliminates the two-photon process of succesand 3.1 10~ 4° cm* sec predicted in this work. In Fig. 3 we
sive single-photon absorption, which is important near theshow the calculatedD-resonance line profile with the TP-
single-photon detachment threshold. But, it should be an eXDCS peak compared with experiment. To our knowledge,
cellent approximation near the resonance region. In this workhis is the first theoretical prediction of TPDCS tb reso-
a 129-term saddle-point wave function is used. A similarnance that is well within the experimental error bar. We
wave function has recently been used for the single-photoshould point out that the resonance widths in Table | are
detachment and resonances of .HHighly accurate results calculated with the standard saddle-point complex-rotation
were obtained15]. method[14]. The apparent width in Fig. 3 agrees completely

With the same final-state- andS-wave functions used in  with Table I.
the BT case, we carry out the TPDCS calculations. The re- Among the many H D theoretical work in the literature
sults are shown in Fig. 2. These results are independent géee Ref[10]), the energy and width predictions closest to
the field intensity and very stable. The firs® resonance is our results are those of Ch¢h7] (10.8732 eV, 8.651 meV
rather broad, the TPDCS peak is 6:010 > cm* sec occur-  and Ho[18] (10.8729 eV, 8.601 meV The former uses
ring at about 5.1522-eV photon energy. The width of theB-spline functions and the latter uses correlated coordinate
second!S resonance is much narrower and the TPDCS peakasis functions. Both are very large complex-rotation calcu-
is more than twice that of the firdS resonance. This second lations.
1S resonance was not observed in some of the previous cal- It would be of interest to see whether there are other
culations [3,4]. The TPDCSs of both'S resonances are higher prominent resonances that may be good candidates
smaller than that of the'D resonance by more than one for o, measurements. To answer this question we compute
order of magnitude. The physical reason behind these resultse o, below the n=3 threshold of hydrogen. For the
can be understood from an independent-particle picture. It iSwave final state, a 113-term MCI function is used for the
easy to excite thedls 'Sto 2p2p D state with two pho- closed channel; three open channelsk§ 2sks 2pkp) are
tons. On the other hand, thes2s 1S state can only be included in the total wave function. For tHe-wave final
reached through correlation and configuration mixing. Thestate, a 141-term wave function is used for the closed chan-
corresponding oscillator strength is much smaller. The widttmel; four open channels 6kd, 2skd, 2pkp, 2pkf) are in-
of the first 1S resonance is larger than that i by a factor  cluded in this total wave function. The same 129-term
of 5.5, implying that the smaller oscillator strength needs td®-wave intermediate state is used. In this energy region, we
cover a much larger energy region. This explains why thdound five 'S and fourD resonances. The energy and width
TPDCS peak is so low for théS resonance. results are included in Table |. The calculategdis shown in
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o M Y B R n=3; this indicates the presence of a largg3p compo-
Hls +2w-> D___ : tin th function. Again using the single-particl
ok H- 1% + 2ho - 1S ] nent in the wave function. Again using the single-particle
T T m | ] picture discussed before, one can anticipate that the corre-
o F l 3 spondingo, and oscillator strengths will be larger. This is

reflected in the spectra in Fig. 4. The TPDCS peaks for
D(1) and 'D(3) appear to be of the same height; this is
only because the width ofD (1) is 37 times that ofD(3).

The o, for energies below the=3 threshold has been
calculated by Sachezet al.[5], but only the lowest twa'S
and three'D resonances were reported. Their resonance en-
ergies agree reasonably well with the results in Table |I.
However, their line profiles are somewhat different from
those of this work. The energies and widths in Table | also
agree quite well with those of Pathak al. [19].

: . ] In conclusion, we have performed a precision calculation
Tomg 2.8 T 1282 1284 for the TPDCS of H by means of a non-Hermitian Floquet
Two—ohoton E (V) theor_y using the saddle-point tgchnique.for resonance wave

o~Pphoton Lnergy e functions. To our knowledge, this is the first time that a fully

FIG. 4. TPDCS of H below then=3 threshold of H. The correlated wave function has been used in such a Floquet
vertical solid line marks the position of thtD resonances; the Matrix. We obtain the TPDCS by suppressing the single-
dashed line indicates the position of the resonances. photon detachment channel in the intermediate wave func-
tions. It appears that our predicté® resonance energy and

. . idth agree closely with the recent experimgaf]. Our
Fig. 4. Note that the scale for the abscissa of the lower panél o X L : .
isgllarger than that of the upper panel by a factor of 30.p|t iSpredlcted TPDCS peak is ab initio theoretical result that is

clear from this figure that for the resonances in this region\l;"erII fWrIt'[]r:? thi e)iﬁﬁnnmter;al tur}certaﬂnt)ll. rHow\t/avverH the ;ehrrct)r
the TPDCS is even smaller than those below?2. Hence, it ar fo S experimental data 1S quite large. Ve nope that a

would be more difficult to measure these resonances in f(;grr:j:g(raefrﬁéogrrei)xrpserllrmaenn; fgnebrfofr?]rge.?;gég ftgregimﬁéf
TPDCS experiment. In this figure, an interesting interferenc P 9

effect can be seen between the close-lying resonances suRfeminent resonances. This would allow a more critical as-

as 1S(3) and S(4) as well as'D(3) and 'D(4). Wealso sessment of the present theory.

note that just above the=2 threshold, there is a small but Part of this work was donéK.T.C.) at the Institute for

sharp D TPDCS rise. It would be interesting to know Theoretical Atomic and Molecular Physics, which is sup-

whether this indicates the presence dfx shape resonance. ported by NSF through a grant to Harvard University and the
In Table |, the mass polarization correction for tHe(1) Smithsonian Astrophysical Observatory and by Grant Nos.

and 1S(3) states is larger than that of the other states beloiPHY96-05150(K.T.C.) and PHY98-01889S.1.C).
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