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R-matrix Floquet description of multiphoton ionization of Li
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We present mixed gaude-matrix Floguet calculations of multiphoton ionization of Li within a single active
electron local model potential. The laser frequency ranges from 15000 to 15 808, emd at least three
photons are needed to ionize the electron in thg@und state. We found that the measured ionization rate as
a function of photon frequency results from ionization processes in different intensity regions of the laser. The
experimental angular distribution of the ejected electrons can be explained using the high intensity portion of
the laser for both the lowest ionization channel and the first above-threshold ionization channel. The calculated
and experimental angular distributions agree well with each other and demonstrate the success of the
R-matrix approach to the multiphoton ionization proces§84050-294{©6)05810-4

PACS numbgs): 32.80.Rm, 32.80.Wr, 32.80.Fb

I. INTRODUCTION lation on this system. The basic idea of a mixed gauge trans-
formation was first discussed in RgfL3]. The theoretical
There have been several theoretical methods introduced toethod in this calculation has been described elsewlidie
describe multiphoton processes in atofhs11]. In particu- and applied to related problems. iDet al.[8] used a similar
lar, the Floquet approximation has proved to be successfunethod to obtain multiphoton decay rates in H. Our method
for most experimental conditions where strong lasers interaditilizes a generalized gauge transformation that gradually in-
with atoms or ions. There are several assumptions in thorporates part of the interaction between the electron and
Floguet approximation. The typical duration of a modernthe laser _fleld into the wave function. TlRematrix method
short pulse laser is of the order of a picosecond. Though it &"d multichannel quantum defect theory are employed to
short by its standard, this is long compared to the typicantam the scattering information. Particularly, the ionization

time of transitions between atomic states at the peak of th@formatlon is extracted from the delay-time matfi6]

laser pulse. The laser can thus be considered to be turned M"Ch can be obtained frpm t_he scattering matrix. A. mayor
extension of the method in this calculation is its application

slowly, and the atomic states gvolvg adlabancglly fo the Flo;[o the angular distribution of the photoelectrons. We obtain
quet state_s. The Floqu_et state is a linear comblnatlon_ of fiel axcellent agreement with all experimental results.
free atomic states which are coupled by the laser field; the
coupling between the field-free atomic states may be strong
or weak depending on the laser frequency and intensity.
Recent experimentsl 2] measuring the multiphoton ion-  |n the mixed gauge formulation, the gauge transformation
ization of Li in the vicinity of the 3, 4s, and 4 resonant approaches the length gauge at small distance, the velocity
states demonstrated the success of the Floguet descriptiagauge at intermediate distances, and acceleration at large dis-
With the laser frequency range from 15000 to 15 800tances. The change from one gauge to the next is accom-
cm™!, the 2 ground state coupled strongly to thgp 2nd  plished smoothly over a range of distances. The Hamiltonian
the 3d states by one and two photons, respectively. Absorbef the mixed gauge approach is more complicated than it is
ing three photons puts the electron into the continuum. In thén a pure gauge. In practice, we omit the transformation to
simplest model, one may assume that only the ground staté)e length gauge at small distances to simplify the evaluation
the 2p state, and the @ state are important to the ionization of the Hamiltonian matrix.
process, and neglect all other states. Thi 33 Floquet We approximate the interaction between theelectron
model[12] explains many aspects of the ionization spectrumand the core state by a model potential. The potential is
in the experiment. The experimental measurements includgarametrized to obtain a good agreement with the neutral Li
the three-photon ionization spectrum as a function of lasespectrun{17]. In atomic units@a.u), we assume the potential
frequency, the energy shift of the ground state at severdias the following form:
frequencies, and the angular distributions of the photoelec-

II. THEORETICAL METHODS

trons in the three- and four-photon ionization peaks with r)——l—z et gy O (2
various frequencies and intensities. The major features of the (= rore a2 2r4[ € I
ionization rate spectrum can be explained by the three-state (D)

Floquet calculation. The angular distribution of the ejected

electrons was measured for electrons absorbing three phothere a3=0.189[18] is the dipole polarizability, andy;,

tons and those absorbing four photons. These distributions,, a3, andr. are free parameters. The radius of tRe

were fit to low-order Legendre polynomials, but ab initio  matrix boundary in the calculation is set to 31 a.u. This en-

calculations were performed. sures that the energies of the low-lying states are close to the
In this paper, we present a mixed gaugenmatrix calcu-  spectroscopic values. We list the parameters used in the cal-
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TABLE I. Parameters of the model potential in Ed). whereS is the scattering matrix. The largest eigenvalue of
Q. gmad{E), is a function of energy and can be identified as
1=0 =1 the decay time of a resonance state. Its energy profile is
o 2.8917 2.8964 Lorentzian,
ay 0.9476 3.2052
a3 1.9664 4.7130 £ 3
le 1.0 1.0 qma>& )_ (E_Er)2+(r/2)21 ( )

culation in Table I, and the energy levels of the orbitals thawhere E; is the resonance energy and the widthis the

are contained inside thR-matrix volume in Table Il. These ionization rate of the resonance state.

levels agree with the compilatidd 7] within 1 cm™?, except To obtain the angular distribution of the ejected electrons,

for the 3p orbital which has a 8-cm?® error in energy. The We need to construct the wave function describing the out-

error in the 3 state energy will not cause problems becauséoing electrons. There are different approaches to obtain the
it is far from resonances withs2-1 photon or 2+3 pho- angular distribution functior(le.g., Dar et al. [8] and Rottke

tons. The & state of the model potential is unphysical, and€t al. [15]). Surprisingly, in the delay-time formulation, the
we do not include it in our calculation. information needed to obtain the wave function of the

In the multiphoton ionization processes, a channel is idengjected electrons in the open channels can be obtained from
tified by a set of quantum numbers associated with it. Thes&- The eigenvector of the delay-time mat@ correspond-
quantum numbers are the angular momentum quantum nuni?d to the eigenvalue of Ed3), contains dynamical infor-
ber|, magnetic quantum number, and the number of pho- mation for constructing the outgoing electron flux. However,
tons absorbed by the electrdh The fact that the electron the derivation showing the connection between the wave
may absorb an arbitrary number Of photons increases th@nction of the ejected electron and the eigenvector of the
total number of channels to be included in the calculationQ matrix is somewhat lengthy. We leave the detailed deri-
This number of channels is, however, reduced by the facyation in the Appendix, and single out only the main result in
that the magnetic quantum numberdoes not change before the following. _ N _
and after the interaction as a result of the linear polarization A time-dependent wave function describing a decaying
of the laser. Specifically, the ground state of Li is, 2and  System can be written as
m=0 in all the channels. Since thed3rbital is well con-
tained in theR-matrix volume, the two-photon channels o .

(2s+ 2% w is near 3 with A w the photon energyare treated Y(rt)= J 2 Aj_(E)‘I’gj(r)e"E‘d E, (4)

as strongly closed in the calculation near thek r@ésonance. 0]

On the other hand, thesdand 4d states are not completely

contained inside th&-matrix boundary, and the two-photon whereW¢;(r) is the time-independent wave function in the
processes are treated as weakly closed around shand  continuum, and atomic units are assumed. The coefficient
4d resonanceéthe two-photon channel is strongly closed for A; (E) is the overlap between the continuum statg;(r)
frequenc!es less than 16 000 C'JQ and weakly closed for 5n4 the resonant stat® (r); Af(E):<‘I’Ej(r)|¢R(f)>,
frequencies greater than 17 000 ch). They are closed at a which gives ¢(r,t)=®r(r) att=0. Our task is to relate

later stage to qbtai_n the ph_y sicgl scattering matrix._ A (E) to the eigenvectors of th® matrix. This relation,
The ionization information is extracted by using the dérived in the Appendix, is

delay-time matriq 16]

daE) B r 1/2 1
Q(E)=—i IE S'(E), 2) A (E):<Z) mwj, 5

TABLE II. Energy levels of Li for several low-lying configura-
tions. The energies given are in ch and are below-threshold. In
the experiment, if the fine structure of a given configuration can b .
resolved, the level of the state with lower total angular momentunfSymptotically,

whereW; is the component of the normalized eigenvector of
he Q matrix of channejf. The wave functionV'g; behaves

J is chosen.
Vo (r)=o¢;Y oexdi(kir +In(2kir)/k;—I;7/2+ ,
Energy below-thresholcm 1) ei(N=¢ 10 Ak (2kjr)/kj=ljm U'i)] 6

Configuration Present Experiment ©®)
;S ;’2 gg:g ;’: g:g';g where ¢; is the core state wave functiok, is the momen-

P ' ' tum, ando, is the Coulomb phase shift of chanrjelThere
3s 16 280.0 16 281.07 . N _ .
3p 12 554.0 12 561.81 are incoming wave terms to thEg,(r) functions, but these
3d 122028 12 204.11 terms do not contribute to E@4) since at positive times the

electron flux is completely directed outward. We are inter-
%Referencd 17]. ested in angular distributions of ejected electrons that have




54 R-MATRIX FLOQUET DESCRIPTION OF MULTIPHOTON ... 3263

absorbed the same number of photons. The momekjuwh 10
the electrons is the same in the summation, and the terms
which depend only oik; contribute to an overall phase fac-
tor. For a fixed number of photons, the factor common to all
channels is

9F Experiment _— b

R-matrix ———-—-

3 states -- - -

I' \ Y2exp{i[kr+In(2kr)/k]}
F(E'”:<ﬂ) E gtz - D

The time-dependent wave function is then

Tonization rate (arb. units)
[+,]

t,b(r,t)=f 2 WY, e imPe B (E,ndE  (8)
0 |

1 4
if we restrict the summation to the channels in which the ‘ \\
electrons have the same kinetic energy. The resonance width 1800 15000 15200 15400 15600 15800
is assumed small and the angular factors and sum jozan
be evaluated at the resonance energy before the integration is Laser frequency (cm™)

performed. The function in EqQ8) separates into a radial

function times an angular function, which can be identified FIG. 1. lonization spectrum as a function of laser frequency near
with the angular distribution of the ejected electrons. Finallythe 3d state. The intensity in the calculation i€ 10'° W/cm? at

the angular distribution is ®=14900 cni !, and decreases toward the high-energy region ac-
cording to the dye gain in the experiment. The width at thestate

in the calculation is comparable to the experiment, but the magni-

T )|
(on —l-ml
"To) * 2 Wlejoe'(U'i i ©) tude is too small in the low-energy region.

since these are the only factors in H§) that depend on intensity produces the right width of thed3esonance, but
angle. TheQ matrix is Hermitian, and its eigenvecto¥¥;  the jonization rate is too small for frequencies away from the

are complex in general. resonance. With twice the intensifg.2 X 10 W/cm? at
frequencyw= 14 900 cm 1) of Fig. 1, the ratio of the decay
[ll. IONIZATION SPECTRA rate at the resonance to the decay rate away from the reso-

nance can match the experiment, but the width of tde 3

Figure 1 shows the ionization rate as a function of laseresonance is too broa@Fig. 2. This seems to support the
frequency for theR matrix, the 3X 3 Floguet calculations, scenario that the observed ionization spectrum is a mixture
and the experiment. The variation of the intensity of the lasepf ionization processes from different intensity regions in the
with the frequency in the experiment has been taken intdaser. The width at the@resonance is mostly determined by
account in the calculations by making the intensity proporthe low intensity while, away from the resonance, the ioniza-
tional to the dye gain curve. In presenting the figures, we
have smoothed the experimental and theoretical curves a
little to reduce the effect of the structured dye gain curve.
The intensity in the calculation is about6 101 W/cm? at OF  Experiment 1
frequencyw = 14 900 cm L. It decreases as the frequency
increases according to the dye gain curve in the experiment.
In the 3X 3 Floquet calculation, the dipole matrix elements
Map,2s @nd g 2, are evaluated in length form, and the wave
functions are from the model potential eigenstates. Their val-
Ues areuyp s=0.751 andusg 2,=0.642, compared to the
values 0.753 and 0.667 cited in REf2]. There are signifi-
cant differences between tiematrix and the 3x 3 Floquet
calculations in the low frequency region.

The ionization rate in the 83 Floquet calculation was

10 T T T T T T

R-matrix -—— ==

Tonization rate (arb. units)
(4]

proportional to the intensity times the mixing coefficient of A \ i
the 3d state. TheR-matrix Floquet calculation, on the other N

hand, includes photon channels fra=—2 (two-photon 14800 15000 15200 15400 15600 15800 16000
emission to N=5 (five-photon absorption This inclusion

allows various combinations of emission and absorption in Laser frequency (cm™)

the ionization process. When the intensity reaches a certain

value, the probability of emission may surpass absorption, FIG. 2. Same as Fig. 1, but with twice the intensity in the cal-
and results in a decrease of ionization as the intensity inculation. The relative height between the resonant and the nonreso-
crease$8]. The intensity in the calculation is for the edge of nant regions is in agreement with the experiment, but the width at
the laser beam, and represents the low intensity region. Thite 3d state is too large.
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8 T T T T

Experiment _ 7}  Experiment ——— ]
T Fit - — == 4
8 R-matrix — —— — 1

Ionization rate (arb. units)
Tonization rate (arb. units)
-

1 L 1 I 1 1
14800 15000 15200 15400 15600 15800

1 1 1
17200 17400 17600 17800

Laser frequency (cm™) Laser frequency (cm™)

FIG. 3. Linear combinations of the 8 3 Floquet calculations FIG. 4. lonization spectrum near the 4tate at an intensity of
with different intensities. This demonstrates a possible mechanism g x 101 W/cm? at 17 400 cmiX. The intensity at other frequen-

for quantitatively describing the ionization rates measured in thesjes were determined from the experimental dye gain curve. The
experiment. calculated ionization rate decreases rapidly toward the nonresonant
region.

tion is mainly from high intensity region.

The ionization probability of the ground state in a laserdistribution of laser intensities.
field depends on the intensity. Most importantly, the depen- Figures 4 and 5 compare the experimental and theoretical
dence on the intensity varies with the frequency. When théonization rates near thesdand 4d resonance states respec-
ground state is resonant with the 3tate, the ionization rate tively. The intensity of the calculation is 1.8& 10!
is linearly proportional to the intensity. In the nonresonantw/cm? at 17400 cm ! for 4s resonance, and 2.8 10!
case, the dependence is the third power of the intensity if thgy/cm? at 18 000 cmi'* for 4d resonance. The two-photon
interaction between the atom and the laser field is perturbaabsorption channels are treated as weakly closed in these
tive. At the intensity in the calculation, the dependence of thecalculations, unlike the calculations presented in Figs. 1-3.
ionization rate with intensity in theR-matrix calculation  Again the ratio of the peak-to-background ionization rates in
shows we are not in the perturbation region. Away from thethe calculation is larger than the experimental ratio. The cal-
3d resonance, the ionization is not proportional to the thirdculation were performed for only one intensity curve; we
power of intensity, as expected from the perturbation theorythus expect the agreement between theory and experiment to
The exact power depends on the energy of the ground Fldse comparable to that shown in Fig. 1.
quet state.

Moreover, the decay rate of tHR-matrix calculation at

15000 cm ! is greater than the decay rate at 15400 T ' ' '
cm™ L. Two factors contribute to this anomalous shape in the )
spectrum. First, the dye gain curve indicates that the intensity ér Experiment ’

is decreasing fromw=15000 cm ! toward w=15 400
cm~ 1. Second, atw=15000 cni!, where 2 is 100
cm™ ! away, the power of the dependence on the intensity is
slightly lower than the power ab=15 400 cm 1. The low
intensity in the calculation suppresses the decay rate at
=15 400 cni !, more tharnw=15 000 cm ®. The anoma-
lous shape of the calculated spectrum will no longer occur if
the calculation were performed using a higher intensity.

To demonstrate the possibility that the measured spectrum

5F R-matrix -——=- b

Tonization rate (arb. units)

is a mixture of ionization processes from different intensity 1t
regions of the laser beam, we take the combination of several
three-state Floquet calculations using different intensities, 0t

and the result is presented in Fig. 3. We choose intensities
3 x 10% 6 x 10% 1.2 x 10, 2.4 x 10 4.8 x 10,

and 9.6x 10 W/cm?, with mixing coefficients 26, 4, 4, 4,

1, and 1, respectively. Both the width and the relative heights F|G. 5. lonization spectrum near thel 4tate for an intensity of
agree with the experiment. The ionization measurement cansg x 10** W/cm? at 18 000 cmi*. The intensity at other frequen-
thus be modeled as the multiphoton ionization of Li with acies were determined from the experimental dye gain curve.

Laser frequency (cm™)
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FIG. 6. Energy shift of the ground state near thies3ate for an FIG. 7. Angular distribution of photoelectrons with intensity of

intensity of 2x 10" W/cm? at 15 060 cn1 . The intensity at other 4.8 x 10 W/cm? in the calculation. The frequencies were chosen
frequencies were determined from the experimental dye gain CUrveo two photons were resonant or near|y resonant with thantl
4d states. The frequency varies so that the ground Floquet state is

) ) . 3 : —1
There is a puzzling discrepancy between the experimentaf) resonant with the ¢ state,(b) 25 cm above the 4 state,()
and calculated ionization rates. The peak value of this rate i§00 ¢~ above the 4 state, or(d) 1554 cm = above the 4 state.

at a lower frequency in the calculation than in the experi-The pattern shows the electrons gain more and niexave char-

ment. The difference is larger than expected from experi—aCter from(@ to (d). The branching ratio8, /By are (a) 930, (b)
mental uncertainties in the wavelength, and from theoretica%'64’(c) 0.843, andd) 0.055.
inaccuracies in the model potential. We have no good expla-

nation for the discrepancy. The only semiplausible explana®t frequencies between 15000 and 15 641 ‘¢ma one-

tion is based on the breakdown of the adiabatic approximaPhoton absorption would put thes3tate at dhigher energy
tion when the photon is near resonance. When the frequendj@n the 2 state, which tends to shift thesztate to higher
is near resonance, a Floquet state at low intensity may né&nergies, and a two-photon absorption would put thetate
evolve into one Floguet state at high intensity, but may at alower energy than the@ state, which tends to shift the
evolve into a superposition of Floquet states. Near reso2S Staté to lower energiesEp,—fw<Ep<Ezy—27w).
nance, the experiment may be measuring the weighted decdy’® 2-2p coupling is the stronger coupling, and thus the
rate of two states. s state is pushed to higher energy. However, as the fre-

One of the interesting effects Li displays in a strong lase/duency is increased, thesdlus 2w state becomes more
is the intensity dependence of tipeand f wave branching nearly degenerate with thed3state, and 2 plus 7w state
ratios at different frequencies. Variations in the intensity carPecomes less degenerate with the state; the upward shift
significantly change the branching ratio of thevave,B,, N the Floquet energy thus decreases with the frequency. At
andf wave, By, in the calculation. When the ground Floquet frequencies above 15 641 c, 2s plus 2i state is above
state is below the gistate €,+ 2% w<E,), the increasing the 3 state; thus the mterachons with thep and 3 states
intensity will increaseB,/B; . Thus the ground Floguet state Push the 2 state to higher energy. This accounts for the
acquires more g character than the dt The situation is discontinuous jump in the shift at the frequency 15641
reversed if the frequency is increased so that the ground FI&M ™ ' As the frequency increases from 15 641 tnthe
quet state is placed between thes &nd 4 states energies become less degenerate, and therefore the shift de-
(E4s<Ejst2hw<E,g). In that caseB,/B; decreases as the Cr€ases.
intensity increases.

A related issue to the ionization is the energy shift of the |\, ANGULAR DISTRIBUTION OF PHOTOELECTRONS
ground state. As all the quantum states evolve under the
influence of the laser field, their relative positions may In Fig. 7, we plot the angular distribution of the electrons
change as a result. This is known as the ac Stark shift. Thejected from the Li atoms after absorbing three photons. In
energy shift of the ground state itself is not significant theoFig. 7(a), the ground state is resonant with the state after
retically. But the shift of the ground state relative to othertwo photons are absorbed. The only ionization channel popu-
quantum states does provide a picture of how the electrons iiated is the continuunp wave; the angular distribution is
the ground state may be ionized. The calculation shown ifproportional to co¥. In Fig. 7(d), the ground state is nearly
Fig. 6 is the energy shift of the ground state using the intenresonant with the @ state €,¢+ 2% w is 57 cm ! below the
sity profile in the experimerj20]. The calculation only uses 4d state, whereo=18 283 cm ). The 4d state can be ion-
the high intensity profile, and does not take into account thézed top or f waves. The calculation shows that most of the
difference between the high and low intensity calculationsphotoelectrons are ejected fawaves. This is consistent with
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FIG. 8. Angular distribution of photoelectrons with the ground ~ FIG. 9. Angular distribution of photoelectrons with four-photon
Floquet state 100 cmt above the 4 state absorption(the first above-threshold ionizatipmith intensity =
(Epst 2 w=E,s+100 cmY). The intensity varies fronta) 0.5, 4.8 X 10™ W/cm?. The ground Floguet state (&) 25 cm™* below
(b) 0.7 to (c) I, with | = 4.8 X 10 W/cm?. The electrons gain the 4s state,(b) resonant with the ¢ state, andc) 25 cm™ ! above
f-wave character with higher intensity reflecting the nonlinearthe 4s state. The pattern does not vary significantly as the frequency
laser-atom interaction. The branching ratits/B; are(a) 3.17,(b) sweeps over thedlstate. The branching ratid /B4 are(a) 0.423,
2.27, and(c) 1.53. (b) 0.424, and(c) 0.419.

the propensity rulé19], which states that the electron tends Ncréases as the intensity increases fi@rto (c). The ratio

to gain angular momentum when it gains energy from the?f the branching ratios op to f waves,B,/B; decreases

laser field. from 3.17 to 2.27 to 1.53 fron(a) to (b) to (c). The ground
The intensity chosen for these resonant calculations is nciiate acquires moreddcharacter as the intensity increases,

crucial. When the ground state is resonant with tisé4d and tr_le electrons are ionized to thevvgve. Th|_s is a mani-

state, it almost exclusively evolves to the resonant statfestation of the nonllner_alr laser-atom interaction. For a fixed

(4sl4d) irrespective of the intensity. The angular symmetry!aser frequency, the ratiB, /By should not change with the

of the resonant state determines into which channels the elefaSer intensity to lowest-order in perturbation theory. This

tron will go once it absorbs an additional photon. Becausé&@n be seen by calculating the mixing coefficients using per-

the resonant state is not strongly perturbed by the laser, tH¥rbation theory. In lowest-order perturbation theory the ad-

angular symmetry is uniquely determined by single-photornixture of 4s and 4d states into the £ ground state is

absorption from the resonant state. The probability of the

electrons in the resonant state to be ionized is linearly pro- A= (2s[2|2p)(2p|2|4s)

portional to the photon fluthe intensity. Hence the inten- * (Exstho—Egp)(Exst2hiw—Eyy)

sity only affects the ionization rate but not the angular dis-

tribution pattern. For Figs. (B) and 7c), the photon for the 4s state, and

frequency is such that two-photon absorption from tlse 2

state will be at an energy between the @nd 4 states. In A (2s|z|2p)(2p|z|4d) 11

Fig. 7(b), the frequency is 17518.5 cn, and for Fig. 7c) 407 (Egsthw—Egp) (Egst2hw—Eyg)

the frequency is 17 606 cm. The relative amount of mix-

ture between the ground state and tlseathd 4d states now for the 4d state, wherd is the intensity of the laser field.

depends on the intensity. The angular symmetry of the exiBoth of the states mix with the ground state at second order

channels for the ¢ and 4d states can interfere with each in perturbation theory(reflecting two-photon absorptipn

other. However, from the discussion in Sec. lll, the measureand therefore both of the mixing coefficients are proportional

distributions mainly arise from the high intensity part of the to the laser intensity. The ratio of the amplitudes, and there-

laser field. The intensity in the calculatio@.8 X 10!  fore the ratios of the probabilities, is independent of the laser

W/cm?) is close to the high intensity portion of the experi- intensity of this order.

ment, and it can represent most of the angular distribution Figure 9 is the experimental and calculated angular distri-

measurement. A combination of multiintensity calculationsbutions for the above-threshold ionizatigATl) with four-

may be needed to obtain a better agreement. photon absorption. The angular distribution pattern does not
Figure 8 shows the calculations for various intensitieschange over the total 25-cht variation in the frequency. In

with a frequency of 17556 cm'. The intensities aréa)  lowest-order perturbation theory, the electrons can be ejected

0.9, (b) 0.7 and(c) I, with 1 =4.8x 10 W/cm?. It can be  ass, d, or g waves after absorbing four photons. The calcu-

seen from the figure that the relative amount of theave  lation shows that the branching ratio for the continudm

(10
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wave to thes wave is 2.4, and that this does not vary sig- where ¢; is the core-state wave functiofi, and g; are the
nificantly as the frequency varies over the #sonance; the regular and irregular Coulomb wave functions,, is the
probability of ejection agy waves is very small. A simple eigen quantum defect, atdlis the rotation matrix needed to
application of the propensity rules would suggest the construct the eigenchannel. Similarly, the corresponding
waves should have the highest probability of ejection. Thidrregular solution outside the short-range interaction region is
propensity is suppressed becauseghgaves do not have a
large enough energy to penetrate the angular momentum bar-
rier and reach the ionization region. An interesting aspect of
the ATI angular distribution is that the ratio of tlseandd
coefficients in Eq(9) is nearly real. This was not true of the For the case we are interested in in this paper, the widths of
three-photon angular distributions; the ratio of theto f the resonant states are relatively small. It suffices to consider
coefficients in Eq.(9) was complex. In comparing Figs. 7 a well-isolated resonance state which has an enEggy

and 8 with Fig. 9, it is clear that the angular distribution for

the ATl electrons is more strongly peaked along the direction (PRIH|PR)=ERg, (A3)

of laser polarization than the angular distribution for three-

photon absorption. This behavior arises from the fact that th#here®r, is the wave function of the resonance state. Now,
laser can only do work on the electron in the polarizationconsider the coupling between the continuum and the reso-
direction. The propensity rule is that as more photons aréance state. Because the existence of the resonant state, the
absorbed the angular distribution becomes more stronglgontinuum state becomes

peaked.

Gazz (r{)i(fiSinﬂ-Ma—i_giCOSﬂMa)Uia- (A2)
]

lpazz (Fa’ga’a_Ga’K_a’a)' (A4)
V. CONCLUSION a’

In summary, we have applied the mixed gad®enatrix ~ From the Kohn variational principle, we approximate the
Floguet method to calculate the ionization rate and angulamatrix K ,,, by
distribution of electrons ejected from Li in a laser field. The o
angular distribution calculations are in good agreement with Kyro=—( wta,IH— E|¢Ey>’ (A5)
the experiment. The intensity of the laser used in the calcu-
lation of the angular distribution indicates that the photoelecwhere the trial wave functiom)!,=F ,+ ®gA,. ®g is or-
trons come mainly from the high intensity part of the 'aserthogonal toF,,, which means tha#,= (¢! |®g). By varia-
beam. The calculations of the ionization rate as a function ofiy with respect toA,,, we find “
laser frequency suggest that the measured spectrum is a mix- “
ture of ionization processes from the intensity distribution in (FV|®g) v
the laser beam. A superposition of calculations with various A== RO aR (AB)
intensities is necessary to obtain the agreement with the ex- E-Er Jm(E—- Er)
periment. Overall, th&k-matrix Floquet method is useful to
understand multiphoton processes in atoms, and to reprodu¥éereV g= \/;<Fa|V|‘DR> and
experimental measurements quantitatively.

— Va’R VT Ra
Ka’a E ( E ) . (‘ “)
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APPENDIX Viv=TI12, (A9)

This Appendix gives a detailed derivation of the coeffi- whereI” is assumed to be small. We can also construct the
cientA;" in Eq.(4), which leads to the angular distribution in S matrix in terms ofV,
Eq. (9). The purpose of this derivation is to show ti#gt is _

i

simply proportional to the eigenvectors of the delay-time = 1+iK =1—i2V(

. T
matrix Q. We start with the exact solutions of the Schro 1—iK V. (A10)

dinger equationE—H)F ,=0 for the continuum states, as-

suming no coupling to the closed channels. The regular sofhe eigenchannel wave functions that satisfy the outgoing
lution outside the short-range interaction region is (incoming wave boundary condition are obtained through

E—Eg+il/2

Fo=2 #i(ficosmu,—gisinmu,)Ui,, (AL) =4 (A11)

15K’
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The coefficientA, is transformed accordingly:

1 \% 1

AT EEoiT2

(A12)
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From Eq.(Al17), we have

Up to this moment, all the formulations are expressed usind © obtainW,, we note

the eigenchannel wave functiafr,. To express the coeffi-
cientsA in terms ofy;, we note that

D (G xiF )e™ ™ el = ¢i(—g;%if;). (A13)

a

The wave functions and the coefficients are then

g =2 daeti eyl (A14)

and

+ =i VaR 1
s = - e
A=2 U Jr E-Eqill2’

(A15)

The expression foAJ-’ in Eq. (A15) can be calculated based
on the information we had. However we are going to show

W= % Uj €' 7HaW,, (A20)
Q=—i d§§ A21
Q=-igg (A21)
and using Eqs(A9) and (A10), we obtain
O— T
CVE—E)T 17 (A22)

The relation between the eigenvalgeand the width of the
resonance is governed by E®), and we should have

that this expression can be further simplified and related t(FinaIIy from Eq.(A20)
the eigenvectors of the delay-time matrix. This reduces the ’ '

effort to obtain the angular distribution of the ejected elec-

trons.
With the basis functiony;, the scattering matriX and
the delay-time matribxQ are

Sy=2 U8 ™S, e ™yl (A16)

and

Q=2 Uju€™eQ e ™ aul, . (AL7)

The eigenvector of matriQ, W;, and the eigenvector of

matrix Q, W;, can be related through
2 QuW=qWw, (A18)

and

> QuaWor=aW, . (A19)

—— — r
QWWiETE 2+ 1127 (A23)
Equation(A22) then implies
o 12
WOF(F) VR- (A24)
. 2 1/2
Wj:; Uj 8 e f) e (A25)
and, put in matrix form and using EA12),
W=Uem| 2|y
r
20 1/2
:(?) (E—Eg+iT'/2)A™. (A26)

Inverting the matrix equation, we find the coefficient

r 1/2 1

A =|l— =————=W,. A27

) (27T> E-Eg+ill/2™! (A27)
A; is the coefficient in Eq(5), and it serves to demonstrate
that the energy distribution of the wave function is propor-
tional to the eigenvector of the delay-time matrix. Thus the
delay-time matrixQ is useful in multiphoton ionization
problems, for which its largest eigenvalue is related to ion-
ization rate, and its eigenvectors are connected to angular

distributions of the ejected electrons.
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