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Double multiphoton ionization of a model atom
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A direct solution of the time-dependent Sctiimger equatiofTDSE) for a two-electron model atom in a
strong electromagnetic field is used to extract probabilities for both single and double electron ionization. For
three-photon ionization at a moderately strong intensity, the TDSE calculations find single ionization at 62%,
single ionization with excitation at 10%, and double ionization at 3%. The sequential process of escape from
an already once ionized atom is found to make a substantial contribution to the double-ionization probability.
Multiphoton-ionization probabilities are also obtained from a solution of the time-dependent unrestricted
Hartree-FocK TDUHF) equations for the same model atom. Although in qualitative agreement with the TDSE
results, the TDUHF results show significantly less single ionization with excitation and have a different angular
distribution for double ionization.S1050-294{®7)07102-3

PACS numbd(s): 32.80.Rm

I. INTRODUCTION physical insight into the double-ionization process, the
model atom results can be used to examine convergence
With the development of high-frequency synchrotronrates for lattice sizes, mesh intervals, and time steps. Second,
light sources, the process of double photoionization in atomsarious approximate methods can be easily formulated for
has received considerable attentidd]. The double- the model atom. Their range of validity can then be tested by
photoionization process is defined as the ejection of twaomparison to the direct solution’s values for various dy-
electrons following absorption of a single photon. Variousnamical observables. In this paper we examine how well
theoretical methods have been successful in predicting thgme-dependent unrestricted Hartree-Fq@DUHF) theory
strength of the double-photoionization process in atoms andlandles the double-ionization process. Third, the model atom
delineating the mechanism§) direct double ionization(ii)  can provide some guidance for experiment, although caution
inner-shell ionization followed by Auger emission, afiil)  must be exercised. Because of Hilbert space restrictions, the
photoexcitation followed by double Auger emission. For di- sjngle-ionization rates for the model atom are an order of
rect double ionization of heliurfl], the peak of the double-  magnitude larger than those found in full 3D calculations for

photoionization cross section occurs at 100-eV photon eng,q helium atom(12]. However, the dependence of single

ergy gnd_ is .approximately'lz Kb, about 2.5% of the singley g qoyple jonization rates on the frequency and intensity of

between theory2—7] and experiment is reasonably good Bhe electromagnetic field may be similar for model and real
With the development of high-intensity lasers, the processz,itoms' The time-dependent theory for the two-electron

of double multiphoton ionization in atoms has also attracteand.e' atom_ 'S re\_/lewed inSec. I, smgle_- and double-
; . S multiphoton-ionization results are presented in Sec. lll, and a
attention [8]. The double-multiphoton-ionization process bri : :
. s -~ brief summary is found in Sec. IV.

may be defined as the ejection of two electrons following
absorption of multiple photons. For direct double multipho-
ton ionization of helium8], the double-ionization rate for
1.59-eV photons at an intensity of foN/cn? is about 0.2% Il. THEORY
of the single-ionization rate at the same intensity. Various A. The model atom
correlation[9,10] and rescattering11] mechanisms have
been put forward to explain the low-frequency, long-pulse,
laser-atom experiments.

In this paper we examine high-frequency, short-pulse,

The Hamiltonian for a two-electron model at¢®,14] is
given by (in atomic unit$

2 2
laser-atom interactions leading to single and double ionizay — _ l d_2_ E d_z_ z _ Z + 1 ,
tion by a direct solution of the time-dependent Sclinger 2dx® 2dy" \c+x? Je+y? Je+(x—y)?
equation(TDSE) for a two-electron model atom. The two- D

electron model atom has been previously employed to study

the multiphoton ionization of H¢12,13, the multiphoton

detachment of H [14,15, the autoionization of He[16,17],  wherex andy are the coordinate positions of each electron,
and the multiphoton ionization of H18,19. Here the model a nucleus of chargé=2 is located ak=y=0, andc is an
atom serves several useful purposes. First a TDSE solutioarbitrary constant used to soften the singularity of the poten-
of the model atom reflects many of the qualitative featuregial. The potential energy of the atomic Hamiltonidty, is
found in full three-dimensional(3D) calculations for the shown in Fig. 1. The potential ridge is along a line in the
multiphoton ionization of the helium atofi20], at signifi-  plane at whichx=y; i.e., where the electron-electron repul-
cantly reduced computational expense. Besides providingion term is largest.
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FIG. 1. Atomic potential for the two-electron model atom.

B. Direct solution of the time-dependent Schrdinger equation

available[21]. Lattice techniques are used to obtain a dis-
crete representation of the wave function and all operators on
a two-dimensional grid. For finite differences, local operators
become diagonal matrices and derivative operators, such as
the kinetic energy, have lattice representations in terms of
banded matrices. The time evolution of the wave function
may be approximated by an implicit Peaceman-Rachford
propagatoff22].

C. Solution of the time-dependent
unrestricted Hartree-Fock equations

We first assume that the time evolution of the ground state
of the model atom may be described by a symmetrized prod-
uct wave function:

pxy.H) = ViU bo(y.)+oxuy.nl, @

where total antisymmetrization of the wave function is ob-
tained by multiplying the symmetric space function by an
antisymmetric spin function. Then the variationally derived
[13] time-dependent unrestricted Hartree-Fock equations for

To study multiphoton absorption processes, we solve théhe nonorthogonal single-particle orbitalgx,t) andov (x,t),

time-dependent Schdinger equation

17 Y, t
YD evoley, @
where
V() =E(0)(x+y)sinot), €

E(t) is the field amplitude, and is the field frequency.

are given by

ou

i E:h]_lU'f‘hle, (5)
. du
[ E:hzllH‘hzzUy (6)

Other choices for the gauge of the electromagnetic field argrhere

(] f|o)+(v|glo) = N*(ulflv)—N*(ulglv) +in* (u|du/at)

hll:f+N+

Y ’ ™

_ (v[flu)+(v[g|u) =A™ (u[fu) —A* Culg|u) —i{v|au/dt)

12 1_)\*)\ ’ (8)

(u[ffo)+(ulg|v) = Mu[f]v) —N(v[g|v) —i{u|dv/at)

ho1=

h22:f+N+

<u|f|u>+<u|g|u>—)\<v|f|u>—)\(v|g|u>+i)\<v|au/at>.

1—N*A ’ ©)

The one- and two-particle operators are given by

f= L - E i 11
—_EW_ C+X2+ (H)x Sln(wt) ( )
and
= = 12
. Vet (x=y)?’

1-A*\

(10

while the matrix elements of the operator arec humbers,

the matrix elements of thg operator are direct and exchange
potential terms, and the overlap integkat({u|v). The nor-
malization term is given by

N iN(v|aulaty+iN*(u|dvlat)
B 1+N*N ’

(13

and the total energy is given by
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e <U|f|U>+<U|f|v>+7\*<U|f|l)>+)\<U|f|U>+<UU|g|Uv>+<UU|g|UU>.

I+N*N (14)

Lattice techniques are used to solve the time-dependerithus the probability of single ionization B;, and the prob-
unrestricted Hartree-Fock equations on a one-dimensionalbility of ionization with excitation to the first excited state is
grid. The reduced dimensionality of the numerical problem isP,,. The double-ionization probability is given by
somewhat mitigated by the sheer number of operatorscand
numbers that need to be updated per time step. The time 1 _
evolution of the wave function may be approximated by an Pac=1 ; Pri % ; P (18)
explicit Taylor series propagatd23].

lIl. MULTIPHOTON-IONIZATION RESULTS

D. Single- and double-ionization probabilities

. . . In previous work[13] we investigated the single multi-
The total wave function at time=T following the laser hoton ionization of the model atom at an intensity of

pulse is used to calculate various multiphoton absorptio .0x10'5 Wicr? and a photon energy of 10.0 eV, corre-

probabilities[15]. The ground-state probability is given by sponding to three-photon ionization. The TDSE and TDUHF
P = (X, y,t=0)|w(x,y,t=T)]2 15 methods were found to be in good agreement for the deple-
and= K00y Npxy ) 19 tion of the ground state, as calculated from Ef5). To

A complete set of field-free bound and continuum states fofalculate the single-ionization, single ionization with excita-
the atomic ion may be obtained by diagonalization of thetion, and double-ionization probabilities from Eqs) and
one-electron Hamiltonian on the grid. The probability of (18), the time dependence of the laser pulse was assumed to
finding one electron in the bound stai, and the other b€ given by

electron in the bound staig, is given by E(t) = Egsir(mt/T) (19
=E, ,

2
(16)  With T=10 laser cycles. With a uniform grid spacing of 0.4,
we choose lattice ranges af30, =60, and=120 to test the
. o . convergence of the bound and continuum probabilities. The
The probability of finding one electron in the bound stéfe  fig|-free bound eigenstates,(x), obtained by diagonaliza-
and the other electron in the continuum is given by tion, numbers 12, 18, and 26 for the lattice range9, +60,
) and =120. For thex120 lattice, the bound eigenstates are
Pnkzz( f dx _2 Pmn>- s_hown' in Fig. 2, while their corresp.o.ndlng eigenenergies are
m given in Table I. There are an additional 139, 283, and 575
(17)  field-free continuum eigenstates associated with the three
choices for lattice size. As shown in Table Il the conver-
gence of the probabilities is quite rapid with respect to lattice
1 range. For the smallest lattice range-Z080, an examination
of the probability density contour plots reveals a large
amount of reflection from the lattice boundary. However,

Pmn=‘ [ ax [ aygnt0gauony.=T)

f dyén(y) p(x,y,t=T)

TABLE |. Field-free bound eigenenergies for a lattice range of

g +120 and a spacing of 0.4.
E Number EnergyeV) Number EnergyeV)
2 1 —52.4740 14 —0.9994
8 2 —25.0586 15 —0.8780
g 3 —14.5642 16 —0.7755
4 —9.2847 17 —0.6915
5 —6.4579 18 —0.6190
6 —4.7049 19 —0.5577
7 —3.5971 20 —0.5007
- ‘ | ‘ | ‘ | ‘ | . 8 —2.8224 21 —0.4448
-120 -72 -24 24 72 120 9 —2.2830 22 —0.3828
r 10 —1.8764 23 —0.3153
11 —-1.5751 24 —0.2389
FIG. 2. Field-free bound eigenstates for a lattice range: 520 12 —1.3363 25 —0.1572
and a spacing of 0.4. Distance is in atomic uriisa.u=5.29 13 —-1.1514 26 —0.0671

X107 cm).
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TABLE II. Multiphoton ionization of a model atom at an inten- TABLE Ill. Multiphoton ionization of a model atom at an in-
sity of 1.0x 10 W/cn?. tensity of 1.0<10'° Wicn?.
TDSE TDSE TDSE TDSE (w=10 eV TDUHF (w=10 eV)
(w=10 eV (w=10 eV (w=10 eV range+120 range+120
range=30 range=60 range*+120

Pgnd 0.725 0.687
Pgnd 0.724 0.725 0.725 = 0.699 0.677
P11 0.695 0.699 0.699

> (Pin+Pu) 0.766 0.814
> (P +Pu) 0.805 0.770 0.766 n
n

> P 0.776 0.817
> > P 0.825 0.779 0.776 m n
m n Py 0.215 0.178
Pk 0.161 0.212 0.215 Pk 0.002 0.000
Pk 0.004 0.002 0.002 Pax 0.002 0.002
Py 0.003 0.002 0.002

> P 0.224 0.182
2 Pk 0.174 0.221 0.224 n
n Py 0.000 0.001
Pk 0.001 0.000 0.000

excited-state spectrum and the exact solution of Schro

this reflection does not appear to have a major effect on thdinger's equation within the model atom are accentuated by
probabilities of interest for single- and double-multiphotonthe Stark-induced shifts into two or three photon resonance.
ionization. Both methods are in fair agreement as to the magnitude of

We now turn to the comparison of the TDSE and TDUHF single ionization from the ground stataround 20% and
methods for the various bound and continuum probabilitiesboth methods agree that there is very little double multipho-
With a choice oft=0.55 the total energy of the ground state ton ionization at the originally chosen intensity and photon
on the two-dimensional lattice is-2.908, while the unre- energy for a 10 cycle laser pulse.
stricted Hartree-Fock approximation yields2.905. The ex- It is interesting to see what happens to the model atom
perimental removal energy for both electrons in the real hewhen the intensity is doubled to @0 W/cn?. The
lium atom is—2.902. Following the projections &&= T, the  bound and continuum probabilities are given in Table IV for
probabilities are presented in Table Il for the largest latticethe TDSE and TDUHF methods. At a photon energy of 10
range of =120. SincePy; uses an approximation to the eV both methods show only a small increase in the single
ground state obtained by forming the product of twe®idn ionization from the ground stataround 25% Although the
orbitals, it differs somewhat frorR,q for both methods. By ground state shows a substantial depletion at this higher in-
taking the difference betweeR,, and =,(P,,+P,1) we tensity, excitation to the excited states leading to théoh-
find that the TDUHF method predicts about twice as muchization limit now dominates the probability flows at approxi-
excitation to the excited states leading to treidnization  mately 45%. The Stark-induced shifts of the atomic levels
limit as the TDSE method: 14% versus 7%. Of course, théenhave changed the nonresonant three-photon ionization pro-
differences that exist between the unrestricted Hartree-Fockess into a resonant four-photon ionization process. Three-

TABLE IV. Multiphoton ionization of a model atom at an intensity of .00*> W/cn?.

TDSE TDUHF TDSE TDUHF
(w=10eV) (w=10 eV (w=11 eV (w=11 eV
range+=120 range+120 range+120 range=120

Pgnd 0.225 0.217 0.229 0.293

P 0.215 0.214 0.264 0.269

> (PP 0.660 0.715 0.421 0.371

n
> > P 0.671 0.735 0.430 0.374
n m

P 0.275 0.216 0.507 0.597

Pax 0.009 0.004 0.009 0.004

Pax 0.015 0.001 0.010 0.013

> Pu 0.322 0.253 0.557 0.617

n

Py 0.007 0.013 0.014 0.009
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TABLE V. Multiphoton ionization of a model atom at an intensity of 8.00*> W/cn?.

TDSE TDSE TDUHF TDUHF
(w=11 eV (w=11¢eV) (w=11 eV (w=11eV)
range=120 range*240 range=120 range=240
Pgnd 0.097 0.097 0.128 0.128
P11 0.094 0.094 0.129 0.129
2 (P1ntPry) 0.232 0.234 0.190 0.191
n
> P 0.240 0.242 0.192 0.194
m n
Pk 0.622 0.620 0.759 0.757
Pok 0.016 0.016 0.003 0.003
Pak 0.015 0.015 0.008 0.008
E Pk 0.724 0.723 0.784 0.783
n
Pyk 0.036 0.035 0.024 0.024

photon absorption is now resonant with the high Rydberg 240. 1 . | . .
1snsstates. To confirm this plateau feature in the ionization
rate versus intensity curve at 10 eV, we increased the photon L ]
energy to 11 eV. At the increased frequency both methods '
show a much larger probability associated with single ion- 120. |
ization from the ground stai@round 55% Excitation to the

1sns excited states has dropped substanti@iigw around
10%-15%. A more careful examination of the TDSE results
reveals a near-two-photon resonance with tlsgslexcited o 0
state. The zero-fieldsPs state, calculated by relaxation with = )
projection on the lattice, is found at 22.3 eV above the
ground state. During the 10-cycle laser pulse the model atom
executes 1.5 Rabi oscillations between t&# ground and
1s2s excited states. The peak probability of the2§ state is
found to be around 12%. Finally, both methods agree that the )
double multiphoton ionization at the doubled intensity is , iy
now at the 1% level.

The bound and continuum probabilities for the TDSE and ~ -240.
TDUHF methods at an intensity of 30" W/cn? and a -240. -120. 0. 120. 240.
photon energy of 11 eV are given in Table V. The TDSE r
method gives a 62% probability of single ionization from the
ground state, while the TDUHF method gives a 76% prob-
ability for the same process. The TDSE method finds more
ionization with excitation than the TDUHF method; 10%
versus 2%. Both methods agree that the double multiphoton
ionization at this strongest intensity is now at the 3% level.
To check our numerical results we repeated the calculations
with a lattice range of-240, while keeping the same spacing
of 0.4. There are now 38 field-free bound eigenstaigsx)
on the larger lattice with the lowest eigenenergies identical to
those given in Table I. As shown in Table V there is very
little change in the bound and continuum probabilities for
either method. We also made further calculations with a lat-
tice range ofx120, while at the same time decreasing the - i
grid spacing to 0.2. This again had little effect on the bound ;
and continuum probabilities. ! r,

Final time wave function density plots for the TDSE and
TDUHF methods are shown in Figs. 3 and 4 for an intensity FIG. 3. Contour plot(a) and projection(b) of the final time
of 3.0x10" W/cn? and a photon energy of 11 eV. Both wave-function densityy(x,y,t=T)|? for the TDSE method at an
figures are dominated by probability flows along th& or intensity of 3.0<10'® W/cn? and photon energy of 11 eV. Distance
+y axes, representing single multiphoton ionization. Theis in atomic units(1 a.u=5.29<10"° cm).

-120. -
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TABLE VI. Multiphoton ionization of a model atomic ion at an

240- T T T T
' ' ' intensity of 3.0< 10" W/cn?.
- ) (@) i TDSE (w=11 eV) TDSE (w=11 eV)
range*x120 range=240
120. | |
’ ° Py 0.933 0.933
| 8 20 | > P, 0.964 0.964
= 4 o n
O -———@-,%-Q“%——-- 3 Py 0.036 0.036
_ 3 G offpe- @ o |
° 2 The probability of finding the one electron in the bound state
-120. . &, Is given by
2
I ' ] Pn=fdx Pn(X)p(x,t=T)| , (20)
-240. ' ' : L : ' ' hile th babili - .
240, 120, 0. 120. 240 while the proba ility of finding the one electron in the con-
tinuum is given by
ry
Pe=1-> P,. (22)
n
() The bound and continuum probabilities for multiphoton ion-

ization of the ion are given in Table VI. The probability for
ionization is at the 3% level. Thus, the double multiphoton
ionization of the model atom has a substantial contribution
from the sequential process of ionization of the atom fol-
lowed by ionization of the resulting ion.

IV. SUMMARY

As promised in the Introduction, the examination of
single and double multiphoton ionization of a two-electron
model atom has led to several useful insights. For high-
frequency, short-pulse, laser-atom interactions, the electron
ionization processes are well described by rather modest lat-
tice ranges. This bodes well for the development of full 3D

FIG. 4. Contour plot(a) and projection(b) of the final time  cajcylations of the helium atom. The lattice range may be-
wave-function de”%'w”/’(x’y’t:m for the TDUHF method atan  come more of a factor, however, for lower frequencies,
intensity of 3.0<10'> W/c* and pt‘gm” energy of 11 eV. Distance |onger pulses, and especially when describing harmonic gen-
is in atomic units(1 8.u=5.20x10"" cm. eration and above-threshold ionization. Electron ionization

processes were found to be sensitive to the frequency and the
double ionization is found in the planes between the axes, antensity of the radiation field. Resonant processes may re-
much lower strength. The double-ionization peaks in Fig. 3ard the general increase in ionization yield at the stronger
for the TDSE method avoid the ridg&£y) of the potential. intensities. The intensity at which we found an unmistakable
The double-ionization peaks in Fig. 4 for the TDUHF double-ionization signal coincided with a nontrivial contri-
method do not show the ridge avoidance, yielding a densitypution from the sequential process of escape from an already
plot that shows more symmetry between the ridge Y) once ionized atom. Finding an unmistakable nonsequential
and flat k= —y) sectors. Thus, even though both methodsdouble-ionization signal at lower intensities may prove diffi-
find roughly the same total probability for double multipho- cult for lattice methods.
ton ionization, the angular distributions in tlg plane are The time-dependent unrestricted Hartree-Fock approxi-
quite distinct. mation was found to be in qualitative agreement with the

To better categorize the type of double multiphoton ion-more exact direct solution method for the various electron
ization present, we carried out a one-dimensional TDSE calionization processes. However, at the highest intensity the
culation for the multiphoton ionization of the model atomic TDUHF method found five times less single ionization with
ion at an intensity of 3.810° W/cn? and a photon energy excitation than the TDSE method. Also, the angular distribu-
of 11 eV. We used the same 10-cycle laser pulse and ideriions of the double-ionization probability densities for the
tical lattice ranges. At least five photons are needed to ionizewvo methods were quite distinct. Due to the complexity of
the model atomic ior(ionization potential of 52.4740 ¢V  the TDUHF formulation and its less than satisfying agree-

r
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