
- PHYSICAL REVIEW A VOLUME 48, NUMBER 1 JULY 1993

Quantitative study of multiphoton multiple ionization: Second-harmonic Nd: YAG laser ionization
of the doubly excited 2p I' bound state of H
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Starting with the H 2p 'P excited bound state, we have studied the problem of direct versus sequen-
0

tial two-photon, two-electron ionization with linearly polarized laser light of A, =5320 A and intensity
I =1.4X 10 W/crn . The theory is nonperturbative and electronic-structure oriented. It allows for the
multiconfigurational zero-order representation of bound and autoionizing states, for electron correlation,
and for the effects of nonorthonormality which cause multielectron excitation even without correlation
corrections. The one- and two-electron multichannel continua are represented by square-integrable
complex exponential functions. The results show that the sequential process is dominant, even though
there exists the H 4s4p P' autoionizing state, which is near resonance. However, the direct process
would dominate if the autoionization width, which is computed to be 1.16X 10 a.u. , happened to be
smaller by about a factor of 100, which is a realistic possibility for other systems.

PACS number(s): 32.80.Rm, 32.80.Fb, 32.80.Wr, 32.80.Dz

I. INTRODUCTION

It is of fundamental importance to have a quantitative
understanding of the interplay between the dynamics of
monophotonic or polyphotonic absorption by atoms and
molecules and the characteristics of electronic structure
and spectra. In this connection, strong interest has
developed in studying and interpreting the formation of
multiply charged ions upon laser irradiation of atoms
[1—8], a phenomenon which has given rise to the question
of the character of the related physical processes ("mech-
anism") involved [1—15]: To what extent is it sequential
(S) or direct (D) ionization? S ionization implies that the
creation of the final multiply charged ion A+~ (q is the
total charge) goes through the stepwise formation of the
intermediate ions,

g +1 g +2 g +(q —1)

whereas D ionization involves the simultaneous excita-
tion and ionization of q electrons with the possible assis-
tance of multiply excited states (MES).

From the point of view of ab initio theory, the study of
the above problem must necessarily take into account the
specifics of the system "atomic state plus laser. " The plu-
rality of such systems implies that in order to draw reli-
able conclusions on this phenomenon, extensive quantita-
tive information is needed. A theoretical research pro-
gram for obtaining such information must pay respect to
the spectral features of each system of interest and must
implement advanced computational methods which can
quantify efhciently interelectronic interactions and real
and virtual transition processes to all orders.

In this paper we apply our previously published many-
electron many-photon theory (MEMPT) for the treat-
ment of multiphoton ionization in polyelectronic systems
[16—18] and of MES [19-21]to the two-photon ionization

(A, =532 nm, second harmonic of Nd: YAG) of the H
2p I' bound state. This theory is nonperturbative and
therefore applicable to the weak-field as well as to
strong-field case. In the present application, an extension
has been made in order to allow the calculation of
double-ionization rates by incorporating a square-
integrable representation of the double continuum (see
Sec. IIB). The preparation scheme of the H 2p P
bound state is shown in Fig. 1 [17]. This state decays via
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FIG. 1. The H states of interest with their intrinsic proper-
ties, energy, and lifetime, before the application of the laser.
The numbers are taken from Ref. [17]. Upon preparation in a
scattering experiment [24] of the H 2s2p 'P' autoionizing
state, the 2p 'P bound state is reached via one-photon absorp-
tion of A, =27 100 A. The oscillator strength is f=0.26. The 'P
state can then be observed via a continuum of photon and elec-
tron emission, whose rate rises by orders of magnitude around
A. =1217 A [22].
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a one-photon, two-electron transition process into the H
1sep P' continuum, with a lifetime of 1.7X10 s. The
distribution of this emission rate is such that the transi-
tion occurs essentially around A, = 1217 A [22].

Compared to the case of the closed-shell He 1s 'S
ground state, which was investigated in previous studies
of double ionization using the weak-field perturbation
theory approximation [10,13], starting the excitation
scheme from H 2p P has meaningful advantages: This
state is close to the first- and second-ionization thresholds
and the strength of Coulomb interactions is weak.
Hence, one may employ the Nd: YAG second harmonic
at A, =5320 A, under controllable intensity conditions, in
order to strip H of its two electrons with only two pho-
tons. Furthermore, the opportunity is given to examine
the importance of intermediate MES explicitly: Inside
the first-ionization continuum, we have computed that
there exists the quasibound resonance H "4s4p" P',
which matches the one-photon frequency, thereby in-
creasing the probability for direct ionization.
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II. COMPUTATIONAL METHOD

A. Calculation of the Aeld-free wave functions,
energies, and widths
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The doubly excited states involved in the proposed ex-
citation scheme (see Fig. 2) were calculated according to
the state-specific theory of MES [19—21]. The wave
function of H 2p P was computed at the
multiconfigurational Hartree-Fock (MCHF) level:

4'o=c, 2p +c23p +c33d +c44f (la)

where

c& =0.93, cz = —0.34, c3 =0. 13,

Its energy,

c4=0.01 .

Ep = 0. 125 3 1 8 7 a.u.

corresponds to an electron affinity of 0.009 eV with
respect to the H n =2 threshold. Similarly, the MCHF
wave function of the autoionizing state H 4s4p P' was
obtained as

FIG. 2. The energy diagram of the states of H involved in
the proposed interaction scheme: (A): Sequential mechanism
for double ionization. The sequential mechanism consists of
two independent steps. The first (I), which is marked by the ar-
row with the long dashes, is the single-electron photoionization
of the H 2p P bound state, leaving the neutral H in excited
states. The wavy arrows indicate that at the end of the first step
(I), the neutral H is in the states with principal quantum num-
bers n =1,2, 3. The second step (II), which is marked by the ar-
rows with the short dashes, consists of the photoionization of
the neutral H states n =1,2, 3. (B) Direct mechanism for dou-
ble ionization. The direct mechanism, marked with the solid
line arrows, couples, through the laser field of wavelength
X=532 nm, the initial bound state 2p P with the double excit-
ed autoionizing state 4s4p P . Double ionization occurs by ab-
sorption of a second photon by the 4s4p P autoionizing state.

'to=a, 4s4p+a24p4d+a34d4f, (lb) 1s cp (0. 1%)

where a, =0.81, a2 =0.56, a, =0.17, and

Eo = —0.039 523 a. u.

The 4s4p P' state decays nonradiatively into the chan-
nels shown in Fig. 3. The partial widths were calculated
by the method described in Refs. [20,21] and are included
in Fig. 3. The corresponding total width was computed
to be
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1,„,=1.16X10 a. u. , (2)

in good agreement with the results of Ho and Callaway's
large calculations [23] (1.02 a.u. ).

FIG. 3. Continuum channels into which the 4s4p 'P' au-
toionizing state decays. The numbers in parentheses give the
partial widths of the corresponding channels as a percentage of
the total width I,„,= 1.16X 10 ' a.u.
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B. Calculation of the direct-double-ionization rate
of the H 2p P bound state

As shown in Fig. 2 [process (8)], the direct-ionization
mechanism for H Zp P-goes through the autoionizing
state 4s4p P'. This process can be written schematically
as

which were kept orthogonal to the bound hydrogen orbit-
als up to principal quantum number n =4. For example,
the es I. orbital was kept orthogonal to the 1s, 2s, 3s,
and 4s hydrogenic orbitals. By computing the complex
energy of the total Hamiltonian matrix as a function of 8
and a [the parameters of the basis set, Eq. (4)], we ob-
tained the stabilized width

2p P :4s4p P

&p& p &3P
EdE d

:,&p&p

FdE d .3D
ape'f
6SCd

(3)

I (4s4p P')=0. 3X10 a. u. =(2.6X10 )I,„, (5)

for field intensity I=1.4X10 W/cm and laser field
wavelength around 532 nm (co =0.0858 a.u. ).

Note that electron correlation in the doubly ionized
state is taken into account through the calculation of ma-
trix elements of the type

& eili &~I~ III &3 3e4 ~ &,

The probability for process (3) was computed in two
steps: First, we allowed the coupling of 4s4p P' to the
double continuum states and calculated the correspond-
ing width. The orbitals of the double continuum states,
@le'l', were chosen as linear combinations of complex or-
bitals [18]:

gl = " 'e ~, p=re ', 0+6+~/2, n =0 1, . . . ,

(4)

and that the nonorthonormality among the state-specific
orbitals which are computed in their own self-consistent
field is included whenever it arises [16,19].

Next, we computed the width of the 2p P state which
results from the coupling to the double continuum via the
4s4p P' state. In doing so, we have to incorporate the
previously computed rates for autoionization and for
direct-double-electron ionization of the 4s4p P state by
assuming the same ratio as that of Eq. (5). Thus, we
write

1ii(2p P)=[I D(4s4p P )iI „„,(4s4p P')]1„„,(2p P) . (sa)

In Table I we give the widths of 2p P as a function of
laser frequency ~.

C. Calculation of the rates of the independent steps of the
sequential double ionization of H 2p P

The sequential mechanism involves two independent
excitation steps (see Fig. 2, processes A I and A II). The
first step (Fig. 2 A I) is simply the single-electron photo-
ionization of the H 2p P bound state, leaving the neu-
tral H in a number of bound states. This is schematically
shown in Fig. 4. The partial widths of the single-electron
photoionization of the H 2p P bound state to the vari-
ous ionization channels (see Fig. 4) add to a total photo-
ionization rate for field intensity I=1.4X10 W/cm of

I r 1.5X10 a.u.

In addition, the rate of Eq. (6) is proportional to field in-
tensity I,

Part of the stepwise path is the possibility of creating ex-
cited states of H through the autoionization of the double
excited state 4s4p P . However, this is not taken into ac-
count, because the rate for this path, for wavelengths
around 532 nm, is of the order of 10 '0 a.u. (see Table I),

which is four orders of magnitude smaller than the corre-
sponding rate through pure single-electron photoioniza-
tion [see Eq. (6)].

The second step (Fig. 2, A II) is the photoionization of

CO

(a.u. )

0.080 00
0.081 00
0.082 00
0.083 00
0.084 00
0.085 00
0.085 50
0.085 80
0.086 00
0.088 00
0.089 00
0.090 00

I tatami(2p "P)

(a.u. )

8.2[—12]
1.2[—1 1]
1.9[—11]
3.4[—11]
7.8[—11]
2.8[—10]
6.6[—10]
8.2[—10]
7.4[—10]
5.4[—11]
2.6[—11]
1.5 [ —1 1]

I (2p P)
(a.u. )

2.1[—15]
3.1[—15]
4.9[—15]
8.8[—15]
2.0[—14]
7.3[—14]
1.7[—13]
2.1[—13]
1.9[—13]
1.4[—14]
6.8[—15]
4.0[—15]

TABLE I. Total width in a.u. of 2p P of H . The width of
2p 'P which is due to the direct coupling with the double con-
tinuum, I D, was calculated from the equation

1 (2p' 'P ) = [1 (4s4p 'P ) /I „„,(4s4p 'P') ]1 „„,(2p' 'P )

with I „„&(4s4p P')=I,„,=1.16X10 a.u. and field intensity
I=1.4X10 w/cm .
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FICx. 4. First step of the sequential mechanism. Continuum
channels which are coupled through the laser field to the H
2p P bound state. The numbers in parentheses give the partial
widths of the corresponding photoionization channels as a per-
centage of the total width.

neutral H bound states, produced after the first step. Fig-
ure 5 shows the second step of the S mechanism with de-
tails concerning the population distribution of the neutral
H bound states, characterized by the angular momentum
quantum number l and the z component of the angular
momentum l, =m. %'e note here that we assume that
our initial state 2p P has been prepared with the z com-
ponent of its total angular momentum equal to 1. Thus,
the final states of the first step (Fig. 2, AI and Fig. 4)
have the same z component of their total angular rnomen-
tum as the initial 2p P state. The result of this m-
dependent excitation is that the population of the H
states at the end of the first step of the sequential mecha-
nism depends on m (see Fig. 5). The calculated photoion-
ization rates for the different bound states (Fig. 5) add to
a total rate for I=1.4X10 W/cm of

I &,
=4.7X10 a.u.

This rate is also proportional to field intensity I,

I = 4.7 x 10 a.u.
ll

FIG. 5. Second step of the sequential mechanism. Neutral H
bound-state photoionization rates (in a.u. ) due to a laser field of
intensity I=1.4X10 %'/cm and frequency 0.0858 a.u. ( =532
nm). The numbers in parentheses give the percentage of the
participation of the corresponding state to the total population
of the bound states.

I,q-I . (7a)

III. RESULTS

Following the approach of Refs. [3,10] for the dynam-
ics of the ionization process, we write the rate equations

Since the S mechanism is a combination of two indepen-
dent steps, we can say that the number of H+ ions pro-
duced through this mechanism (N2 s) is proportional to
the product I s of the two rates of Eqs. (6) and (7) (see
Sec. III and Ref. [10]),i.e.,

X„-I,=r,r„=7.1X10-" .

At the same time, using (6a) and (7a),

I -I

N (t)o= —(I i+ I D )No(t),

N, (t)=r N, (t) —r„N, (t)

N (t)=I N (t)+I „N, (t)

No(t)

or N, (t)

N, (t)

—(r,+r )

I i

0 0 No(t)
—r„o N, (t)
I „0 N2(t)

(9)

where Xo, N, , and X2 are the number of H atoms, H
atoms, and H+ atoms, respectively.

Assuming that the rates in Eqs. (9) are independent of
time (or that the laser field intensity is independent of
time) and expanding No(t), N, (t), and N2(t) in series,

we can write the system of differential equations (9) in the
form

Co. +i
(1l +1) C~

n=0
C2n+i

No(t) Co„

N, (t) = g C,„ t", Coo=i, C,O=Czo=0

N, (t) C,„
(10)

—(r, +r )

r,
0 0 Co„

—I» 0 C,„ t",
r„o C,„

(1 la)
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or, equivalently,

COn+1
1

1n+1

C2n+1

—(I,+I D)

r,
0 Co„

0 C

n=0, 1, . . . . (1 lb)

Then, by combining Eqs. (10) and (11), we obtain for
N, (t):

The system "H 2p P plus second harmonic
Nd: YAG" chosen for this work presents a realistic as
well as prototypical situation for investigating the possi-
bility of enhancement of the probability of the direct mul-
tiphonon multiple-ionization process. Our theory and
computations lead to the conclusion that the S mecha-
nism dominates for times longer than 1 a.u.

Yet, it is worth pointing out the following: For laser
field intensities of the order of 10 W/cm and for wave-
lengths around 532 nm, in the rotating-wave approxima-
tion we obtain for I D (2p P) (see also Table I):

N, (t)=OXr'+r t'

+ —,
' [rtl tt

—I D(I,+I D )]r + (12)

For short interaction time, Eq. (12) shows that we can
distinguish the number N2 & of the H+ atoms corre-
sponding to the S mechanism from the number N2 D of
H+ atoms corresponding to the D mechanism:

N, =
—,
' l, l „t'

I D(4s4p P')
I D(2p P)=I „„,(2p P) r,„,(4s4p P )

2
V I V

r,„, r,„„r,„,

V=(2p Piz~4s4p P') =4.89X10

(14)

(14a)

,'1 st th—rough Eq. (8),
Npa=I D& .

(13a)

(13b)

Thus, it follows that the time r [see Eq. (13c)] determin-
ing the moment after which the S mechanism dominates
is

From Eqs. (13a) and (13b) we see that for times greater
than

2r
(13c)

the S mechanism for the production of H+ atoms dom-
inates. Using Table I and Eqs. (12) and (13), this lower
bound is about 1 a.u. (2.4X10 ' s).

IV. SYNOPSIS AND CONCLUSIONS

We presented a method for dealing with the problem of
multiphoton, multielectron excitation of real atomic
spectra. The theory is applicable to weak fields, as in the
present case, as well as to strong ones. Electron correla-
tion is included in the initial (ground or excited, closed-
shell or open-shell state), in the intermediate, and in the
final states of the two-electron multichannel continuum
by using function spaces which are state specific. Fur-
thermore, the physically important reorganization of the
self-consistent field as the excitation "travels" through
the spectrum is included explicitly via the computation of
nonorthonormality effects [16,19].

Equation (15) implies that the intermediate MES plays a
crucial role through the ratio of two characteristics: The
dipole matrix element with the lower state and the intrin-
sic autoionization width. For example, if the H
4s4p P width were a factor of 100 smaller, the direct
mechanism would be significant for times appreciably
larger than 1 a.u. It should not be excluded that such a
situation occurs in other systems.

On the other hand, for intensities larger than 10
W/cm but still low enough that the system is still de-
scribed in terms of the same states, the total as well as the
direct widths of the H 2p P tend to a constant. Then,
with the help of Eq. (14), the time r goes as

1

I2 (16)

and the S mechanism dominates independently of
electronic-structure characteristics.
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