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Multiple Ionization of a Hartree Atom by Intense Laser Pulses

Sydney Geltman '
Joint Institute for Laboratory Astrophysics, National Bureau of Standards and University of Colorado,

Boulder, Colorado 80309
(Received 29 January 1985)

It is shown that a good representation of recent experimental results on the relative production of
multiply charged ionic states by intense laser pulses of various wavelengths may be obtained on the
basis of Hartree's independent-electron shell model of the atom.

PACS numbers: 32.80.Rm

In recent experiments Rhodes and Luk and co-
workers' have detected the existence of several ionic
charge states which result from the irradiation of a
large variety of atomic species under collision-free
conditions by uv laser radiation (193 nm, 6.42 eV) in
5-ps pulses and intensities in the range 10's to 10'7
W/cm2. The general process may be represented as
X+X~h p X~+ +qe, where ions have been detected
for Nq and q values as large as 99 and 10, respectively.
These maximum values correspond to a U-atom tar-
get, but data have also been obtained for He, Ne, Ar,
Kr, I, Xe, Eu, Yb, and Hg. These experiments mea-
sure the relative abundance of Xq+ at a given laser in-
tensity. The most striking aspect of these data is the
relatively slow variation of the ratio between succes-
sive relative abundances compared with what one
might expect on the basis of the minimum needed
photon number W~.

In another series of experiments by Lompre, Main-
fray, and co-workers, 4 5 multiply charged states of He,
Ne, and Xe were studied as a function of laser intensi-
ty for the fundamental and first harmonic of the Nd-
doped yttrium aluminum garnet laser (1064 nm, 1.17
eV and 532 nm, 2.33 eV). They used 50-ps pulses and
an intensity range of 5x10" to 10' W/cm . At the
lowest intensities for which the singly charged ions
were detected, their relative abundance followed the
I ' behavior expected from the lowest order of pertur-
bation theory. However, it was not possible to obtain a
correlation between the numbers of multiply charged

N
ions produced and I ' (where q & 1). These values of
Nq become very large (see Table I). Thus the max-
imum value for W~ in the Lompre-Mainfray measure-
ments was Ns ——144 for Xes+ (and h u = 1.17 eV).

In both experiments the laser beam is focused inside

the target-gas volume and all ions produced are time-
of-flight analyzed. There is ion production over a
spread-out region surrounding the point of peak inten-
sity, and the size of this region is believed to increase
as the intensity is increased. This is given by Lompre

Nland Mainfray as the reason for departure from I
behavior at some intensity Iz where they believe single
ionization occurs with almost unit probability within
the focal volume of the laser beam. The growth of the
number of singly charged ions for I ) Iz is then attri-
buted to an effective enlargement of the interaction
volume. One would expect similar effects to be taking
place in the Rhodes-Luk experiment. The result of
this uncertainty in interaction volume is that an error
of unknown magnitude is introduced into the pro-
cedure of taking measured relative abundances of vari-
ously charged ions as equivalent to the relative ioniza-
tion probabilities for these ions.

While perturbation theory has been reasonably suc-
cessful in providing an understanding of the multipho-
ton production of singly charged ions, very little
theoretical progress has been made in the treatment of
multicharged-ion production. The reason for this is
the vast increase in complexity of the perturbation
theory involved when the appropriate multiple-
electron intermediate states must include preceding
continua. The outlook for theoretical progress by
brute-force high-order perturbation treatments does
not appear promising, particularly when one notes the
high orders needed (the Nq's of Table I). Hence, we
would like to propose an alternate treatment for the
problem of multicharged-ion photoproduction which is
based on the model of the Hartree atom.

In the Hartree atom each shell of identical electrons
is characterized by an effective self-consistent central

TABLE I. Values of Nq, the minimum number of photons needed to reach the qth
stage of ionization from the atomic ground state of Xe.

h v (eV) Nl N2 N3 N4 Ng

1.17
2.33
6.42

11
6
2

29
15
6

56
29
11

96
48
18

144
73
27

232
116
42
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potential V„&(r). All noncentral 1/rq interactions have
been averaged over, and all screening from inner
charges have been incorporated into the V„&'s. We can
now ask how such an atom will ionize in response to
an applied laser field. The important simplification
which the Hartree atom introduces is that the problem
including interaction with the field remains completely
separable, as the full Hamiltonian is

H= XH, , = X}T,+ V, (r, )+er, E(t)}. (1)
$J I $, /

Here s designates a given nl shell, and the sum on i is
over the electrons in that shell. The consequence of
this is that the full time-dependent wave function has
the product form + (r, t ) = II, ;p, (r, , r ), where
P, (r;, 0) are the initial free-atom Hartree orbitals. The
Q, (r;, t ) satisfy the time-dependent Schrodinger equa-
tion, i t (if,/Br) =H„p„which describes the time
evolution of an electron interacting with a central
atomic potential and the external light wave, in the di-
pole approximation. The exact solution of the one-
eleqtron problem leads to a one-electron ionization
probability p, (t;I), where the laser intensity I is in-
cluded as a parameter. In principle, this one-electron
problem is solvable for arbitrary laser pulse fields
E(t), but of course in practice many simplifying as-
sumptions are needed. Typical of these are a mono-
chromatic, rectangular laser pulse and the use of per-
turbation theory of minimum order equal to the
number of photons needed to raise the bound electron
to the ionization continuum. These approximations
lead to the form for ionization probability p, (t;I)
= a-, FNt, where o-, is the generalized cross section for
N-photon absorption and F is the photon flux. If s is
the outer shell of the atom, then N =N& by Koop-
mans' theorem. One expects this form for p, to be
generally valid when p, (( 1, but as p, approaches its
maximum value of 1 as a result of increasing F and/or
t, there wi11 be departures from this form, and a better
one is p, = 1 —exp( —a,F t ). .

The important property of the separability of the
Hartree-atom model is that the probability for the ejec-
tion of q electrons from shell s (containing n, elec-
trons) is simply the product

where P, is the probability that the atom remains
un-ionized.

For comparison with the data we define the ratio of
probabilities for the production of Xq+ to X+,

p (q)
$

p (&) n,

n$ p,

In Fig. 1 we illustrate the behavior of P, ~ for an l = 1
shell with n, =6. For p, & 0.3 a reversal starts in the
magnitudes of P, ~ and the higher states of ionization
are seen to become more probable.

We can now attempt a qualitative interpretation of
the experimental data in terms of this model. In Fig. 2
the Rhodes-Luk results are shown for the ion-charge
spectra of Xe at three laser intensities. First let us
note how completely incompatible these results are
with the conventional ideas of multiphoton ionization,

( ) N
where one expects a probability p, ~q~ = a,t ~F 't, o-r ra-
tio of multiple to single ionization, R,tq~(I) = (a,tq~/

N —NIo.,~'~)F ' '. This would lead to the ratio for two dif-

).0-

O. I

0.0 I

and so on. Note that this definition provides for uni-
tarized probabilities, i.e. ,

n n,
p (q+q')

$,$&=0 q' —p

Pl$

(p, )'(1 —p, )"' (2)

If one is considering such high laser intensities that
electrons are being ejected with appreciable probability
from more than one shell (as is the case in the
Rhodes-Luk experiments), this is simply generalized
to

p (e+e')
$,$

o.ool

o.ooo I

G.oo f O.ol O. f I.O

$
El

(P, )'(1 —P, )"* ', (I,.)' (1 —i, ) '
FIG. l. Ionization probabilities for the qth charge state,

J',(~), for a six-electron atomic shell as a function of the
one-electron ionization probability, p, .
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If we take I —10'6 and I' —10'5 W/cm2, the mea-
sured values for R5g (I)/Rzg (I') for q = 2, 3, 4, and
5 are 1.6, 2.3, 1.8, 2.7, respectively. The values ex-
pected for these ratios, from (4) and use of the Nq in
Table I, are —10, 109, 10'6, and 10 5, respectively.
So it becomes quite clear that the use of a simple per-
turbative expression for P, q based only on the
number of photons needed to reach the particular
stage of ionization (i.e. , Nq) cannot represent the data
to within many orders of magnitude, well outside any
expected errors arising from the question of the uncer-
tain interaction volume in the experiments.

On the other hand, the data in Fig. 2 are much more
consistent with the predictions of the present theory.
A least-squares fit of form (3) to the data of
1 (q ~ 6, which is also shown in Fig. 2, gives
p5 ——0.13, 0.21, and 0.39 for I —10', 10' and 10'
W/cm, respectively. Since only two data points at
each intensity exist for the Ss shell, we determine the
corresponding p5, directly from P6l~sl5, /P6(~)5, ———,'p5, /
(1 —p5, ), to be p5, =0.30 and 0.35 for I —10'6 and
10'7 W/cm2. The corresponding values of
Rslgl(I)/R &~g)(I') for q = 2, 3, 4, and 5 are 1.8, 3.3,
5.9, and ll, a considerable improvement over the ra-
tios given by (4).

0.00 I

I 2 5 4 5 6 7 8
CHARGE STATE q

FIG. 2. The Rhodes-Luk data (solid points) for the rela-
tive abundance of charge states Xe~+ produced by laser in-
tensities (a) —10'5, (b) —10'6, and (c) —10'7 W/cm .
The open points are the least-squares fit of form (3) to the
1 ~q ~ 6 data points, taking n, =6.

The p, s increase with increasing intensity as one
would expect. The fact that at I —10'6 W/cm,
p5~ (pz„while at I —10 W/cm, p5~ & ps„ is
somewhat anomalous. It should also be noted that the
least-squares fit when plotted on the logarithmic ordi-
nate scale of Fig. 2 shows large departures from the
data points at the high q values. Although no error
bars are given for the measured points, we would ex-
pect systematically larger error bars (on the logarithm-
ic scale) for the lower relative abundances. This to-
gether with the uncertainty in interaction volume
could be responsible for the poor fit at high q values
and the above anomalous inversion of p5, and p5p
values. Additional measurements of increased accura-
cy and at higher intensities (particularly for the high q
values) would be very desirable further to test this
model, and the predicted inversions in relative abun-
dance which are indicated in Fig. 1.

In trying to fit the Lompre-Mainfray Xe data with
the present model we note that there is only a very
small intensity range at which Xe + is observed and
Xe6+ is not seen at all at their lower photon frequen-
cies and intensities (than are used by Rhodes and
Luk). In making a least-squares fit to their data at
their maximum intensities we find p5~ ——0.085 for
/t v =1.17 eV and I:—10'4 W/cm2, and p5~ =0.047 for
h v=2.33 eV and I:—6&&10'2 W/cm . These values of
p5p imply from Fig. 1 that Pq~, the probability for sin-
gle ionization of Xe, should have a value of about 0.33
and 0.22, respectively. Our model would attribute the
departure of P5()1 as a function of I from its original
I ' form (beyond that occurring from changes in the
effective interaction volume) to the redistribution of
probability among the ionic states as indicated in Fig.
1. Lompre and Mainfray adopt a picture of a sequential
production of L ~+' + from L~+ while our model has
all the probabilities being generated simultaneously. In
the limit of low I our result is consistent with their ob-
servation since

P~p' —
ps~ (1 —p5~) ~ p~~

—crF 't

Our prediction for the intensity variation of Xe +

would be

or as the 2Nt power of the intensity, rather than the
N2conventional perturbation result of I '. The present

limiting pulse-length dependence in P, ~ is t~, rather
than the conventional linear form which corresponds
to a constant ionization rate. Here we expect the
power of the intensity to be qN~ rather than N~, and
thus accurate measurements of the limiting I and t
dependences for the production of multiply charged
ions would be additional interesting tests of the
present model.
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The occurrence of intensity dependences in multi-
photon ionization which vary as lower powers of the in-
tensity than the minimum photon number required by
energy absorption is a common feature when
intermediate-state resonances play a significant role.
In the present situation we may regard all the preced-
ing continua as a form of intermediate-state reso-
nances, which leads to the lowering of the effective
exponent of the intensity. The higher the q value, the
more such intermediate resonances participate and the
greater is the decrease in effective exponent, Nq —qN~,
as can be immediately verified from Table I. Related
behavior has also been suggested by Crance. 7

In some very recent work Chin, Yergeau, and La-
vigne have measured the relative ion production in
Xe for q ~ 3 with 1.1-ns CO2 laser pulses having in-
tensities & 2X 10' W/cm . Their results as a function
of intensity (for the 9.55-iM, m line) show a remarkable
resemblance to our respective curves in Fig. 1, includ-
ing well-defined maxima for Xe+ and Xe++. The
present model allows us to extract the values at these
maxima as p5~ =0.17 and 0.33 at I =5.0X10' and
1.2X10t4 W/cm', for these laser parameters. We
would expect this one-electron —ejection process to be
governed by some type of tunneling behavior rather
than a multiphoton ionization cross section (since
Nt ——104 at this wavelength).

While the above discussion applies to the Xe~+
case, Lompre and Mainfray and co-workers~ have also
made measurements on charge-state ratios for the oth-
er rare gases using Nd-doped yttrium aluminium gar-
net laser radiation, and these results correspond to the
following maximum values p, :

hv=1. 17 eV.—He+, He2+, pt, =0.0010 at I =1.2
X10's W/cm2; Ne+, Ne2+, p2~ = 0.00099 at I =1.2
x 1015 W/cm Ar+, Ar + Ar + p = 0.021 at
I=2.2X1014 W/cm2. 'Kr+ Kr2+ Kr3+' Kr4+ p4p
= 0.019 at I = 1.2 x 10'4 W/cm2.

he=2. 33 eV.—Ne+, Ne2+, p2~=0.016, I =5.0
X10' W/cm .

Note that p2~ for Ne increases by a factor of 16
when h v is doubled and the intensity is decreased by a
factor of 20. This behavior could be the result of
resonant variations in o-» depending on photon fre-
quency and the atomic spectrum. The failure to detect
any He + or Ne+ by Rhodes and Luk would be con-
sistent with p, & 0.01 (for He) and p, & 0.003 (for Ne)
for their laser pulses, since their system could not
detect any ions produced with a probability of & 10 4.

Another interesting finding of Lompre and Mainfray
was that for Cs atoms, no ions of higher charge than
Cs+ were detected for I ( 10' W/cm2. This may be
interpreted under the present model as a result of
there being only one electron in the outer 6s shell,
while for the deeper lying 5p shell, the probability
P6(, 5~=6p6,ps~(1 —ps~) is too small to be detectable

because of the smallness of pz~. The detection of a
low level of Xe+ at 8x10' W/cm is consistent with
the absence of a detectable level of Cs + at the same
intensity, since the binding energies of a 5p electron in
the Xe and Cs+ cores are 12.1 and 25.1 eV, respec-
tively.

To the extent that p, can be characterized by a
specific functional form such as a.,F t, or its generali-
zation a,jdt'[-F(t')], in the present model, we can

0
extract absolute multiphoton cross sections cr, from a
measurement of the ratio of successive ionic charge-
state probabilities arising from a given atomic shell.
The electron-energy distribution expected in this
model is just that which is associated with the one-
electron problem. This distribution depends on I and
t, and might be a single energy peak at 6 = N]h p Vl
(Vt is the ionization potential) at low values of I
and/or t, but may evolve into many peaks separated by
h u (the so-called above-threshold ionization) for high
values of I and/or t, when p, approaches 1.

In summary, we see that the use of a Hartree atom
model, which in general gives a good quantitative pic-
ture of atomic structure, leads to a great simplification
in the description of laser multiple ionization. The
essential quantum mechanical multiphoton ionization
problem is reduced from an n, -electron problem to a
one-electron problem, and the maximum number of
photons one needs to deal with explicitly is N& rather
than all the N~'s. Comparison with the existing mea-
surements shows that the model is a considerable im-
provement over the conventional picture of multiple
ionization by multiphoton absorption.

I am indebted to K. Rzqzewski, C. Kunasz, R. M.
More, and A. Szoke for very helpful discussions.
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