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Production of Multiply Charged Ions by Strong uv Laser Pulses: Theoretical Evidence
for Stepwise Ionization
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It is pointed out that the charge-state distribution produced by intense ultraviolet laser radiation
is a Poissonian, rather than the binomial which prevails under infrared radiation, and hence that
ionization occurs stepwise during the pulse. This result is shown to be consistent with experimental
data as well as with recent theoretica1 advances.

PACS numbers: 32,80.Fb, 32.80.Rm

In the study of matter in strong external fields, the
development of high-intensity lasers has opened new
perspectives. Picosecond pulses have been focused on
small targets of noninteracting atoms, creating electric
field amplitudes of the order of one atomic unit
(5.14X10" V m '). Production of multiply charged
ions has been observed in such fields, both with irv
(infrared and visible) light' and with uv (ultraviolet)
light. 2 3 A basic question is whether this phenomenon
occurs as a consequence of direct multiphoton mul-
tielectron ionization of neutral atoms, or of stepwise
ionization during the light pulse.

Geltman4 and Rhodes5 and co-workers3 6 have em-
phasized the direct-ionization mode, but for different
reasons. Whereas Geltman4 has taken both the irv and
uv data as evidence for the independent-electron
model of the target atoms, Rhodes and co-workers3 5 6

have related their uv observations to field-induced col-
lective motion of the outer-shell electrons of the target
atoms. In contrast, Lambropoulos7 has suggested that
at least the first ionization stages are produced in a
stepwise fashion during the rise of the uv and also the
irv pulses. This conclusion seems to agree with the
statistical analysis of Crances of saturation intensities,
emphasizing the time and space variation of the in-
teraction region.

Recently, we have shown9 that the charge-state dis-
tributions of rare-gas atoms irradiated with intense irv
pulses' are governed by a binomial law, similar to that
which describes the recoil charge distributions in
single-electron-capture collisions. This analysis was
based on an information-theoretical derivation of the
most probable distribution, given the average probabil-
ity of removing one electron from an atom during the
pulse, and consistent with the exclusion principle. In
this Letter we show that a simple and systematic ex-

tension of the work of Ref. 9 leads to an unexpected
but physically well-justified interpretation of the uv
data. Our results unambiguously answer the question
whether the uv charge-state distributions originate
from direct or stepwise processes.

The target atoms discussed here are those for which
charge-state measurements have been reported, 2 3

viz. , Ar, Kr, I, Xe, and U. The large number of alter-
native routes leading to ionization in multiphoton ab-
sorption by these atoms suggests that the ion charge q
should be treated as a random Markovian function of
time. Thus, the evolution of the charge-state distribu-
tion function P~(t) during the pulse is described by
the master equation

dPO( t)

dt
l.P,(t)= — X—W, P, (t),n'0

,
n'= I

de ( t) = X W,„P„(t)

~, P(t),
, n =q+1

dP, (t) = X W,„P„(t).
Ck „o

Here, W, b, t is the probability for a transition from
charge state n to n'( & n) during a short time At. In
practice, Z can be identified with the highest measured
charge, subject in both experiments'3 to a detection
limit of Pz/Pi —10 . For many-electron atoms, per-
turbation theory (if applicable) leads to estimates for
the generalized cross section a-, o which occurs in
Wio=trioF+, where F is the photon flux, and N the
number of absorbed photons. 7 In particular, since we
are interested in the prediction of charge states after

Qc 1986 The American Physical Society 1909



E56, NUMBER18 PHYSICAL REVIEW LETTER 5 Mh. v 1986

P, (Z, .) = exp &q) X „exp(Xn)
e j.

(2)

where X = X(f) is an ad'ustis an adjustable parameter, and N =

the pulse has elapsed, t ese cross sect'
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against the available uv data. ' We show not only
least-squares fits to the relative abundances of charge
states, but also fits to the logarithms of these abun-
dances. The latter procedure is justified by the mini-
mization of the relative (rather than absolute) devia-
tions). It is apparent from Figs. 1 and 2 that the pre-
dictions from Eq. (3) agree very well with the data,
certainly better than predictions based on the binomial
law [Eq. (2)].4 In Table I we list the optimized values
of a for both ordinary and logarithmic least-squares
fits; from these, the average ionization rates g = a~
can be obtained.

From a general probabilistic point of view, P~ in Eq.
(3) with a = gr represents the probability that an atom
loses q electrons at random, one by one, during the
laser pulse of duration 7. It is normalized with respect
to the total ion yield and represents the most probable
distribution, given the mean time g ' between two
sequential ionization events. " If one, however, as-
sumes p, ~ Wiii&) g and a pure step process for
q ~ 1, i.e., W„„=g5 i,, then Eq. (3) is an approx-
imate solution of Eq. (I) for intermediate times. In
contrast to the binomial it is not the stationary solu-
tion, which in this case would be 9'&(Z, ~) = 5~ z. By
taking the time derivative of Eq. (3), one finds that
9'~=g(9'~ i

—P~) within 30%, provided a =gr
~1.5 and Pz && 1. According to Table I, only for
Ar is a clearly smaller than 1.5, especially if one con-
siders that I may exist in the form of negative ions at
the beginning of the pulse (see footnote b of Table I).
The fits are found to be extremely good even for
a & 1.5, which indicates that the constraint on a is less
significant when P~(Z, r) is a strongly decreasing
function of q.

At first glance, the distributions (2) and (3) seem to
be mutually exclusive. According to the derivation of

TABLE I. Values of a = gv in the Poisson distribution of
Eq. (3), obtained from the statistical analysis of the uv data.

Eq. (1), however, the probabilities of the direct and
step processes only exclude each other to the order of
b, t2. '2 In fact, a reexamination of the irv data in terms
of the Poissonian (3) shows that this even leads to a
somewhat better fit than the binomial for high-
intensity ( ) 10'4 W cm 2) visible light. Combined
with the results of Figs. 1 and 2 and Table I, this
means that the ion formation is predominantly
governed by the process q q + 1 beyond q ~ 1

when the intensity exceeds 10'4 to 10"W cm ' in the
visible and ultraviolet range. This conclusion does not
exclude the possibility that ions with q ~ 2 are formed
from neutral atoms as a consequence of the direct
multiphoton process at the beginning of the pulse, but
the probability for the direct process is much smaller
than for the step process via the q= 1 stage. This
result agrees with recent experimental data on the
double multiphoton ejection of the 5s2 electrons in
Sr

In the infrared region, where the number of ab-
sorbed photons is very large, the direct multiple ioni-
zation process is favored even at rather high intensi-
ties. Here this process is associated with tunneling of
several electrons along the field axis, similar to
transfer ionization in single-electron capture. 9

In conclusion, we have shown by a detailed statisti-
cal analysis of measured ionic charge distributions pro-
duced in strong visible and ultraviolet picosecond laser
pulses that these states are predominantly created by
the step process. Contrary to earlier analyses, there is
no indication of any specific direct multiple multipho-
ton ionization processes in the uv laser experiments.

We are indebted to G. Bradley Armen for helpful
discussions and for a critical reading of the manuscript.
One of us (T.A.) thanks M. Gavrila for a stimulating
discussion. This work was supported in part by the
U.S. Air Force Office of Scientific Research through
Contract No. F49620-85-C-0040. One of us (A.B.)
was supported by the Finnish Academy of Sciences.

Target
atom

Intensity
(10" W cm ')

Pulse length 7

(ps)
Method

I' II'

Xe
Xe
Xe
Xe
Ib

Kr
Ar
U

1

10
100

1

1

1

1

5
5
5

10
10
10
10
10

0.81 1.2
1.6 2.0
2.9 2.4
2.9 2.8
0.64 1 ~ 3
1.6 1.4
0.90 0.78
3.1 2.1

'Method I is based on the minimization of the absolute devia-
tions, whereas method H is based on minimizing relative deviations.

bIf it is assumed that the charge starts with q = —1, one finds (I)
a =0.84 and (II) a = 1.6.

&'~Permanent address: Laboratory of Physics, Helsinki
University of Technology, 02150 Espoo 15, Finland.

A. L'Huillier, L. A. Lompre, G. Mainfray, and
C. Manus, Phys. Rev. Lett. 48, 1814 (1982), and J. Phys. 8
16, 1363 (1983),and Phys. Rev. A 27, 2503 (1983).

2T. S. Luk, H. Pummer, K. Boyer, M. Shahidi, H. Egger,
and C. K. Rhodes, Phys. Rev. Lett. 51, 110 (1983).

3K. Boyer, H. Egger, T. S. Luk, H. Pumrner, and C. K.
Rhodes, J. Opt. Soc. Am. 8 1, 3 (1984); T. S. Luk,
U. Johann, H. Egger, H. Pummer, and C. K. Rhodes, Phys.
Rev. A 32, 214 (1985).

4S. Geltman, Phys. Rev. Lett. 54, 1909 (1985).
5C. K. Rhodes, Science 229, 1345 (1985).
6K. Boyer and C. K. Rhodes, Phys. Rev. Lett. 54, 1490

(1985).
7P. Lambropoulos, Phys. Rev. Lett. 55, 2141 (1985).



VOLUME 56, NUMsER 18 PHYSICAL REVIEW LETTERS

sM. Crance, J. Phys. 8 18, L155 (1985).
T. A berg, A. BIOmbcrg, J. TUlkkl, 8nd O. Gosc1Askl,

Phys. Rev. Lett. 52, 1207 (1984).
~OT. Abcrg and 0. Goscinski, in X-Ray and Atomic Inner-

Shel/ Physics —J982, edited bg B. Crascmann, A&I eonfcr-
ence Proceedings No. 94 (American Institute of Physics,

New York, 1982), p. 121.
~&M. Tribus, Aationa/ Descriptions, Decisions and Designs

(Pergamon, Oxford, 1969).
&2N. G. Van Kampen, Stochastic Processes in Physics and

Chemistry (North-Holland, Amsterdam, 1981).
'3P. Agostini and G. Petite, Phys. Rev. A 32, 3800 (1985).


