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We have studied the single and double nonresonant multiphoton ionization of calcium atoms us-

ing both 532-nm and 1.06-pm radiation. These studies were conducted in the intensity regime of
10' -10' W/cm . We use mass and angularly resolved electron-energy analysis in an attempt to

gain insight into the dominant mechanisms responsible for ionization. An analysis is presented for
intensity- and frequency-dependent results, and electron angular distributions are reduced in terms

of atomic parameters derivable from lowest-order perturbation theory.

I. INTRODUCTION

In recent years there has been a considerable amount
of interest in the behavior of atoms in intense laser fields.
One of the critical questions raised by these studies is
how much does our view of electric dipole transitions
alter in the nonperturbative regime of the electromagnet-
ic field. Experiments have revealed a number of new and
dramatic effects, including above-threshold ionization'
(ATI), multiple-charge-state distributions, short-
wavelength generation, and strong-field ionization.
Many theoretical models ' have been proposed to de-
scribe the salient features of these observations. Al-
though each has led to a further understanding of these
effects, a great deal of controversy still remains. One ex-
ample is the mechanism responsible for the observation
of the relatively large abundance of highly charged states
in the nonresonant multiphoton ionization (MPI) of
atoms. One model" suggests that a collective or direct
ionization process is occurring at these intensities, while
Lambropoulos and co-workers ' have proposed a model
that describes these results in terms of sequential ioniza-
tion and the temporal dynamics governing a particular
experiment. The fundamental difference is that in the
first case the process is viewed as the simultaneous ejec-
tion of many electrons, whereas with the second case it is
described by sequential removal of single electrons.

Although the extent to which multiple-electron excita-
tion is responsible for the production of multiple-charge-
state distributions in closed-shell atoms is still unclear, a
number of recent studies' ' have focused on determin-
ing the role of doubly excited states in the MPI of
alkaline-earth atoms. The alkaline-earth atoms are at-
tractive systems for MPI studies for a number of reasons.
First, they contain a manifold of doubly excited states
just above the first ionization threshold and in some cases
even have bound doubly excited states. Second, they

offer the opportunity to examine these effects at moderate
laser intensities, where I & 10' W/cm . Finally, the
low-Z alkaline-earth atoms such as calcium and magnesi-
um are systems that should prove to be theoretically
tractable. This is especially relevant considering the re-
cent success of Kim and Greene' ' on the single-photon
ionization of calcium atoms.

In this paper we report the results of a nonresonant
multiphoton ionization study on calcium atoms with
1.06- and 0.532-pm radiation in the regime of I &10'
W/cm . We use mass analysis and angularly resolved
electron-energy analysis in an attempt to gain insight into
the dominant mechanisms responsible for ionization. An
analysis is presented for intensity- and frequency-
dependent results and electron angular distributions are
reduced in terms of atomic parameters derivable from
lowest-order perturbation theory. ' The main con-
clusions based on our own analysis and comparisons to
other studies are as follows.

(I) Electron correlations play a significant role in the
nonresonant multiphoton excitation of calcium atoms for
both 1.06- and 0.532-pm radiation. Consequently an
independent-electron description of the above processes
will prove to be only approximate.

(2) The dominant process responsible for the produc-
tion of doubly ionized calcium, Ca +, proceeds via
sequential ionization. However, our results suggest that
appropriate choice of experimental parameters could re-
sult in direct ionization.

A description of the experimental apparatus is given in
Sec. II. Section III is devoted to a general discussion of
the relevant features needed for interpreting the subse-
quent observations, especially as they pertain to calcium.
Section IV is a detailed presentation and analysis of the
experimental results including electron energy analysis,
intensity effects, and electron angular distributions. The
conclusion summarizes the findings of this study and
identifies areas of future investigation.

38 2338 1988 The American Physical Society



38 NONRESONANT MULTIPHOTON IONIZATION OF CALCIUM. . . 2339

II. EXPERIMENTAL

A block diagram of the experimental apparatus is illus-
trated in Fig. 1. An amplified Nd: YAG (yttrium alumi-
num garnet) laser is used in the experiments operating in
a near-Gaussian transverse mode and produces 1.5 J of
1.06-pm light in a 10-nsec pulse. Careful steps are taken
to monitor and control the laser parameters. For all
measurements the laser operates at fixed energy output,
and any attenuation of the energy is accomplished by
external optics consisting of a half-wave plate followed by
a Brewster angle polarizer. Rotation of the laser polar-
ization with respect to the detector is accomplished with
a half-wave plate. The retardation plates are aligned us-
ing independent checks to minimize any asymmetries
caused by imperfect optics. The light is focused into the
interaction region by a 100-mm or a 250-mm focal length
lens. The focus of both lenses for the YAG fundamental
(1.06-pm) and second harmonic (532-nm) wavelengths are
carefully measured using imaging techniques. Our abso-
lute intensity is known with an accuracy of 30%. The
laser energy is constantly monitored during a data run
and the shot-to-shot fluctuations are kept to %1%.

The vacuum system is a differentially pumped atomic-
beam apparatus. The calcium source chamber has an
effusive oven and is evacuated by a liquid-N2-trapped 6-
in. diffusion pump. A 1-mm skimmer separates the
source from the interaction-region chamber. The interac-
tion region is surrounded by a 3-in. cylindrical conetic
magnetic shield which also provides shielding for the
drift region of the electron spectrometer. The laser and

atomic beams intersect at right angles in the shielded re-
gion via four axial holes in the shield. Located outside
the shielded region is a similar 6-in. diffusion pump sys-
tern to handle the load of the atomic beam. This region
of the chamber is maintained at 10 Torr. In order to
reduce the pressure in the interaction region a 360 1/sec
turbomolecular pump independently evacuates the inner
volume of the cylindrical shield. This method achieves a
pressure in the interaction region of 10 Torr. This is
especially crucial since all the experiments are performed
using low atomic-beam densities in order to minimize any
effects caused by space charge.

The time-of-flight (TOF) spectrometer consists of a
2.5-cm diameter, 30-cm-long, magnetically shielded
copper Faraday cage. A thin molybdenum circular plate
with a 5-mm-diam hole bored at its center is placed at the
beginning of the flight tube and acts as the entrance aper-
ture of the spectrometer. This plate provides both a
defining aperture for the spectrometer which minimizes
stray background counts and a means of providing fur-
ther differential pumping of the TOF spectrometer with a
55 1/sec turbomolecular pump. The spectrometer is
maintained at a pressure of 10 Torr during a data run.
A dual microchannel plate (MCP) detector at the end of
the drift tube provides an angular resolution of 2)(10
sr with respect to the source. The signal from an
impedance-matched 50-0 conical anode is fed to a 200-
MHz discriminator. Care is taken to ensure that no pulse
pileup occurs and that the statistics are representative of
single-electron counts. The discriminated output is then
fed into a 200-MHz transient recorder. The overall reso-
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FIG. 1. Block diagram of the apparatus, described in text. The power attenuator consists of a half-wave plate, W1, and polarizer,
P. The harmonic generator, SHG, is used only in the 532-nm studies. The polarization of the laser is rotated by means of a half-wave
plate, W2. A beam splitter, BS, reflects part of the laser beam to a photodiode, PD. The analog signal from PD is used to trigger the
transient recorder and provide a constant monitor of the laser energy. The laser and atomic beams intersect at right angles and are
only shown in the figure as collinear for illustrative convenience.
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lution of the spectrometer is approximately 60 meV at an
energy of 1 eV. The electron spectrometer is calibrated
by recording and analysis of the MPI spectrum of xenon.
The transient recorder is interfaced to a PDP 11/73 com-
puter via a CAMAC acquisition system. The electron
spectrum is recorded for every laser shot and the max-
imum number of total ion yield per laser shot is limited to
50—100 ions. This reduces to approximately one electron
count per shot detected through the spectrometer's ac-
ceptance angle when the laser's polarization is parallel to
the detector's axis.

III. GENERAL CONSIDERATIONS

A brief presentation of the processes and concepts
relevant to our discussion of the experimental results is
warranted. The ionization threshold values from the
ground state of the neutral and singly ionized calcium are
6.11 and 11.87 eV, respectively, as illustrated in Fig. 2.
The lowest-order ionization process for neutral ground-
state calcium with 532-nm radiation is

Ca(4s )+3hv~Ca+(4s)+e(0. 88 eV) .

Similarly for 1.06-pm radiation,

Ca(4s )+6hv~Ca+(4s)+e(0. 88 eV) . (2)

The kinetic energy of the ejected electron is given in the
parentheses and the equation number correlates with the
paths illustrated in Fig. 2. Sequential ionization results in
the creation of doubly ionized calcium by subsequent ex-
citation of the ground-state ions created in the first two
paths. For lowest-order ionization with 532-nm radia-
tion,

Ca+(4s)+6hv~Ca +(3p )+e(2. 11 eV); (3)
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FIG. 2. Energy-level diagram for calcium showing threshold
levels relevant to this study. The numbers in parenthesis corre-
late with the equations given in the text. The energies for the
threshold levels are referenced with respect to the neutral calci-
um 4s ground state.

while for 1.06-pm excitation,

Ca+(4s)+ 1lhv~Ca +(3p )+e(0.95 eV) . (4)

All of the above multiphoton processes are adequately
described by (a) a model incorporating the transition dy-
namics for single-electron ionization, that is, each process
results in a free electron and a ground-state ion and (b)
the dynamics of the laser pulse.

A sharp deviation from this simple single-electron pic-
ture is direct double ionization of neutral calcium above
the two-electron escape limit. The result of this will be
the simultaneous ejection of two "correlated" electrons.
An 8-photon absorption of 532-nm radiation yields

Ca(4s )+.8hv~Ca +(3p )+2e(continuous); (5)

while 1.06-pm photon absorption proceeds via

Ca(4s )+16hv~Ca +(3p )+2e(continuous) . (6)

The signature for this process will be distinctive from
paths (1) through (4). First and most obvious, the order
of nonlinearity is higher for paths (5) and (6) than for any
of the individual sequential processes. Second, i@stead of
discrete electron peaks, one would expect to observe a Aat
continuous spectrum from zero energy up to the max-
imum kinetic energy. This maximum kinetic energy is
determined by the excess energy of the Nth photon ab-
sorption above the two-electron threshold. The simple
physical interpretation is that all combinations for shar-
ing the excess energy between the two electrons are
equally probable. Furthermore, a closer theoretical ex-
amination for single-photon absorption reveals a slight
preference or cusp in the distribution at half the max-
imum kinetic energy. A number of groups' ' ' have
looked for explicit evidence for direct ionization with no
satisfactory results. Although the spectral and angular
earmark for this process is quite distinct from sequential
ionization, practical experimental difficulties at these in-
tensities render detection of direct ionization difficult,
i.e., contributions from background electrons.

Above-threshold ionization has been studied extensive-
ly in the rare gases by various groups' ' and the re-
sults are satisfactorily described in terms of the one-
electron model. This is partially due to the fact that in
the rare gases no multiply excited states exist close to
threshold. However, for calcium, as well as other
alkaline-earth atoms, additional photon absorption can
result in a physical picture quite different from "single-
electron" ATI. This is a consequence of the atomic
structure of calcium where doubly-excited-state mani-
folds are found close to threshold and represent addition-
al open decay channels. This is seen in Fig. 2, where the
3d and 4p thresholds lie approximately 1.6 and 3.1 eV
above the 4s limit. In addition, some of the doubly excit-
ed states are bound in the neutral, i.e., 4p, 3d states.
Consequently, there is an enhanced probability that the
multiphoton process will acquire some double-excitation
character and possibly lead to an observable branching
ratio for direct two-electron ionization. Specifically, if an
additional fourth 532-nm photon is absorbed in the con-
tinuum the excitation results in three open decay chan-
nels:
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~Ca+(4s)+e(3. 21 eV) ATI (7) 1.00-
532 nm

Ca(4s )+(3+1)hv ~Ca+(3d)+e(1.51 eV) (8)

~Ca+(4p)+e(0. 07 eV) . (9)

Path (7) is an electron decay channel which results in a
spectrum similar to that observed in the ATI of rare-gas
atoms. The kinetic energy of the electron in path (7)
differs from the electron energy in path (1) by the photon
energy. However, paths (8) and (9) leave the ion in an ex-
cited 3d metastable state and excited 4p state, respective-
ly. The salient point is that the final state of the process
results in two excited electrons and consequently the
single-electron model breaks down. Likewise, paths (1)
and (7) would have also evolved with some probability of
two-electron correlation. Thus, we see a clear distinction
could exist between the mechanisms responsible for ATI
in rare gases and alkaline-earth atoms. In a similar
manner, for 1.06-pm excitation the absorption of one and
two additional photons results in
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FIG. 3. Electron spectrum of calcium resulting from 532-nm

excitation. The intensity is 1.7&10' W/cm and the light is

polarized along the detector axis. (b) is expanded by a factor of
40 in the y axis.

Ca(4s )+(6+2)hv ~Ca+(3d)+e(1.51 eV) (13)

~Ca+(4p)+e(0. 07 eV) . (14)

The (6+1) process leads to two open decay channels, 4s
and 3d, and the (6+2) process leads to the addition of
the 4p decay channel. There are many other higher-order
processes that could be included in this discussion, e.g.,
ionization of Ca+ from an excited initial state. We limit
this discussion only to those processes that are currently
observable with our detection sensitivity but do not ex-
clude the others as relevant mechanisms.

IV. RESULTS AND DISCUSSION

A. Energy spectrum

The electron energy spectrum of calcium with 532-nm
excitation at an intensity of 1.7)(10' W/cm is shown in

Fig. 3. The laser polarization direction is along the axis
of detection. Clearly, the most dominant peak in the
electron spectrum is the three-photon ionization of the
4s ground state of calcium via path (1). Also evident is a
peak at an electron energy of 2.11 eV which can be unam-
biguously assigned to the 6-photon ionization of the Ca+
ion via path (3). The mass spectrum shown in Fig. 4
verifies the presence of both singly and doubly ionized
calcium at this intensity. Consequently, the results
demonstrate that sequential ionization is the predom-

inant mechanism for the production of the observed ion
distributions in calcium. This result is consistent with
observations made in other alkaline-earth atoms. ' '
However, this conclusion does not presume that the tran-
sition dynamics are restricted to an independent-electron
description. Referring to Fig. 3(b), we also observe peaks
corresponding to the absorption of additional photons
producing electrons with energies of 3.21 eV (h v+0. 88
eV) via path (7) and 4.44 eV (hv+2. 11 eV) for the
Ca +(3p ) final state. Moreover, the absorption of addi-
tional photons also opens new electron decay channels.
Closer examination of the electron spectrum in Fig. 3(b)
reveals the presence of a peak at 1.51 eV which is attri-
butable to the Ca+ ion being left in the 3d excited state
via path (8). Consequently, the rnultiphoton ionization of
calcium proceeds with some probability for two electron
or double excitation. Furthermore, electron peaks at 0.07
and 2.40 eV (h v+0.07 eV) are tentatively assigned to the
(3+1) photon ionization via path (9) and the (3+2) ion-
ization, respectively. Each of them results in a Ca+ ion
being left in a 4p excited state. Our inability to reproduce
reliably the relative intensity of the 0.07-eV peak makes
this assignment somewhat tentative. We believe that the
source of this problem lies in the transmission charac-
teristics of our spectrometer for electrons with energies
below 100 meV. However, the observation of the second
electron peak in the series with an energy of 2.4 eV
(h v+0. 07 eV) lends some credence to this assignment. It
is worth remembering that the measured relative intensi-
ties of the peaks are not necessarily representative of the
electron-decay branching ratios since our spectrometer
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FIG. 4. Time-of-flight mass spectrum of calcium resulting

from (a) 532-nm and (b) 1.06-pm radiation. The intensities for
(a) and (b) are 7.0)&10" W/cm and 7.5)(10&i W/cm, respec-
tively.

views only a small solid angle. This is especially true for
the double excitation channels where the angular anisot-
ropy could be quite complex. Future plans include the
addition of a 2m electron spectrometer to increase the
electron transmission and provide more precise branch-
ing ratios.

Figure 5 shows an electron-energy spectrum of calcium
resulting from excitation with 1.06-pm photons at an in-
tensity of 3.4X10' W/cm . A number of higher-order
peaks are observed in this spectrum but again the dorn-
inant peak has an energy of 0.88 eV. This peak is ob-
served to be the major feature at all intensities. Unfor-
tunately, at intensities exceeding 10" W/cm, a problem
exists at this wavelength in the absolute interpretation of
this peak and its subsequent ATI peaks. This problem is
a consequence of the near degeneracy of the electron en-
ergies for calcium for paths (2) and (4). Each process re-
sults in electrons with kinetic energies of 0.88 and 0.95
eV, respectively, which are unresolvable with our spec-
trometer. Obviously the same ambiguity persists for the
ATI peaks with electron energies at 2.04 eV (hv+0. 88
eV}, 3.21eV(2h v+0. 88 eV), and 4.36 eV (3h v+0. 88 eV).
However, at low intensities, I &10" W/cm, the spec-
trurn is seeri to consist of a strong peak at 0.88 eV which
is unambiguously assignable to path (2) and its associated
ATI peak at 2.04 eV via path (10). At these low intensi-
ties the mass spectrum verifies that only singly ionized
calcium is present. But as the intensity is raised above
10" W/crn the mass spectrum shows that the formation

FIG. 5. Electron spectrum of calcium resulting from 1.06-pm
excitation. The intensity is 3.4X 10' W/cm and the light is
polarized along the detector axis. (b) is expanded by a factor of
16 in they axis.

of Ca + is significant. Likewise, the peaks in the electron
spectrum at 0.88 and 2.04 eV broaden and are probably
showing the effects due to contributions from the path (4)
series. Also, at these intensities the higher ATI peaks at
3.34 eV (S =2) and 4.44 eV (S =3) start becoming evi-
dent. Here S represents the number of additional pho-
tons absorbed in the continuum. Presumably these
higher-order processes are a major consequence of path
(4) and not of path (2). This would be consistent with
higher-order ATI peaks being observed in higher-order
ionization processes.

Again the main focus of attention in Fig. 5(b) is the
electron peaks at energies of 0.35, 1.23, 1.51, and 2.68 eV.
The assignment of all these peaks characterizes the final
state of the ion as excited, that is either a 3d or a 4p state.
The 3d series is Ca(4s )+(6+S )h v~Ca+(4p)+ e, where
the electron energies at 0.35, 1.51, and 2.68 eV corre-
spond to S=1, 2, and 3, respectively. Likewise, the peak
at 1.23 eV corresponds to the ion being left in the 4p state
following a (6+3 ) photon absorption with S =3. The
lowest energy electron from path (14} at 0.07 eV is
difficult to observe in the electron spectrum at 1.06 pm.
The difficulty in detecting this peak may be twofold.
First, the transmission problems associated with our
spectrometer, as discussed above. Second, with 1.06-pm
radiation and intensities exceeding 10" W/cm suppres-
sion of the lowest energy peak by the ponderomotive po-
tential may become significant. An intensity of 3)&10"
W/cm produces a ponderornotive potential of 0.03 eV
which is becoming comparable to the electron kinetic en-
ergy. However, the experimental evidence at 1.06-pm,
which has a higher order of nonlinearity than at 532 nm,



38 NONRESONANT MULTIPHOTON IONIZATION OF CALCIUM. . . 2343

still shows that doubly excited states are playing a role in
the multiphoton process. Even though neither excitation
scheme results in any detectable amounts of direct ioniza-
tion, it also does not exclude the possibility that direct
ionization could occur under the appropriate cir-
cumstances.

B. Intensity eft'ects

At low intensity, minimum-order perturbation theory
predicts that for an N-photon process the number of
counts should increase as I . This rapid intensity depen-
dence of the signal for 0.532- and 1.06-pm excitation is il-
lustrated in the log-log plots of Figs. 6(a) and 6(b), respec-
tively. The points in Fig. 6(a) are measured by integrat-
ing the area under the electron peak for the singly ionized
0.88-eV channel [path (1)] and the doubly ionized 2.1 1-eV
channel [path (3)]. These results were also separately
verified by monitoring the total ion signal with a mass
spectrometer as a function of intensity at 532 nm.
Analysis of the linear portion of the log-log plot for the
0.88-eV channels gives a slope of 2.9+0.2 and a satura-
tion intensity, Is, of 5X 10' W/cm . This result is con-
sistent with the 3-photon ionization of calcium. The
dependence beyond the Iz value is a consequence of the
expanding focal volume as the intensity is increased.
Similarly, the 2.11-eV channel yields a slope of 6.2+0.4
and Is ——1.2X10' W/cm, which is in agreement with

perturbative scaling laws.
The intensity dependence of the total ion yield for the

two charge states for 1.06-pm excitation is shown in Fig.
6(b). Due to the degeneracy of the electron energies for
paths (2) and (4) as discussed above, only the 6-photon
process could be verified by monitoring the 0.88-eV chan-
nel at I g 1.1X10"W/cm . At these low intensities the
ambiguity is removed from the electron spectrum since
there is no appreciable yield of the Ca + ion. The
analysis of the total Ca+-ion yield and the 0.88-eV elec-
tron channel gives a slope of 5.7+0.4 and Iz ——7X10'
W/cm . While analysis of the total Ca +-ion signal
yields a slope of 10+1.5 and an Is ——2 X 10"W/cm . The
slopes here are in good agreement with lowest order per-
turbation theory and a model consistent with sequential
ionization.

Assuming that known scaling laws are valid, the re-
sults reported here are in disagreement with the earlier
work of Agostini and Petite' on the multiphoton ioniza-
tion of calcium. Their experiment differs in that the
pulse duration of their laser was 50 psec, as opposed to
the 10-nsec pulses used in this study. Assuming that the
saturation intensity is defined as the point at which the
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FIG. 6. Log-log plots of signal vs laser intensity for (a) 532-

nm and (b) 1.06-pm radiation. See text and Table I for details.

atomic population has been reduced to e ' of its initial
value, one obtains a simple expression for the Nth photon
process:

I —1/N —1/N
g —CT (15)

C. Angular distributions

Studies on electron angular distributions for multipho-
ton ionization provide valuable insight into the nature of
the atomic transition and useful measurements for com-
parison to theory. However, as pointed out by
Bucksbaum et al. , ' at these intensities care must be
taken in interpreting the origin of the observed angular
distributions as purely atomic in nature. The scattering
of the atomic electron distributions by the ponderomotive
potential can severely alter the detected distribution.

where o. is the generalized absorption cross section in
units of crn sec ' and ~ is the pulse duration. Obvi-
ously, I~ increases with decreasing pulse duration and be-
comes less sensitive to changes in o and ~ as the order of
nonlinearity becomes large. Using this model to compare
the results from excitation with a 10-nsec and 50-psec
pulse gives a ratio of Is(50 psec)/Is(10 nsec) equal to
2.4 and 1.6 for a 6- and 11-photon process, respectively.
Table I gives the saturation intensity of this work and
those estimated from Ref. 17 and the ratio of the two re-
sults. The measured ratio for the 6-photon ionization of
calcium is approximately equal to 10, which differs from
the factor of 2.4 predicted by Eq. (15). Likewise the 11-
photon ionization of Ca+ ion gives an experimental ratio
of 4.5 as compared to 1.6 as given by Eq. (15). The un-

certainty reported in both experiments are not sufficient
to explain the differences with theory but are noted in
this paper as a point of further study.

TABLE I. Order of nonlinearity and saturation intensities for calcium.

532 nm

Iz (W/cm )

1.06 pm
Iz (W/cm )

Ref. 17
I (W/cm )

Ig/Ig, 532 nm

Expt. Eq. (15)

Ca+
Ca'+

2.9+0.2
6.2+0.4

5.0X 10"
1.2)& 10'

5.7+0.4
10+1.5

7X10"
2X 10"

(8-9)X 10"
(1-0.9)x 10"

10
4.5

2.4
1.6
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This especially is true for low-energy electrons and at
long wavelengths since the ponderomotive potential is
proportional to co . Similar scattering effects can be
caused by appreciable space charge distributions. For
our experiments the angular distributions were carefully
evaluated to minimize any such effects and should be only
representative of the multiphoton transition.

The electron angular distributions for the singly ion-
ized 0.88-eV channel resulting from 532-nm and 1.06-pm
excitation are shown in Fig. 7, as well as the 2.11-eV dou-
bly ionized channel with 532-nm excitation. Due to the
degeneracy in energy of the different electron channels at
high intensity for 1.06-pm radiation, it was impossible to
derive a meaningful result for any angular distributions
except the 0.88-eV channel at low intensity. All the an-
gular distribution studies were performed using linearly
polarized light. The electron distributions were recorded
by detecting electrons normal to the laser propagation
direction and by rotating the polarization with respect to
the detector axis. The azimuthal angle L9 was varied over
2m to facilitate the detection of any asymmetries caused

by imperfect alignment or optics. The points in Fig. 7
are the normalized results of the experiments. The most
apparent difference in the shape of the distributions exists
between the 0.88-eV channel at 532-nm and both the
0.88-eV channel at 1.06-pm or 2.11-eV channel at 532
nm. The last two processes are the result of a 6-photon
absorption while the first is a 3-photon absorption. Con-
sequently, the two 6-photon processes, Figs. 7(b) and 7(c),
result in angular distributions which are highly peaked
along the polarization direction as compared to the 3-
photon process. This is indicative of the effects produced
by solely increasing the order of nonlinearity in a
"single"-electron excitation. In fact, the differences are
directly comparable between the two 0.88-eV channel dis-
tributions at the two different wavelengths. Even com-
parison of the 2.11- and 0.88-eV channels seems reason-
able considering that both processes originate from S
states.

In order to extract some information about the radial
elements involved in these multiphoton angular distribu-
tions the experimental data was fitted using a well-known
expression derivable from lowest-order perturbation
thepry. Thepretically ' it can be shpwn that a npn-
resonant N-photon process results in angular distribu-
tions of the form,

0.5-

N

I(8)~ g Pz, P2, (cos8), (16)

0.0
1.0-

K
O
O

0.5-
N

CK
O

0.0
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where Pz;(cos8) is the Legendre polynomial of order 2i
and Pz; are the atomic parameters which contain the in-

formation on the radial matrix elements. The experimen-
tal angular distributions were fit using Eq. (16) and the re-
sult of the fits are illustrated as solid lines in Fig. 7. Table
II gives the Pz; parameters and their standard deviation
for each of the three distributions. The parameters are
normalized with respect to P2 and allowed to fit with the
maximum number of (N+ I) terms. In order to test the
goodness of the fits, analyses were conducted that includ-
ed extra higher-order parameters in the expression; this
resulted in no significant improvement in the fits.

Although the P2; atomic parameters derived from
these fits are not very appealing physically and certainly
would benefit from a comparison with theory, some qual-
itative observations can be made. As described above, as
the order of the nonlinearity increases for a nonresonant

TABLE II. Atomic parameters from nonlinear least-squares
fit to Eq. (16). Standard deviations are indicated in parentheses.

0.0
0 90 180 0.88-eV channel

532 nm 1.06 pm

2.11-eV channel
532 nm

ANGLE 8 (deg)

FIG. 7. Electron angular distributions for calcium. The open
circles are the experimental data points and the solid lines are
the results of the fit to Eq. (16). The three plots are (a) 532-nm
excitation, 0.88-eV channel, {b) 532-nrn excitation, 2.11-eV
channel, and (c) 1.06-pm excitation, 0.88-eV channel. See text
and Table II for details.
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Pz
P4

P6

10

0.57{2)
1.00(3)
0.06(3)
0.11(4)

1.05(9)
1.00(10)
2.03{19)
0.53(14)
0.24(14)

—0.03(15)
0.14(14)

0.56(5)
1.00(9)
0.62(9)
0.44(11)
0.49(11)
0.00(11)
0.17(12)
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process the higher-order parameters contribute to the fit
resulting in a distribution that is more highly peaked
along the laser polarization. This can be seen in Table II
where the 6-photon processes have a significant contribu-
tion from the Ps parameter. However, as the order of
nonlinearity increases the trend in the fits seems to place
less emphasis on the contributions from the highest al-
lowable parameters. This is seen in the two, 6-photon fits
in Table II where both highest-order parameters, P,o and

P, 2, are nearly zero within their statistical certainty. This
same trend in fits to Eq. (16) has been observed by other
groups ' studying nonresonant multiphoton ionization
of rare-gas atoms. A simple quantum-mechanical argu-
ment would suggest that the transition matrix elements
for final states with the highest orbital angular momen-
tum are zero. Specifically for our experiments final states
with L =6 do not contribute to the transition strength
for the 6-photon process. One possible factor that could
contribute to this effect extends the arguments used in
Ref. 1 concerning the centrifugal barrier. However, for
our situation the arguments must be modified to consider
the effects of the effective potential at a constant electron
energy. For linear polarized excitation the effect of the
centrifugal barrier for a constant electron-energy channel
can result in a suppression of high angular momentum
states as the nonlinearity of the process increases. Our
preliminary calculations seem to support this explanation
but further study of this problem will be necessary.

V. CONCLUSIONS

Single and double nonresonant ionization of calcium
has been studied and the electron-energy spectrum ana-
lyzed at intensities less than 10' W/cm . The main con-
clusions of this work are as follows.

(1) The role of electron correlations is observed to be
significant for the nonlinear production of singly ionized

calcium for both 0.532- and 1.06-pm radiation. Thus, the
independent electron model would give an inadequate
description of the ionization dynamics and a more com-
plete model must incorporate correlation effects.

(2) The results exemplify the importance of the atomic
structure in determining the overall ionization dynamics.
The differences in atomic structure can ultimately deter-
mine which mechanism will dominate the ionization pro-
cess.

(3) Sequential ionization is observed to be the dotninant
process responsible for the production of doubly ionized
calcium. However, since electron correlations are ob-
served to play an important role in the initial stages of
ionization, it is conceivable that direct two electron ion-
ization could occur under the proper choice of laser pa-
rameters. One such experiment is to tune a high intensity
dye laser into near resonance with a known doubly excit-
ed state. This may enhance the amount of doubly excited
character in the excitation process and could lead to ap-
preciable branching into direct ionization.

A number of improvements to our system are currently
in progress. These include the extension of our current
studies by 3 orders in magnitude in laser intensity ( =10'
Wjcm ), reduction of our pulse duration to a few pi-
coseconds, and improvements in the vacuum system.
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