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Triple photoionization of an atomic three-electron system has been observed for the first t
Triply charged lithium (“bare lithium") was found in the photoion spectrum following synchrotro
irradiation of neutral Li vapor. Sequential decay processes, which must result in at least one rema
bound electron, cannot account for such triple ionization. We have measured the triple-to-s
photoionization ratio between 187 and 424 eV and made the first, rough estimate for this ratio.
measured triple-photoionization cross section never exceeds 6 b. [S0031-9007(98)07006-9]
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The investigation of multiple-ionization processes o
atoms and molecules is of fundamental importance for u
derstanding the interactions among charged particles in
Coulomb field, e.g., electrons and ions in a plasma. N
only the interaction itself but also the relative strengt
of multiple-ionization processes provide valuable informa
tion for, e.g., modeling conditions in astronomical objec
[1]. Although multiple ionization appears to be a simpl
process, even the interaction ofthreecharged particles can-
not be described analytically. In order to find a model th
is able to describe the multiple-ionization process, rece
investigations have been focused on a simple case, nam
the double photoionization of helium. Numerous studie
theoretically as well as experimentally [2], of this three
body Coulomb system have advanced our understand
of the electron–electron interaction in a Coulomb field
A variety of experimental techniques such as photoio
spectroscopy [3,4], photoelectron spectroscopy [5], a
electron–electron coincidence measurements [6,7] ha
been used to elucidate the double-ionization process of
at various photon energies. In the past few years, satisf
tory agreement between experiment and theory could
nally be achieved in many aspects of the double-ionizati
process.

The established relationship between double ionizati
by photons and by charged particles [8] has been use
for relating the results from both experimental technique
[9]. However, in contrast to charged particles, ionizatio
by a single photon (except for Compton scattering) has
well-defined energy and angular momentum transfer fro
the projectile to the target, and provides a simpler testi
ground for theoretical models. Since the photoelectr
operator is a one-electron operator, only single electr
excitation or ionization is possible within the framework o
the independent particle model. Therefore, multielectro
processes are due entirely to correlation effects among
electrons.
0031-9007y98y81(9)y1813(4)$15.00
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The experiment presented in this Letter is an importa
step forward in the ongoing investigations of multiple
photoionization processes since it is a triple electron
electron correlation effect which is isolated. We repo
the observation of bare lithium ions (Li31) in the photo-
ion time-of-flight spectrum and the measurement of th
triple-to-single photoionization ratio from threshold to
424 eV. The complete breakup of the Li atom into
four particles can occur only bysimultaneousejection
of all three electrons; i.e., Auger decay processes (
autoionization), which leave behind at least one boun
electron, cannot contribute to the triple-ionization cros
section. Moreover, in contrast to other atoms, Li has on
onetriple-ionization threshold, which makes it well suited
as a unique source of information on pure three-electr
correlations, and corresponding theoretical calculations
when they become available—can be compared direc
with our experimental results. Although direct, one-step
triple photoionization has been observed in other atom
e.g., neon [10], the lithium case is unique since it is th
simplest atom with the possibility of triple photoionization
and lacks the contribution from relaxation (rearrangemen
effects due to other electrons which are significant
heavier atoms. In addition, for such atoms (e.g., Ne
triple ionization originates partly from Auger decays
which may take place even in the valence shell [11] an
generally complicate theoretical predictions. However,
consequence of the fact that we have a pure, unambigo
direct triple-photoionization process in Li is having to dea
with a particularly low triple-ionization cross section.

So far, to our knowledge, experimental data regardin
the triple photoionization of Li, or other three-electron
systems, are not available. Theoretical interest has be
focused on the angular distribution pattern of the ele
trons [12].

The experiment was performed at the 2.5-GeV stora
ring of the KEK Photon Factory. The photons coming
© 1998 The American Physical Society 1813
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from the extreme ultraviolet (XUV) undulator beam lin
BL16B were monochromatized by a 24-m spherical gra
ing monochromator [13]. Additional cylindrical mirrors
focused the photon beam and provided a high flux. B
cause this experiment did not require a high energy reso
tion but did require high photon flux, the monochromat
entrance and exit slits could be opened to 1000mm each.
The undulator gap was adjusted for each photon ene
in order to maximize the photon flux. The photon energ
was tunable in the range from 40 to about 600 eV, u
lizing three laminar gratings with different line spacing
for corresponding photon energy regions. The photon e
ergy resolution was about 1.0 eV; the absolute value
the photon energy in this experiment had an uncertainty
60.5 eV.

The photon beam entered the experimental chamb
intersecting a beam of Li atoms emerging from an effusi
metal vapor oven [14]. The lithium photoions, whic
were produced in the interaction region, were detect
with an ion time-of-flight spectrometer operating in th
pulsed extraction mode, as described previously [1
The background pressure in the experimental cham
during the experiment was lower than1 3 1027 mbar.
The threshold of our constant-fraction discriminator (CFD
was set to a very low level (#31 mV) to ensure that
there was no detection efficiency difference between
Li 1 and Li31 ions; this was established experimental
by measuring the triple-to-single photoionization ratio
a function of the CFD threshold. A spectrum take
below the triple-ionization threshold of Li (203.4 eV [16]
at 187 eV did not reveal any triply charged Li ions
From that, we conclude that the monochromatized pho
beam did not contain appreciable higher-order phot
energy contributions. Also low-energy stray light wa
known to be negligible in this experiment because of t
characteristics of this undulator. This was experimenta
verified by measuring the double-to-single photoionizati
ratio, which confirmed a previous experiment [17] at
different beam line where filters were used to elimina
the stray light. The contribution of Li dimer (Li2) in the
lithium vapor was negligible in our experiment because
its much lower vapor pressure [18]. Moreover, no trip
charged ions were detected at 187 eV; this is lower th
the triple-ionization threshold of atomic Li but presumab
higher than the one for Li2 since the latter has two lightly
bound valence electrons.

In order to determine the triple-to-single photoioniza
tion ratio we took ion time-of-flight spectra at severa
photon energies. As an example, Fig. 1 shows an
spectrum taken athn  260.5 eV. The area of the Li1

peak was numerically integrated, whereas the area of
Li 31 peak was determined by a least-squares fit us
a Gaussian profile. A numerical integration of the Li31

peak yielded the same area as the fitting program wit
the error bars. The statistical error provided by the fittin
program corresponds to a1s error bar. Figure 2 shows
the measured triple-to-single photoionization ratios whi
1814
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FIG. 1. Li ion time-of-flight spectrum at a photon energy o
260.5 eV. Peaks corresponding to the main isotope7Li as
well as to the less abundant6Li isotope. The Li31 peak is
shown together with a corresponding least-squares fit. N
the different scales to the left and right of the dashed line.

are observed to rise approximately linearly from thresho
(203.4 eV) to abouthn  300 eV, and reach a plateau
with a value of approximately 0.0066%. This behavio
is similar to the one observed for Ne [19], where th
triple-to-single photoionization ratio remains almost fl
for energies above 300 eV before reaching other thre
olds. However, the triple-to-single ionization ratio of N
rises much more steeply over a larger energy region (up
ø1.5% at 300 eV) probably due to a multiplicity of dif-
ferent triple-ionization thresholds.

Unfortunately, no calculations or even estimates f
the triple-to-single photoionization ratio of ground sta
Li are currently published. Therefore, we made a fir
preliminary estimate for the high-energy limit of this ra
tio employing a simple shakeoff model. We consid
thedouble-to-single photoionization ratio. At moderately
high energies of 300–400 eV above threshold, the dom
nant single-photoionization process isK-shell ionization.
Also, correlation within theK shell is expected to be
much stronger than between the1s and 2s electrons.
Therefore, we are completely ignoring the2s electron in

FIG. 2. The triple-to-single photoionization ratio of Li as
function of photon energy. The dotted line serves to gui
the eye.



VOLUME 81, NUMBER 9 P H Y S I C A L R E V I E W L E T T E R S 31 AUGUST 1998

a
ns
le-

le
s

ith

of

-

ple
-
le-
y

ng
ur
le-

de
o-
e

ve
n.

rly

i

a
e
he

tal
is
ts
le
pe
le-
the double-photoionization process of Li and assume th
the double ionization of Lis1s2d is similar to the one of the
Li 1 ion. The double-to-single photoionization ratio for
Li 1 is reported to be 0.89% [20].

In order to estimate the high-energy limit of the ra
tio of triple-to-single photoionization, one has to estimat
the probability of removing the2s electron when both1s
electrons are suddenly ejected. Physically this would b
much less likely whentwo electrons are removed than for
single ionization since the valence electron is exposed
higher nuclear charge and thus is more likely to collaps
rather than be shaken off. The probability of this happe
ing can be roughly estimated as follows. The overlap
of a 2s Hartree-Fock orbital with hydrogenic orbitals cor-
responding to a Li21 ion are calculated. The squares o
these overlaps represent the probability of the2s electron
being shaken down to1s, remaining, or being shaken up
to an ns orbital, as shown in Table I, which reveals two
interesting results. First, although the probability of th
2s electron not being changed isø0.5, the shakeup to3s
is nearly as high. Second, shakeup to higherns orbitals is
very low, which means that shakeoff, when two electron
are removed, is very unlikely.

Assuming the same double-to-single photoionizatio
ratio for Li as for Li1 (0.89% [20]), the ratio of triple-
to-single photoionization will be this value multiplied by
the probability of shakeoff of the valence electron,1 2

0.998256  0.001744 (see Table I), yielding 0.0015%.
Although this is only a rough estimate for the high energ
limit, it is only a factor of 4 lower than the observed ratio
This discrepancy might be due to electron correlation
not taken into account by this simple model. Obviously
more sophisticated calculations are needed for a serio
comparison with our experimental data.

In order to derive the absolute partial cross sectio
for the triple photoionization we employed a calibrate
photodiode [21] to measure the number of incident photo
assuming a constant Li vapor pressure while acquiring t
spectra. Since the absolute photoabsorption cross sec
of Li at 103.3 eV is known [22], we have calculated
the total cross section at those photon energies whe

TABLE I. Relative probabilities for the Li2s electron being
shaken down or shaken up to a particular ionic state due to t
ejection of both1s electrons.

Ionic state Relative probability

1s 0.001 799
2s 0.516 877
3s 0.476 079
4s 0.002 928
5s 0.000 150
6s 0.000 122
7s 0.000 081
8s 0.000 055

ns sn $ 9d 0.000 165P`
n1 ns 0.998 256
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we have measured triply charged ions. After fitting
smooth curve through the calculated total cross sectio
stotshnd, we have used those values to determine the trip
photoionization cross sectionssLi31d using the formula:

ssLi 31d 
stotshndR31

1 1 R21 1 R31
. (1)

Here,R21 andR31 denote our measured double-to-sing
and triple-to-single photoionization ratio, respectively. A
shown in Fig. 3, the partial cross section of Li31 rises from
threshold to about 260 eV and then slowly decreases w
increasing photon energy.

According to a theoretical model [23,24], the shape
the photon energy dependence of thedouble-ionization
cross section depends only on the effective chargeZeff.
If we regard the triple photoionization of Li as mim
icking the double photoionization of Li1, we can tenta-
tively compare the photon energy dependence of the tri
photoionization of Li with that of the double photoion
ization of He. The energy axis for the measured doub
photoionization cross section of He [25] was multiplied b
the factorZ2

effsHedyZ2
effsLi d  4y9 and shifted according

to the energy difference of the thresholds. The resulti
curve is displayed as a solid line in Fig. 3 along with o
data points. Included in the figure is the theoretical doub
photoionization cross section of Li1 [23] as a dotted line.
The absolute values of both lines are scaled in magnitu
to fit our data. The energy dependence for higher ph
ton energies agrees surprisingly well, particularly for th
scaled He data.

The data point at 226 eV does not agree with the cur
derived from the He double-photoionization cross sectio
In general, our low-energy data points agree only poo
with the theoretical curve for the Li1 double ionization.
This may indicate that either the triple ionization of L

FIG. 3. The triple-photoionization cross section of Li as
function of photon energy derived from our data using th
absolute photoabsorption cross-section data of Ref. [22]. T
error bars shown do not include the uncertainty of the to
cross section at 103.3 eV, used for calibration, which
reported to be about 20% [22]. The solid line represen
the double photoionization of He [25] scaled using a simp
model (see text for details). The dotted line shows the sha
of the predicted photon energy dependence of the doub
photoionization cross section of Li1 [23].
1815
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cannot be compared with the double ionization of Li1

or the energy scaling described above cannot be app
near threshold. This disagreement may be due to stron
electron correlations in the triple photoionization of Li no
present in the double photoionization of He, or becau
of a more pronounced influence of the third electro
near the triple-ionization threshold. It is also possib
that threshold laws for the triple-photoionization cros
section have a larger range of validity than for the doub
photoionization.

In conclusion, we have determined the triple-to-sing
photoionization ratio and the triple-photoionization cro
section of lithium at several photon energies. The ra
rises from threshold to about 300 eV and then appe
to level off for photon energies up to 430 eV at a valu
of ø0.0066%. The first, simple estimate of the ratio a
the high-energy limit, based on the shakeoff model, yiel
a value of 0.0015% which is about a factor of 4 lowe
than our experimental values. The triple-photoionizatio
cross section is low, as expected, and at most 6 b
the region of interest. The shape of the photon ener
dependence of the triple-ionization cross section can
described above 250 eV by a simple model based
the double-photoionization cross section of He. It al
agrees with the theoretical double-photoionization cro
section of Li1 [23] at higher photon energies. Recently
in addition to the Wannier threshold law [26], differen
threshold laws for the triple-ionization process have be
predicted [27,28]. The type of threshold law and i
range of validity is now the subject of vigorous debat
While studies of the triple photoionization of other target
such as Ne, are important, they are restricted to
near-threshold region due to overlapping processes
mentioned above. Therefore, these other targets may
promise as clean a test of these differing threshold la
and their range of validity as does Li, an ideal testin
ground for such investigations. In addition to identifyin
and quantifying a case of pure triple photoionization, th
Letter demonstrates the feasibility of such measureme
We hope that our results will stimulate further theoretic
calculations on triple-photoionization processes.
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