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Triple photoionization of an atomic three-electron system has been observed for the first time.
Triply charged lithium (“bare lithium") was found in the photoion spectrum following synchrotron
irradiation of neutral Li vapor. Sequential decay processes, which must result in at least one remaining
bound electron, cannot account for such triple ionization. We have measured the triple-to-single
photoionization ratio between 187 and 424 eV and made the first, rough estimate for this ratio. The
measured triple-photoionization cross section never exceeds 6 b. [S0031-9007(98)07006-9]

PACS numbers: 32.80.Fb

The investigation of multiple-ionization processes of The experiment presented in this Letter is an important
atoms and molecules is of fundamental importance for unstep forward in the ongoing investigations of multiple-
derstanding the interactions among charged particles in ghotoionization processes since it is a triple electron—
Coulomb field, e.g., electrons and ions in a plasma. Noelectron correlation effect which is isolated. We report
only the interaction itself but also the relative strengththe observation of bare lithium ions (i) in the photo-
of multiple-ionization processes provide valuable informa-ion time-of-flight spectrum and the measurement of the
tion for, e.g., modeling conditions in astronomical objectstriple-to-single photoionization ratio from threshold to
[1]. Although multiple ionization appears to be a simple424 eVV. The complete breakup of the Li atom into
process, even the interactiontbfeecharged particles can- four particles can occur only bgimultaneousejection
not be described analytically. In order to find a model thabf all three electrons; i.e., Auger decay processes (or
is able to describe the multiple-ionization process, recersutoionization), which leave behind at least one bound
investigations have been focused on a simple case, nameblectron, cannot contribute to the triple-ionization cross
the double photoionization of helium. Numerous studiessection. Moreover, in contrast to other atoms, Li has only
theoretically as well as experimentally [2], of this three-onetriple-ionization threshold, which makes it well suited
body Coulomb system have advanced our understandirgs a unique source of information on pure three-electron
of the electron—electron interaction in a Coulomb field.correlations, and corresponding theoretical calculations—
A variety of experimental techniques such as photoiorwhen they become available—can be compared directly
spectroscopy [3,4], photoelectron spectroscopy [5], anevith our experimental results. Although direct, one-step,
electron—electron coincidence measurements [6,7] haueiple photoionization has been observed in other atoms,
been used to elucidate the double-ionization process of He.g., neon [10], the lithium case is unique since it is the
at various photon energies. In the past few years, satisfasimplest atom with the possibility of triple photoionization
tory agreement between experiment and theory could fiand lacks the contribution from relaxation (rearrangement)
nally be achieved in many aspects of the double-ionizatioeffects due to other electrons which are significant in
process. heavier atoms. In addition, for such atoms (e.g., Ne),

The established relationship between double ionizatiotriple ionization originates partly from Auger decays,
by photons and by charged particles [8] has been usefuvhich may take place even in the valence shell [11] and
for relating the results from both experimental techniquegenerally complicate theoretical predictions. However, a
[9]. However, in contrast to charged particles, ionizationconsequence of the fact that we have a pure, unambigous
by a single photon (except for Compton scattering) has direct triple-photoionization process in Li is having to deal
well-defined energy and angular momentum transfer fronwith a particularly low triple-ionization cross section.
the projectile to the target, and provides a simpler testing So far, to our knowledge, experimental data regarding
ground for theoretical models. Since the photoelectriche triple photoionization of Li, or other three-electron
operator is a one-electron operator, only single electrosystems, are not available. Theoretical interest has been
excitation or ionization is possible within the framework of focused on the angular distribution pattern of the elec-
the independent particle model. Therefore, multielectrorirons [12].
processes are due entirely to correlation effects among the The experiment was performed at the 2.5-GeV storage
electrons. ring of the KEK Photon Factory. The photons coming
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from the extreme ultraviolet (XUV) undulator beam line L AL
BL16B were monochromatized by a 24-m spherical grat- [ o) Li* 10
ing monochromator [13]. Additional cylindrical mirrors
focused the photon beam and provided a high flux. Be-
cause this experiment did not require a high energy resolu-
tion but did require high photon flux, the monochromator »
entrance and exit slits could be opened to 100 each. 0.0002F 73+
The undulator gap was adjusted for each photon energy I
in order to maximize the photon flux. The photon energy [ttt S vl U |
was tunable in the range from 40 to about 600 eV, uti- 00000 bt o . L)JL Lillgg
lizing three laminar gratings with different line spacings 180 200 400
for corresponding photon energy regions. The photon en- Channel
ergy resolution was about 1.0 eV; the absolute value oFIG. 1. Li ion time-of-flight spectrum at a photon energy of
the photon energy in this experiment had an uncertainty 0260.5 eV. Peaks corresponding to the main isotopeas
0.5 ev. Wr?" asut)o ;{]heerlev?/ﬁhagugggzg Lsno(;%pe.le;’sr;i I_u%z;relos;e 611:: iSNote
. own - .
. The p_hoton beam entered the expenmental cham_befhe differegnt scales to the left aFr)ld righq[ of the dqashed line.
intersecting a beam of Li atoms emerging from an effusive
metal vapor oven [14]. The lithium photoions, which
were produced in the interaction region, were detectedre observed to rise approximately linearly from threshold
with an ion time-of-flight spectrometer operating in the (203.4 eV) to about#:» = 300 eV, and reach a plateau
pulsed extraction mode, as described previously [15]with a value of approximately 0.0066%. This behavior
The background pressure in the experimental chambes similar to the one observed for Ne [19], where the
during the experiment was lower thanx 10”7 mbar. triple-to-single photoionization ratio remains almost flat
The threshold of our constant-fraction discriminator (CFD)for energies above 300 eV before reaching other thresh-
was set to a very low level{31 mV) to ensure that olds. However, the triple-to-single ionization ratio of Ne
there was no detection efficiency difference between theises much more steeply over a larger energy region (up to
Li* and LP" ions; this was established experimentally =~1.5% at 300 eV) probably due to a multiplicity of dif-
by measuring the triple-to-single photoionization ratio asferent triple-ionization thresholds.
a function of the CFD threshold. A spectrum taken Unfortunately, no calculations or even estimates for
below the triple-ionization threshold of Li (203.4 eV [16]) the triple-to-single photoionization ratio of ground state
at 187 eV did not reveal any triply charged Li ions. Li are currently published. Therefore, we made a first
From that, we conclude that the monochromatized photopreliminary estimate for the high-energy limit of this ra-
beam did not contain appreciable higher-order photortio employing a simple shakeoff model. We consider
energy contributions. Also low-energy stray light wasthe doubleto-single photoionization ratio. At moderately
known to be negligible in this experiment because of theéhigh energies of 300—400 eV above threshold, the domi-
characteristics of this undulator. This was experimentallynant single-photoionization process&sshell ionization.
verified by measuring the double-to-single photoionizationAlso, correlation within thekK shell is expected to be
ratio, which confirmed a previous experiment [17] at amuch stronger than between tHe and 2s electrons.
different beam line where filters were used to eliminateTherefore, we are completely ignoring tBe electron in
the stray light. The contribution of Li dimer (1) in the
lithium vapor was negligible in our experiment because of
its much lower vapor pressure [18]. Moreover, no triply |
charged ions were detected at 187 eV, this is lower than 0.010
the triple-ionization threshold of atomic Li but presumably
higher than the one for Lisince 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 several
photon energies. As an example, Fig. 1 shows an ion
spectrum taken atr = 260.5 eV. The area of the Li I
peak was numerically integrated, whereas the area of the I 2
Li** peak was determined by a least-squares fit using 0.000 Lot A ! A I
a Gaussian profile. A numerical integration of theLi 200 300 400
peak yielded the same area as the fitting program within Photon energy (eV)
the error bars. The statistical error provided by the fittinge,5 2 The triple-to-single photoionization ratio of Li as a

program corresponds tQ]aT error bar. Figure 2 shows function of photon energy. The dotted line serves to guide
the measured triple-to-single photoionization ratios whichthe eye.
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the double-photoionization process of Li and assume thae have measured triply charged ions. After fitting a
the double ionization of I(i s?) is similar to the one of the smooth curve through the calculated total cross sections
Li* ion. The double-to-single photoionization ratio for o (h7), we have used those values to determine the triple-

Li* is reported to be 0.89% [20]. photoionization cross sectian(Li**) using the formula:
In order to estimate the high-energy limit of the ra- oo (hv)R>*

. . K .. . . L34 tot

tio of triple-to-single photoionization, one has to estimate o(Li’7) = 1)

the probability of removing th@s electron when both s L+ RE+ R _
electrons are suddenly ejected. Physically this would bé&tere,R** andR>* denote our measured double-to-single
much less likely wherwo electrons are removed than for and triple-to-single photoionization ratio, respectively. As
single ionization since the valence electron is exposed t§hown in Fig. 3, the partial cross section of Lirises from
higher nuclear charge and thus is more likely to collapséhreshold to about 260 eV and then slowly decreases with
rather than be shaken off. The probability of this happenincreasing photon energy.

ing can be roughly estimated as follows. The overlaps According to a theoretical model [23,24], the shape of
of a2s Hartree-Fock orbital with hydrogenic orbitals cor- the photon energy dependence of ieubleionization
responding to a " ion are calculated. The squares of Cross section depends only on the effective chatge
these overlaps represent the probability of 2seelectron  If we regard the triple photoionization of Li as mim-
being shaken down tbs, remaining, or being shaken up icking the double photoionization of Li we can tenta-

to anns orbital, as shown in Table I, which reveals two fively compare the photon energy dependence of the triple
interesting results. First, although the probability of thePhotoionization of Li with that of the double photoion-
2s electron not being Changed 45()5' the Shakeup t8s ization of He. The energy axis for the measured double-
is nearly as high. Second, shakeup to higheorbitals is ~Photoionization cross section of He [25] was multiplied by
very low, which means that shakeoff, when two electronghe factorZg(He)/Z%:(Li) = 4/9 and shifted according
are removed, is very unlikely. to the energy difference of the thresholds. The resulting

Assuming the same double-to-single photoionizatiorcurve is displayed as a solid line in Fig. 3 along with our
ratio for Li as for Li* (0.89% [20]), the ratio of triple- datapoints. Included inthe figure is the theoretical double-

to-single photoionization will be this value multiplied by Photoionization cross section_ofT_i[23] as a dotted line.
the probability of shakeoff of the valence electrdn~  The absolute values of both lines are scaled in magnitude
0.998256 = 0.001744 (see Table I), yielding 0.0015%. to fit our data. The energy dependence for higher pho-
Although this is only a rough estimate for the high energyton energies agrees surprisingly well, particularly for the
limit, it is only a factor of 4 lower than the observed ratio. Scaled He data. _
This discrepancy might be due to electron correlations The data point at 226 eV does not agree with the curve
not taken into account by this simple model. Obviously,derived from the He double-photoionization cross section.
more sophisticated calculations are needed for a seriodg general, our low-energy data points agree only poorly
comparison with our experimental data. with the theoretical curve for the Lidouble ionization.

In order to derive the absolute partia| Cross SectionThiS may indicate that either the triple ionization of Li
for the triple photoionization we employed a calibrated

photodiode [21] to measure the number of incident photons 20 —~ : : : ‘
assuming a constant Li vapor pressure while acquiring the
spectra. Since the absolute photoabsorption cross section 1ok i

of Li at 103.3 eV is known [22], we have calculated
the total cross section at those photon energies where

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

| n | n |

lonic state Relative probability 1 200 300 400
Is 0.001799 Photon energy (eV)
2 0.516877 _ L . :
3j 0.476 079 FIG. 3. The triple-photoionization cross section of Li as a
Ag 0'002 928 function of photon energy derived from our data using the

absolute photoabsorption cross-section data of Ref. [22]. The

5s 0.000150 error bars shown do not include the uncertainty of the total
65 0.000 122 cross section at 103.3 eV, used for calibration, which is
7s 0.000081 reported to be about 20% [22]. The solid line represents
8s 0.000 055 the double photoionization of He [25] scaled using a simple
ns (n =9) 0.000 165 model (see text for details). The dotted line shows the shape
S ns 0.998 256 of the predicted photon energy dependence of the double-

photoionization cross section of Li[23].
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