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The triple-photoionization cross section of atomic Li was measured near its threshold. Our results can be
described by a threshold power law up#kb eV with an exponent of 2.085) which is consistent with a
previous experiment and theoretical predictions. At higher energies, we find that the cross section is well
described by the threshold law falouble ionization. The present analysis is based on the notion that for
sufficient excess energy, triple photoionization of Li is reasonably well described by a double ionization of the
inner electrons followed by a shakeoff of the outer electron.

PACS numbd(s): 32.80.Fb

The probability for multiple ionization of atoms and mol- ~ Several investigations have focused on the two-electron
ecules is a sensitive probe for the interaction among the oukscape near threshold using photon img&et9] and elec-
going electrongsee, e.g[1]). This fundamental process, the tron impact[10—17 in order to test the Wannier threshold
correlated motion of two or more electrons in the Coulombygy, particularly the value of the exponent and its energy
field of the residual ion, is usually referred to as the “three- ynge of validity. Most experiments as well as most theoret-
body prob]em in the continuum and is h|_gth complex. Of ical studies using different approachgs3—-16§ confirmed
particular importance is the threshold region where the elec- . ; .

annier’s threshold law for this case. Other theoretical mod-

trons leave the ion slowly and electron correlations are mos X .
pronounced. A first successful attempt to derive a threshol§!S [17,18, such as the Coulomb-dipole theory of Temkin

law for this process was made by Wannier for the case of thé@nnot be ruled out and find support in photodetachment
double escape of electrons after single ionization by electrofXperiments of negative iori$,6,19,20. Regarding the en-
impact[2]. He predicted a threshold law that has the form ofergy range of validity for the Wannier threshold law, there is
a power law, namelyr<E® with o as the cross sectiolf no agreement among the different values reported. While one
the excess energy above threshold, amnd(=1.127 for theory[21] claims its applicability for the double-electron
neutral-atom targetsghe Wannier exponent. This threshold escape to be restricted to well below 1 eV excess energy,
law was qualitatively extended to multiple ionization later different ranges of validity from 2 eV7] to 50 eV[12] have
[3] where it was argued that the exponemtshould be been reported.
slightly larger than the number of outgoing electronsinus A threshold law for thdriple-ionization cross section was
one. The differenc&d =« —n+1 is a measure for the mutual introduced by Klar and Schlech22] yielding a power law
dynamical screening“final-state correlation’) among the that an exponent of 2.162 for triple photoionization in accor-
outgoing electrons and vanishes in the limit of ionization ofdance with Wannier's estimaf&], which was confirmed by
independent particles in the Coulomb field of the core. How-another calculation23]. Both papers predicted a single
ever, measurements at that time did not support the predictggbwer law that was tested by Samson and Anhgd] for the
exponen{4]. case of neon and atomic oxygen. Their experiment confirmed
the predicted exponent of 2.16 up to 5.5 eV above the triple-
photoionization threshold, but in addition also found a sec-

*Electronic address: rwehlitz@src.wisc.edu ondary power law for higher energies. This secondary power
"Present address: Synchrotron Radiation Center, 3731 Schneidaw had an exponent of 1.84 and 1.88 for oxygen and neon,
Dr., Stoughton, WI 53589. respectively. Since their highest energy was only 10 eV

1050-2947/2000/68)/0307044)/$15.00 61 030704-1 ©2000 The American Physical Society



RAPID COMMUNICATIONS

R. WEHLITZ et al. PHYSICAL REVIEW A 61 030704R)

above threshold, the range of validity of such a secondary - T
power law could not be tested. A theoretical model devel- 4107 A
oped by Feagin and FilipczyR5] introduced a secondary |
power law which was based on a second unstable normal
mode in the breakup configuration. They calculated an expo-
nent of 1.821 in agreement with the previous experiment
[24]. Nevertheless, in a recent pag@6] the possibility for | .
the appearance of a secondary power law was questioned. | =
Moreover, it was found by Pattard and Rd&f7] that in 0x10°S . , L
certain cases the Wannier power law needs to be modified by 200 220 240

a logarithmic term but not by an additioné&econdary Photon energy (eV)

power law. The logarithmic correction does not apply to the FIG. 1. The triple-to-single photoionization ratio of Li near

case of “T‘p'e photoionization and they ConCIU_de that ther?hreshold as a function of photon energy. The dotted line serves to
still is a discrepancy between theory and experiment. Exce;ﬁuide the eye.

for the regionvery near threshold, the energy dependence o
the triple-photoionization cross section is far from being un-with reduced photon fluxby closing the entrance and exit
derstood. slits to 30 um each show only the singly and doubly

Here we present a study of the triple-photoionization procharged ions of Li and its isotope®Li, while the Li** ions
cess of Li in the threshold region. Lithium is a well suited are indistinguishable from the background noise. The photo-
target since the complete breakup of the atom into four parion spectra using high photon flux were taken with both slits
ticles can occur only bywimultaneousejection of all three opened to 100@em each, and the time window of our time-
electrons, i.e., Auger decay procesges autoionizatioi to-amplitude convertefTAC) was changed such that only
which leave behind at least one bound electron, and reathe triply charged ions and the doubly charged ions of the
rangement effects involving other electrons cannot contribSLi isotope were fast enough to be processed by the TAC,
ute to the triple-photoionization cross section. First resultshus avoiding any dead-time indication on the analog-to-
for triple photoionization of Li were reported recenfi®8]. digital converter.

The present experiment was performed at the 2.5-GeV The energy of the monochromator was calibrated using
storage ring of the KEK Photon Factory. Photons comingthe Li 2s?2p triply excited statg“ A” resonancg, which is
from the undulator beam line BL16B were monochromatizedat 142.35 e\ 33]. The energy calibration was performed at
by a 24-m spherical grating monochromafta®]. The undu- the beginning and at the end of our measurements yielding a
lator gap was adjusted for each photon energy in order tphoton energy accuracy of about 0.1 eV in the region of
maximize the photon flux. The photon energy was tuned irinterest. The spectra were taken at several photon energies in
the range from 205 to 240 eV, lying closely above the triple-random order to monitor possible time-dependent systematic
photoionization threshold of Li at 203.48 €\30]. changes.

The photon beam entered the experimental chamber, in- In order to determine the triple-photoionization cross sec-
tersecting a beam of Li atoms emerging from an effusivetion near threshold we took several ion TOF spectra between
metal vapor ovei31]. The Li photoions, which were pro- 205 and 240 eV. The areas of the'land L#* peaks of both
duced in the interaction region, were detected with an iorisotopes were numerically integrated. The area of the Li
time-of-flight (TOF) spectrometer operating in the pulsed ex-peak was determined by a least-squares fit using a Gaussian
traction mode with a repetition time of 1ps. The back- profile. The statistical error provided by the fitting program
ground pressure in the experimental chamber during the excorresponds to ad error bar. After calculating théLi3* to
periment was lower than>810 8 mbar. The threshold of °©Li?* ratio from the high photon-flux spectra, we deter-
our constant-fraction discriminator was set to a very lowmined the ®Li?* to ‘Li* ratio from the low photon-flux
level (=25 mV) to ensure that there was no detection effi-spectra; from that we obtained the triple-to-single photoion-
ciency difference between theLiand LP* ions. The triple-  ization ratio. Since the isotope ratio does not change with
to-single photoionization ratio determined in our previousphoton energy and the double-to-single photoionization ratio
experimen{28] at 226 eV overlaps and agrees well with the varies only very little in the energy region of inter¢s4] a
current experimental data set. The contribution of Li dimersmooth curve was laid through th&.i’* to “Li* ratios.
(Li») in the lithium vapor was negligible in our experiment Figure 1 shows the triple-to-single photoionization ratios cal-
because of its much lower vapor press{82]. Moreover, culated as described above.
the triple-to-single photoionization ratio at our lowest photon In order to derive the absolute partial cross section for
energy(205.5 eV is as low as expected and does not indi-triple photoionization we used the same total cross-section
cate any contribution from Lior higher-order light. curve that we employed for our previous measurements as

Because of a greatly improved signal strength in comparidescribed irf28,34. In brief, we derived the total cross sec-
son to our previous experimef28] the large number of tion with the help of a calibrated photodiofig5] that mea-
singly charged Li ions was able to cause dead time in ousured the number of incident photons. Assuming a constant
electronics. Therefore, we had to take two different ion TOFLi vapor pressure while acquiring the spectra, we derived the
spectra at each photon energy: one with high photon flux antbtal cross section in the energy region of interest by taking a
another one with reduced photon flux. The photoion spectr@hotoion spectrum at 103.3 eV and using the known absolute
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10.00 tion at energies not too low can be envisioned as a double
5.00F photoionization of the inner electrons, accompanied by a
(generalizeyl shake-off of the 2 electron. This decomposi-
S 1ok tion of the three-electron breakup process into a two-electron
—~ osoF emission plus shake-off should become meaningful when the

excess energhE=E,,—E"' relative to the triple-ionization
thresholdE™'=203.48 eV is of the order of or larger than
0-10F f 3 the binding energy of the most weakly bound electi&g),
005 & E =E"'+Eg(2s),Ex(2s)=5.39 eV]. This notion is sup-
1 ; — g —— -1'0 2'0 - -5'0- ported by recent double—photodetachment calculatipns for
Excess energy (eV) H™ [38]. They show good agreement with the Wannier ex-
ponent up to about 1 eV excess energy that is comparable to

o of exess energy on a l0g-1og scale: all arcles, this work; opert detachment energy of the loosely bound electa
circles, Ref[28]. The error bars shown do not include the uncer- eV). At excess energies of approximately the binding energy

tainty of the total cross section at 103.3 eV, used for calibration,o_f the 2s electron, _the pathway towards three-ele(_:tron emis-
which is reported to be about 20986]. The solid line is a fit SION can substantially deviate from the symmetric Wannier

according to Eq(2) with €,=6.95 eV, while the dotted line cor- coOnfiguration. Within this picture of a two-electron emission
responds tar=E2%. The gray shaded area around the dotted lineP!US Shake-off, the triple-ionization cross section of Li

o(Li*t

corresponds to exponents between 1.8 and 2.3. should be describable by the double-ionization cross section
convoluted with an energy-dependent shake factor describ-
photoabsorption cross section at this endi3f. ing the ejection of the & electron due to the departing cor-

The partial cross section of {i, shown in Fig. 2, is dis- related electron pair whose initial binding eneld(1s?)
played on a log-log scale in order to determine the exponeri=198.1 e\] exceeds the binding energy of the outer elec-
a of the power law of the triple-photoionization cross sectiontron by a factor of~40. Thus the removal of bothslelec-
oxE* (if any). Because of the very low cross section only atrons causes a significant change in the potential resulting in
few data points were taken below 5 eV. The dotted line ina shake-off of the & electron. Since the cross section for the
Fig. 2 was fitted to our data points below 5.5 eV taking intodouble ionization of the two 4 electrons peaks at about 260
account that the cross section starts with zero at threshold. I8V photon energy, excess energlels of the order of 10 eV
slope of 2.0825) is consistent with previous results of Sam- still probe the threshold region for the ejection of the tightly
son and Ange[24] and theoretical prediction®2,25-27.  bound electron paif AE<Eg(1s?)] while deviations from
Above about 5.5 eV, the experimental data bend over to #he Wannier-configuration dominated three-electron breakup
weaker energy dependence that could be parametrized laye to be expecteAE=Eg(2s)]. Therefore, the triple-
another, smaller exponent’. This is a general feature for ionization cross section' is approximated for excess ener-
ionization cross sections. We note that such a “secondargies larger tharEg(2s) by the double-ionization cross sec-
power law” has already been found by McGowan andtion ¢° and a shake-off factoPg
Clarke[3?] 30 years ago fosingleionization of hydrogen by Eq(25)+ AE
electron impact, an experiment widely cited as one of the UT(Eph):j GD(Eph— €)Pg(€)de, (1)
first significant tests of the original Wannier law. In that Ep(2s)
case, the Wannier exponeat=1.127 describes the data up

to an excess energy of about 0.4 eV, while a SeCOnOIarEfomewhat abovEg(2s) due to the average nonzero ejection

power law W'th a'=0.99 descnbes the cross section forenergy of the outer electron. Consequently, we find an
higher energies up to almost 4 eV, i.e., over an energy rangg ove-threshold behavior

nearly ten times that of the true threshold law. Clearly, in this
case no second unstable mode can contribute. In the present O-T(Eph)oc[Eph— Ep(1s?) — €,]* %€ (2)
case, the exponent’ that can be fitted to the experimental
data is in a range between' ~1.2 anda’~1.5 depending where we use the threshold exponent for the tightly bound
on exactly which data points are taken into account. An exelectron pair and neglect the additional energy dependence
ponent of 1.8 as fitted by Samson and Angel and theoretief Pg(€). Indeed, Eq(2) permits an excellent fit to the data
cally derived by Feagin and Filipczyk, however, can beat excess energies from about 5 eV up to approximately 30
clearly ruled out for the present data. We therefore concludeV above the triple-ionization threshold as demonstrated in
that our data present a case in which the secondary threshokig. 2. At higher excess energies, from about 30 to 60 eV
law is inapplicable. above threshold, the triple-photoionization cross section
We suggest an alternative description of the behaviobends over to approach its maximal value. It is interesting to
above threshold, based on the electronic structure of Li conrote that the change in the cross-section dependence takes
sisting of a strongly asymmetric configuration in its groundplace between 5 and 6 eV excess energy as was found in the
state with a tightly bound, strongly correlated inner electroncase of Ne and @24]. However, for the present case this
pair and the loosely bound, weakly correlated outer electrornvalue corresponds to excess energies of the order of the bind-
It has been argued that correlation between thes2ctron  ing energy of the 8 electron, where we expect our model to
and the 5 electrons should be weak and triple photoioniza-become meaningful as argued above.
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This simple physical picture suggests its applicability forthreshold to about 5 eV in accordance with the predicted
other systems with strongly asymmetric electron configuraexponentxe=2.16. A secondary power law with an exponent
tions in its ground state, such as Heven though in that case of o’~1.8 as favored iff24,25 proved incompatible with
the electron correlation is not negligible. As mentioned bethe present data, providing significant experimental evidence
fore, double photodetachment calculatid@8] show good  against such a secondary threshold law. In contrast, we
agreement with the Wannier exponent up<td eV excess showed that the measured data can be interpreted with a
energy, which is comparable to the detachment energy of thg\qgel of triple photoionization in Li as a two-step process,
loosely bound electrori0.75 eV). At higher energies, but 5mely the double ionization of the pair of highly correlated
still smaller than the bln(_jlng_energy Of the inner elec_:t(ﬁn 1s electrons followed by electron-impact induced shake-off
to 6 eV), the cross section is approximately constére., of the 2s electron. A more detailed theoretical analysis of the

a’'=0) as expected for the photoionization of the inner, hy- ) N
drogenic electron. One further consequence of this proposeéc‘})ove threshold behavior is currently undervag].

scenario should be a change of the angular distribution from We wish to thank the Japanese Ministry of Education,

the triangular Wannier configuration at the “true” threshold Culture, and SciencéMonbush9, the Matsuo Foundation,
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