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Comparison of the double- to single-photoionization ratio of Li with He
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We present precise double- to single-photoionization ratios and partial cross sections of lithium in the energy
range from 81 to 110 eV. We compare our data with those of ground-state and metastable helium and find a
remarkable similarity in the photon energy dependence of the double- to single-photoionization ratio of
ground-state He when the energy axis is scaled in units of the energy difference between the double- and
single-ionization threshold. We also present a simple explanation for this scaling behavior.
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[. INTRODUCTION whereas the background pressure in the vacuum chamber is
in the low 10 8-mbar range during the experiment. At this
The double-photoionizatiofDPI) process of helium was temperature, the pressure of Li-dimers is a factor of 300
investigated thoroughly in the pddt,2]. Recent progress has lower that of Li atomg9]. The ions created are extracted by
led to a satisfactory agreement between experimental aral pulsed electrical field across the interaction region, accel-
theoretical data. Following helium, lithium as well as beryl- erated into a drift tube, and detected by a Z-stack MCP de-
lium are only slightly more complicated systems but are altector. By measuring the ions’ flight time we obtain an ion-
ready challenging targets for theorists and experimentalistyield spectrum. In order to avoid dead-time problems with
Therefore, DPI data of these targets are sparse comparedttte electronics, we shifted théLi* photoion peak outside
the amount of data available for He. For example, only rethe range of the time-to-amplitude converter and used the
cently experimental double- to single-photoionization ratios®Li* photoion peak to derive the DPI ratio.
became available for Li3,4] and Be[5]. In contrast to He,
electrons from two different shells §112s™1) are ejected IIl. RESULTS AND DISCUSSION
above the lowest DPI threshold of Li. We have measured ) ) o o
precise double- to single-photoionization ratios as well as the The resulting L*:Li* DPI ratio is shown in Fig. 1. The
total and DPI cross section of Li from threshdBiL.03 eV} statlst|c_al error bars are at most the size of the plot_symbols.
to 110 eV. Previous measuremefi$ did not report the par- Our ratios agree well with the data of RéB] at higher
tial cross sections of Li below 100 eV and the error bars foPhoton energies; however, their data are systematically
the DPI ratios were larger compared to the results presentdjgher at lower photon energies, which becomes most obvi-
here. A recently performed experiment concentrated on th@US for their DPI ratios below threshold. Some of our spectra
DPI threshold regioribelow 83 eV only [4]. In the energy
range below 140 eV only the simultaneous ejection of the 1
and Z electrons contribute to the DPI cross section and not ' i i
autoionization processes. Therefore, these data are we< *“H',%*i "H*H\th*i 4*H+ H ]
e

suited for a comparison with corresponding data for ground-5 1.0 "

state and metastable He. o~ "”H #
=
IIl. EXPERIMENT b

The experiment was conducted at the Synchrotron Radiaf ~ 0.9 [ o ]
tion Center. The measurements were carried out at the plan®- FR -
grating monochromatoPGM) undulator beamling¢6]. De- — R
tails of the setup can be found elsewhgrég Briefly, mono- LRy
chromatized photons enter the experimental chambe L -
through a capillary and intersect Li vapor emerging from a 0.0 k= . | . | . |
resistively heated oven. The temperature of the oven is typi- 80 90 100 110
cally 450 °C, which corresponds to a Li vapor pressure of Photon enerqy (e\/)
approximately 10 % mbar inside the crucible[8]

FIG. 1. Double- to single-photoionization ratio of Ifilled
circles together with data of Ref3] (crosses Note that our sta-
*Electronic address: wehlitz@src.wisc.edu tistical error bars are smaller than the symbol size.
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= 10 [ .’ FIG. 3. Double- to single-photoionization ratio of Ifilled
y | - circles and He(solid line) [13] as a function of excess energy. The
) [ He data(dotted ling [13] are scaled arbitrarily showing a different
5L 2 energy dependence than our Li data. Calculated ratios for meta-
[ _’ ] stable He(%2s) 'S of Ref. [14] (dashed ling and of Ref.[15]
[ 2 j (dotted-dashed linescaled to fit the Li ratios at the lower energies.
2 . I : 1 , 1 ]
080 90 100 110 all higher ratio for metastable He could be explained by the

different binding energies of the two electrons in He and Li
and, therefore, the different strength of interaction between
them. Moreover, the additionalslelectron in Li manifest
itself in a different energy dependence. While it is possible to
align the ratios for Li and metastable He for the first 5 eV,
there is no agreement at higher energies.

were taken over a short period of time of a few hours, where In general, different mechanisms contribute to the DPI
the production of Li vapor can be regarded as constant, sprocesg16,17] namely, the shake-offSO) mechanism, the
that with the help of a known photon-flux curve the relative two-step 1(TS1) mechanism, and the ground-state correla-
total cross section of Li could be determined. The photortion (GSO, which exhibit different energy dependences.
flux was measured with an XUV100 silicon photodiode thatThus, the additional 4 electron in Li does not only affect the
has a known quantum efficiency. Our relative total cross segverall strength of interactiofas measured by the ratibut

tion was normalized to an absolute cross section by using thalso affects the contribution of the different mechanisms to
value of Mehlmanet al. [10] at 103.3 eV and is shown in the total double- to single-photoionization ratio.

Fig. 2(a). We find very good agreement with their cross- As proposed in Ret5], we have plotted in Fig. 4 our DPI
section data between 80 eV and 103 eV. A smooth curvéatio on an energy scale in units of the difference between the
through our total cross-section data was used to derive thePI threshold and the single-ionization threshold in order to
Li%* cross section shown in Fig(. compare our results with those of IHE3]. In the case of He,

In Fig. 3 we compare our Li double- to single- the energy unit is unambiguously determined since He has
photoionization ratio with the one for He. We have chosenonly one single- and one double-ionization threshold. In the
the He data of Ref.13] because it is the most comprehensivecase of Li, there is only one DPI threshdBil.03 eV[18]) in
set of data that is in overall agreement with the data of othethe region of interest, but three single-ionization thresholds.
authors(see references in Ref13]). While there is agree- The 2s photoionization contributes only marginally to the
ment for the first few eV, the He ratio rises to larger values atotal photoionization cross section, and the correspondsng 2
higher energies. The same He data divided by @d&ted threshold is not considered here. The main contribution
line in Fig. 3 also show that the energy dependence is qualicomes from the 4 photoionization, which can leave the'Li
tatively different for Li compared to He and not just the sameion in either a'S or 3S state. In Fig. 4 we have plotted our
energy dependence on a different scale. Recent calculatiohs$ data using both the binding energy of tH& state(tri-
for metastable He(42s) 1S[14,15 are also shown in Fig. 3 angles connected with a dotted ljr@nd the3S state(solid
and are multiplied by 0.22 to match the Li ratio at lower circles for calculating the energy unit§E. As can be seen,
energies. Metastable Hef2s) resembles Li if one assumes the resulting data using the binding energy of the IS
that the seconddlelectron in Li is only screening one Cou- (64.41 eV agrees remarkably well with the corresponding
lomb charge, i.e., one regards it as an inert core. However, &de data after multiplying the He DPI ratio by 0.295 to fit the
Fig. 3 shows, this approximation may not be valid. The overLi data. However, the same Li DPI ratios on a different en-

Photon energy (eV)
FIG. 2. (a) Total photoionization cross section of Li. Filled

circles: this work; open circle4:10]; dashed line{11]; asterisks:
[12]. (b) Double photoionization cross section of Li.
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I ' I after ionization of the & 3S single-ionization state without a

1 “spin flip.” The obviously better agreement achieved when
using the & 3S binding energy can then be explained by two
facts.(a) The 1s 3S has a larger cross section than tre 1S
[21,22. (b) As calculations for metastable He{ds) show
[14,15, the 'S state has a DPI probability three times higher
than the3S state. Hence, we expect that in the case of Li, we
are also more likely to end up in thHéS DPI state than in the
3S DPI state. Therefore, it is reasonable to expect that using
the binding energy of thesl ®S electron—which we think of
as the precursor to thes1'2s™! S DPI state via the TS1
mechanism—yields a better agreement with the scaled He
data. This agreement, on the other hand, is also an indication
that the two escaping electrons are more likely to have an

o(Li*) /o(Lit) (%)

. | s |
0.0 0 1 2 antiparallel spiffFig. 5(b)] than a parallel spifiFig. 5a)].
£ AF Although our simple model could be successfully applied
xcess energy (AE) to the 1s~12s~1 DPI of Li, the choice of energy unitsE as

the difference between double- and single-ionization thresh-
old is not obvious. The reason why we scale the double- to
r§_ing|e—photoionization ratios in units dfE is based on the
similarity between the DPI process and electron-impact
single ionization of a positive iofl9] for energies not too
far above the DPI threshold. Furthermore, it is known that

ergy scale using thesL'S binding energy(66.31 eV do not  the single-ionization cross section by electron impact can be
agree nearly as well as when using tre>B binding energy.  described by an empirical formula where the energy scales in
The deviation from the He data, particularly around an ex-nits of the single-ionization potentif23,24). In the case of
cess energy of 0.5\E units, is clearly outside the error bars. & Li" (15°) ion, the single-ionization potential is the enexgy
According to Samsofil9], it is reasonable to assume that Neécessary to remove one electron. Since the final charge
the DPI process not too far above threshold can be thought §fate is Lf*, this € is the same energy as the double-
as a two-step process: a photon is absorbed by one electréNization potential of neutral Li81.0 e\) minus the ioniza-
which, on its way out, collides with another electron, which tion energy of the & electron(5.4 eV), because it is already
may also leave the atom. This picture is also called [§] ~ removed in the case of aL{1s) ion. In other wordse and

or half-collision model[20] and is one of the possible DPI AE have the same values.
mechanisms as mentioned above. The energy dependence of the double- to total-

The possible spin orientations of the electrons in Li “dur- Photoionization ratio of an ator can be modeled by the
ing” the DPI process are shown in Fig. 5. As can be seen irRPpropriately scaled electron-impact single-ionization cross

Fig. 5(b), the L?* 1s 125~ IS state can be created only Section of the corresponding singly charged &h [19] as
long as the TS1 mechanism dominates the other mechanisms

FIG. 4. Double- to single-photoionization ratio of Ifilled
circles and triangleésand He(solid line) [13] as a function of excess
energy. The triangles are connected by a dotted line for easier ide
tification. The DPI ratio of He was multiplied to fit the Li data. See
text for detalils.

(a) 3 ' (SO and GS¢
2
oA
or . —Foe(AT). 1)
2s 4 4 ¥ a(A)
ts b 4&_}71 i +_1 . Here,o2" (A) is the DPI cross section of an ato@mo:;t(A),
fs" S 2 S the total photoionization cross section of an atana, (A™)
(b) 4 by the electron-impact single-ionization cross section of the ion
A", andF a suitable constant. Rewriting the equations yields
Ll
2 b R ) o2 (A)=Fa'(A) o (A™). 2
1s 44 4y 4y This equation makes it apparent that the cross section for
1571 3 1571257 s DPI is given by the product of the total-photoionization cross
o o section of the atom and the electron-impact single-ionization
ground state  single fonization  double fonization cross section of the “intermediate” ion. Hence, the DPI pro-

FIG. 5. Schematic diagram of possible spin orientations afte/C€SS can be written as
single and double photoionization of ground-state Li. The black and
gray arrows represent the spins of electrons and holes, respectively. y+Lli—e +Lit—Li?t+2e". 3
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Combining the scaling law for electron-impact ionization IV. CONCLUSION

[23,24] with the similarity of DPI and electron-impact ion- To summarize, we have measured precise double- to
ization[_19], it is not surprising that the different DPI ratios single-photoionization ratios of Li in the photon energy
scale with the energgE. ~ range from 81 to 110 eV. We have also presented the total-
Note that at higher photon energies the proportionality ofand double-photoionization cross section in the same energy
electron-impact ionization and DPI must fail because th&ange. The energy dependence of the Li double- to single-
TS1 mechanism is not the dominant process anymore anghotoionization ratio is different from the one for ground-
because of the different ratios for DPI and electron-impacktate He and metastable Hegk). Using a simple scaling
ionization in the high-energy limit. While the electron- model, based on the TS1 mechanism, to compare the photon
impact cross section will go to zero, the DPI ratio will reachenergy dependence of our DPI ratios with the ones for
a nonzero value. This also limits the applicability of the ground-state H¢13], we find excellent agreement confirm-
model to an energy region where the TS1 mechanism is thig the previously proposed modé].
dominant process. As mentioned above, although metastable
He resembles Li in some respect, the energy dependence of ACKNOWLEDGMENTS
the double- to single-photoionization ratio is clearly different  The authors wish to thank the staff of the Synchrotron
probably due to mechanisms other than the TS1 mechanisRadiation Center for excellent support. We are grateful for
contributing to the total DPI process. Consequently, ourdiscussions with S. T. Manson and J. H. McGuire. Financial
model fails in the case of metastable He. On the other handupport by the National Science FoundatihSFH under
however, this failure can also be seen as an indication tharant No. PHY-9987638 is gratefully acknowledged. The
the SO and/or GSC mechanisms are more important foBynchrotron Radiation Center is operated under the NSF
metastable He than for ground-state He near threshold.  Grant No. DMR-0084492.

[1] J.H. McGuire, N. Berrah, R.J. Bartlett, J.A.R. Samson, J.A. R.J. Bartlett, Phys. Rev. A7, 1906(1998.
Tanis, C.L. Cocke, and A.S. Schlachter, J. Phys2@& 913 [14] A.S. Kheifets, A. Ipatov, M. Arifin, and I. Bray, Phys. Rev. A

(1995. 62, 052724(2000).
[2] J.S. Briggs and V. Schmidt, J. Phys.38, R1(2000. [15] H.W. van der Hart, K.W. Meyer, and C.H. Greene, Phys. Rev.
[3] M.-T. Huang, R. Wehlitz, Y. Azuma, L. Pibida, I.A. Sellin, A 57, 3641(1998.
J.W. Cooper, M. Koide, H. Ishijima, and T. Nagata, Phys. Rev.[le] T. Ishihara, K. Hino, and J.H. McGuire, Phys. Rev.44,
A 59, 3397(1999. R6980(1991)).
[4] R. Wehlitz, J. B. Bluett, and S. B. Whitfieldinpublishegl [17] Z.-J. Teng and R. Shakeshaft, Phys. Revi9A 3597 (1994.
[5] R. Wehlitz and S.B. Whitfield, J. Phys. 84, L719 (2001). [18] C. E. Moore,Atomic Energy LevejsNatl. Bur. Stand(U.S)

(6] R-dRsi:‘Ai/”ge; S.L. Crl‘\’lss'lei” M.A. '-:‘/Igeggr;”-P L”-C-s;‘;‘;fo”' Spec. Publ. No. 467US GPO, Washington, DC, 1949v0l. 1.
and R.W.C. Hansen, Nucl. Instrum. Methods Phys. »  [19] J.A.R. Samson, Phys. Rev. Le65, 2861(1990.

304 (1994). .
[7]R Vi/ehli?z D. Lukic C. Koncz, and LA. Sellin. Rev. Sci [20] T. Pattard and J. Burgder, Phys. Rev. A63, 020701R)
. , D. . , A , : . (2000,

Instrum. 73, 1671(2002. . .
[8] R.E. Honig and D.A. Kramer, RCA Reg0, 285 (1969. [21] T.A. Ferrett, D.W. Lindle, P.A. Heimann, W.D. Brewer, U.
' ' Becker, H.G. Kerkhoff, and D.A. Shirley, Phys. Rev.35,

[9] T.B. Douglas, L.F. Epstein, J.L. Dever, and W.H. Howland, J.

Am. Chem. Soc77, 2144(1955. 3172(1987. .
[10] G. Mehlman, J.W. Cooper, and E.B. Saloman, Phys. R@5 A [22] B. Langer, J. Viefhaus, O. Hemmers, A. Menzel, R. Wehlitz,
2113(1982. and U. Becker, Phys. Rev. 43, 1652(1991).

[11] J.J. Yeh and I. Lindau, At. Data Nucl. Data Tab821(1985.  [23] W. Lotz, Z. Phys.206, 205 (1967).

[12] R.S. Reilman and S.T. Manson, Astrophys. J., Suppl.815  [24] K. Aichele, U. Hartenfeller, D. Hathiramani, G. Hofmann, V.
(1979. Schder, M. Steidl, M. Stenke, E. Salzborn, T. Pattard, and J.M.

[13] J.A.R. Samson, W.C. Stolte, Z.-X. He, J.N. Cutler, Y. Lu, and Rost, J. Phys. B1, 2369(1998.

012701-4



