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Single and double photoionization of lithium
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The photoion L#*/Li* production cross section ratio of ground-state atomic lithium has been measured for
photon energies ranging from 80 to 424 eV. The absolute cross sections foPthard Li* yield are also
derived. In this energy region, theZ'i/Li* ratio reaches a plateau of about 1.0% before reaching a maximum
of about 4.5%, then decreases slowly. Good agreement is found between the measured total photoionization
cross sections of lithium and theoretical calculations. THe ALi * ratio is also compared to the HgHe"
ratio from excited He(42s) for photon energies up to 70 eV above threshold. The branching ratid bfthi
total Li ion production is also compared to the single-ionization cross section of electron impact @nki
[S1050-294{@9)03605-1

PACS numbg(s): 32.80.Fb, 32.80.Hd

I. INTRODUCTION II. EXPERIMENTAL METHOD

The data presented in this paper were acquired with the
During the past decade, double photoionization the same lithium oven and ion-time-of-flighfTOF) apparatus

ratio of double to single photoionizatipof helium has been described previouslj11-13. So, the experimental methods
under intensive investigation, both experimentally and theotsed will be described only briefly.
retically [1-10]. The reason is that, since the photoelectric ~The experiments were done at the 2.5-GeV electron stor-
operator is a single-particle operator, the simultaneous de2d€ ring of the Photon Factory, KEK, utilizing the extreme-
tachment of two electrons by a single photon stems purelftraviolet (XUV) bending-magnet beam-line BL3BLS),
from electron correlation effects, which cannot be accountegnd for some of the higher energy data points, the undulator
for by the independent electron approximation. This make®€am-line BL16B. A photoion TOF analyzer viewed perpen-

double photoionization an ideal test case for our understamdj-ICUIarIy the .L' atomic bear_n target eff‘_’S'”g from an oven
source. The interaction region was defined by the intersec-

Ik;]gtvx(/);eilzc;r%?irﬁzzteslaatfg tﬁggztess. glitlrzl;dgsr': g'sggraz?]?isnon of the |_nC|dent monoch_romguzed XUV rgdlqnon beam
N Exp »ag #om the third orthogonal direction and the lithium vapor.

gre"’?“Y |mproved over the years. . Partial charge-state ion-yield spectra were acquired in the

Lithium is the simplest open-shell atom, and the simplest, ;50 fie|d-TOF-extraction-mode with gated data acquisi-
atom that exhibits intershell electron correlatpn. In thisgq, Background corrections derived from equal TOF-
three-electron system, there are fundamentally different Prspectrum regions adjacent to and in-between the peaks cor-
cesses involved in photoionization which do not find anyresponding to the singly and doubly charged state$Lof
analogue in a closed-shell two-electron system like heliumgng 7 were made by subtraction, with error propagation
Examples for such processes are the intershell electron cofeing carried forward by standard statistical methods. Silicon
relation, the overlap with resonant-photoexcitation of hollowand carbon foils were used upstream from the target region
lithium [12,13, two step processes for double ionization, andto filter out the contributions from higher-order light and
direct triple photoionizatio14]. Moreover, lithium has an stray zeroth order light. The voltages across the cheveroned
optically active electron that can be excited easily by lasedouble MCP stack were set to be4 kV for entrance and
light. This allows investigations on the electron correlation—2 kV for exit, and the CFD threshold was set very low at
for different initial state configurations. Hence, the systemabout 35 mV to ensure that there was no discrimination be-
provides a still richer testing ground for the understanding otween “1+” and “2 +” ions. This was confirmed by mea-
electron-correlation effects. suring the L#* to Li* ratio as a function of MCP voltages

The main purpose of this paper is to present the photoioﬁnd CFD threshold settings. In the interest of achieving high
Li2*/Li* production cross section ratio of ground-statecount rates and thereby good statistics, a modest resolution
atomic lithium, as well as the absolute production cross sec?f 0-5 eV was used.
tions for Li* and Li* yields, for photoionization as a func-

tion of photon energy. Il DATA ANALYSIS

The L?* to Li* ratios were obtained by directly taking
*Electronic address: mth@mail.kek.jp the ratio of the integrated and background-corrected Li
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FIG. 1. Absolute cross section for the production of singly FIG. 2. Absolute cross section for the production of doubly
charged Li ions. Error bars for these data are discussed in the textharged Li ions. Error bars for these data are discussed in the text.
Some datale.g., near 150 eVshow scattering beyond statistical Some datae.g., near 150 e)/show scattering beyond statistical
errors, owing to hollow lithium resonances superimposed on theerrors, owing to some hollow lithium resonances superimposed on
underlying continuum structufd 2,13]. the underlying continuum structufé2,13.

and Li" peak yields as a function of photon energy betweerperiod of many years, and reviewed carefully by Samson
the double ionization threshol@®1.01 eV [16]) and the et al.[5]. By normalizing to the total photoabsorption cross
present upper limit of 424 eV. The absolute partial chargesection values recommended by Samebal., we were able
state cross sections could then be derived by the followingo calibrate(relatively) this flux detection efficiency to an
two procedures. accuracy limited primarily by the accuracy of Samson
(1) The relative partialcharge statecross sections are et al’s recommended photoabsorption measurements, which
obtained from the integrated and background-correctéd Li are believed by them to be no worse than 5% inaccurate in
and Li* peak yields normalized to the photon flux, as athe energy range discussed here.
function of photon energy. In the region of 120 eV to 180 eV these two relative cross
(2) The absolute total cross sections were then obtainegection measurements overlap each other, indicating that
by normalizing the relative total cross sectiofrsamely, these two ways of monitoring the photon flux are consistent
Li#*+Li* only, since no appreciable i was observedto  with each other. Due to the worse statistics observed with the
the known absolute total photoabsorption cross section meafrain current method, only the cross sections for energies
surements obtained by Mehimahal.[17] at 103.3 eV. The below 120 eV are reported from that measurement. In addi-
absolute partial charge-state cross sections could then be d#on, since no reliable data below 100 eV were obtained in
rived from the measured £ to Li* ratios. that measurement, the cross section data reported here will
To obtain the ratios, as mentioned above, no knowledg®e only for photon energies from 100 eV to 424 eV.
of the photon flux is needed since the flux will cancel out at
gach datum poin_t. However, to obtain the re_lative Cross sec- IV. RESULTS AND DISCUSSION
tions as a function of photon energy, relative photon flux
measurements are essential. The photon flux was monitored Figures 1, 2, and 3 display the principal results of our
by a factory calibrated far UV photodiod&8] downstream absolute partial photoionization cross sections for the singly
from the target region. Thus the relative cross sections abovand doubly ionized charge states, and their ratio, respec-
120 eV were obtained by normalizing to the photon fluxtively. The error bars of the measured’Lito Li* ratio are
monitored by this diode(Note that, for energies above 240 due to statistics. The error bars on the relative scale of partial
eV, the diode calibration was obtained by extrapolation fromphotoionization cross sectiorifor clarity, they are not dis-
the calibrated curvgl8].) However, because the calibration played are estimated to be about 10—15%. They arise from
of the photodiode used shows some structuies, peaks a combination of statistical errors and uncertainties of photon
and dips for photon energies below 120 eV, it was decidedflux determination. The uncertainty on the absolute scale is
to use another set of measurements, which used a differeabout 20%, which is propagated from the measurerfiEfit
way to monitor the photon flux, to obtain the cross sectiondo which our relative cross sections were normalized to ob-
for the energy region below 120 eV. The relative photon fluxtain the absolute cross sections. Some deatg., near 150
in that measurement was monitored by measuring the ele@V) show scattering beyond statistical errors, owing to some
tron drain current created by monochromatized photonollow lithium resonances superimposed on the underlying
striking the final focussing mirror just upstream of the ex-continuum structur¢12,13. Here we will focus only on the
periment. A photon energy dependence of the drain currertontinuum (nonresonantstructure. In order to understand
production efficiency will give rise to a secular variation in the energy behavior of the curves shown in Figs. 1, 2, and 3,
the photon flux detection efficiencyersusphoton energy. a number of important threshold energies are needed. Their
This variation of detection efficiency can be monitored andvalues are listed in Table I.
corrected for by coetaneously making measurements of the The cross section curve of Li(Fig. 1) is smooth, and
photoionization of He, studied in this energy range over amonotonically declining with photon energy in this energy
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FIG. 3. Ratio of the Li* to Li* yields. Some datée.g., near FIG. 4. The total photoionization cross sections of lithium. Dia-

150 eV) show scattering beyond statistical errors, owing to somemonds: present work; closed circles: theoretical calculations done
hollow lithium resonances superimposed on the underlying conpy Reilman and Mansof21].
tinuum structurd12,13.

double photoionization ratio by considering a lithium atom
with suddenly created-vacancy and then calculating the
shake off rate of the & electron while the third electron

f L X L . emains frozen. This was done using Hartree-Fock wave
or double ionization set in, where it rises substantially, an

. U unctions for both the Li ground state and the"tiexcited
then talls off fairly smoothly once again. Figure 4 shows th:%tates. This yielded a ratio of 1.91%, considerably larger than

region as expected. Thea'i photoionization cross section
curve (Fig. 2 is also decreasing smoothly until numerous
additional continuum channeldeginning at about 152 gV

total photoionization cross sections, both experimental an N . )
theoretical, as a function of photon energy. The experiment e 1.0% ob_se_rved for the pl_ateauhke region near 150 eV.
urther sophisticated calculations are called for although it is

data are the current results, which are the sums 6fdnd . .
o . ) L not exactly certain from our data, whether the observed ratio
Li“™ production cross sections shown in Figs. 1 and 2. The . U .
f 1.0% is close to the asymptotic limit ofs2s photoion-

neretcal cacatons vere cone by Felman and ol 0% 0 LS SIS WL ST LO0e

theoretical results agree very well with each other for photor]i?gm'guum channels open up for double ionization as seen on

energies above 120 eV. In the lower energy region, the cal- Moreover, since the seconds klectron of lithium does
culations seem to rise faster than the experimental results. o o :
not take part in ionization or excitation for photon energies

It can be seen from Fig. 3 that the’Lito Li* ratio rises below 152 eV, it probably serves only to screen the nuclear
for about 20 eV above threshold just as it does for helium  1LP y y

and then levels off at about 1.0% until up to about 152 eV potential from the other two electrons. So the system should

where it rises again for the same reason just mentione&es’emble that of excited Kiks2s). If it is assumed that this

0 g 2o :
above.(Please see Table | for information on relevant thresh-ObS(':'rved 1.0% ratio is the asymptotic limit for this process,

old energies.In this energy rangéfrom 81 eV to about 152 }:‘:ﬂ tthlera+t|cr) iian ?e ;:oi:nga;edg\gnh tlr;e as?/r?/iptotm 'llmdlt of
eV), the only nonresonant process for double ionization i 0 He" ratio of excited He($2s). In a previous study

o " n
direct double photoionization of thesland X electrons of sbyt.Forreyet aII. [2|4]t’ tdh? asyme{toa;g: |Imcljt83;0r ?%t to T(ath
lithium leaving the other electron inslstate. The only other ralio were caicuiated for exciteds an states of he

measurements on direct double photoionization of two elecgglr:urgf's%eelllecéﬁg'c asr?gue“sr:gsv:ﬁmgv:&e ?]isymptoctg:rrfé)lgntw;éa-
trons from different shells, which is a result of intershell Frankowski—lgekeris-t e wave functions asgini>tlial state wave
electron correlation, were done on sodiunp32 double functions. From thei?pcalculation the asymptotic ratio is
ﬁ]h;)r:g{o;ﬁg;or[zzzﬂ. A similar plateau structure was seen 0.9033% for He($2s'S) and 0.3118% for He(d2sS)
. 0 oy

Since there is no calculation available to date on Iithiumggg‘uqaigg t:vthe current measurement of 1.0% for lithium at
double photoionization, we made an estimate of tls2sl Also, in a recent paper by van der Hast al. [25], the
He?™ to He" photoionization ratio of excited metastable

TABLE I. Some relevant threshold energies for[l19,20. He(1s2s) 'S and 3S states were calculated usin atrix

approach as a function of photon energy up to 80 eV above
State ThresholdeV) threshold. An estimate made by van der Ha#f] using 1%z
Lit(1s?) 5.39 perturbation theory suggests that, to adequately compare
Li*(1s2s) 64.4 these two cases, the energy axis of He data needs to be
Li?*(1s) 81.01 scaled by a factor of 1.19, which is the ratio of the ionization
Lit(2s?) 151.68 potentials of the & electron of Li(1s?2s) and He(k2s).
Li2*(2s) 172.82 Since for lithium, the two ionized electrons can couple into
Lj2++ 203.43 either 1S or 3S states, the lithium data were compared with

the calculated helium data for $He(1s2s'S)
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FIG. 5. Comparison between current experimentar Llii * ra- FIG. 6. Comparison between the branching ratio &f Lo total

tio and Hé"/He" ratio of excited He(2s) calculated by van der | jon production and the single-ionization cross section of electron
Hartet al. [25]. X axis is the energy aboves2s double-ionization  impact on Li*. Closed diamonds: present work for lithium branch-
threshold. Closed circles: present work; open squares: calculatgflg ratio; open circles: electron impact ionization data frgs0].
ratios of He(1s2sS) + $He(1s2s°S). Note that theX axis of He  Note that the energy axis for the electron impact data was shifted
data is scaled by a factor of 1.19. Please see text for details. 5.39 eV upwards.

+ 32 He(1s2s3S), with the energy axis of He data scaled by a
factor of 1.19 as just mentioned above. The agreement i
fairly good, as shown in Fig. 5.

It can also be seen from Fig. 3 that the cross section rati
rises rapidly at approximately 152 eV, the energy of the low-
est doubly-excited state of t{2s?). The reason for this

ghreshold. The branching ratio of i is plotted in Fig. 6

and is compared with the published electron impact ioniza-
jon data[30] scaled to give a good fit for the overall curve.
he normalizing proportionality factor is 0.97.0'® cm™ 2.

In the same study29], the Hé* branching ratio was also

enhancement is that above this energy, the Kvelectrons compared to the electron impact cross section, and the nor-

o 6 -2

can be excited and decay via an Auger process leaving orﬂ@aIIZIng rfac':or was founﬂ to hbe 1.62L0°° cm . ;or r:e-
electron in either the ground state or in an excited state ofUM- It should be noted that the energy axis of the electron
impact data shown is shifted by 5.39 eV due to the difference

Li?* [12,27, i.e., two-step processes open up for double . i e
ionization. However, no clear enhancement on the ratio i#)etvveen the threshold energies. As is shown in Fig. 6, except

seen when the threshold for ionizing tviGeshell electrons or the region approximately t_>etween 100 and 150 eV, the
[i.e., Li*(2s)] is reachedalso, no clear enhancements on two curves almost overlap with each other throughout the

other threshoids are obseryedhis is expected, since after WHole energy region displayed up to about 350 eV above

reaching the Li(2s?) threshold, many continuum channels threshold. The plateau that the lithium branching ratio

open up with threshold energies not very different from onereaCheS petvveen 100 _and 150 eV d_oe.s not appear m_the
another. Examples are 1{2s?) (about 152 ey, 2s3s, electron impact ionization cross section; the cross section

2545 all the way up to 13*(2s) (about 172 eV and still keeps rising in that region. So the proportionality seems
othernsn's series. So basically, these continuum channel§0 hold for the energy regions below and above the plateau

with closely spaced thresholds superimposed on each otherd!on- (This is not very conclusive for the before-plateau

esiing n = genral e over a wide range of energy a7 S0 e it o ko impsct niaton oot g
shown in Fig. 3. After the rise at about 152 eV, the ratio Y 9y,

peaks at about 4.5% at approximately 250 eV, it then appeagO seem to meet before the platgau.

to decrease slowly over the rest of the energy region. The

asymptotic limit of this ratio was recently calculated to be V. CONCLUSIONS

3.36% by van der Hart and Greef#8]. They found that an

indirect mechanism through excitation of doubly excited In summary, the photoion Ef/Li* production cross sec-

states accounts for more than 40% of the double ionizatiotion ratio was measured for photon energies ranging from 80

providing an explanation why this calculated value of 3.36%€V to 424 eV. The absolute cross sections of th&" Land

is much bigger than that for He. If this calculation is correct,Li* yields were also derived for photon energies ranging

it means that the decrease of this ratio at high enel@iesn  from 100 eV to 424 eV. The measured total photoionization

a maximum of 4.5% to the asymptotic limit of 3.36%  cross sections were found to have good agreement with the-

much smaller than that of heliuffrom about 4% to 1.7%  oretical calculations. The ratio of Li and that of calculated

To verify this, more measurements at higher energies arkle(1s2s) were found very similar for photon energies up to

required. 70 eV above thresholds. A good proportionality was also
In a previous study by Sams¢§a9], it was found that the found over a wide energy region between the branching ratio

branching ratio of double photoionization of an atom wasof Li double photoionization and the single ionization cross

proportional to the single-ionization cross section of electrorsection of electron impact on Li In the future, it would be

impact on the singly charged ion of the same atom over @esirable to have more measurements at higher photon ener-

range of energy immediately above the double-ionizatiorgies in order to estimate the asymptoti¢ Lito Li* ratio,
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