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Lithium 1s photoelectron spectra are reported in high electron and photon energy resolution, with resolved
LS term structure of the ['i 1snl satellite transitions up ta=6. Branching ratios and anisotropy parameters
of individual lines, determined over the 85-130 eV photon energy range, are comparedghwittrix calcu-
lations and with previous works. The high-angular-momentum satellite lines2( are found to contribute
significantly to the %nl satellite cross sections far=3 and 4, and to become the dominant terms rfor
=5, The high-angular-momentum lines exhibit the same photon-energy-dependencédmdse providing
experimental evidence that the continuum-continuum state coufdigqgivalent to virtual electron collision
processesis responsible for thé=1 terms in the satellite spectrum, in contrast to the electron relaxation
(shake-up mechanism responsible for ttf&terms. The angular distribution of the lines in the"Lisnl, n
=2-6 groups, determined at 110 eV photon energy, is in good agreement with calculations, showing more
isotropic distributions for high-angular-momentum lines.

PACS numbd(s): 32.30—r

[. INTRODUCTION experimental energy resolution and poor counting rates. It
became apparent that the L$ photoelectron spectrum con-
Two-electron atomic systems have been for many yeargains a rich satellite structure from the transitions to teall
the prototypical examples to study the electron correlationg®3L) final ionic states, which could provide valuable in-
governing a three-particle system in a Coulomb field and tha&ights into electron correlation effects. Steady improvement
dynamics of its interaction with the electromagnetic field of experimental conditions allowed measurements with more
[1-4]. In order to advance further our understanding of moreand more resolved sP| structures[6—10] as well as the
complex systems, one needs to understand the simplest exngular distributions of the individual lin¢%,8]. A compari-
ample of a multielectron open-shell atom—the lithium atom.son[7-9] of these measurements with available theoretical
Its relatively simple structure allows highly-correlated calcu-calculationd 11-13 showed significant discrepancies, dem-
lations and the occupation of two electronic subshells openenstrating that the understanding of the electron correlation
the way to detailed investigation on inner-shell photoionizajprocesses even in such a simple system was far from being
tion. During the past five years the study of the electroniccomplete. More recently, the use of a modern third-
structure and dynamics of lithium has stimulated great exgeneration synchrotron source has allowed to fully resolve
perimental and theoretical interest. Comparison of experithe 1s2| photolines and partly thesBI lines in photoioniza-
mental data withab initio calculations on the ground, ex- tion of lithium atoms in the $22s 2S ground stat¢14,15 as
cited, and ionic states of Li sheds light onto fundamentalwell as in the 5?2p 2P excited statg16,17. Closely related
questions of electron correlation phenomena and advanced these works on correlation satellites, are also recent stud-
theoretical models. Photoelectron spectroscopy is particlies on multiple ionization of lithium atoms which involves
larly well suited for studying the electron correlation effectstwo-electron and three-electron procespE8,19. Simulta-
in Li, since correlation satellites observed in a photoelectromeously, highly-correlated calculations have also been
spectrum are a direct manifestation of electron correlations iperformed to determine the partial cross sections for
atomic photoionization. two-electron photoionization processes, including photoion-
While numerous sudies are available on the valencézation with excitation[20,21 and multiple ionizatior{ 22—
photoionization of Li, the & inner-shell photoemission has 24], highlighting the need for very high resolution measure-
been less thoroughly investigated. The inner-shell regime banents of highn photoelectron satellites to provide a more
came accessible in the late seventies with the developmestringent test of theory. Clearly, effects such as configuration
and use of synchrotron radiation sources. Such measur@iteraction and interchannel coupling become increasingly
ments proved to be difficult, however, due to the relativelymore important with increasing values of the principal quan-
small cross-section of the Lislphotoionization in combina- tum number. So far, no experimental results with fully-
tion with low target atom densities of the evaporated atomiaesolved LS term structure of the>2 satellite lines have
Li. In the early measuremen{®], only the most general been reported. In the present study, we report on experimen-
features of the spectra could be discerned due to the very loval and theoretical results on Lislphotoionization. Li &
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photoelectron spectra, with a total linewidth down to 37bidden in the one electron model of the atom and are a mani-
meV, have been measured allowing the resolution of thdestation of electron correlatiorj®8]. The growing use of
1snl term structure completely far=2 and 3, and partially synchrotron radiation has provided a large amount of data
for n=4, 5, and 6, to the best of our knowledge, for the firstshowing evidence of such phenomena that could not be ex-
time. Experimental branching ratios and angular distributionglained in the one-electron model, but required the introduc-
of the electrons emitted in the highercontinua of the $nl  tion of electron correlations into the theoretical model.
Li* ion are provided and compared with previous measurePhotoionization of an atom from the ground state into the

ments and calculations. continuum leaves the core-ionized residual ion in its lower
energy state, corresponding to the so-called main line in a
Il. EXPERIMENT photoelectron spectrurtthe electronic configurations of the

initial atomic state and of the final ionic state are the same,

The experiment was carried out at the atomic Qnd m°|ecuéxcept for the ejected electroar in a state of higher energy,
lar undulator beamline 10.0.1 of the Advanced Light Source,qresponding to the correlation satellite lines, in which a

Synchrotron Radiation Facility at Lawrence Berkeley Na-gecong electron has changed its princigaaid/or its orbital
tion_al Laboratory. VUV radiation fro_m a45m Iong_lO CM gquantum number[28,29. The nature of the mechanisms
period undulator was monochromatized by a spherical gratyhich are responsible for the existence of these correlation
ing monochromator. The electron spectra were measured Ugggllites is quite different depending upon whether the or-

ing an end station designed for gas-phase angle-resolvgg; quantum number 1 of the “second” electron has
studies and based on the Scienta SES-200 hemispherical angianged.

lyzer[25]. The analyzer is rotatable in a plane perpendicular

to the propagation direction of the beam of linearly polarized Al=0

photons(the degree of linear polarization is estimated to be

higher than 99% allowing accurate electron angular distri-  The satellites corresponding to excited states of the ion in
bution studies. The analyzer was operated at the constapthich the excited electron does not change its angular mo-
pass energy of 40 eV with an electron energy resolution ofmentum during and after photoionization, have been well
35 meV. The photon energy was calibrated using the photeexplained for many years by the shake thef89,31. The
electron lines resulting from photoionization of xenon in theshake theory considers the excitatitor the ionization in
4d-subshells and the Auger electron lines resulting from thecase of double ionizatigrof the second electron as resulting
Auger relaxation of the dg/, hole in the Xé ion into the ~ from monopole relaxation of the system during and after
final state 5°5p* 'S, of Xe?*". The xenon gas was intro- ionization, without any exchange of angular momentum.
duced into the interaction region by a separate gas inlet. AVhen the photoelectron leaves the atom fast enough, the
resistively heated metal vapor oven was used to generate &atellite transition intensity is approximately constant when
effusive beam of Li. The nozzle of a stainless steel crucibldéhe photon energy varies, and is equal to a constant fraction
contained eight channels=0.8 mm, 5 mm lonygin a line, of the main line intensity. However, for low photoelectron
a”gned para”ed to the photon beam. This Configuration inkinetic energies, the remaining electrons have enOUgh time to
creased the length of the interaction area without excessivadjust adiabatically to the gradually changing screening po-
broadening of the atomic beam. The operating temperatur€ntial of the nuclear charge. Consequently, the readjustment
of the oven was in the range of 475-525 °C, at which the LiiS the most effective for low photoelectron kinetic energies,
vapor pressure inside the crucible wa8 mtorr [26]. Ac- giving rise to decreasing satellite intensity towards the ion-
cording to thermodynamical tabl¢26], less than 0.8% of ization threshold. Shake-up satellites have been studied in
the metal-vapor beam is molecular,lat 500 °C. Inelastic the rare gaseg32-34 and are now well understod@s.
scattering peaks were observed at 1.89 eV lower kinetic en- Photoionization of % electrons in Li, giving rise to the
ergy from the 52s (1S) and 1s3s (°S) peaks. These peaks (1sns™S) shake-up satellite states, can be written as:

are due to electron-atom collisions, in which the Li atoms are .

excited to the $22p! state and the electrons lose 1.89 eV of 18°25(°S) +hy—1sng™™S)+ep, with n>2, (1)
energy. In our spectra, the intensities of the inelastic scattelyih an intensity proportional to the following matrix ele-
ing peaks are typically less than 0.4% of the measured elegpent:

tron lines. The presence of the inelastic scattering process

indicates that the atom density of Li in the interaction region (ep|D|1s)(ns|2s). 2

is in the order of 1&atoms/cm. The final photoelectron

spectra are sums of a number of spectra collected for a shofhe first term describes single photoionizatitihe corre-
time and aligned to thesRs(®S) line (E,=64.413eV),[27]  sponding electron line is called the main lirnd the second

in order to compensate for the energy shifts, caused bierm accounts for the satellite excitation. The branching ratio
changing potentials of various surfaces near the interactionetween the satellite and main line is thus equal to
area as they become coated with lithium. |(ns|2s)|?/|(2s|2s)|?.

IIl. THEORY Al#0

Two-electron photoionization processes, including satel- The second category of satellites results from transitions
lites produced by inner-shell photoionization, are strictly for-in which the excited electron changes its orbital quantum
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FIG. 1. Photoelectron spectrum of the'L1snl satellites taken at 100 eV photon energy. Spectfancovers the binding-energy range
starting from the $2I lines, and spectrurth) shows the &nl, n=4 lines at higher resolution. Peak assignments are given in Table I. The
energy levels marked above the spectra are from [Réf.

number which implies an exchange of angular momentunof the satellite lines, as a function of photon energy, is still
between the residual ionic core and the outgoing photoelecsaluable information to assign the origin of various correla-
tron. These satellites have been observed in the early expetion satellites.

mental photoionization studies in the rare gd8%-34 and To go beyond the frozen-core Hartree-Fock approxima-
were described as resulting from the virtual excitation of ondion, various theoretical approaches have been used in order
of the remaining electrons in the atom resulting from itsto introduce electron correlations. Among many others, the
collision with the ejected photoelectron on its way out of theconfiguration interactio(Cl) model [42,46 including the
atom[36-4(0. Satellites showing a change of two units in multiconfigurational HF(Ref. [47]) approach(MCHF), the

the orbital quantum number of the excited electron weremany-body perturbation theofy8], and theR-matrix theory
thought to exist, but their intensity was believed at that timg49] have been the most productive, so far, in calculating
to be very low. two-electron photoionization cross sections.

This virtual collisional process has received a number of Two-electron photoionization processes in the outer shell
different names, such as inelastic scatteri§)], internal  of the rare gases have been shown to result mainly from
electron scatterin37,41], continuum-continuum configura- ground-state correlation&GGSQO, core relaxationCR), and
tion interaction[42], direct knock-ou{43], or interchannel continuum state configuration interactig@SCI). Such a
coupling[44]. In the past, the corresponding satellites haveclassification however, should be considered with caution as
been also termed, unproperly, conjugate shake-up satellitéshas been shown that it is gauge depend&ff. Also, it
[11,34,49 to keep an analogy with the shake-up satellitesmay depend on the basis set of wave functions used to rep-
when calculating the intensity of the satellites. However, thisesent the initial and final states. In the alkali-atoms, the most
term is misleading since it could induce the wrong idea thaintense two-electron processes involve electrons belonging
it is a real mechanism, describing a different kind of photo-to different shells, allowing to test specific classes of corre-
ionization process, while it just refers to the way some overdation effects. For the sodium atom, photoionization to states
lap integrals are calculated in the Hartree-Fock approximawith Al=0 and 1, and double photoionization have been
tion [11,13. Thus, we will not use this term in the following studied extensively, both experimentalyl-55 and theo-
and will refer to this category of satellites as interchanneletically [54,55, showing that core relaxation and
coupling(IC) satellites. All theories predict increasing inten- continuum-continuum coupling are the dominant correlation
sity towards threshold for IC satellites. It should be noted effects, while ground-state correlations are almost negligible
however, that shake-up satellite states can also be populatf6ll]. Strong photon energy dependences have also been mea-
in this way. Consequently, it is difficult to identify the sured for theAl=1 satellites following photoionization in
mechanisms producing the satellite lines based solely on thiae 2p and 2 inner-subshell$52,53.
photon-energy dependency of these cross-sections near theFor lithium atoms in the ground state, the transitions giv-
ionization threshold. However, the variation of the intensitiesing rise to the (3nl%3L,1=1) IC satellite states in photo-
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TABLE I. Assignment of the &nl satellites lines in the Li & 5x10° F——T——T—— T =
photoelectron spectra of Figs. 1 and 2. [ (a) 98 7 6 gs ]
Label Assignment 4 :_1531 B
n=2 1 1s2s3S £ 3 ]
2 1s2s!s 2 | ]
3 1s2p 3p ) a .
1 L ]
_ 4 152p3P 1E 13p 3p 1 J
n=3 5 1s3s °S E ]
6 1s3s 'S - A AN
7 lSSp 3P 0 I n I | 1 ) 1 L 1 i 1 )
8 153d 1D 752 750 748 746 744 742
1 L T T T T
. o P S0Fdy 1 R
11 1s4s s, 3p ]
12 1s4d Y¥L>1) 100
n=5 13 1s5s 3S £}
14 1s5s 1S, ¥¥L>0) 2
n=6 15 1565 3S © sl
16 1s6s 1S, ¥¥(L>0) L
n=7 17 1s71 all terms [
n=8 18 1s8l all terms M
n=9 19 1s91 all terms &
n=10 20 1s10 all terms

Binding Energy (eV)

FIG. 2. The X3l (a) and 1s4l (b) terms in the Li & photoelec-
tron spectra measured at 110 eV photon energy. Numbering of the
peaks is in accordance with Fig. 1 and Table I. A least-squares
1522s(?S)+hv—1snl(*3L) +¢el’ or &l”, ©)) curve fit to the spectrum is shown by solid and dashed lines.

ionization of the 5 electrons can be written as

tons. In addition, the region ofi=4 satellite transitions,

with n>2 andl’=1—-1 andl”"=1+1. o ) - X
shown in Fig. 1b), was measured using higher experimental

In this work, we have used tHematrix approximation to .
calculate the intensity of some of the measured satellited€SOlution. . . .
Details about the method and its use to calculate photoion- The energy levels of the Lilsnl configurations, marked
ization cross sections in lithium have already been previby vertical bars above the spectra, are from Basitral.
ously describedi20,21,56,57. In short, we have used the 29 [27). The individual lines in the two spectra of Fig. 1 were
states code, first developed to investigate the so-called hofiftéd with Gaussian profiles. The linewidth of 66 meV
low states of lithium, in order to calculate the term-resolved"WHM) was obtained for the Li 152l and 1s3! lines in
photoionization cross sections into therll %L ionic states the spectruma), and 46 meV for the high-resolution spec-
Li*, for n=2 to 4 andl=1, 2, and 3. The CI expansion trum (b). In spectrum(b), the Rydberg series of theshl
includes 151 basic configurations, giving 369 configuratiorSatellites is clearly resolved up to=10. The individual sat-
couplings to construct the 29 target states. The radial wavellite lines are numbered and their assignment is given in
functions for these orbitals in these configurations werel@ble |, based on the comparison of the fitted peak positions
evaluated using the CIV3 code. We have also calculated th#/ith the energy levels flrom BaS'ﬁ"’é‘t al.[27]. .
angular distribution parameters for the electrons leaving the All four terms (1s2s *°S,1s2p “°P) of the Li* 1s2| fi-

final ionic state in the 421, 1s31, and Is4l 3 states; with @l ionic state are completely resolved in Figa)l In the
=1 and 2. early measurements of the Li photoelectron spef&ra9],

only the main®S line of the 1s2| group was clearly sepa-

rated whereas in more recent studid#,15,5§, all four
IV. EXPERIMENTAL RESULTS terms are resolved, sometimes not completely for’faend
1S peaks.

Figure 2 concentrates on the region of the3fLand 1s4l
Figure Xa) shows the Li 1snl photoelectron spectrum satellite transitions of the Li 4 photoelectron spectrum,
covering the binding energy range from the2l diagram  which were measured at the highest energy resolution, allow-
lines up to and across the double ionization threshold, medng us to resolve the term structure of these transitions. The
sured at 100 eV photon energy at the “magic” angle ofspectra in Fig. 2 were measured at 110 eV photon energy at

54.7° relative to the polarization axis of the incoming pho-the “magic” (54.79 angle. The solid line through the data

A. Li 1 s satellite spectra
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T T T T T T T T T T TABLE Il. Comparison of experimental and theoretical branch-
= 0.5f Is2l (2) . ing ratios of the sng'S) to the 1sng3S) lines for different
S o4 %Mﬁ 3 n-values.

B2 r o s ® ] 1g/ 3
5 r 1sns-S/ °S
03F . hv(eV) n=2 n=3 n=4

- o (b) 1 This work
& ol N Exp. 100 0.38(6) 0.1784) 0.18914)
T [ % ] Theory 0.414
B C e@\ ] Exp. 130 0.42(1B) 0.1899) 0.18012
B 01f 0 o n

- . . N ] Theory 130 0.390

o 5 Other theoretical

L (¢) { values

012 ] Larkins et al, 151 0.361
o } HF (Ref.[11])
% L ] Armenet al. 100  0.394 0,082
_@ N Op i Cl (Ref.[13])
© o B0 i VoKy et al, 100 0.46
0.02 - | R-matrix
..... I B B (Ref. [20])
30 100 120 Yan (Ref.[22]) 0.386 0.189 0.210
Photon Energy (eV) van der Hart 0.386 0.188
and Greene
FIG. 3. Branching ratios of the terms within the'L1s2l group.  (Ref.[23])
Solid circles: this experiment, open circles: Ref], and lines: our Cooper(Ref.[24]) 0.408 0.154

R-matrix calculations. Open squares in pagel Ref. [6], solid
squares: Refl7].

B. Branching ratios

points represents a least-squares fit of Gaussian profiles. The
20 meV spectrometer function and about 30 meV photon
bandwidth, used for this measurement, account fully for the The four LS-terms in the 42| group are well resolved in
37 meV linewidth determined from the fitting procedure. No €nergy and therefore a number of experimental and theoret-
additional Lorentzian broadening due to the natural width ofc@l studies about their cross-sections and branching ratios
the final ionic states was observed. In the case of isotropigf€ available. The branching ratios of the'Llis2| lines as a
thermal velocity distribution of the target atoms, an addi-funCtIon of photon energy are shown in Fig. 3, where the
tional 60 meV Doppler broadening would contribute to the
measured linewidth. Our much smaller linewidth of 37 meV ‘ 1s31
indicates that the nozzle design of the oven gives a strong
directionality to the emerging beams of the Li atoms, perpen-
dicular to the axis of the electron detection, and therefore
strongly suppresses the Doppler broadening in the electron
energy distribution.

The 1s3I group in Fig. Za) is resolved for all LS terms
except thel®D lines, which are separated only by 3 meV
[25]. In the earlier Li k photoelectron spectrgb—10] the

1. The 1s2l group

0.30 —

0.25

0.20 —

Branching ratio

0.15— ~ T

term structure of the 431 group was completely unresolved, ~ _ g
and was partly resolved only in the most recent studies by =~
Diehl et al. [58]. o107

Figure 2b) displays the %4l satellite group consisting of Q"\a\
the 1s4s(*3S), 1s4p(*®P), 1s4d(*°D) and 1s4f(*F) 0.05 el
lines, which are resolved except for the higher angular mo- T G =
mentum terms'*D and *F. The relative energy positions 0,00
of the peaks were taken from R¢R27] and were kept fixed 8'0 9l0 1(')0 110 12'0 13'0
.dunng. the fitting procedure. With fixed peak positions, the. Photon Energy (eV)
intensity of the unresolved peaks are represented more reli-
ably. The binding energy region of thesdl satellite lines FIG. 4. Branching ratios of the Li1s3l lines to the k3s(3S)
show a recognizable unresolved structure only in the mosine. Markers represent experimental data points Radatrix cal-
recent studie$l15,58. culations are shown by lines.
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) 1sdl 3S ratio in panel(c) of Fig. 3 is compared glso with the
20 - } P— 13p/3s results of Gerard6] and Ferrettet al. [7] which are not

: included in panel$a) and(b) since the!S and P lines were
not resolved in these studjessood agreement between the
experiments can be observed in this case.

&
|

2. The 1snl,=3 groups

{ No previous experimental data is available on the indi-
vidual branching ratios of the higher satellite lines. The
\ I branching ratios from the present experiment over the photon
LS energy range of 85—-130 eV are shown in Fig. 4 for tk8l1
h } I e group and in Fig. 5 for thes4l group. Table Ill summarizes
~N . . . .
our experimental and calculated values and indicates also the
earlier theoretical values. ThéS and 3P lines overlap
strongly with the highel lines in the satellite groups with
n=5. However, in order to be able to determine the branch-
I I T I 1 ing ratios of the lines with different angular momentum, the
90 100 110 120 130 intensity ratios of the lines with the sarhewere kept fixed:
Photon Energy (eV) 1S to 20% of the intensity of théS line and *P to 25% of
the 3P line. These ratios were taken from the fit of thg4l
FIG. 5. BranChing ratios of the [il1s4l lines to the ]548(38) group, where they were found to be independent of photon
line. _Markers represent (_experimental data points Bdatrix cal- energy and equalwithin error bar$ to the corresponding
culations are shown by lines. ratios in the &3l group, thus providing a justification for
extrapolation to the 451 group.
present data is compared with d&fmatrix calculations and The ratio of!Sto 3Sin the 1s3I and 1s4l groups is, like
with most of the previous experimental resulés-8|. The  for the 1s2s lines, nearly constant over the displayed photon
ratios of the'S, 3P, and P lines to the 52s(®S) main line  energy rangésee also Table )I In contrast, the intensity of
are given in panel$a), (b) and(c), respectively. the higher angular momentufiC) lines relative to the®S
There is a good general agreement between the preseliie decreases rapidly towards higher photon energy. The
and previous experiments. ThtS to 3S ratio given by  high-angular-momentumL2) lines become the dominant
Langeret al.[8] is slightly higher than our resultsee Table terms in the spectra asincreases—thé-¥(D,F) lines are
Il for a comparison of different experimental and theoreticalthe strongest in thesil group athv<130 eV. This trend
results for the'S to 3S ratio). This particular discrepancy seems to continue far=5, where the ¥3.=2) to 3S ratio
might be due to inelastic scatteriridiscussed in Sec.)llof  equals 2.7 at 90 and 1.2 at 130 eV photon energy, respec-
the electrons corresponding to the2s(3S) peak, in which tively. Similarly, theP-lines become stronger relative to the
the electrons lose 1.89 eV of kinetic energy. The resultingslines asn increases.
secondary peak coincides with tH& peak and can, if the
atomic density of the target is high, contribute significantly
to its intensity. In our measurement, the contribution from The angle-dependent intensity of the emitted electrons is
inelastic scattering process was found to be 1%. ¥Reo  described by the differential cross sectibm/d(). For com-
pletely linearly polarized light it is given b59]:

Branching ratio
5
|

=3
wh
|
s/
/
HH

0.0 —

C. Anisotropy parameter

TABLE Ill. Comparison of experimental and theoretical branch-

ing ratios of the %3l satellite lines. do/dQ(6)=o/Am[1+ BP2(cog )], )

hv(ev) S°S P/ lpis  1iD/3s where 8 |s_the angular dlStI’;bU'[lOﬂ parameter,the partial
cross section an@,(x)=(3x“—1)/2 the second-order Leg-

This work endre polynomial.d is the angle between the electric field
exp. 100 0.18@) 0.2024) 0.0472) 0.16Q3) vector of the radiatiorfwhich lies in the horizontal plane in
theory 0.185 0.206 0.045 0.215 our casg and the direction of the outgoing electrons in a
exp. 130 0.18(%) 0.1265) 0.02792) 0.1034) plane perpendicular to the light propagation vector.

theory 0.190 0.104 0.026 0.125 The spectra shown in Fig. 1 f@ét=54.7° were also mea-
Theory, other sured at#=0° and 80°. The theoretically predict¢ghvalue
Larkins et al. 151 0.067 0.036 0.072 of 2.00 for the S lines in the B2| and 1s3l groups was
HF (Ref. [11]) used to normalize the spectral intensities at different angles,
Larkins et al. 0.193 0,045 0.016 and Eg.(4) was then used to extract the anisotropy param-
Cl (Ref.[11]) eters of other lines. We also calculated trs2ll anisotropy
Armenet al. 100 0.062 0.000062 0.072 parameters using the method of branching rdt&ts, where
(Ref.[13)) the intensity ratios of a pair of lines at three different angles

are used. The advantage of this method is that it does not
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TABLE IV. The anisotropy paramete8 of L™ 1snl satellite ] e 13
lines at 110 eV photon energy. Labels refer to Fig. 1. 4 e t\' o n=4
Label Assignment Ref. 7 Ref. 8 Exp. Calc. - E N Ao

m - AY

1 1s2s3s 1.9317) 200 2.00 2 3 "

2 1s2s s 1.9332) 1.984) 2.00 §~ . N

3 1s2pdP 1.30200 1.75 1715 1.77 < .

4 1s2plp 1.70200 165 1.715) 1.67 ﬁ ] RN

5 1s3s%S 200 2.00 - 27 ~

6 1s3sls 2.004) 2.00 & ] ~,

7 1s3p P 1.954) 1.98 = ]

8 1s3d D 1675 1.60 2 13

9 1s3plP 1.895 1.97 ]

10 1s4s°S 1.995) _-M
11 1s4l 1S, 3p 1.938) 1
12 184l 1P, B(L>1) 1.467) 03
13 1s5s3S 1.9498) 3] —
14  1s51 1S, 3p 2.0716) 3] A
1s51 1P, B3(L>1) 1.3321) ~
15 1s6s3S 1.9812 :f" ]
16 1s6l 'S, *(L>0) 1.5620) .
®Theoretical value, fixed. i 27 T
X 1 1
A . !
require explicit normalization of the spectra measured at dif- j - N
ferent angles nor does it rely on a knoygrvalue of one line ) ]
in the spectrum. However, the error bars can become quite §’ 1 4 1
large if the lines have similg8-values. Also, thes-value of RS .
the 1s2s(3S) was found equal to two within the error bars b
using this method. ]

The anisotropy parameters from the present experiment ]
andR-matrix calculations are given in Table IV. The experi- 0~ | I | | 1
mental error bars represent the statistical uncertainties of the %0 100 110 120 130
line intensities and include also1° error in the angle of Photon Energy (eV)

the electron detection. The experimenfgvalues for the
1sng*3S), n=2-6 lines are, within error bars, equal to 2.0
as predicted by theory. The-values for theP-lines are sig-
nificantly lower than 2.0 for the 21 group, but the differ-
ence is smaller for thesBI lines. Thep-values for the*D
line in the 1s3! group are lower than the one for tSeand  ancy is observed for théP line, where the calculations
P-lines, although they show also an anisotropic angular disoverestimate the cross section to the3f *P final ionic
tribution. TheB-values of high-angular-momentum lines can State. There is a much stronger disagreement of the present
be followed fromn=3 to 5. Forn=4 and 5, there is some €Xperimental results, as has been noted by previous works
admixture of the'P terms, but the effect is expected to be [6—8], with earlier theoyetical photoionization cross septions
weak, since the cross sections for photoionization to thdY Armenet al.[13], which were based on the calculation of

. Y3 . _
1snp!P states are quite small. The anisotropy of the High overlap integrals for the 1G°P satellites. These results rep

. . . 3
lines is reduced, which is an indication that there is a signifi-resent correctly the ratio of the main linésS to *S), but

cant population of the higheét final states as they become predict negligible intens_,ity for thép .CC line and about two
available(*3 for n=4 and %G for n=5) times larger cross-section for tHé line than observed.

The 1sns(*3S) shake-up lines fon=3 have a significant
intensity. In addition, the transitions to the final states of
V. DISCUSSION higher angular momenta-{P, 1D) have a considerable in-
tensity in the B3| satellite spectrunisee also Fig. @)] and
especially in the &4l spectrum[Fig. 2(b)], where the

Agreement between the branching ratios from the present(D,F) and 3S peaks have nearly equal intensities. The
R-matrix theory and experiment is good for th& and P results of ourR-matrix calculations, also shown in Figs. 3
lines in the B2l group, although the calculatets to S and 4, are in excellent agreement with the experimental data
ratio decreases slightly with photon energy, whereas a smalbr the S and 1P satellite states, and are still in reasonable
increase is observed experimentally. A significant discrepagreement for thé-*P and D (including also%F for n

FIG. 6. Experimental ratios of the lines with=1 to the
shake-up lines in differentsln| satellite groupgupper pangland
the ratios of the high-angular-momentum lines witk=2 to the
P-lines (lower panel.

A. Comparison of theory and experiment
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=4) satellite states. The numerical comparison of the branchasymmetry parametes for several of the satellite lines in
ing ratios measured in this work with the results of varioushelium have strongly suggested a significant intensity of the
theoretical calculations, as given in Table Ill for the31  high (nd He") stateg61-63, we provide here, to the best
group, illustrates the good agreement between our experdf our knowledge, the first direct measurements of the angu-
mental and theoreticdR-matrix results. This confirms that lar behavior of well resolvedd satellites(1s3d and 1s4d

the R-matrix approach is also well suited for calculating theLi™ states. For all 1=1) satellites, the values of the asym-
transitions to (=1) angular momentum states, as alreadymetry parameter deviate from two. This further supports the
suggested by the earlier comparisons for tis2l1group of  conclusion based on the branching ratios, that all satellites
lines[18]. with a nonzero angular momentum, are created mainly by

interchannel coupling.
B. Comparison of branching ratios in different 1snl
satellite groups VI. CONCLUSION

The character of the satellite lines with hlgh angular MO- |n the work presented here, term-resolved branching ra-
menta (=2) can be determined individually from our high- tios of the electron correlation satellite lines in lithium were
resolution measurements of thesril n=3 and 4 groups. determined for the transitions to thesdl, n=2, 3, and 4
Branching ratios of the lines with>2 (D,F,...) to the singly-ionized states over a broad photon energy range be-
P-lines for differentn are shown in the lower panel of Fig. 6. |ow the double-ionization threshold. We were able to com-
Forn=3 and 4, sum of thé P and °P line intensities, as pletely resolve, to the best of our knowledge, for the first
obtained by least-squares curve fitting, was used.n=06,  time, some of the highly-excited satellites such as i@
the 'P peak overlaps strongly with the much strongerstates, bringing experimental evidence that the transitions to
1¥D,F,...) peak and its intensity cannot be determined di-these states have considerable intensity. In addition, relative
rectly. It is clear from Fig. 6 that theY,F,...) toP ratio is  intensities of the well-resolveds lines were determined up
photon energy independent over the given rangenfet3  to n=6.
and 4. Fom=5, no significant trends can be observed. For |n the case of 2| lines, our branching ratios agree rea-
highern-values the statistical uncertainty becomes too larg&onably well with previous results. The branching ratios for
for drawing conclusions. The average measured values fahe highern satellite lines, not reported previously, show
the “¥(L>1) to **P ratio are 0.656L5), 1.9312), 2.2 (4),  strong enhancement of the transitions involving a change of
and 3.1(1.3 for n=3, 4, 5, and 6, respectively. the angular momentum of the excited electron over the

In contrast to this behavior, the ratios of the=1 to the  shake-up process, especially at lower photon energies. Tran-
Slines, shown in the upper panel of Fig. 6 for upte 5, are  sitions to the higher angular momentum stafe® were
strongly photon energy dependent. Combining the resultfound to be strong within the sBI group and especially
shown in Figs. 6 leads to the conclusion that the satellitavithin the 1s4l group, where the 44d(*°D) line is the
lines with L=1 show the same energy dependence, that istrongest. The appearance and strength of these lines is a
clearly different from the behavior of thelines. Therefore, direct measure of configuration interaction in the continuum.
while the lines withL=0 are a clear manifestation of The photon energy dependency of the intensity of &ll (
shake-up processes, the lines witk 1 are produced mainly =1) momentum lines is the same and does not depend on
by interchannel coupling. It should be noted also that thehe values of one.
relative intensities of the shake-up satellites, in comparison The anisotropy parameters were determined for thel.1
with the intensities of the CC satellites, decreases dramatin=2, 3, and 4 lines. Thg-parameters of-°P lines, arising
cally with increasing values of the principal quantum num-from the continuum-continuum state coupling, increase sig-

bern. nificantly from the ®2I to 1s3l group. Photoionization to
the higher angular momentum states is more isotropic, espe-
C. Anisotropy parameters cially in the 1s4l group.

The anisotropy parameters can provide additional infor-
mation necessary to differentiate between mechanisms of
satellite creation. Thgg-parameters of thesins (13S) lines This work was supported by the U.S. Department of En-
do not show a significant deviation from the value of two, ergy, Office of Science, Basic Energy Sciences, Chemical
which corresponds to the angular distribution of a single outSciences Division. The Advanced Light Source is supported
going p continuum wave. This value is also predicted by theby the Materials Science Division of the U.S. Department of
shake-up model, where thes Electron leaves the atom as a Energy. The authors would like to thank S. T. Manson, C. H.
p-wave. Although previous measurements of the angulaGreene, and E. J. McGuire for stimulating discussions.
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