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Double photoionization and ionization excitation of the metastable heliunf states
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Theoretical double photoionization cross sections are predicted for He initially ins®'B or 3S state.
The probability for double photoionization is a factor of 6 higher for testate at 20 eV above the threshold
for double ionization and a factor of 3 larger at 80 eV above threshold. We compare these results with each
other and with predictions for the high-energy limit to assess the influence of exchange on the double ejection
process. Similar comparisons are also made for the process of photoionization-induced excitatidigrof He
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[. INTRODUCTION spin-angular exchange matrix elements of thg Jlpotential
differ in sign. Differences between the double photoioniza-
The nonseparable motion of the electron pair in a two-tion and PIE spectra for these two states thus measure the
electron atom derives from their electrostatic repulsion. In @ole of exchange in the two-electron dynamics. Some theo-
perturbative scheme that starts from an independent-electragtical effort has already been invested in calculations for the
picture, the radiative transition operator acts only on a singld.s2s °S state in the limit of “infinite” nonrelativistic ener-
electron. Observation of a multielectron excitation thusgies [15]; angular distributions have also been calculated
probes the way in which this energy, initially donated to afrom near threshold up to several keV beydni@].
single electron, becomes distributed among all excited elec- Exciting experimental possibilities have recently been
trons. A particularly sharp probe of correlations that has reopened up by the availability of high-intensity and high-
ceived increasing attention in recent years is the probabilityesolution synchrotron light sources. This should make it
for ejection of two electrons following the absorption of a possible to test the predictions presented here, despite the
single photon. fact that both of the §2s states are only metastable. The
Helium has served athe benchmark atom for accurate singlet state decays mainly by spontaneous two-photon emis-
tests of double photoionization cross sections by theoreticaion to the 5 ground state and has a lifetime of 19:71.0
and experimental groups. Several recent experimental resultss [17]. The %S state decays by aM1 transition to the
exist for the ratio between double and single ionizafiba3]  ground state and has a lifetime greater thah 4Both life-
and the probability for single photoionization with excitation times are(in principle) sufficiently long to allow experimen-
of the residual Hé ion has also been examingd]. Al- tal measurements, though such an experiment is clearly far
though theoretical studies of double photoionization weremore difficult than ground-state photoionization.
initiated at least three decades add, subsequent studies In the sections below, we report our calculated ratios be-
were rare(see, e.g.[6]), until the recent improvements in tween the double and single photoionization cross sections
experimental capabilities. In the past five years, numeroufor the 1s2s 1S® and 3S°® states, at final state energies up to
theoretical techniques have been used to calculate the ratio 80 eV beyond threshold. Some of the effects arising from the
double photoionization and single photoionization probabili-difference in initial states can be estimated using explicit
ties for photons incident on the ground state of heliidfr  analytical formulas that were derived for tfronrelativisti¢
14]. Earlier approaches struggled to obtain agreement beigh-frequency limif18,19. This limit not only provides a
tween different gauge choices for the radiation field, but thecheck for our calculations, but it also conveys information
most recent calculations have solved those difficulties. Thebout the role of exchange effects. The PIE cross sections for
agreement between theory and experiment is now very googhhotoexcitation of the residual ion are also reported for both
in part because the experimental measurements have irnitial states and compared with their high-frequency limits.
proved substantially during the same time period. In one of
the more recent developments, good agreement between
theory and experiment has also been obtained for the prob-
ability for photoionization-induced excitatiofPIE) of the We adopt the samB-matrix approach employed recently
residual He (n) ion, withn=2—6 [12,14. to determine the ratio of double and single photoionization
While the ejection of two electrons from the ground statecross section§ll] and the single excitation PIE cross sec-
probes the influence of correlation in the photoionizationtions[14] for ground-state helium. The calculation utilizes a
process, even more dramatic influences of the electron intefinite-element description of the helium electrons within a
actions are revealed in excited-state photoionization. Thénite reaction volume whose radiug has been varied from
electrostatic repulsion can only shift the energy of the 1 14 to 20 a.u. in the present study. The finite elements used
configuration. On the other hand, the2s configuration is  here consist of a set of six fifth-order Hermite polynomials.
not only shifted in energy by this interaction, it is also split For a more extensive discussion of the basis set, including its
into a nondegenerate singlet and triplet state, for which thedaptation to double-escape problems, the reader is referred

Il. THEORETICAL APPROACH
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to [11,20,21. The radial configuration space for each elec- 15 - - -
tron is divided into 16 elements, which yields a total of 64
independent single-electron wave functions for each angular
momentum, after taking continuity conditions between adja-
cent elements into account. In addition, for eachalue, the

16 lowest eigenfunctions of these 64 have been included in
the calculations as target states for single and double ioniza-
tion channels through inclusion of nonvanishing finite ele-
ments at the boundary of the box. Four elements are chosen:
to have a length of 0.5 a.u. betweer 0 and 2 a.u., while
each additional element at larger radii has a length of either 1
or 1.5 a.u. This mesh density is adequate to determine ap-
proximate cross sections for all energetically allowed pro-
cesses up to a final-state energy 80 eV above the double
ionization threshold. For the initial state, all partial waves up
to d electrons are included, while for the final stdtelec- 00 = . ~ =0
trons are included as well. The ratios for double and single ’ Final state energy above He® (eV) )
photoionization have been determined in the length, velocity,

and acceleration representations for the light-matter interac- FIG. 1. Total photoionization cross sections, i.e., the sum of
tion. The velocity and acceleration gauge results agree gergingle and double ionization, fors2s 'S (solid line) and 1s2s °S
erally within 1%. However, the length and acceleration re-(dashed lingof He as a function of the final-state energy above the
sults agree within 2% for a box size of 20 a.u., but theHe?" threshold.

difference increases to 20% for a box size of 14 a.u. The PIE . o ) 1
cross sections for He(n) are in good agreement for the The single photoionization cross sections for tre2d -S

3 . . . .
velocity and acceleration gauge, although the latter appeafd °S states are shown in Fig. 1. The maximum difference
to be somewhat better converged. between the single ionization cross sections is 1.5%. This

Since a finite-element basis set is employed discret€onfirms that the qualitative differences in the rd@oeflect

states are obtained within the box. Apart from the lowestlifferences in the electron correlation dynamics of the
states, which are contained within the box, the other states ddPuble escape process and/or differences in the initial-state
not represent physical eigenstates of the Hamiltonian in inficorrelations. , _ _ . _
nite volume. The ability of this scheme to obtain reasonable EXchange manifests itself both in the initial and in the
results hinges on the short-range nati@ecept at the double final-state wave function. However, as discussed by Dal-
escape thresholcf the photoionization processee, e.g., 9armo and Sadeghpo{23], the determination of the single
[14]), which allows us to describe the dominant physics!omz_at'on cross sepu_on with excitation to the state in thg
within a finite reaction volume. A frame transformatifzg]  infinite frequency limit only depends on electron correlations
is then used to superpose excitation amplitudes for differerfirough the initial-state wave functidat least in the accel-
discrete box statesoherently,which yields the amplitudes €ration “gauge’). The single ionization oscillator strength
for production of physical Hé eigenstates. Previous com- Pehaves in the infinite-frequency limit §38]
parisons with ground-state experimetdad other theoretical N
results have shown that this method determines reliable df _ —712l 4 _ 2m
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double photoionization and PIE cross sections in the d(2e)
intermediate-energy range where the cross sections are larg-
est. Somewhat surprisingly, as has been detailed elsewhevéth e the photoelectron energy. The proportionality con-
[14], the cross sections are accurate even for the productiostantC(ns) is then given by[19]
of high-lying He*(n) Rydberg states, whose radial extents 519572
exceed the size of thR-matrix box considerably. _ T 2
Some residual oscillations remain in any observables cal- Cns) 3 KW (ror2)[8r2)l énsra))ls - @)

culated for a single fixed box radius, but these artifacts rap- . ) ) )
idly diminish when the cross sections are calculated at Ith ¢ns the hydrogenic radial wave function andl the

handful of different box radii and then averaged. In this pa-nitial-state wave function. The proportionality constant
per, our calculations have been carried out for seven bogummed over all possible final states is given by
sizes,ro=14-20 a.u., with a step size of 1 a.u. 512772

C

3 |‘I’(I‘1,O)|2, (3)

lll. RESULTS AND DISCUSSION . _ o
_ so that the ratio of double to single ionization is given as
We concentrate on the rati® of double and single photo-

ionization cross sections as our probe of differences between C—-Z=,C(ns)

the 1s2s S and 3S states of He. The notion that this ratio is ~=.Cns 4

a good measure for the strength of correlations in th2sl

initial and final states is supported by the near spin independsing aB-spline basis set approach, wave functions have
dence of our calculated single photoionization cross sectiondeen obtained for bothsPs states using an expansion with
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TABLE |I. Wave-function composition of thesPs states of He. 0.050 T T T
State B2s 1s° 1s2s 3S° 2
152 ~0.1112 g 0% IA‘
[ i
1s2s —0.7550 —0.8990 g ii \ X ,\
o
1s3s 0.6351 0.4245 < jo A
£ 0.030 {
1s4s 0.0564 0.0680 g //A o \‘\.jf.\\'f' \
1s5s 0.0392 0.0377 8 | yv e
282 0.0077 2 ool p \!{*}i \ /\! / )
2s3s 0.0041 ~0.0020 s | i okl X % o/
2p? 0.0156 3 }
o
2p3p —0.0018 0.0093 -g 0.010 _i! ____________
L |
all angular momenta up t6=2 included. Some coefficients T
of the final wave functions are reported in Table I. The dif- 90095 200 200 0.0 0.0

ference between the singlet and the triplet state can be ohb
served readily from the coefficients for thesZs and the ) o ) o
FIG. 2. Ratio of the double ionization vs the single ionization

1s3s basis functions. The resulting values f8(ns) andR
9 (ns) cross sections for thesPs 'S state of He in the lengttasterisky

have been determined and are given in Table Il for the : ) . X
1s2s 'St and the E2s 35 states and compared with the velocity (open squargsand acceleration fram@pen circleg using

) box averaging. The infinite-energy result is indicated as a horizontal
results obtained by Forregt al. [15]. The agreement be- dashed line from 60 to 80 eV. The acceleration frame results at a

tween the two sets of results is very good, W't_h the reI""t'veradius of 17 a.u. are given by the dotted line to illustrate the influ-
differences well below 1% for both thes2s singlet and o ce of the box averaging.

triplet states.

Noticeable differences can be observed between the ) L , .
infinite-energy limits for the singlet and the tripletsds The double to single photoionization cross section ratios

1 3 H H
states. The stronger configuration interaction for the singlefol the 1s2s “S and”S states are presented in Figs. 2 and 3,
states results in a much higher probability for leaving the'€SPectively. The agreement between the three different
He* ion in the 3 state when excited from a singlet initial 92U9€s is generally very good, although the length gauge is
state. Apart from the @state and the dstate, all other states €SS accurately converged than the other two. For both sym-

have higher probability for the singlet than for the triplet spinMetries, the infinite energy limit has not been reached at an
state. In fact, the ratio of double to single photoionization is€"€rgy of 80 eV above threshold, where a factor of 2 dis-

. - l
a factor of 3 larger for the ©2s 1S° state. These differences C'€Pancy remains for both symmetries. For the2d”s
are only due to the initial state and thus reflect solely thetate, however, it can be seen that the ratio is still decreasing;

effect of exchange on the correlation interaction.

Final state energy (eV)

It should be remembered that in order to obtain the 0.010 - - -
infinite-frequency limit, the integrations over the initiss®
or 3S° state in Eqs(2) and(3) need to be carried out only g
over configurations containing twe electrons. Thes(r,) B 0008 | A
function only has a contribution when the wave function has g /1\ j\
an amplitude at =0. Other configurations, such @&, are 5 / i‘\ A \ / \ /
nevgrthelgss m_ixe'd in and affect the contrib_utiqns frefm g 0.006 f‘ / \ 1"\ o A A , ;;1 f’-
configurations indirectly through the normalization. These £ i\""‘ﬁ‘ \ “\ Y CL
! ’ Y § | V) me \71
angular momenta; >0, contribute to the ionization as well, = '\.{i \f \ v
but only at lower, finite, energies. £ 0004 | \\,’ ; ! v 1
@
TABLE Il. Ratios of C(ns)/C andR for various states of He. % N
o
1s2s 1s? 1s2s 3° é 0.002 - 7/
o
n [15] [15] /
1 0.0493 0.0493 0.0338 0.0338 00%00 200 200 50.0 80.0
2 0.5345 0.5346 0.7824 0.7824 Final state energy (eV)
3 0.3993 0.3993 0.1732 0.1733 FIG. 3. Ratio of the double ionization vs the single ionization
4 0.0035 0.0035 0.0044 0.0044  (ross sections for thesPs 3S state of He in the lengtlasterisks,
5 0.0017 0.0017 0.0013 0.0014  velocity (open squarésand acceleration fram@pen circles using
6 0.0009 0.0009 0.0006 0.0006  box averaging. The infinite-energy result is indicated as a horizontal
C(es)/c 0.00894 0.0089 0.00311 dashed line from 60 to 80 eV. The acceleration frame results at a
R 0.00902 0.009033 0.00312 0.003118 radius of 17 a.u. are given by the dotted line to illustrate the influ-

ence of the box averaging.
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results at higher frequencies will be required to establish the 10 . . '
asymptotic behavior. In the present approach, this requires
significantly smaller finite elements and consequently a n=3
much larger calculation. For thes2s 3S state, a plateau is
reached between 40 and 80 étfe dip at 50 eV is unphysi-

cal). For higher energies above threshold, there are prelimi- — M1 ooooooooood
nary indications that the cross sections indeed decrease.

The shape of the cross sections is very different. A maxi- = 10°
mum of 0.03 for the ratio of double ionization to single ion- &
ization is reached for théS state at an energy of 15 eV
above the double-ionization threshold, whereas for iBe
state, a maximum of 0.0055 appears to be reached arounc s
roughly 60 eV above threshold. This different behavior is
due to the difference in the exchange because the Pauli ex:
clusion principle for a triplet state does not allow the two
electrons close together in either position space or in mo-
mentum space. For lower energies near threshold, this lead:
to a cross section smaller for the triplet than for the singlet
State. FIG. 4. Ratio of single ionization with excitation to the”

The good agreement among our calculations with threstates vs total ionization for thes2s S state of He. The curves
different gauges may seem surprising, in view of the un-+epresent, from top to bottom at 80 eN=2, n=3, n=1, n=4,
physical modulations in the energy-dependent spectra above=5, andn=6. The infinite-energy results for thesevalues are
the ionization threshold. In fact, it is natural because ourdndicated as a horizontal dashed line from 60 to 80 eV.
implementation of a finite-element basis set has made our ) i i o
solution of the Schidinger equation almost “exact’ at _be_hz_;\wor as afqnc_:tlon of energy differs S|g_n|f|cantly. At the
small distances, aside from our truncation of the partial wavéfinite-energy limit, the excitation probabilities are larger
expansion. On the other hand, we have imposed unphysicf" the triplet state by a factor 1.05-2, whereas just above the
boundary conditions at the edge of tRematrix box, owing double ionization threshold, the excitation probabilities are
to our discretization of the He eigenstates at an intermedi- larger for the singlet state by a factor 3—-5. One reason for
ate step in the calculation; that discretization is box size gethis difference is that contrlbutlon.s to the initial statg with
pendent and it causes the incorrect modulations. When thahgular momentun® 1 are more important for the singlet
full R-matrix calculation is repeated for several different boxStates. These contributions are zero in the infinite-energy
radii and the resulting cross sections are averaged, howevdtit, but not so for finite energies.
the average spectrum settles down and the unphysical modu- The better agreement of the infinite-energy approach for
lations diminish. This has been documented in our earliefXcitation of then=2 andn=3 states is due to the domi-
papers dealing with this approach to the two-electron conf@nce of the §2s and Is3s configurations in the
tinuum problem(8,22. configuration-interaction expansion. Configurations contain-

Figures 2 and 3 provide a glimpse of the evidence that \
supports our assertions in the preceding paragraph becau: '° ' i !

10" | 5

(9]

0.0 20.0 40.0 60.0 80.0
Final state energy (V)

we include one spectrum calculated at a single box radius n=2

(ro=17 a.u) in addition to the box-size-averaged spectrum.

Clearly, the cross sections plotted fgy=17 a.u. display far . n=3 T
larger modulations of an unphysical nature, as compared tc '© [ E
the box-averaged results. The range gialues used in the n=1

box-averaging needs to be sufficiently large so that it will

sweep one of the discretized continuum states of lif¢o at 2 10

least the next state with the samfebut one more node, for § o nd :

any level in the energy range of primary interés¢e, eg., [ =====---ooed

Fig. 1 in[22]). —]
The probabilities for leaving an excited Fleatom for the o° L

1s2s 'S and 3S states are given in Figs. 4 and 5, respec- I P

tively. The infinite-frequency limit is indicated by the hori-
zontal dashed lines. For the excitation of the2 and the
n=3 states, the present results are in very good agreemer . . .
with the infinite-frequency limit, but for the higher (4, 5, 0.0 200 40.0 60.0 80.0
and 6 states higher frequencies have to be investigated to Final state energy (eV)
establish the asymptotic limits from the photoionization cal- FiG, 5. Ratio of single ionization with excitation to the”
culations. states vs total ionization for thes2s S state of He. The curves
The main difference between the two symmetries is Ob-represent, from top to bottom at 80 eN=2, n=3, n=1, n=4,
served to occur for these highstates. Although the infinite- n=5, andn=6. The infinite-energy results for the states are indi-
energy limits are quite similar for the two symmetries, thecated as a horizontal dashed line from 60 to 80 eV.
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ing 2p, 3p, or 3d electrons are two orders of magnitude less lonization with excitation of the residual has also been
important. For the higher Rydberg states, this is not the casénvestigated for both of thesPs states. The excitation of the
The contribution from configurations containing 4re rela- n=2 andn=3 states shows little variation with frequency
tively more important. for both states and is in good agreement with the results
The rate for ionization with excitation to the/” states  obtained for infinite frequency. A large variation with fre-
scales witm 2 for high Rydberg states. This scaling law has quency is found, however, for the excitation of the 4, 5,
been verified for the infinite-frequency results foup to 10, and 6 states for an initial statesds S. This variation is
while the present results indicate that this® behavior ap-  mych smaller for the triplet state and is ascribed to the im-
plies at finite frequencies far=5. portance of higher angular momenta in the initial wave func-
tion, which are more prominent for the singlet symmetry.
IV. CONCLUSIONS Despite the recent interest in double photoionization pro-

The ratio between double and single ionization has beef€SS€S; N0 experiments have been performed on these long-
obtained for the £2s 1S and 3S states of He for frequencies lived metastable excited states of hellum._ExpenmentaI re-
reaching final states from 0 to 80 eV above the threshold fopults for these states would help to obtain information about
double ionization. Stronger correlation effects for the singleth€ influence of exchange on the double photoionization pro-
symmetry lead to a much higher probability for double ion- €SS and to assess the accuracy of the present calculations.
ization for the k2s 'S state, about a factor of 3 in the
infinite-energy limit and a factor of 6 at a final state energy
of 18 eV. The behavior of the double to single ionization
ratio also differs for the two symmetries. For the singlet sym-
metry, a peak ratio of 0.03 is reached in a relatively narrow The authors wish to thank J.L. Bohn for stimulating dis-
maximum at about 18 eV above threshold, while for thecussions. This work was supported by the Division of
triplet symmetry a peak ratio of 0.006 is found in a broadChemical Sciences, Office of Basic Energy Sciences, Office
maximum near 60 eV above threshold. of Energy Research, U.S. Department of Energy.
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