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Abstract. Pholoionization cross sections from metastable (1s2s) 'S¢, 3S° states of He atom, for
photon energies below the He™ (N = 2) threshold are calculated using the hyperspherical close-
coupling (HscC) method. The resnlts are cornpared with photoicnization cross sections from
the ground state He atom. By convoluting the caleulated spectra with a resolution of 5.4 meV,
we show that the narrow doubly excited states, which are weakly populated by photoabsorption
from the ground state, are populated prominently in photoabsorption from the metastable (1s2s)
18° state. The 3P° doubly excited states populated from the photoabsorption of metastable (1s2s)
38° state are also studied.

Photoabsorption of helium atom from its ground state has been studied experimentally and
theoretically over the years. It has been established that only a certain series of doubly
excited states are prominently populated, and these doubly excited siates are best described
in terms of a set of approximate quantum numbers K, 7T, A (Lin 1986). For example,
among the three series of doubly excited states below the N = 2 threshold of He™*, the
prominent series is the (K, T)A = (0, 1)* series {Domke et @/ 1991). The (1,0)" series
is barely visible in the spectrum and the third (—1,0)° series was observed only very
recently when the photon energy resolution of 4 meV was available (Domke et al 1992).
This quasi-selection rule, or propénsity rule, also applies to doubly excited states below
the higher N thresholds of He™. Since the ground state of helium has (K, T)* = (0,0)*,
this propensity rule has been formulated that the prominent series populated is the A = +
series with the quantum number K = N — 2. The other series are only weakly populated
by photoabsorption from the ground state. This rule implies that a large class of doubly
excited states which are predicted from theoretical studies cannot be easily confirmed by
actual experiments using photoabsorption from the ground state of helium.

In this letter we show the calculated photoabsorption spectra from the metastable (152s)
'S® and (1s2s) 3S° states of He for energies below the He™ (N = 2) threshold, using
the hyperspherical close-coupling method (HSCC). These two states, with lifetimes of 0.02
and 8000 seconds respectively, can now be produced with enough quantity for performing
electron-He (1s2s) 18°, 3§° collisions (Rall et af 1989). It is conceivable that experimental
studies of photoabsorption from these metastable states will become feasible in the near
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future. Theoretical studies of photoionization from the He metastable states below the N = 2
threshold have been reported before (Norcross 1971, Jacob 1971, Doyle et al 1975, Chang
1993). Here we emphasize the comparison of the expected experimental photoabsorption
spectra from the ground state and from the metastable (1s2s) 'S® state. Assuming an energy
resolution of 5.4 meV, we show that the dominant doubly excited states populated in the
two spectra are quite different and some doubly excited states which are difficult to observe
in photoabsorption from the ground state are easily observed in photoabsorption from the
metastable state.

The detailed account of the HSCC method has been given elsewhere (Tang er al 1992,
Zhou et al 1993). In the following we shall only give a brief description. Atomic units
are used throughout unless stated otherwise. Moreover, in the present paper we adopt the
nomenclature (K, T)2 or its simplified version K to designate a doubly excited state, all
of which are associated with the ¥ = 2 manifold of either 'P° or *P° symmetry. Here
denotes the principal quantum number of the outer electron.

In hyperspherical coordinates, with the two-electron wavefunction of He expressed by
Y(r, rn) = ¥R, « Q) /(;‘?5“'2 sin & cos @), the Schridinger equation can be written as

1 82 Hyg
(—EW—FF—E)QJ(R,O:,Q)_O : H

where R = (r2+r2)!/% is the hyperradius, a = tan~"(r,/ry) is the hyperangie, and §2 denotes
collectively the four angles (7, 52). H.q is the adiabatic Hamiltonian with the hyperradius
R being fixed.

To solve the Schradinger equation in the HSCC method the configuration space is divided
into two regions: the inner one (R < Ry) where electron—electron interaction is strong,
and the outer or asymptotic one (R > Ry ) where one electron is close to the nucleus
and the other is far away. In the HSCC method, the range of the hyperradius in the inner
region has been partitioned into many small sectors [Rp, Ry, ..., Ry]. Within each sector,
R C[Rioy, Ril, W(R, @, 2} is expressed in a close-coupling expansion

Nen
W(R e, Q) =) Fu(RIGART; 2, Q)  (R_y <R<R) @
=1

where R" is chosen to be at the midpoint of the ith sector and Ny, is the number of channels
included. Note that channel functions ¢, are independent of R within the sector.

Substituting the expression (2) into the Schridinger equation (1), one obtains the close-
coupling equations for F,

82
(‘5}3‘2‘ - 25) Fu(R)+ E Va(RF Ry =0  (p=1,...Ns) )

where V,,(R) is the coupling term between channels u and v. By making the channel
functions ¢, independent of R in (2) within each hyperradial sector, often referred as the
diabatic-by-sector technique, the calculation of couplings V,,,(R) among different channels
are significantly simplified.

The calculation in the inner region is carried out in the following steps. Firstly, the
diabatic channel functions ¢,,, thereby the channel couplings V),,(R) are calculated for each
sector. Then starting from the innermost sector { = 1, the close-coupling equations (3)
are integrated from R;_, to R; to obtain the radial functions F,, whose values at the end
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point R; will serve as the initial boundary condition for the integration in the next sector.
The integration propagates from inner sectors to outer ones, until the matching boundary
R = Ry is reached.

Beyond R = R, the two electrons are well separated and can be described as products
of two functions in independent electron coordinates ry, ra,

1 New
Dirry = —— > G IV DUE (- )o — 87 ) Kip(B)]
<IE =1
B=1,..., Nen). 4
where Y1 (Q) is the coupied angular momentum wavefunction of the two electrons. ®;

e
is the bc;t:nd hydrogenic radial function of nuclear charge Z = 2 of the inner electron
for channel i characterized by the binding energy E; = ~2/N(i)? with N(i) as the inner
electron’s principal quantum number. The functions f;, g; are the energy normalized regular
and irregular radial Coulomb functions of charge 1, respectively, of the outer electron if
channel { is open (£ 2 E;), or exponentially increasing and decreasing functions if channel
i is closed (E < E;).

Similar to the R-matrix method, the reaction matrix K is obtained when the numerical
solution and its derivative with respect to R in the inner region are matched with the
asymptotic solutions at the boundary R = Rp. Since the inmer and outer solutions are
expressed in two different coordinates, a simple frame transformation has to be made in
matching.

The above procedures are carried out separately for both the initial states as well as
the final states of different energies. For both initial (1s2s) 'S® and 3S° states, 23 channels
and 211 diabatic sectors with the matching distance Ry = 22.8 au are used in the present
calculation. The binding energies for (1s2s) !S® and (1s2s) *$¢ obtained are —2.145 980
an and —2,175268 au which are to be compared with the experimental values —2.146074
au and —2.175330 au (Kelly 1982) respectively. For the final state wavefunciions, 25
channels and 341 diabatic sectors with Ry = 99.5 au are used for both !P® and 3P°.
The photoionization cross sections obtained in the dipole length form and in the dipole
acceleration form agree to within about 2%.

Table 1. Resonances of He !P® states associated with the ¥ = 2 manifold. The oscillator
strength / is expressed in terms of number of electrons.

N(K, TH}
260, 133 2(1.0)5 200,03 2(-1.0)3 2(1.0)

E, (au) 0.6930 05972 0.5642 0.5473 0.5467
) I (av) 1.39E-3 402E—6  3.01E—4 14E-7 1.97E-6
(1s )8 Fmax (Mb) 125 23.4 9.5 88.2 134

! 6.76E—3 3.66E-5  1.11E-3 4.81E—6 1.O3E-5
(1525} '8° gy (Mb) 525 699E+4 893 2.28E45 6468

1 0.284 0.109 1.05E-3 0.012 0.005

Figure 1 shows the global spectrum, as a function of the total energy E, of the calculated
photoionization cross section from the (1s2s) !S° state of He below the Het (N = 2)
threshold. To compare, the photoionization spectrum from the ground state (1s2) '8¢ of He
is also shown. (Note the different scales in cross section between the two spectra.) The
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Figure 1. The calculated photoionization cross sections of He for energies below the He™
(N = 2) threshold: (g) from the pround state (1s?) '8%; (&) from the {1s2s) 'S° state. The
autoionizing doubly excited states are denoted with K2,

doubly excited states in this energy region fall into three series: (0, 1);:', n=273.)
2(1,0); and 2(—1,0)2, (n = 3,4, ...). Doubly excited states associated with 4 = + series
have the largest widths, while those associated with A = 0 have the smallest widths. Jt
is difficult to tell which states have significant spectral intensities from figure 1 because of
the narrow resonances (A = —, 0 states) usually have very sharp peaks. Since the spectral
intensity is basically the area covered by the resonance, one can roughly estimate the local
oscillator strength or the intensity of a resonance as ! =~ (¢/4m)omx . The information
about the maximum height oy, autoionization width I', and the estimated spectral iniensity
I are tabulated in table | for the resonances considered. From the table, one can clearly
sees that for photoionjzation from the ground state intensities of the doubly excited states
associated with the A = + series are at least two orders of magnitude Jarger than those of the
A = -~ and O states. That is, only the + states are primarily populated by photoabsorption.
However, for photoionization from the metastable (152s) !S° state one sees that the intensity
of the first + resonance 05 (an intrashell state) is quite large, but the intershell 0F state is
rather weak, especially if it is compared to the A = —, 0 resonances of the same #-manifold.

This change in spectral intensity can be illustrated in a better perspective if the spectra
are displayed with an *experimental’ resolution of 0.0002 au or 5.4 meV, as shown in figure
2. The spectra in figure 2{a} have been observed in many experiments (Domke ef @l 1991,
1992), where the + series is distinctly visible, while the -- series is barely seen. In contrast,
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Figure 2. The convoluted photoionization cross sections of He with an energy resclution of

- 0,0002 au: () from the ground state (15%) 1S%; () from the (1s2s) !5° state. The inset in (b)
shows the specra that has beerr multiplied by five for clarity. Note that in (g) the A = + series
is predominantly populated and the resonances show asymmetric profiles. In (5), except for the
first intrashell state 0F, the A = — and A = 0 series are more prominently populated than the
A = + series. The autoionizing doubly excited states ave denoted with K2,

for photoabsorption from the (Is2s) 'S metastable state, except for the first member, the +
series is not prominently seen, while the — and the 0 series are much more pronounced (see
the inset of figure 2(b)). Furthermore, the narrow resonances populated by photoabsorption
from the ground siaie and from the metasiable state have quite different profiles, as shown
in figure 3, For photoabsorption from the ground state, the calculated (without convolution)
spectra always show asymmetric profiles, while from the metastable state, the resonances
appear to be nearly Lorentzian. Figure 3 also shows the convoluted spectra with 5.4 meV
resolution, indicating that the spectra are rather different even if the two states —13 and 1
are not fully resolved.

The above results can be understood qualitatively. Firstly, photoabsorption to doubly
excited states below the N = 2 threshold of He* from the metastable state js close to an
one-electron transition from the independent electron approximation point of view. Each
doubly excited state is a linear combination of 2snp, 2pns and 2prd configurations and
the transition from 1s2s to 2snp is essentially the one-electron 1s to np transition. The
propensity rule does not work well here since the K, T and A quantum numbers are not
suitable for describing singly excited states such as the metastable state here, Thus it is
not surprising that the — and O states are populated, meaning that the approximate quantum
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Figure 3. The detailed profiles of the three 'P° resonances appeared in photoionization cross
sections of He from the ground state or from the metastable (Is25) 'S° state, () 13 resomance
from the ground state; (h) 15 resonance from the (1525} !S° state; (¢) —13 and 1; resonances
from the ground state; () 19 and 1] resonances from the (152s) 'S* state. The full curves
represent the calculated cross sections and the broken curves represent the convoluted cross
sections with the energy resolution 0.0002 au,

number A is not preserved.

The ‘sudden’ diminishing of higher members of 0} series from » = 2ton = 4 in
figure 1(b} and figure 2(b) reflects the existence of a Cooper minimum in the transitions
from the (is2s) state to the O} series. This is more clearly seen by displaying the spectra
including the higher members of the series, shown in figure 4. In figure 4, the height of
OF resonances decreases from 525 Mb at n = 2 to nearly zero at » = 4 and then increases
(7 = 5,6,7) with higher n. Another indication for the existence of the Cooper minimum
is that the Fano shape parameter g, as seen from figure 4, changes from a negative value
for 0F to a positive one for 0F, 0F and 0F. Since g is proportional to the dipole transition
matrix element from the initial state to the doubly excited state, this implies that there exists
a sign change in the dipole transition matrix element between n = 3 and 5 of the 0} series,

Another important feature in the resonance spectra for photoabsorption from the
metastable state is that each resonance is more or less Lorentzian, implying that the
background continuum is very weak. This can also be understood from the ‘independent’
electron model. The continuum p electron in the background channel 1sep results from
the direct ionization of the 2s electron in the (1s2s) initial state. Since the photon energies
considered (about 40 eV) are about ten times higher than the 2s threshold energy (about
4 eV), this single ionization cross section is quite small, as compared to the ‘single’ photon
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Figure 4, The calculatred photoionization cross sections frorn the metastable (1s2s) 'S¢ state
of He near the 0] resonance, The peak heights of (' resonances decrease from n = 2 to 4
then increase from 4 10 5, 6 and 7, indicating the existence of 2 Cooper minimum near the 0"4'
resonance.

transition of the is electron in the ground state, where the corresponding photon energies
(about 60 eV) are much closer to the threshold if measured with the 1s binding energy
(about 24.6 eV).

Table 2. Resonances of He ?P° states associated with the V¥ = 2 manifold. The osciliatar
strength [ is expressed in terms of number of electrons,

Nk, T

21,0 ALDF 20,17 20-LO) 2,00 20, D)

E, {auf 0.7605 0.5%48 0.5791 0.5490 0.5431 0.5397
r (au)® 306E—4 777E-5 1.60E—6 141E-9 314E—5  6.37E-7
F (au)? 300E-4 840E-5  206E-6 ©920E-9  3.04E-5 4.80E-T
F {auf 290E-4 T90E-5  1.98E—6 ~3E—7 3.10E-5 8.35B—7
(1528) 385 e (MB) 24910 420 9.6E+4 3.54E+6 153.0 5.86E+4
i 0.297 1.27E-3  0.060 1.94E—3 1.87E-3  0.037

T Present work,

b Maoccia and Spizzo (1987).

¢ Chang (1993).

We have also calculated the photoionization cross section of He from the (1s2s) 3ge
state. There are three series of doubly excited states associated with the manifold 3P°
(N =2) 201,00}, (n = 2,3,..), 20, 1);, (n = 3,4,..) and 5(—1,0)0, (n = 3,4,...).
Note the quantum number K, T of the + and — states of *P° are opposite to those of
'P°. The convoluted spectrum with an energy resolution 0.0002 au is depicted in figure 5.
The information of energy position, autcionization width, maximum peak height, and the
spectral intensity for autoionizing doubly excited states up to n = 4 are listed in table 2.
As seep from both figure 5 and table 2, except for the first + resonance !, an intrashell
state which is populated predominantly by the single electron 1s to 2p transition, for the
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Figure 5. Photoionization spectrum from the melastable state (152s) 38 of He for energies
below the Het (N = 2) threshold convoluted with energy resolution 0.0002 au The awtoionizing
doubly excited states of *P® are denoted with K.

intershell states the A = — series is stronger than the A = 4 series in the photoionization
spectra despite that the A = + states have much broader widths. Note that the intensity
of the A = 0 resonance, —-lg, despite of its extremely parrow width, as can be seen from
table 2, has an intensity comparable to those of the A = + resonances 15 and 1. From
table 2 and figure 5, it seems that there is a Cooper minimum near the # = 3 resonance
for the 1} series, similar to the singlet state case described above. In table 2 we also
compare our calculated widths with two representative results among the numerous other
calculations (Moccia and Spizzo 1987, Chang 1993, Ho 1986, Wu and Xi 1990, Oza 1986,
Norcross 1971). The resonance positions predicted by various theories converge within four
significant digits but conspicuous discrepancies exist for autoionization widths. In particular,
the present calculation predicts a much narrower width for the —19 state.

To summarize, we have calculated photoionization cross sections of He from metastable
excited states, (1s2s) 'S® and (Is2s) 38¢, for energies below the He*(N=2) threshold. It
is found that the spectra of doubly excited states populated by photoabsorption from the
ground state and the metastable (1s2s) 'S® state are drastically different. The A = +
series, which is predominately populated by photoabsorption from the ground state, is no
longer the dominant series for photoabsorption from the metastable (1s2s) 'S state. In the
latter, the A = — and A = 0 series become more prominent. We have also calculated
the photoabsorption spectra from the metastable (1s2s) $¢ state and identified a number
of doubly excited states below the N = 2 threshold of Het. The calculated spectra have
been convoluted with an energy resolution of 5.4 meV to show the expected experimental
spectra. It would be desirable to check if such experiments can be carried out with the
density of metastable helium atoms that is achievable today.
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