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Fluorescence of low-lying doubly photoexcited states in helium
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In this work we investigate fluorescence decay of low-lying (n<8) resonances with odd parity and total
angular momentumJ51 below theN52 threshold of helium. After discussing the photoabsorption cross
section for creation of such states, we estimate the probability for the primary fluorescence transition to 1snl
states below the first ionization threshold. The subsequent fluorescence cascade decay brings helium into the
ground state or into one of the two long lived 1s2s 1,3S states. We discuss the time scale of the cascade and
combine all the calculated transition probabilities to determine branching ratios for singlet and triplet meta-
stable production. Finally, we estimate the angular distribution of the emitted uv photons and perform a
comparison with the recent experimental data of Penentet al. @Phys. Rev. Lett.86, 2758~2001!#.
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I. INTRODUCTION

Since the first observation of helium doubly excited sta
in photoabsorption spectra@1# it has been clear that satisfa
tory explanation of the measured data requires an exp
consideration of electron-electron correlations@2#. In the fol-
lowing years substantial progress was made both theo
cally and experimentally; the experimental spectra were
ter resolved@3,4# following the improvement of synchrotro
light sources, and original theoretical models were develo
both to introduce different quantum numbers for simp
classification and understanding of these highly correla
states@5,6# and to precisely calculate their excitation a
decay probabilities~ @7# and references therein!.

Autoionization to the He1 continuum was considere
from the beginning to be the strongest decay channel of d
bly excited states and the ion yield measurements were ta
as a fair measure of the absorption spectra. The fluoresc
decay probability was believed to be negligible until the
cent experimental search for metastable atoms and pho
clearly showed the presence of fluorescence in the reso
decay scheme below theN52 threshold@8#. It is easy to
understand that the fluorescence transition of an inner e
tron should be more probable than autoionization, at leas
high n, when the average interelectron separation beco
large. The limiting value ofn depends on the character of th
Rydberg series and may not be extremely high. In fact,
the 2pnd1P series fluorescence decay is already more pr
able than autoionization for the first member of the series@9#.
The experimental study of autoionizing resonanc
2s2p6np 1P in neon has also reported a signal coming fro
the fluorescence decay and showed that it dominates
autoionization forn.27 @10#.

Another consequence of the ever larger separation of
Rydberg electron from the core is that fine~hyperfine! struc-
ture interaction of the inner electron with the nucleus b
1050-2947/2002/65~3!/032520~12!/$20.00 65 0325
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comes stronger than Coulomb interaction with the outer e
tron. When n approaches the threshold theLS coupling
scheme turns into thejK coupling scheme@11#. This change
is reflected in the shape of the helium fluorescence spect
and calls for relativistic description of the process in t
region of high Rydberg states. Indeed, an excellent ag
ment of the calculatedjK fluorescence probabilities with th
measured fluorescence yield was demonstrated close to
N52 threshold@12#. In argon the low-lyingLS-forbidden
states were already observed in absorption in 1969@13#, and,
very recently, also in photoelectron spectra as a pair of m
roring resonances in Ar1 3p1/2,3/2

21 cross sections@14#. One of
the first absorption spectra in neon taken with synchrot
light was interpreted completely within theLS coupling
scheme except for the presence of two Rydberg series
verging to the Ne1 2p43s(2P) threshold@15#. However, it is
more surprising that at least two series of triplet resonan
were clearly observed in the recent high-resolution photo
citation study of helium below theN52 threshold, this time
in the fluorescence decay channel@16#. As determined from
these measurements, the quantum defects of both s
match very well the quantum defects of thend(3D) and
n2(3P) series estimated by old nonrelativistic calculatio
@17#.

A relatively simple technique, which favors observatio
of triplet states by the efficient detection of metastable ato
in combination with high-flux and high-resolution synchr
tron light, makes it possible to observe triplet-singlet mixi
already in the perturbative regime. The goal of this work is
model such mixing for lown values and to study its effect in
the excitation and decay channels of helium doubly exci
states. It complements the work done close to the thresh
@12# and extends very recent calculations dealing with
decay of low-lying singlet resonances@18#. In our approach
the fine structure interaction is added to the nonrelativis
Hamiltonian which is diagonalized forJ51 odd parity reso-
©2002 The American Physical Society20-1
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nances. For each of these states we calculate the excit
rate from the He ground state, the autoionization decay
to the He1 1s continuum, and the fluorescence decay rate
the He* 1snl singly excited states below the first ionizatio
threshold. Then we study the secondary fluorescence cas
and determine for each resonance the branching ratio to
up in one of the four long lived final states: the singlet a
the triplet metastable state, the ground state of the hel
atom, and the ground state of the helium ion. Finally,
discuss the angular distribution of uv photons emitted in
decay and combine all the calculated results to simulate
experimental spectrum@16#.

II. DOUBLY EXCITED STATES

There are seven odd Rydberg seriesn6(1,3P) and
nd(1,3P,3D) with J51 converging to 2s1/2

21 and 2p1/2,3/2
21

thresholds in helium. It is not our intention to study differe
classification schemes of doubly excited states here so
use a compact version of the traditional notation@2# pointing
out the dominantLS symmetry of the series. If necessary, t
notation can be identified by energy ordering of the differ
series members, as in@17#, and then translated to other no
tation @6#.

A straightforward way to obtain these correlated sta
together with their energies is to diagonalize the Hamilton
in some suitably chosen finite single configuration basis
In the so-called truncated diagonalization method the b
states are composed from the orthogonal hydrogenlike
lium orbitals (Z52) @17,19#. In the final version of our cal-
culation each of the doubly excited states is expanded in
basis of 1058 single configurations, 393 of them with1P
symmetry, 393 with3P, and 272 with3D. Each 1,3P block
consists of 121sp configurations (2s2p–12s12p), 110 pd
configurations (2p3d–12p12d), 90 d f configurations
(3d4 f –12d12f ) and 72f g configurations (4f 5g–12f 12g).
The 3D block is without thesp configurations but otherwise
the same. The chosen basis set allows good representati
resonances up ton58, as shown by the smooth energy d
pendence of the quantum defects.

Several codes that can handle diagonalization in the
thogonal basis set are available in theATOMIC STRUCTURE

PACKAGE ~ATSP! @20# and were easily adapted to the dime
sion of our problem. First we diagonalized the nonrelativis
Hamiltonian

Hnr5T̂11T̂22
2

r 1
2

2

r 2
1

1

r 12
, ~1!

and obtained 44 usable eigenstates,

u i 2S11L&5(
a

ciauaa
2S11L&, ~2!

of 1P, 3P, or 3D symmetry. The sum above runs over a
single configurations included in the givenLS block.

Due to the larger basis set we obtained 11 more st
with up to 4 meV lower eigenenergies than reported in@17#.
However, the 21(1P) state, for example, was measured
03252
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have about 113 meV lower energy than our calculated va
@4#. There are several specialized calculations, giving the
ergy of this singlet state just a few meV above the expe
mental value@7#. On the other hand, our calculation correct
reproduces the energy ordering of the states and finds
energies only a few meV away from the corresponding
perimental values already atn55 ~Table I!. The main defi-
ciency of the method is the absence of 1sep 1,3P configura-
tions which would account for the interaction with th
continuum channel.

The next step of calculations was to add the spin-o
interaction@20,21#

Vso5a2S lW1•sW1

r 1
3

1
lW2•sW2

r 2
3 D ~3!

to Eq.~1! and repeat the diagonalization. The presence of
~3! in the Hamiltonian destroys theLS block structure and
causes mixing of different multiplets in the representation
the additional eigenstates. Thei th resonance stateRi is now
given by

(
a51

393

cia
1Puaa

1P1&1 (
a51

393

cia
3Puaa

3P1&1 (
a51

272

cia
3Duaa

3D1&.

~4!

The inclusion ofVso does not cause any energy rearrang
ment of the states as compared to Eq.~2!; only the eigenen-
ergies of the dominantly triplet eigenstates change by a f
tion of a meV. Adding further two fine structure terms
Hnr , namely, the spin-other-orbitVsoo and spin-spinVss
terms @20,21#, did not result in any notable change o
eigenenergies and also did not change the mixing coeffici
in Eq. ~4!. The relativistic shift operatorVrs @20#, which
would complete the second order relativistic corrections
the Hamiltonian, commutes withL and S and was omitted
from the calculation. The magnitude and trend of mixing d
to Vso can be seen in Fig. 1, where the two closest neighb
ing resonances~4! with dominantn1(1P) andnd(3D) sym-
metry are projected onto the nonrelativisticLS multiplets~2!
for n55 and 8. For the resonances studied here, these
ing coefficients are much smaller than one, suggesting
indeed the same problem can be studied by first-order
turbation theory with theVso interaction as a perturbatio
@16#.

III. PHOTOABSORPTION, PRIMARY FLUORESCENCE,
AND AUTOIONIZATION

The immediate effect of the spin-orbit mixing is that th
photoexcitation probability of the first-order triplet states~4!
becomes different from zero. To calculate the total ion p
duction cross sections ia and the total primary fluorescenc
cross sections ir mediated by thei th resonance, a simple
two-step model is employed. We have

s ia5s i

G i
a

G i
a1G i

r
, s ir 5s i

G i
r

G i
a1G i

r
,

0-2
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TABLE I. Total photoabsorption cross sections i , autoionization rateG i
a , primary fluorescence rateG i

r , and effective asymmetry
parameterb i of the primary fluorescence forJ51 helium doubly excited states withn<8. Pc , P0 , P1, and P2 are the probabilities of
populating the He1 ground state, He ground state, He 1s2s(3S) state, and He 1s2s(1S) state, respectively, via the resonance.b is is the
effective asymmetry parameter of the secondary uv fluorescence. The conversion of energy from a.u. to eV was made in the same
@17#. In the parentheses is the exponentP which multiplies the number in front by 10p to obtain the value in the selected units. In the squ
brackets is the relative difference of the velocity to the length form results.

i Dominant Energy s i G i
a G i

r b i Pc P0 P1 P2 b is

symmetry ~eV! ~barns! ~%! (ns21) (ns21) (%) (%) (%) (%) (%)

2 21(1P) 60.2701 2.68~14! @213.1# 4.99~14! 6.85~10!@2.6# 20.96 1.00~10! 1.80~25! 1.28~212! 1.19~24! 20.02
6 31 63.6862 4.24~13! @223.2# 1.01~14! 7.23~10!@0.2# 20.81 9.99~21! 7.11~24! 1.21~29! 3.87~26! 20.07
13 41 64.4776 1.71~13! @223.1# 4.26~13! 7.43~10! @0.4# 20.79 9.98~21! 1.73~23! 2.90~28! 1.61~25! 20.08
20 51 64.8210 8.57~12! @223.1# 2.18~13! 7.55~10! @0.4# 20.78 9.97~21! 3.41~23! 2.72~27! 4.30~25! -0.09
27 61 65.0025 4.91~12! @223.1# 1.26~13! 7.64~10! @0.1# 20.78 9.96~21! 5.94~23! 1.58~26! 8.52~25! 20.09
34 71 65.1101 3.07~12! @223.1# 7.94~12! 7.70~10! @-0.1# 20.77 9.90~21! 9.45~23! 6.71~26! 1.45~24! 20.09
41 81 65.1792 2.05~12! @223.2# 5.33~12! 7.73~10! @-0.6# 20.78 9.86~21! 1.41~22! 2.25~25! 2.25~24! 20.09

3 32(1P) 62.7710 9.92~11! @64.1# 1.85~12! 4.64~10! @14.0# 20.92 9.76~21! 1.10~22! 1.25~28! 1.34~22! 20.03
10 42 64.1416 8.62~11! @29.0# 1.17~12! 7.22~10! @7.8# 20.51 9.42~21! 5.63~22! 1.92~27! 1.88~23! 20.19
17 52 64.6609 4.38~11! @211.5# 5.66~11! 7.64~10! @4.9# 20.50 8.81~21! 1.16~21! 1.70~26! 2.42~23! 20.19
24 62 64.9139 2.46~11! @213.2# 3.18~11! 7.91~10! @3.3# 20.49 8.01~21! 1.96~21! 9.42~26! 3.38~23! 20.20
31 72 65.0560 1.52~11! @215.0# 1.96~11! 8.32~10! @2.5# 20.48 7.09~21! 2.86~21! 3.74~24! 4.59~23! 20.20
38 82 65.1438 1.01~11! @217.0# 1.29~11! 7.93~10! @2.1# 20.46 6.19~21! 3.75~21! 1.16~24! 5.82~23! 20.21

9 3d(1P) 64.1248 9.86~10! @288.1# 1.82~21! 4.44~10! @12.2# 20.26 3.94~22! 9.18~21! 7.44~26! 4.27~22! 20.29
16 4d 64.6518 7.59~10! @296.9# 3.57~21! 4.02~10! @6.8# 20.23 8.16~22! 8.97~21! 2.10~25! 2.09~22! 20.30
23 5d 64.9087 4.54~10! @297.3# 1.66~21! 3.75~10! @4.1# 20.23 4.24~22! 9.41~21! 6.50~25! 1.68~22! 20.30
30 6d 65.0528 2.61~10! @295.6# 4.56~22! 3.51~10! @3.2# 20.23 1.28~22! 9.71~21! 1.80~24! 1.56~22! 20.30
37 7d 65.1416 1.48~10! @291.2# 1.14~22! 3.28~10! @2.5# 20.23 3.46~23! 9.81~21! 4.27~24! 1.51~22! 20.30
44 8d 65.2006 1.11~10! @292.5# 1.54~22! 3.02~10! @2.2# 20.16 5.07~23! 9.80~21! 8.70~24! 1.42~22! 20.32

1 21(3P) 58.3683 6.72~24! @213.1# 3.09~14! 5.82~10! @18.9# 0.50 1.00~10! 5.58~213! 1.88~24! 4.14~212! 20.01
4 31 63.1295 9.19~24! @29.2# 9.00~13! 4.96~10! @10.7# 0.47 9.99~21! 6.73~211! 5.51~24! 2.43~211! 20.15
11 41 64.2502 2.55~23! @210.5# 3.47~13! 4.83~10! @6.1# 0.45 9.99~21! 1.73~29! 1.39~23! 1.37~210! 20.19
18 51 64.7082 5.69~23! @210.8# 1.57~13! 4.82~10! @3.9# 0.44 9.97~21! 2.03~28! 3.06~23! 8.27~210! 20.19
25 61 64.9386 1.07~22! @211.0# 8.75~12! 4.82~10! @2.4# 0.44 9.95~21! 1.34~27! 5.47~23! 3.75~29! 20.17
32 71 65.0705 1.82~22! @211.1# 5.33~12! 4.75~10! @2.1# 0.44 9.91~21! 6.28~27! 8.84~23! 1.43~28! 20.16
39 81 65.1530 2.86~22! @211.3# 3.48~12! 4.59~10! @1.1# 0.44 9.87~21! 2.26~26! 1.30~22! 4.66~28! 20.15

5 32(3P) 63.2617 7.49~24! @217.6# 3.12~11! 7.39~10! @0.1# 0.36 8.08~21! 2.86~29! 1.92~21! 1.05~28! 20.03
12 42 64.3293 2.76~23! @220.2# 8.95~10! 7.88~10! @0.3# 0.33 5.32~21! 3.71~27! 4.68~21! 2.32~28! 20.18
19 52 64.7512 6.44~23! @220.9# 4.18~10! 8.03~10! @0.1# 0.32 3.42~21! 2.91~26! 6.57~21! 8.20~28! 20.21
26 62 64.9639 1.22~22! @221.3# 2.34~10! 8.08~10! @0.1# 0.32 2.25~21! 1.27~25! 7.75~21! 2.60~27! 20.21
33 72 65.0864 2.07~22! @221.5# 1.46~10! 8.04~10! @0.3# 0.32 1.54~21! 3.99~25! 8.46~21! 7.13~27! 20.22
40 82 65.1636 3.22~22! @221.7# 1.01~10! 7.68~10! @0.0# 0.32 1.14~21! 1.00~24! 8.86~21! 1.68~26! 20.22

7 3d(3D) 63.7936 5.33~23! @227.9# 1.17~22! 9.88~10! @0.0# 0.13 1.18~23! 8.05~27! 9.99~21! 2.45~29! 20.02
14 4d 64.5146 2.22~22! @227.3# 5.12~22! 9.96~10! @0.0# 0.13 5.11~23! 7.58~27! 9.95~21! 7.42~28! 20.02
21 5d 64.8385 5.42~22! @227.1# 1.28~21! 9.98~10! @0.0# 0.13 1.27~22! 3.67~25! 9.87~21! 4.96~27! 20.02
28 6d 65.0122 1.05~21! @227.0# 2.50~21! 9.99~10! @0.0# 0.13 2.44~22! 1.24~24! 9.75~21! 1.90~26! 20.03
35 7d 65.1160 1.78~21! @227.0# 4.27~21! 9.98~10! @0.0# 0.13 4.10~22! 3.36~24! 9.59~21! 5.46~26! 20.03
42 8d 65.1831 2.77~21! @227.0# 6.66~21! 9.92~10! @0.0# 0.13 6.29~22! 7.60~24! 9.36~21! 1.29~25! 20.03

8 3d(3P) 64.0775 1.26~23! @257.6# 1.88~11! 6.58~10! @12.3# 0.09 7.41~21! 1.03~26! 2.59~21! 2.23~28! 20.32
15 4d 64.6243 3.28~23! @250.5# 9.92~10! 6.52~10! @7.1# 0.10 6.03~21! 3.48~26! 3.97~21! 5.04~28! 20.30
22 5d 64.8927 6.73~23! @248.1# 5.57~10! 6.51~10! @4.7# 0.11 4.61~21! 1.21~25! 5.39~21! 1.62~27! 20.29
29 6d 65.0430 1.18~22! @247.0# 3.24~10! 6.53~10! @2.7# 0.11 3.32~21! 3.60~25! 6.68~21! 4.80~27! 20.28
36 7d 65.1353 1.88~22! @246.7# 1.94~10! 6.42~10! @2.7# 0.11 2.32~21! 9.13~25! 7.68~21! 1.24~26! 20.28
43 8d 65.1961 2.69~22! @246.4# 1.25~10! 6.12~10! @1.9# 0.10 1.69~21! 1.71~24! 8.30~21! 2.35~26! 20.28
032520-3
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wheres i is the photoabsorption cross section integrated o
the incoming photon energies, andG i

a ,G i
r are the autoioniz-

ation and fluorescence decay rates of thei th resonance, re
spectively. This model, often applied to the reverse proc
of dielectronic recombination@22#, was chosen recently to
discuss the observed fluorescence intensity emitted in d
of Rydberg states as a function of the effective quant
number in helium and neon@9,10#. The same approach wit
completely uncoupled photoabsorption, photoemission,
autoionization is used here to study quantitatively the fl
rescence of the lowest-lying doubly excited states in heliu

The expansion coefficientscjb and eigenenergiesEj of
the ground state and of the singly excited even sta
1sns1,3S and 1snd1,3D of helium, populated via primary
fluorescence,

u j 2S11L8&5(
b

cjbua jb
2S11L8&, ~5!

were calculated one by one up ton58 within the multicon-
figurational Hartree-Fock~MCHF! approximation@20#.

The energy integrated photoabsorption cross section
helium to pass from the ground state to the doubly exc
stateRi with energyEi , proportional to the correspondin
oscillator strength, is given by@11#

s i5
4

3
p2aEi0Si0~1S→1P!, ~6!

whereEi05Ei2E0 and

Si0~1S→ 1P!5U(
a,b

cia
1Pc0b^a ia

1PuuE1uua0b
1S&U2

~7!

is the line strength in the length form.Eq
1 is theqth compo-

nent of the atomic electric dipole tensor operator,

FIG. 1. A pair of neighboring resonances~4! with dominant
n1(1P) and nd(3D) symmetry projected on the basis of pureLS
multiplets ~2! for n55 andn58.
03252
r

ss

ay

d
-
.

s

or
d

A4p

3
@r 1Yq

1~ 1̂!1r 2Yq
1~ 2̂!#.

Note that only the transition amplitude to the1P expansion
block of the resonance differs from zero in this approxim
tion. The line strengths in length and velocity form we
calculated by theATSP codes, which can handle multipol
transitions between the nonorthogonalLS-coupled states
@20#.

Once the resonance is created it may release energy b
fluorescence transition into one of the four series of sta
converging to the first ionization threshold~Fig. 2!. Due to
the dipole selection rules only the following block transitio
populate the singly excited states~5!:

1P1→1sns~1S0!,1snd~1D2!,

3P1→1sns~3S1!,1snd~3D1,2!,

3D1→1snd~3D1,2!. ~8!

The partial fluorescence rateG j i
r of the i th resonance ending

in the j th state~5! is obtained by multiplying (4/3)a3(Ei
2Ej )

3 by

1

3
Sji ~

1P→1S!,
1

3
Sji ~

1P→1D !,
1

3
Sji ~

3P→3S!,

1

3
Sji ~

3P→3D !1
1

5
Sji ~

3D→3D ! ~9!

FIG. 2. Schematic decay scheme of the resonanceRi . uv pho-
tons are denoted by full lines.
0-4
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FLUORESCENCE OF LOW-LYING DOUBLY . . . PHYSICAL REVIEW A65 032520
for 1sns(1S), 1snd(1D), 1sns(3S), and 1snd(3D) final
states, respectively. The line strengths above are defined

Sji ~
2S11L→2S11L8!

5U(
b,a

cjbcia
(2S11)L^a jb

2S11L8uuE1uua ia
2S11L&U2

,

~10!

similar to Eq. ~7!. The partial fluorescence rates are p
sented in Fig. 3 for the sevenJ51 resonances withn55.
The total primary fluorescence rates

G i
r5(

j
G j i

r ~11!

for all the resonances withn<8 are reported in Table I.
Exactly the same representation of the resonant states

employed to calculate the autoionization decay rates

G i
a52p@ uAi~

1P!u21uAi~
3P!u2#, ~12!

where

Ai~
1,3P!5(

a
cia

1,3P^1sep 1,3Pur 12
21ua ia

1,3P&.

The continuum wave was approximated by aZ51 Coulomb
wave after checking that a negligibly small phase differen
is acquired by the wave due to incomplete screening of
nuclear charge by the 1s electron. The wave was calculate
for five different energies between 34 eV and 40 eV to
well represented in the energy region of the resonant sta
Note that only thep-wave amplitude contributes to the dec
rate due to the scalar nature of the Coulomb operator.
cording to the selection rules the autoionization from the3D
expansion block of the resonance may give final states o
above theN52 threshold in helium, which, however, are n
accessible by energy conservation.

IV. SECONDARY FLUORESCENCE

The singly excited states created by primary fluoresce
may further decay relatively fast by secondary photon em
sion ending up in any of the allowed singly excited states
lower energy,

1sns~1,3S!→1smp~1,3P!,

1snd~1,3D !→1smp~1,3P!,1sm f~1,3F !. ~13!

These newly populated states may again release their en
by fluorescence. The series of decays definitely stops w
helium arrives at the ground state. However, due to the r
tively long lifetimes of 104 s and 20 ms@23,24#, the lowest
two excited states 1s2s 3S and 1s2s 1S can be taken as
metastable, at least on the time scale of recent experim
detecting decay products of doubly excited states.

In order to follow the cascade we have calculated
dipole transition rates for all pairs of 1snl states withn
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<8,l<3. For this purpose we have calculated odd sin
excited states~13! populated in the first step of the cascad
again by the MCHF procedure. The comparison of ourab
initio calculation to the previously published fluorescen
rates has shown that agreement is better than 1%@25#.

The calculated rates were fed as parameters into the
tem of coupled differential equations that govern the tim
evolution of the level populations in the selected set. In
dition to the resonance, the set contained even and odd si
excited states~singlets and triplets!, together with the ground
state, and the continuum 1sep. If all calculated singly ex-
cited states are ordered by increasing energy and counte
index k, the equations are

Ṗi52S G i
a1(

k5 j
Gki

r D Pi ,

Ṗc5G i
aPi ,

Ṗk5 (
q.k

Gkq
r Pq2S (

q,k
Gqk

r D Pk , ~14!

where, respectively,Pi , Pc , andPk denote the population o
the i th resonance, population of the continuum, and popu
tion of thekth singly excited state, including the ground (k
50), the triplet metastable (k51) and the singlet metastabl
states (k52). Finally, for each resonance the system w
integrated starting from initial conditionsPi51, Pc50, and
Pk50 for all k in order to obtain the level populations at an
subsequent time. At any time

Pi1Pc1(
k

Pk51.

The integration was stopped after approximately 20ms
when the state populations other thanPc , P0 , P1, and P2
have dropped to less than 10220. Note that the continuum
channel is not really coupled to the other levels; it is be
filled only from the resonance. The singlet and triplet subs
of the singly excited state manifold were assumed to evo
independently, in the true nonrelativistic manner~Fig. 2!. To
verify the results, we have determined the converged po
lationsPc , P0 , P1, andP2 independently by a Monte Carlo
simulation, generating a large number of photon casca
starting from the resonanceRi to end up in any of the four
long lived end states. At each step of the cascade the
state was chosen randomly among the allowed states, in
portion to the fluorescence rates connecting the given in
to the allowed final states.

The special interest of this work is to determine the pop
lations of both metastable states and the ground state se
microseconds after the creation of the doubly excited st
This is closely related to the quantitative interpretation of
recent experimental results@16#.

V. ANGULAR DISTRIBUTION

The change of the atomic linear momentum due to
sorption and emission of uv photons is negligible. Virtua
0-5
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FIG. 3. The partial fluores-
cence rates ofn55 resonances to
decay into 1snsand 1snd singlet
and triplet states. The final state
are counted byj in order of in-
creasing energy.
e
ar

t
a
ea

de-
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all the metastable atoms created by relaxation of doubly
cited states will hit a detector surface placed perpendicul
and centered on the line that connects the gas nozzle to
pointlike target volume. On the other hand, the photons
emitted into the whole solid angle and, in general, the m
03252
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sured signal will depend on the angular position of the
tector. In order to study the angular distribution of the p
mary fluorescence

1s2~1S0!1g0→Ri→1s~ns,nd!1g1 , ~15!
0-6
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we start from the well-known general form of th
photoabsorption-photoemission cross section@26#, differen-
tial in angle of the emitted photong1,

ds j i
r

dV1
5

s j i
r

4p
@11b j i P2~ k̂1• ê0!#. ~16!

Hereê0 denotes the polarization of the incoming light andk̂1
the direction of the emitted photon. The total cross sect
for reaction~15! is again approximated by

s j i
r 5s i

G j i
r

G i
a1G i

r
,

where all the quantities above were previously defined
Eqs. ~6!, ~9!, ~11!, and ~12!. To determine the asymmetr
parameterb j i we explicitly express the differential cross se
tion ~16!,

ds j i
r

dV1
}

1

2J011 (
M0M jn

U(
Mi

^a j JjM j u ê1
n
•~r11r2!ua iJiM i&

3^a iJiM i u ê0•~r11r2!ua0J0M0&U2

, ~17!

as proportional to the absolute square of the product of
photoabsorption and photoemission amplitudes, avera
over the initial and summed over the final projections of
total angular momentum and over the two perpendicular
larizationsn of the emitted photon@27#.

The initial state is represented by the quantum numb
a0J0M0, the intermediate state bya iJiM i , and the final
atomic state after fluorescence bya j JjM j . The expression
on the right side of Eq.~17! can be simplified to assume
form proportional to Eq.~16!. Then it is easy to extract th
asymmetry parameter, which is given by

b~J0 ,Ji ,Jj !52

H Ji 2 Ji

1 J0 1 J H Ji 2 Ji

1 Jj 1 J
H Ji 0 Ji

1 J0 1 J H Ji 0 Ji

1 Jj 1 J , ~18!

in accordance with@26#. Via 6-j symbols, the parameter de
pends only on the total angular momenta of the atomic st
involved and not on any other quantum numbers that
scribe these states. In our caseJ050, Ji51, butJj can be 0,
1, or 2. The asymmetry parameters for the three values o
final angular momentum are

b0521, b15
1

2
, b252

1

10
. ~19!

The angular distribution of photons emitted from theRi reso-
nance depends on the relative contributions of differentJj
values in the composition of the final singly excited sta
Since the 1sns(1S), 1snd(1D), and 1sns(3S) final states
are characterized by a unique value ofJj , the corresponding
asymmetry parametersb j i are simply given byb0 , b2, and
03252
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b1. If j denotes one of the 1snd(3D) final states then the
expression forb j i becomes slightly more complicated due
the interference of fluorescence amplitudes originating fr
the 3P and 3D expansion blocks of the resonance. These t
blocks both populate 1snd(3D) final states with either one
or two times the total angular momentum. In the case c
sidered here the resonances have one major symmetry
the interference can be neglected. The asymmetry param
is then approximately equal to

1

4
b11

3

4
b25

1

20
,

3

4
b11

1

4
b25

63

500
~20!

for the major 3P and 3D symmetries of the resonance, r
spectively.

Finally, to determine the effective angular distribution
the primary fluorescence originating from thei th resonance,
b j i has to be averaged over the partial fluorescence de
rates leading to various final singly excited statesj, that is,

b i5
1

G i
r (

j
G j i

r b j i .

The effective asymmetry parametersb i are presented in
Table I.

Our goal is to compare our calculations with the measu
ments performed with a simple microchannel plate~MCP!
detector@16#. It is necessary then to estimate the angu
distribution of all uv photons emitted in the fluorescen
decay channel of doubly excited states. In addition to tha
the primary fluorescence we need to know the angular
tribution of the secondary photons emitted during the sub
quent cascade decay. Actually, we are interested only in p
tons emitted in the last step of the cascade, which brings
atom into the ground state. Only these photons have h
enough energy to be detected by the simple detector. T
good approximation, there are no secondary uv phot
emitted in the cascade decay of triplet singly excited sta
On the other hand, a large majority of singlet states crea
by the primary fluorescence end in the ground state. The t
yield of secondary uv photons is then expected to be com
rable to the primary photon yield and has to be accounted
properly.

There are two by far the most probable types of sing
cascade that end by emission of the secondary uv photong3,

~21!

Here m,n because of energy conservation. Each type
cascade is specified by a unique pattern of the total ang
momenta@J# of atomic states through which it proceeds. T
0-7
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angular distribution of the emitted photons depends on
pattern only and not on the other quantum numbers. For
A type of cascade it is immediately clear that emission ofg2
and g3 should be isotropic, because their ‘‘parent’’ sta
1sns(1S0) has no preferred direction in space, sobA50.
The angular distributions ofg2 and g3 in caseB may be
obtained by the straightforward extension of method~17!.
The amplitude of the cascade~21! is given by a product of
four single-step amplitudes, summed over angular mom
tum projections of the three intermediate states. After writ
each single-step operator in tensorial form, applying
Wigner-Eckart theorem, and summing the absolute squ
over two perpendicular polarizations of each of the th
emitted photons, the angular part of the differential cro
section is extracted:

(
n,t,r51

2 U (
M1M2

S 1 1 2

2M2 M22M1 M1
D S 2 1 1

2M1 M1 0D
3Y

1
M1* ~ ê1

n!Y1
M12M2~ ê2

t !Y1
M1~ ê3

r!U2

.

To determine the angular distribution of each photon se
rately the cross section has to be integrated over the angl
the remaining two photons. In caseB the asymmetry param
eter turns out to be the same forg2 andg3 photons,

bB52
7

20
.

The effective angular distribution ofg3 for each resonance i
obtained by averaging the two asymmetry parametersbA and
bB , weighted by the probability to decay via pathA or B,
respectively. The effective asymmetry parameterb is of the
secondary uv photon is then

b is5bB

(
j 8

G j 8 i
r

(
j

G j i
r

.

The summation in the numerator goes over 1snd(1D) states
only and in the denominator over 1snd(1D) and 1sns(1S)
states~Table I!.

VI. RESULTS AND COMMENTS

There is a large number of papers dealing with autoion
ation of helium doubly excited singlet states@7#. Apart from
the large relative difference among the total photoabsorp
cross sections of different singlet series, it is well known t
within the series the cross sections varies as the invers
the third power of the effective quantum numberns5n
2ds , roughly following then dependence of the square
the Rydberg orbital amplitude in the core region@9,10#.
Much less theoretical work has been published on the fl
rescence decay of these doubly excited states@18,28# and, to
our knowledge, no calculations are available that cons
03252
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photoexcitation and decay of the triplet resonances. Base
this work there is a short discussion of the total photoabso
tion cross section of the triplet resonances in@16#, which
explains the observedns

3 rise by the presence of spin-orb
perturbation.

By inspecting the results in Table I we find, as in th
singlet case, one strongly autoionizing triplet series, deno
by n1(3P), for which the autoionization rate reaches abo
60% of then1(1P) rate. Then there are two triplet serie
with comparable autoionization rates, namely,n2(3P),
reaching 30%, andnd(3P), reaching about 10% of the
n2(1P) autoionization decay rate, respectively. The fou
triplet series,nd(3D), autoionizes about ten times slowe
than the weakest singlet seriesnd(1P) at n53. However,
the autoionization rate increases for higher Rydberg st
and atn58 the decay becomes more than ten times fa
than the decay ofnd(1P), due to the 0.16% of single
n1(1P) admixture~Fig. 1!.

On the other hand, the most strongly excited triplet ser
nd(3D) displays the largest fluorescence decay rate of
seven series~Table I!. Reaching about 10 ns21, the rate is
essentially equal to that of the 2p→1s transition in the he-
lium ion. Previous modeling assumed that the fluoresce
rate of every singlet series converges fast to this limit
value@9#. But such behavior seems to be more the excep
than the rule. We found, as in@18#, that the fluorescence rat
of the doubly excited state, even withn58, can be consid-
erably smaller than the fluorescence rate of 2p electrons in
the helium ion, due to the correlated motion of the two ele
trons. We can understand this qualitatively as a kind of
larization effect in the body frame where the outer electr
forces the inner electron into some series specific mixture
2s and 2p orbitals. The larger is the weight of the 2s orbital
in this combination, the smaller is the probability of the inn
electron fluorescing into the 1s orbital. Due to this effect the
nd(1P) series appears to have the smallest primary fluo
cence rate, roughly equal to 3.0 ns21. The second weakest i
the n1(3P) series, still having a fluorescence rate less th
one-half of the upper limiting value of 10 ns21, at n58.
The next is thend(3P) series withG i

r of about 6 ns21.
Finally, the three seriesn1(1P), n2(1P), andn2(3P) have
nearly equal total fluorescence rates of about 8 ns21. We
note that our calculated linewidth of thend(1P) resonance is
3.04 meV, which agrees reasonably well with 3.3meV, the
lower limit as determined recently by@29#.

Figure 3 presents primary fluorescence rates forn55
resonances. The decay rate distribution of higher-lying re
nances follows a similar pattern shifted in parallel accord
to then value of the resonance. The distribution of the to
decay rate among 1sns and 1snd final states reflects the
composition of the initial correlated state. For example,
5d(3D) resonance fluoresces almost fully into 1s5d(3D)
and its oscillator strength matches almost perfectly the os
lator strength of the 2p→1s transition in the helium ion. All
this points to a very simple structure of the resonance st
and, in fact, the Hartree-Fock energy of a single 2p5d(3D)
configuration is just about 3 meV higher than the energy
the corresponding correlated state. The most correlated s
0-8
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FIG. 4. The calculated cross section for populating the ground state of the ion (s ic), the ground state of the atom (s i0), the triplet
metastable state (s i1), and the singlet metastable state (s i2) via decay of thei th resonance.
032520-9
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in the sense of requiring the largest MCHF expansion
n2(1,3P), for which the ratio of oscillator strengths int
1snsand 1snd states is close to 1~Fig. 4!. For then1(1P)
andn1(3P) series the ratio is close to 3 and 8, respective
in favor of 1snsfinal states. Finally, fornd(1,3P) series the
ratio is about 10 in favor of 1snd final states. We note tha
the primary fluorescence most likely occurs in the froz
Rydberg electron mode, that is, from a givenn resonance
state into the 1snsor 1snd final state with the samen. The
strong exceptions to the rule aren2(1P) resonances, having
relatively large oscillator strength into 1s(n21)(s,d) states.
Such a delayed onset nearly doubles the total fluoresc
decay rate of this series atn54 as compared ton53. A
slight decrease of the total fluorescence rates at highn ~Table
I! is due to decays into the 1s(n>9)l final states, not ac-
counted for by our calculation. The creation of the trip
~singlet! singly excited states in decay of the predominan
singlet ~triplet! resonance is too weak to be seen in Fig.
The strongest ‘‘forbidden’’ primary fluorescence transitio
within the range of our calculations are 81(1P)
→1s8d(3D) and 8d(3D)→1s8s(1S) with decay rates of
0.011 ns21 and 0.0074 ns21, respectively.

In Table I we present for each resonance the probability
ending up in the ground state of He1, in the atomic ground
state, in the triplet 1s2s metastable state, and in the sing
1s2s metastable state. In previous work the ratio of the s
glet metastable to the ground state population was estim
to be about 3%@8#. This comes from the assumption that a
low-lying 1smp states which are mainly populated in th
second step of the cascade~21! have branching ratio of 3%
However, the most likely populated state is 1s2p, having a
branching ratio of only 0.1%. The true branching ra
P2 /P0 is thus actually lower, approaching 1.5% forn58.
Except for the 3d(3D) resonance the ratio is largest for th
lowest members of the resonance series, reaching va
even larger than 1 for 36(1,3P), due to strong formation o
1s2s(1S) directly from the resonance state. The populat
ratio of the triplet metastable to the ground state,P1 /P0,
decreases with increasingn for the triplet dominated reso
nances, but is still more than 1000 atn58. Due to the
singlet-triplet mixing, more and more oscillator strength go
into the singlet manifold of states, which predominan
populates the ground state. The opposite is true for the
glet dominated resonances. Due to the mixing, the trip
metastable state is more and more populated, causing
increase ofP1 /P0 with n.

The ratio of the ion state population to the ground st
population,Pc /P0, reflects the behavior ofG i

a except for the
nd(3D) series. While the autoionization rate increases w
n, fewer and fewer ions are produced compared to the at
in the ground state, despite a nearly constant fluoresce
rate. The same triplet-singlet mixing responsible for the
crease ofG i

a distributes oscillator strength to the singl
manifold of states, causing more and morend(3D) reso-
nances to decay into the ground state. Combining the t
the second effect prevails due to the relatively largeG i

r .
The cross section for production of the four long live

final states via the resonanceRi is obtained by multiplying
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the total photoabsorption cross section by the correspon
converged population~Fig. 4!,

s i05s i P0 , s i15s i P1 , s i25s i P2 , s ic5s i Pc .

The ground state production cross sections i0 shows various
trends ranging fromns

23 for the nd(1P) series to nearly a
constant for then1(1P) series, which is consistent with th
prediction of the simple Rydberg model@9,10#. s i2 follows
s i0 scaled down to 1.5% as soon as the population ra
stabilizes~Table I!. The largest cross sectionss i1 for the
triplet metastable production, almost equal to the excitat
cross sections i , is calculated for thend(3D) series. The
metastable production under the other triplet resonances
even faster thann3 but then slows down to follow the exci
tation cross section, as soon asG i

r@G i
a . It is interesting that

triplet metastable production under the singletn1(1P) line is
larger than under the tripletn1(3P) line, a combined effect
of much larger but decreasing excitation cross section
small but strongly increasing triplet admixture in the sing
state. According to our results, the largest ion yield of t
triplet resonances is given by then1(3P) series. Due to its
relatively isolated energy position between then2(1P) and
n1(1P) resonances, this is the best candidate to be dete
in future experiments in the ion detection channel. Still, t
ion yield due to the 81(3P) resonance is expected to b
about 100 times smaller than the yield under the 82(1P)
resonance.

The effective asymmetry parameterb i turns out to be
negative for the singlet dominated resonances and pos
for the triplet dominated resonances, a consequence of
preferred final states~Table I!. The primary fluorescence
from the singletn1(1P) states is expected to have the large
anisotropy; these resonances preferably decay into 1sns
states for whichb j i 521. The primary photon emission
from nd(3P) resonances is almost isotropic,b i50.10. As
shown by our calculation, the secondary uv photons
emitted slightly asymmetrically with respect to the polariz
tion direction; the effective asymmetry parameter for su
transitions is in the range27/20,b is,0, where the upper
and the lower limits are imposed by decay pathsA and B
@Eq. ~21!#, respectively. By measuring the asymmetry para
eters of uv photons we might gain more insight into t
resonance decay dynamics and structure of the st
involved.

VII. COMPARISON TO THE EXPERIMENTAL DATA

Below we compare our results to the recent data@16#
recorded at the high-resolution high-flux gas phase pho
emission beamline at the synchrotron Elettra@30#. The dif-
ferential cross section for emission of uv photons in decay
the i th resonance is

ds i
uv

dV
5

s i01s i11s i2

4p
@11b i P2~cosu!#

1
s i0

4p
@11b isP2~cosu!#, ~22!
0-10
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whereu is the angle between the uv photon direction a
polarization of the incoming photon beam. The first term
the primary fluorescence contribution and the second ter
due to the secondary fluorescence. The total cross sectio
creation of metastable states is given by

s i
m5s i11s i2 . ~23!

During the measurements a large area MCP detector
placed opposite the gas needle, which was mounted per
dicular to the photon beam and the polarization ax
Charged particles were rejected by two properly biased g
in front of the detector. In Figs. 5~a! and 5~b! we present the
expected yield of uv photons and metastable atoms hit
the detector. TakingP2(cosu)'21/2 over the solid angle
subtended by the MCP we have

Yi
uv'54pdF ~s i01s i11s i2!S 12

b i

2 D1s i0S 12
b is

2 D G ,
Yi

m5s i
m . ~24!

Because of the directionality of the atomic beam it is
sumed above that all the metastable atoms hit the dete

FIG. 5. Calculated yield of uv photons~a! and metastable spe
cies ~b! hitting the detector surface. The yield of detected partic
~c! is to be compared to the measured yield at 90° to the polar
tion direction of incoming light~d!. The yield~e! is expected to be
measured at 0° to polarization.
03252
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surface, covering aboutd52% of the whole solid angle
@16#. To make a fair comparison to the measured spectr
the calculated yields were blurred by a Gaussian of 3 m
full width at half maximum representing approximately th
energy profile of the incoming light; the largest natural lin
width in the range of the experimental spectrum in Fig. 5~d!
is expected to be only 0.12 meV, for the 41(1P) line. To
simulate the experimental spectrum we have to account
different detector efficiencies for metastable atoms and
photons. By introducing the efficiency ratio, the signal on t
MCP detector is expected to be

Yi
'5

euv

em
Yi

uv'1Yi
m . ~25!

The primary and secondary uv photon efficiencies are ta
to be equal, in accordance with the experimental data, sh
ing one-half of the yield drop just above theN52 threshold
@16#. The unknown efficiency ratio in Eq.~25! was selected
in such a way as to obtain the best matching of relative l
intensities with the experimental spectrum,

euv

em
'

1

4
. ~26!

No measurements were taken in similar conditions with
MCP axis parallel to the polarization. Making a similar a
proximation as above we estimate

Yi
uvi54pd@~s i01s i11s i2!~11b i !1s i0~11b is!#,

~27!

and zero for the metastable yield because the gas inlet is
perpendicular to the polarization. The expected yield of
tected particles

Yi
i5

euv

em
Yi

uvi

with the efficiency ratio~26! is presented in Fig. 5~e!. At 0°
to polarization we expect about one-half of the yield detec
at 90°.

VIII. CONCLUSIONS

We have studied the decay of helium doubly excited sta
with n<8 andJ51 in order to simulate recent experiment
data showing peaks at positions of triplet resonances in
metastable atoms plus uv photon channel. The simula
required calculation of correlated doubly excited states
low the N52 threshold. To evaluate the relative importan
of the two competing decay channels we have studied
mary fluorescence, leading to the singlet and triplet 1snsand
1sndstates below the first ionization threshold, and autoio
ization, which brings the atom into the ionic ground sta
We note that the primary fluorescence rate is in gene
smaller than the 2p→1s fluorescence rate of the helium ion
due to correlated motion of the electrons. To estimate
production cross section of four long lived final states,
followed the relaxation via the fluorescence channel for e

s
a-
0-11



po
te
h

b
he
e
g
e
t
l-
m

d
n
o
e
e

se

n-
hich

ani-
of
al-

lose
ost
e-

his
ex-
ng
eta-
cay
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resonance. For this purpose we calculated the array of di
transition rates connecting all pairs in the set of sta
1sn(s,p,d, f ) with n<8; they are in good agreement wit
previously tabulated values@25#. The effective asymmetry
parameters of the primary uv emission were calculated to
negative for the predominantly singlet and positive for t
predominantly triplet resonances. The asymmetry param
of the secondary uv emission is expected to be slightly ne
tive. Combining all the calculated results, good agreem
was found with the experimental data, measured at 90° to
polarization direction of the incoming light, provided we a
low for about four times more efficient detection of heliu
metastable atoms than uv photons on the standard MCP
tector. Taking about 10% detection efficiency for uv photo
@31#, this result indicates that MCP detection efficiency f
helium metastable atoms is close to 40%. An independ
measurement of the asymmetry parameters and of the
n,
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ciency ratio would be necessary in order to fully verify the
results.

We have shown that spin-orbit interaction with all its co
sequences can indeed explain the measured spectrum, w
confirms the interpretation given earlier@16#. Also, it seems
that the correlated nature of the doubly excited states m
fests itself not only in asymmetric autoionization rates
different series but also in asymmetric fluorescence rates
though the photon emission always happens relatively c
to the nucleus and the outer electron is far away from it m
of the time. Lifetime measurements with time resolution b
low 1 ps would be necessary to experimentally confirm t
phenomenon. Finally, our data may be useful in further
periment planning, probably in the direction of measuri
the angular resolved coincidence signal of uv photons, m
stable atoms, ions, or electrons, which all appear as de
products of these resonances.
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