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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-lyimg=@) resonances with odd parity and total
angular momentund=1 below theN=2 threshold of helium. After discussing the photoabsorption cross
section for creation of such states, we estimate the probability for the primary fluorescence transisah to 1
states below the first ionization threshold. The subsequent fluorescence cascade decay brings helium into the
ground state or into one of the two long lived2s %S 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 Peeeat. [Phys. Rev. Lett86, 2758(2001)].
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[. INTRODUCTION comes stronger than Coulomb interaction with the outer elec-
tron. Whenn approaches the threshold theS coupling
Since the first observation of helium doubly excited statesscheme turns into thgK coupling schemgl11]. This change
in photoabsorption spectfd] it has been clear that satisfac- is reflected in the shape of the helium fluorescence spectrum
tory explanation of the measured data requires an explici@nd calls for relativistic description of the process in the
consideration of electron-electron correlati@s In the fol- ~ region of high Rydberg states. Indeed, an excellent agree-
lowing years substantial progress was made both theoretiment of the calculategK fluorescence probabilities with the
cally and experimentally; the experimental spectra were betneasured fluorescence yield was demonstrated close to the
ter resolved3,4] following the improvement of synchrotron N=2 threshold[12]. In argon the low-lyingL S-forbidden
light sources, and original theoretical models were developegtates were already observed in absorption in 1989 and,
both to introduce different quantum numbers for simplervery recently, also in photoelectron spectra as a pair of mir-
classification and understanding of these highly correlatedoring resonances in Ar3p[,21,3,2cross sectiongl4]. One of
states[5,6] and to precisely calculate their excitation andthe first absorption spectra in neon taken with synchrotron
decay probabilitie [7] and references thergin light was interpreted completely within theS coupling
Autoionization to the H& continuum was considered scheme except for the presence of two Rydberg series con-
from the beginning to be the strongest decay channel of douserging to the Né& 2p*3s(?P) threshold 15]. However, it is
bly excited states and the ion yield measurements were takenore surprising that at least two series of triplet resonances
as a fair measure of the absorption spectra. The fluoresceneere clearly observed in the recent high-resolution photoex-
decay probability was believed to be negligible until the re-citation study of helium below thll=2 threshold, this time
cent experimental search for metastable atoms and photoirs the fluorescence decay chanh&b]. As determined from
clearly showed the presence of fluorescence in the resonatitese measurements, the quantum defects of both series
decay scheme below tHdg=2 threshold[8]. It is easy to match very well the quantum defects of thel(°*D) and
understand that the fluorescence transition of an inner eleey” (3P) series estimated by old nonrelativistic calculations
tron should be more probable than autoionization, at least fdr17].
high n, when the average interelectron separation becomes A relatively simple technique, which favors observation
large. The limiting value of depends on the character of the of triplet states by the efficient detection of metastable atoms
Rydberg series and may not be extremely high. In fact, foin combination with high-flux and high-resolution synchro-
the 2pnd*P series fluorescence decay is already more probtron light, makes it possible to observe triplet-singlet mixing
able than autoionization for the first member of the sdi®¢s  already in the perturbative regime. The goal of this work is to
The experimental study of autoionizing resonancesmodel such mixing for lown values and to study its effect in
2s2p®np P in neon has also reported a signal coming fromthe excitation and decay channels of helium doubly excited
the fluorescence decay and showed that it dominates thsates. It complements the work done close to the threshold
autoionization fom>27 [10]. [12] and extends very recent calculations dealing with the
Another consequence of the ever larger separation of thdecay of low-lying singlet resonancgh8]. In our approach
Rydberg electron from the core is that fitte/perfing struc-  the fine structure interaction is added to the nonrelativistic
ture interaction of the inner electron with the nucleus be-Hamiltonian which is diagonalized far=1 odd parity reso-
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nances. For each of these states we calculate the excitatitlave about 113 meV lower energy than our calculated value
rate from the He ground state, the autoionization decay ratgt]. There are several specialized calculations, giving the en-
to the HE 1s continuum, and the fluorescence decay rate teergy of this singlet state just a few meV above the experi-
the H& 1snl singly excited states below the first ionization mental valug7]. On the other hand, our calculation correctly
threshold. Then we study the secondary fluorescence cascadproduces the energy ordering of the states and finds their
and determine for each resonance the branching ratio to erehergies only a few meV away from the corresponding ex-
up in one of the four long lived final states: the singlet andperimental values already at=5 (Table l). The main defi-

the triplet metastable state, the ground state of the heliumiency of the method is the absence afef »°P configura-
atom, and the ground state of the helium ion. Finally, wetions which would account for the interaction with the
discuss the angular distribution of uv photons emitted in theeontinuum channel.

decay and combine all the calculated results to simulate the The next step of calculations was to add the spin-orbit

experimental spectruffiL6]. interaction[20,2]
Il. DOUBLY EXCITED STATES I_)1' §1 r2‘§2
Vso= az( 3 +_3) (€)
There are seven odd Rydberg serias(*°P) and M r2

nd(*3P,3D) with J=1 converging to 8;; and 207,72, : -
thresholds in helium. It is not our intention to study different o Eq.(1) and repeat the diagonalization. The presence of Eq.

classification schemes of doubly excited states here so V\;ég) in the Hamiltonian destroys theS block structure and
: y € . causes mixing of different multiplets in the representation of
use a compact version of the traditional notafidhpointing

out the dominant S symmetry of the series. If necessary, thethe additional eigenstates. Thh resonance staf@; is now

notation can be identified by energy ordering of the differen®'Ve" by
series members, as [A7], and then translated to other no- 393 393 272
tation [6] . 2 Cilap|aa 1P1>+ 2 C?ap|aagpl>+ 2 CisaDlaagD1>-
A straightforward way to obtain these correlated states a=1 a=1 a=1
together with their energies is to diagonalize the Hamiltonian (4)

in some suitably chosen finite single configuration basis se he inclusi o d t
In the so-called truncated diagonalization method the bas € Inciusion ofVs, does not cause any energy rearrange-
nent of the states as compared to E); only the eigenen-

states are composed from the orthogonal hydrogenlike hdlef ; ! .
lium orbitals =2) [17,19. In the final version of our cal- ergies of the dom'”?”t'y triplet eigenstates change by a frac-
culation each of the doubly excited states is expanded in thiton of a meV. Adding further two fine structure terms to

basis of 1058 single configurations, 393 of them witR r“f’ ngrg;ly, tg_(ej Spip-othelrt-o_rbh‘/soo anotl Elpin-sr?invss ¢
symmetry, 393 with®P, and 272 with®D. Each'®P block erms [20,21, did not result in any notable change o

consists of 121sp configurations (82p—12512p), 110 pd eigenenergies and also did not change the mixing coefficients

configurations (p3d—12p12d), 90 df configurations in Eq. (4). The relativistic shift operatoW,s [20], which
(3d4f—12012f) and 72fg confiégurations (459—12f12) would complete the second order relativistic corrections to

The 3D block is without thes p configurations but otherwise the Hamiltonian, commutes with and S and was omitted

the same. The chosen basis set allows good representation{é?\r? tf;zgagguslzté?]ni.nTgie rqag\j\mgjriiﬁ:?v\%eg%s;?z('e?gh%%?_
resonances up to=8, as shown by the smooth energy de- SO 9. & 9

pendence of the quantum defects ing resonance#}) with dominantn® (*P) andnd(®*D) sym-

Several codes that can handle diagonalization in the OIJ:nEtry are projected onto the nonrelativisIn:S multiplets(2) .
thogonal basis set are available in tREOMIC STRUCTURE for n=5 and 8. For the resonances studied here, these mix-

PACKAGE (ATSP) [20] and were easily adapted to the Olimen_!ng coefficients are much smaller than one, suggesting that

sion of our problem. First we diagonalized the nonrelativistic'ndee‘_]l the same problem can be SFUd'ed by flrst-orde_r per-
turbation theory with theV/y, interaction as a perturbation

Hamiltonian
[16].
A 4 2 1
Ho =Tyt Tom ===+, (1) Ill. PHOTOABSORPTION, PRIMARY FLUORESCENCE,
vooe e AND AUTOIONIZATION
and obtained 44 usable eigenstates, The immediate effect of the spin-orbit mixing is that the
photoexcitation probability of the first-order triplet statd$
[i2SF1Ly = Cial @2571L), (2)  becomes different from zero. To calculate the total ion pro-
a duction cross sectiomn;, and the total primary fluorescence

N cross sectiorr;, mediated by thdéth resonance, a simple
of *P, °P, or °D symmetry. The sum above runs over all yyo-step model is employed. We have

single configurations included in the givérs block.

Due to the larger basis set we obtained 11 more states ra I’
with up to 4 meV lower eigenenergies than reportefli|. Oia= 0= ' -, Oy =0 ' -,
However, the 2 (*P) state, for example, was measured to I'7+1 I+

032520-2



FLUORESCENCE OF LOW-LYING DOUBLY ... PHYSICAL REVIEW A5 032520

TABLE |. Total photoabsorption cross sectien, autoionization ratd’®, primary fluorescence ratg{, and effective asymmetry
parameterB; of the primary fluorescence faf=1 helium doubly excited states with<8. P., Py, P;, and P, are the probabilities of
populating the Hé ground state, He ground state, He&28(3S) state, and Hed2s(1S) state, respectively, via the resonange, is the
effective asymmetry parameter of the secondary uv fluorescence. The conversion of energy from a.u. to eV was made in the same way as in
[17]. In the parentheses is the exponBnwhich multiplies the number in front by PGo obtain the value in the selected units. In the square
brackets is the relative difference of the velocity to the length form results.

i Dominant Energy o ra3 ! Bi P, Po P, P, Bis
symmetry  (eV) (barng (%) (ns)  (ns™h) (%) (%) (%) (%) (%)

2 2°(*P) 60.2701 2.68+4)[—13.1] 4.99+4) 6.85+0)[2.6] —0.96 1.00+0) 1.80-5 1.28-12 1.19-4) —0.02
6 3" 63.6862 4.26+3)[—23.2] 1.04+4) 7.23+0)[0.2] —0.81 9.99-1) 7.1%—4) 1.24—9) 3.871-6) —0.07
13 4" 64.4776 1.70+3)[-23.1] 4.26+3) 7.43+0)[0.4] —0.79 9.98—1) 1.73—-3) 2.90-8 1.61—5 —0.08
20 5"  64.8210 857+2)[-23.1] 2.18+3) 7.55+0)[0.4] —0.78 9.97-1) 3.44-3) 2.72-7) 4.30-5 -0.09
27 6" 65.0025 4.90+2)[-23.1 1.26+3) 7.64+0)[0.1] —0.78 9.96—1) 594—3) 1.58—6) 8.52—5 —0.09
34 7" 651101 3.0%+2) [—23.1 7.94+2) 7.70+0)[-0.1] —0.77 9.90-1) 9.45-3) 6.74(—6) 1.45—4) —0.09
41 8 65.1792 2.06+2) [-23.2] 5.33+2) 7.73+0)[-0.6] —0.78 9.86—1) 1.41—2) 2.25-5 2.25-4) —0.09

3 3°(*P) 627710 9.9+1)[64.1] 1.85+2) 4.64+0)[14.00 —0.92 9.76-1) 1.10-2) 1.25-8) 1.34-2) —0.03
10 4 64.1416 8.62+1)[-9.0] 1.17+2) 7.22+0)[7.8] —051 9.42-1) 5.63-2) 1.92-7) 1.894-3) —-0.19
17 5  64.6609 4.38+1)[—11.5 5.66+1) 7.64+0)[4.9 —-0.50 8.81-1) 1.16—1) 1.70-6) 2.42-3) —-0.19
24 6 649139 246+1)[-13.2 3.18+1) 7.9%+0)[3.3] -0.49 8.0I1-1) 1.96-1) 9.42-6) 3.33-3) —0.20
31 7 65.0560 152+1)[—15.00 1.96+1) 8.32+0)[2.5] —0.48 7.09-1) 2.86—1) 3.74—4) 4.59-3) —0.20
38 8 65.1438 1.00+1) [-17.00 1.29+1) 7.93+0)[2.1] -0.46 6.19-1) 3.75-1) 1.16-4) 5.82-3) -0.21

9 3d(*P) 64.1248 9.86+0)[—88.1 1.82—1) 4.44+0)[12.2 —0.26 3.94—2) 9.18-1) 7.44—6) 4.27—-2) —0.29
16  4d  64.6518 7.50+0)[-96.9 3.571—1) 4.02+0)[6.8] —0.23 8.16-2) 8.97-1) 2.10-5 2.09-2) -0.30
23 5d  64.9087 4.56+0)[-97.3 1.66—1) 3.75+0)[4.1] -0.23 4.24—-2) 9.4%-1) 6.50-5 1.68—2) —0.30
30 6d  65.0528 2.60+0)[—95.6) 4.56-2) 3.51+0)[3.2] —0.23 1.28-2) 9.74—1) 1.80—4) 1.56—2) —0.30
37 7d  65.1416 1.48+0)[-91.7 1.14-2) 3.28+0)[2.5] —0.23 3.46-3) 9.84—1) 4.27—4) 1.51-2) —0.30
44  8d  65.2006 1.10+0)[—92.5 1.54-2) 3.02+0)[2.2] —0.16 5.07-3) 9.80—1) 8.70—4) 1.42-2) —0.32

1  2'(®P) 58.3683 6.72-4) [—13.1] 3.09+4) 5.82+0)[18.9 0.50 1.00+0) 558—-13) 1.88—4) 4.14—12) —0.01
4 3t 63.1295 9.10-4)[-9.2] 9.00+3) 4.96+0)[10.7 0.47 9.99-1) 6.73—11) 551—4) 2.43-11) -0.15
11 4%  64.2502 2.56-3)[-10.5 3.47+3) 4.83+0)[6.1] 0.45 9.99-1) 1.73-9) 1.39-3) 1.37-100 —0.19
18 5"  64.7082 5.60-3)[—10.8 1.57+3) 4.82+0)[3.9 0.44 9.97-1) 2.03—-8) 3.06—3) 8.271—10) —0.19
25 6"  64.9386 1.07-2) [-11.0] 8.75+2) 4.82+0)[2.4 044 99%-1) 1.34-7) 547—3) 3.75-9) -0.17
32 7" 650705 1.89-2)[-11.1 5.33+2) 4.75+0)[2.1] 0.44 9.91-1) 6.28-7) 8.84—3) 1.43-8 —0.16
39 8" 65.1530 2.86-2)[—11.3 3.48+2) 4.59+0)[1.1] 0.44 9.87-1) 2.26-6) 1.30-2) 4.66—8 —0.15

5 3°(°P) 63.2617 7.40-4)[-17.6] 3.12+1) 7.39+0)[0.1] 0.36 8.08—1) 2.86-9) 1.92-1) 1.05-8 —0.03
12 4 643293 2.76-3)[-20.2] 8.95+0) 7.84+0)[0.3] 0.33 5.32-1) 3.74—7) 4.68-1) 2.32-8 -0.18
19 5  64.7512 6.44-3)[-20.9 4.18+0) 8.03+0)[0.1] 0.32 3.42-1) 2.91-6) 657-1) 8.20—-8 -0.21
26 6 64.9639 1.20-2)[—21.3 2.34+0) 8.09+0)[0.1] 032 22%-1) 1.27-5 7.75-1) 2.60—7) —0.21
33 77 65.0864 2.07-2)[-21.5 1.46+0) 8.04+0)[0.3] 032 154-1) 3.99-5 8.46-1) 7.13-7) —0.22
40 8  65.1636 3.22-2)[—21.7] 1.04+0) 7.68+0)[0.0] 0.32 1.14-1) 1.00—-4) 8.86—1) 1.68—6) —0.22

7 3d(®D) 63.7936 5.38-3)[-27.9 1.17-2) 9.84+0)[0.0] 0.13 1.18-3) 8.05-7) 9.99-1) 2.45-9) -0.02
14  4d 645146 2.20-2)[-27.3 512—2) 9.96+0)[0.0] 0.13 511-3) 7.58-7) 9.95-1) 7.42—-8) —0.02
21 50  64.8385 5.4p-2)[-27.1] 1.28-1) 9.98+0)[0.0] 0.13 1.27-2) 3.67-5 9.87-1) 4.96-7) -0.02
28  6d 650122 1.06-1)[-27.0] 2.50—1) 9.99+0)[0.0] 0.13 2.44-2) 1.24—-4) 9.75-1) 1.90-6) —0.03
35 7d 651160 1.78-1)[-27.0] 4.27—-1) 9.98+0)[0.0] 0.13 4.10-2) 3.36—4) 9.59-1) 5.46-6) —0.03
42  8d  65.1831 2.77-1)[-27.0] 6.66—1) 9.92+0)[0.0] 0.13 6.29-2) 7.60—4) 9.36-1) 1.29-5) —0.03

8 3d(®P) 64.0775 1.26-3)[-57.6] 1.84+1) 6.58+0)[12.3 0.09 7.41-1) 1.03-6) 2.59-1) 2.23-8 -0.32
15  4d  64.6243 3.28-3)[-50.5 9.92+0) 6.52+0)[7.] 0.10 6.03-1) 3.48—6) 3.971—1) 504—8) —0.30
22 50 64.8927 6.78-3)[—48.1] 557+0) 6.51+0)[4.7 011 461-1) 1.2X%-5 539-1) 1.62—7) —0.29
20 60  65.0430 1.18-2)[-47.0] 3.24+0) 6.53+0)[2.7] 0.1 3.32-1) 3.60-5 6.68—1) 4.80—7) —0.28
36 7d  65.1353 1.88-2)[—46.7] 1.94+0) 6.42+0)[2.7] 0.11 232-1) 9.13-5 7.68—1) 1.24—6) —0.28
43  8d  65.1961 2.60-2) [—46.4 1.25+0) 6.12+0)[1.9 0.10 1.69—1) 1.7%—4) 8.30-1) 2.35-6) —0.28
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FIG. 1. A pair of neighboring resonancé4) with dominant 1s2s 'S, ‘
n"(*P) andnd(®D) symmetry projected on the basis of pur8 -59.2¢ 1s2s 38,
multiplets (2) for n=5 andn=8. N\
. . . . 15? 'S,
whereg; is the photoabsorption cross section integrated over -79.01

the incoming photon energies, ahd,T'| are the autoioniz-
ation and fluorescence decay rates of ittheresonance, re-

FIG. 2. Schematic decay scheme of the reson&iceuv pho-

spectively. This model, often applied to the reverse procestons are denoted by full lines.

of dielectronic recombinatiof22], was chosen recently to

discuss the observed fluorescence intensity emitted in decay
of Rydberg states as a function of the effective quantum

number in helium and ned®,10]. The same approach with
completely uncoupled photoabsorption, photoemission, an
autoionization is used here to study quantitatively the fluo

4 1,2 15
Vg nYad +ravg2).

Rlote that only the transition amplitude to tH® expansion

m’block of the resonance differs from zero in this approxima-

tion. The line strengths in length and velocity form were
calculated by theatrsp codes, which can handle multipole
transitions between the nonorthogonaB-coupled states
[20].

Once the resonance is created it may release energy by the
fluorescence transition into one of the four series of states
converging to the first ionization thresholHig. 2). Due to
the dipole selection rules only the following block transitions
populate the singly excited statés):

rescence of the lowest-lying doubly excited states in heliu

The expansion coefficients;, and eigenenergieg; of
the ground state and of the singly excited even state
1sns*®S and 1snd'3D of helium, populated via primary
fluorescence,

|j2$+1Lr>:% Cjb|ajb28+l|_/>’

©)

were calculated one by one upe=8 within the multicon-
figurational Hartree-FockMCHF) approximation 20].

The energy integrated photoabsorption cross section for
helium to pass from the ground state to the doubly excited
stateR; with energyE;, proportional to the corresponding
oscillator strength, is given bjl1]

p,—1snglsy),1snd'D,),

3p,—1sng3S)),1snd°D; ),

’D;—1snd*Dy ). (8)
ai=§772aEioSm(ls—>1P), (6)  The partial fluorescence raf&; of theith resonance ending
in the jth state(5) is obtained by multiplying (4/3)(E;
_E.3
whereE;o=E;—E, and E;)” by
1P ’ ls.(pois 1p_iD), 15 (3P—3S
So(18—1P)=| 3 cicon(eia *PI|EY g 1S)|  (7) 35 (P28 350P=D) 350P=79),
a,b

is the line strength in the length forrﬁ.é is theqth compo-
nent of the atomic electric dipole tensor operator,

1 1
§SJ|(3P—>3D)+ gS],(sD—>3D) (9)
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for 1sng*S), 1snd(*D), 1sng®S), and Isnd(®D) final  <8,/=<3. For this purpose we have calculated odd singly
states, respectively. The line strengths above are defined bgxcited state$13) populated in the first step of the cascade,
again by the MCHF procedure. The comparison of abr
initio calculation to the previously published fluorescence
2 rates has shown that agreement is better tharj 28jo
= 2 cjbch”)L(aijS“L’||E1||aiazs+lL> , The calculated rates were fed as parameters into the sys-
b.a tem of coupled differential equations that govern the time
(10)  evolution of the level populations in the selected set. In ad-
dition to the resonance, the set contained even and odd singly
similar to Eqg. (7). The partial fluorescence rates are pre-excited stategsinglets and triplefs together with the ground
sented in Fig. 3 for the sevel=1 resonances witih=5.  state, and the continuumsép. If all calculated singly ex-
The total primary fluorescence rates cited states are ordered by increasing energy and counted by
indexk, the equations are

Sji(25+1LHZS+1L’)

ri=>Trj 1) : . ,
! Pi=— Fi+|Ziji Pi,
for all the resonances with<8 are reported in Table I.
Exactly the same representation of the resonant states was P.=I?P;,
employed to calculate the autoionization decay rates '
2= 27 |A(P) |2+ |A (3P|, (12) Pi=2 TigPa—| 2 To|Pr (14
q>k q<k

where

where, respectivel\?; , P, andP, denote the population of
theith resonance, population of the continuum, and popula-
tion of thekth singly excited state, including the grounkl (
=0), the triplet metastable&k& 1) and the singlet metastable
The continuum wave was approximated bga1 Coulomb  States k=2). Finally, for each resonance the system was
wave after checking that a negligibly small phase differencéntegrated starting from initial conditior3;=1, P.=0, and

is acquired by the wave due to incomplete screening of th&«=0 for all kin order to obtain the level populations at any
nuclear charge by theslelectron. The wave was calculated subsequent time. At any time

for five different energies between 34 eV and 40 eV to be

well represented in the energy region of the resonant states. P+P.+> P=1.

Note that only thgo-wave amplitude contributes to the decay K

rate due to the scalar nature of the Coulomb operator. Ac- _ ) )

cording to the selection rules the autoionization from e ~ The integration was stopped after approximately 26
expansion block of the resonance may give final states onlj*hen the state populations other thep, Py, P, and P,
above theN=2 threshold in helium, which, however, are not have dropped to less than 18. Note that the continuum

AP =2 ¥ (1sep M Plr ;] aig M),

accessible by energy conservation. channel is not really coupled to the other levels; it is being
filled only from the resonance. The singlet and triplet subsets
IV SECONDARY FLUORESCENCE of the singly excited state manifold were assumed to evolve

independently, in the true nonrelativistic manileig. 2). To
The singly excited states created by primary fluorescenceerify the results, we have determined the converged popu-
may further decay relatively fast by secondary photon emistationsP., Py, P;, andP, independently by a Monte Carlo
sion ending up in any of the allowed singly excited states okimulation, generating a large number of photon cascades

lower energy, starting from the resonand® to end up in any of the four
long lived end states. At each step of the cascade the final
1sng'35)—1smpt%p), state was chosen randomly among the allowed states, in pro-
portion to the fluorescence rates connecting the given initial
1snd D) —1smp**P), 1smf(H%F). (13  to the allowed final states.

) ) The special interest of this work is to determine the popu-
These newly populated states may again release their energitions of both metastable states and the ground state several

by fluorescence. The series of decays definitely stops whemicroseconds after the creation of the doubly excited state.

helium arrives at the ground state. However, due to the relarps js closely related to the quantitative interpretation of the
tively long lifetimes of 10 s and 20 m$23,24), the lowest  (acent experimental resulf$6].

two excited states £2s3S and 1s2s!S can be taken as
metastable, at least on the time scale of recent experiments
detecting decay products of doubly excited states.

In order to follow the cascade we have calculated the The change of the atomic linear momentum due to ab-
dipole transition rates for all pairs ofshl states withn sorption and emission of uv photons is negligible. Virtually

V. ANGULAR DISTRIBUTION
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all the metastable atoms created by relaxation of doubly exsured signal will depend on the angular position of the de-
cited states will hit a detector surface placed perpendicularlyector. In order to study the angular distribution of the pri-
and centered on the line that connects the gas nozzle to tmeary fluorescence

pointlike target volume. On the other hand, the photons are
emitted into the whole solid angle and, in general, the mea- 1s*(*Sp) + yo— Ri—1s(ns,nd) + vy, (19
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we start from the well-known general form of the g,. If j denotes one of theshd(®*D) final states then the
photoabsorption-photoemission cross secfipl, differen-  gypression fo;; becomes slightly more complicated due to
tial in angle of the emitted photop,, the interference of fluorescence amplitudes originating from

do’ r the 3P and 3D expansion blocks of the resonance. These two
290 ﬁ[lJrIB__ P,o(k;- €0)]- (16) blocks both populate dnd(®D) final states with either one
dQ, 47 I or two times the total angular momentum. In the case con-

~ . sidered here the resonances have one major symmetry and
Heree, denotes the polarization of the incoming light @ad  the interference can be neglected. The asymmetry parameter
the direction of the emitted photon. The total cross sections then approximately equal to
for reaction(15) is again approximated by

3 1 3 1
r — —Po=5A - T P2TEAn
: I F A e T A LT

(20

7= ey pr
' ' for the major 3P and 3D symmetries of the resonance, re-
where all the quantities above were previously defined byspectively.
Egs. (6), (9), (11), and (12). To determine the asymmetry Finally, to determine the effective angular distribution of
paramete;; we explicitly express the differential cross sec- the primary fluorescence originating from trté resonance,
tion (16), Bji has to be averaged over the partial fluorescence decay
rates leading to various final singly excited stgtethat is,

dO';i 1

B g >

dQl 2Jot1 MoM v

v r
Bi=—; 2 I'5i Bji -
Iy i

2
X(aiJiMi|€- (r1+12)|agdoMo)| (17

The effective asymmetry parametef; are presented in

: Table 1.
as proportional to the absolute square of the product of the Our goal is to compare our calculations with the measure-

photoabsorption and photoemission amplitudes, averaged

over the initial and summed over the final projections of thements performed with a simple microchannel plevCP)

total anaular momentum and over the two perpendicular o(_1etector[16]. It is necessary then to estimate the angular
Iarizatio?\SV of the emitted photofi27] perp POdistribution of all uv photons emitted in the fluorescence
o ; P ' decay channel of doubly excited states. In addition to that of

The initial _state IS r_epresented by the quantum n.umber§ne primary fluorescence we need to know the angular dis-
Zt‘g]r%';/(l:o’stg:: ;r;ttgr”ﬂﬁg'rztseceséitee ht;%iihMi "I'r?ende;gfesﬂsr;g:w tribution of the secondary photons emitted during the subse-
M . ; ; i

on the right side of Eq(17) can be simplified to assume a quent cascade decay. Actually, we are interested only in pho

form proportional to Eq(16). Then it is easy to extract the tons emitted in the last step of the cascade, which brings the
prop qi2o). 1hen y atom into the ground state. Only these photons have high
asymmetry parameter, which is given by

enough energy to be detected by the simple detector. To a

J o2 (3 2 3 good approximation, there are no secondary uv photons

{ H ] emitted in the cascade decay of triplet singly excited states.

B(Jo,di d)=— 1 Jo 1](1 (18) On the other hand, a large majority of singlet states created
e J 0 J|(J 0 |’ by the primary fluorescence end in the ground state. The total

: 13 1 H 1 1] yield of secondary uv photons is then expected to be compa-

rable to the primary photon yield and has to be accounted for
in accordance witfi26]. Via 6-j symbols, the parameter de- Properly. _
pends only on the total angular momenta of the atomic states There are two by far the most probable types of singlet
involved and not on any other quantum numbers that decascade that end by emission of the secondary uv phpfon
scribe these states. In our cale=0, J;=1, butJ; can be 0,

1, or 2. The asymmetry parameters for the three values of the Lsns[0]+ vy,
final angular momentum are Va N
A
1 1 yo—R,[1] Lsmp[1]4,—18*[0]+ y;.
Bo=—1 B1=5, B2=—%. (19
2 10
NoB L/

The angular distribution of photons emitted from fRereso-

nance depends on the relative contributions of diffednt lsnd[2]+ v, 21)
values in the composition of the final singly excited state.

Since the nq'S), 1snd('D), and sng3S) final states Here m<n because of energy conservation. Each type of
are characterized by a unique valueJof the corresponding cascade is specified by a unique pattern of the total angular
asymmetry parametey; are simply given byB,, 8,, and  momentdJ] of atomic states through which it proceeds. The

032520-7
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angular distribution of the emitted photons depends on thiphotoexcitation and decay of the triplet resonances. Based on
pattern only and not on the other quantum numbers. For thhis work there is a short discussion of the total photoabsorp-
A type of cascade it is immediately clear that emissiorypf tion cross section of the triplet resonances[16], which

and y3; should be isotropic, because their “parent” state explains the observed: rise by the presence of spin-orbit
1sng'S,) has no preferred direction in space, 8g=0. perturbation.

The angular distributions of, and y; in caseB may be By inspecting the results in Table | we find, as in the
obtained by the straightforward extension of methad).  singlet case, one strongly autoionizing triplet series, denoted
The amplitude of the cascad®l) is given by a product of 1+ (3py for which the autoionization rate reaches about
four single-step amplitudes, summed over angular momersnos of then™ 1p) rate. Then there are two triplet series

tum projections of the three intermediate states. Afterwritinqm,[h comparable autoionization rates, namely, (°P)

each single-step operator in tensorial form, applying the . 0 3 . o
Wigner-Eckart theorem, and summing the absolute squarerga(ihmg 30'/0,.an_chd( P), reaching abogt 10% of the
(*P) autoionization decay rate, respectively. The fourth

over two perpendicular polarizations of each of the thred' X 3 - ;
emitted photons, the angular part of the differential crosdfPlet series,nd(*D), autoionizes about ten times slower

section is extracted: than the weakest singlet seriasl(*P) at n=3. However,
the autoionization rate increases for higher Rydberg states
2 1 1 2 )( 2 1 1) and atn=8 the decay becomes more than ten times faster
1 0, H
W2 T, L =My Mp=M; My =M My 0 than the decay ohd(*P), due to the 0.16% of singlet

n*(*P) admixture(Fig. 1).
2 On the other hand, the most strongly excited triplet series
nd(®D) displays the largest fluorescence decay rate of all
seven serie¢Table ). Reaching about 10 n$, the rate is
essentially equal to that of thep2-1s transition in the he-
jigm ion. Previous modeling assumed that the fluorescence
rate of every singlet series converges fast to this limiting
value[9]. But such behavior seems to be more the exception
than the rule. We found, as [18], that the fluorescence rate
7 of the doubly excited state, even with=8, can be consid-
Bg=— 20" erably smaller than the fluorescence rate pfeélectrons in
the helium ion, due to the correlated motion of the two elec-
trons. We can understand this qualitatively as a kind of po-
larization effect in the body frame where the outer electron
forces the inner electron into some series specific mixture of
2s and 2 orbitals. The larger is the weight of thes ®rbital
in this combination, the smaller is the probability of the inner
electron fluorescing into theslorbital. Due to this effect the
nd(*P) series appears to have the smallest primary fluores-
E F;,i cence rate, roughly equal to 3.0 s The second weakest is
P the n* (°P) series, still having a fluorescence rate less than
Bis=Ps o one-half of the upper limiting value of 10 n§ atn=8.
Ej: T The next is thend(®*P) series withI"! of about 6 ns?.
Finally, the three series®(*P), n~(*P), andn™ (®P) have
The summation in the numerator goes ovend(1D) states Nearly equal total fluorescence rates of about 8 ‘nive
only and in the denominator overshd(*D) and Isng'S) note that our calculated linewidth of tmel(*P) resonance is
states(Table . 3.04 wueV, which agrees reasonably well with 3/3eV, the
lower limit as determined recently 429].
Figure 3 presents primary fluorescence rates rfer5
resonances. The decay rate distribution of higher-lying reso-
There is a large number of papers dealing with autoioniznances follows a similar pattern shifted in parallel according
ation of helium doubly excited singlet staed. Apart from  to then value of the resonance. The distribution of the total
the large relative difference among the total photoabsorptiodecay rate amongshs and 1snd final states reflects the
cross sections of different singlet series, it is well known thatcomposition of the initial correlated state. For example, the
within the series the cross sections varies as the inverse &fd(°D) resonance fluoresces almost fully int@5H(°D)
the third power of the effective quantum numbey=n and its oscillator strength matches almost perfectly the oscil-
— &g, roughly following then dependence of the square of lator strength of the g— 1s transition in the helium ion. All
the Rydberg orbital amplitude in the core regip®,10.  this points to a very simple structure of the resonance state,
Much less theoretical work has been published on the fluoand, in fact, the Hartree-Fock energy of a singfg5a(3D)
rescence decay of these doubly excited stat8<28 and, to  configuration is just about 3 meV higher than the energy of
our knowledge, no calculations are available that considethe corresponding correlated state. The most correlated series

MY %oy Mi—Mo = ry My 2
XY DY T (ex)Y, (€

To determine the angular distribution of each photon sep
rately the cross section has to be integrated over the angles
the remaining two photons. In caBethe asymmetry param-
eter turns out to be the same fgy and y; photons,

The effective angular distribution af; for each resonance is
obtained by averaging the two asymmetry parameigrand
Bg, weighted by the probability to decay via pathor B,
respectively. The effective asymmetry parameggr of the
secondary uv photon is then

VI. RESULTS AND COMMENTS
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FIG. 4. The calculated cross section for populating the ground state of therjgh the ground state of the atonap), the triplet
metastable stateo(,), and the singlet metastable state) via decay of thath resonance.
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in the sense of requiring the largest MCHF expansion ighe total photoabsorption cross section by the corresponding
n—(*3P), for which the ratio of oscillator strengths into converged populatiofFig. 4),

1snsand Isnd states is close to (Fig. 4). For then* (}P)

andn* (3P) series the ratio is close to 3 and 8, respectively, oio=0iPo, 0i1=0iP1, 0;;=0iP;, 0i=0iP;.

in favor of 1snsfinal states. Finally, fond(*°P) series the h d ducti ion sh .
ratio is about 10 in favor of 4nd final states. We note that ;I' © dgroun .Statf pro_gcfnor:hcrosds fsctmqa_s O;NS vaml)us
the primary fluorescence most likely occurs in the frozen rends ranging ?T‘s or the n .( .) series 1o nearly a
Rydberg electron mode, that is, from a giverresonance cons.tant for then ( P) series, which is consistent with the
state into the &nsor 1sndfinal state with the same. The prediction of the simple ORydberg moded, 10]. o fo"QWS .
strong exceptions to the rule ane (1P) resonances, having oo scaled down to 1.5% as soon as the population ratio

lativelv | illator st thint ~1)(s.d) stat stabilizes(Table ). The largest cross sectionsg, for the
relatively large oscillator strength intesin—1)(s,d) states. triplet metastable production, almost equal to the excitation

Such a delayed onset nearly doubles the total fluorescen¢e << sectiors- . is calculated for thend(®D) series. The
1 .

decay rate of this series at=4 as compared {0=3. A metastable production under the other triplet resonances rises
slight decrease of the total fluorescence rates athidiable  oyen faster tham® but then slows down to follow the exci-
1) is due to decays into thesin=9)I final states, not ac- tation cross section, as soonBs>T2. It is interesting that
counted for by our calculation. The creation of the triplettrimet metastable production under the singié(1P) line is
(;inglet) sjngly excited states in decay of the predo_min.antly|arger than under the triplet” (3P) line, a combined effect
singlet (triplet) resonance is t00 weak to be seen in Fig. 4.t mch larger but decreasing excitation cross section and
The strongest “forbidden” primary fluorescence t:ansmonssma” but strongly increasing triplet admixture in the singlet
within t3he range 30f our c?lculayons are "6P)  gpare. According to our results, the largest ion yield of the
_>158d(_[1)) and &i( D)f)11583( S) with decay rates of yiplet resonances is given by tme (3P) series. Due to its
0.011 ns” and 0.0074 ns, respectively. __ relatively isolated energy position between the(*P) and

In Table | we present for each resonance the probability of, + (1py resonances, this is the best candidate to be detected
ending up in the ground state of Hein the atomic ground i, fytyre experiments in the ion detection channel. Still, the
state, in the triplet $2s metastable state, and in the singlet ;5 yield due to the 8(3P) resonance is expected to be
1s2s metastable state. In previous work the ratio of the sin4po0t 100 times smaller than the yield under the('®)
glet metastable to the ground state population was estimatgdconance.
to be about 39%48]. This comes from the assumption that all  1he effective asymmetry parametg turns out to be
low-lying 1smp states which are mainly populated in the hegative for the singlet dominated resonances and positive
second step of the casca) have branching ratio of 3%. for the triplet dominated resonances, a consequence of the
However, the most likely populated state is2b, having @  preferred final stategTable ). The primary fluorescence
branching ratio of only 0.1%. The true branching ratio from the singlen* (1P) states is expected to have the largest

P2/Pg is thus actually lower, approaching 1.5% f0r-8.  anjisotropy; these resonances preferably decay irgosl
Except for the 8/(°*D) resonance the ratio is largest for the gtates for whichgj;=—1. The primary photon emission
lowest members of the resonance series, reaching valuggy, nd(3P) resonances is almost isotropig;=0.10. As
even larger than 1 for 3(“*P), due to strong formation of shown by our calculation, the secondary uv photons are
1s2s(*S) directly from the resonance state. The populationgmitted slightly asymmetrically with respect to the polariza-
ratio of the triplet metastable to the ground stdg/Po,  tion direction; the effective asymmetry parameter for such
decreases Wl'th mpreasmgfor the triplet dominated reso- {ransitions is in the range 7/20< B8;s<0, where the upper
nances, but is still more than 1000 at=8. Due to the gng the lower limits are imposed by decay paand B
singlet-triplet mixing, more and more oscillator strength goegEq. (21)], respectively. By measuring the asymmetry param-
into the singlet manifold of states, which predominantly aters of uv photons we might gain more insight into the

populates the ground state. The opposite is true for the sinmasonance decay dynamics and structure of the states
glet dominated resonances. Due to the mixing, the triplefnyolved.

metastable state is more and more populated, causing the
increase ofP, /Pq with n.

The ratio of the ion state population to the ground state
population,P. /P, reflects the behavior df? except for the Below we compare our results to the recent dgté]
nd(®D) series. While the autoionization rate increases withrecorded at the high-resolution high-flux gas phase photo-
n, fewer and fewer ions are produced compared to the atomsmission beamline at the synchrotron Eleft88]. The dif-
in the ground state, despite a nearly constant fluorescenderential cross section for emission of uv photons in decay of
rate. The same triplet-singlet mixing responsible for the in-theith resonance is
crease ofl'? distributes oscillator strength to the singlet
manifold of states, causing more and mard(°D) reso- doi’ ojotopto
nances to decay into the ground state. Combining the two, a0 A
the second effect prevails due to the relatively laFge

The cross section for production of the four long lived
final states via the resonané&® is obtained by multiplying

VIl. COMPARISON TO THE EXPERIMENTAL DATA

211+ B,P,(cosh)]

Jio
+ E[1+,8isP2(cose)], (22
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surface, covering abouf=2% of the whole solid angle

44a) 6d('P 1
s 4d('P 50 sarp 5P e Z%SPP)) [16]. To make a fair comparison to the measured spectrum
3, P 5°('P) &P | 7P g the calculated yields were blurred by a Gaussian of 3 meV
> N full width at half maximum representing approximately the
. h A energy profile of the incoming light; the largest natural line-
s lm | . . . Rpa width in the range of the experimental spectrum in Figl)5

is expected to be only 0.12 meV, for the @P) line. To

021 simulate the experimental spectrum we have to account for

5 ol b different detector efficiencies for metastable atoms and uv
' photons. By introducing the efficiency ratio, the signal on the
00 - MCP detector is expected to be
<)
1.0 4 ) _ﬂ
—>" 05

M Y =—Y"t+YM", (25
i ﬂ N €m
00 h A The primary and secondary uv photon efficiencies are taken

P - - ' ' , ‘ - to be equal, in accordance with the experimental data, show-
104% Jj ing one-half of the yield drop just above the=2 threshold

[16]. The unknown efficiency ratio in Eq25) was selected

exp

> 05 in such a way as to obtain the best matching of relative line
jk intensities with the experimental spectrum,
0.0 1
e) I I I I I | I € 1
101 —~—, 26
€n 4 (26)
S- 05 1 . . . e .
M No measurements were taken in similar conditions with the
00 axis parallel to the polarization. Making a similar ap-
\ \ !L_JU_JLL MCP llel to the polarization. Mak |
64.4 64;.5 64;.6 64I.7 64I.8 64'.9 61-';.0 65I.1 65.2 prOleatlon as above we estimate
Photon eneray [eV] Vil =4 a(giot ot oi2) (14 )+ oio( 1+ Bis)],
FIG. 5. Calculated yield of uv photor(® and metastable spe- (27)

cies(b) hitting the detector surface. The yield of detected particle
(c) is to be compared to the measured yield at 90° to the polariz
tion direction of incoming ligh{d). The yield(e) is expected to be
measured at 0° to polarization.

Sand zero for the metastable yield because the gas inlet is now
af)erpendicular to the polarization. The expected yield of de-
tected particles

where 6 is the angle between the uv photon direction and Y!|=@Yi”””
polarization of the incoming photon beam. The first term is €m

the primary fluorescence contribution and the second term is.
due to the secondary fluorescence. The total cross section f&?
creation of metastable states is given by 0

th the efficiency ratid26) is presented in Fig.(8). At 0°
polarization we expect about one-half of the yield detected
at 90°.

o= 01+ 0. (23)

VIIl. CONCLUSIONS

During the measurements a large area MCP detector was _ ) )
p|aced Opposite the gas need'e' Wh|Ch was mounted perpen_ We have studied the decay of helium doubly excited states
dicular to the photon beam and the polarization axisWith n<8 andJ=1 in order to simulate recent experimental
Charged particles were rejected by two properly biased gridgata showing peaks at positions of triplet resonances in the
in front of the detector. In Figs.(8) and 5b) we present the metastable atoms plus uv photon channel. The simulation
expected y|e|d of uv photons and metastable atoms hittin quired calculation of correlated dOUbly excited states be-
the detector. Taking®,(cos#)~—1/2 over the solid angle [ow theN=2 threshold. To evaluate the relative importance

subtended by the MCP we have of the two competing decay channels we have studied pri-
mary fluorescence, leading to the singlet and tripkt 4and

ol Bi Bis 1sndstates below the first ionization threshold, and autoion-

Yitm=4md| (gipt ot oig)| 1 2> | toio| 1= |, ization, which brings the atom into the ionic ground state.

We note that the primary fluorescence rate is in general
Y=o, (24) smaller than the @— 1s fluorescence rate of the helium ion,
due to correlated motion of the electrons. To estimate the
Because of the directionality of the atomic beam it is as{roduction cross section of four long lived final states, we
sumed above that all the metastable atoms hit the detectfollowed the relaxation via the fluorescence channel for each
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resonance. For this purpose we calculated the array of dipolgency ratio would be necessary in order to fully verify these
transition rates connecting all pairs in the set of statesesults.

1sn(s,p,d,f) with n<8; they are in good agreement with  We have shown that spin-orbit interaction with all its con-
previously tabulated value®5]. The effective asymmetry sequences can indeed explain the measured spectrum, which
parameters of the primary uv emission were calculated to beonfirms the interpretation given earligk6]. Also, it seems
negative for the predominantly singlet and positive for thethat the correlated nature of the doubly excited states mani-
predominantly triplet resonances. The asymmetry parametdests itself not only in asymmetric autoionization rates of
of the secondary uv emission is expected to be slightly negadifferent series but also in asymmetric fluorescence rates al-
tive. Combining all the calculated results, good agreementhough the photon emission always happens relatively close
was found with the experimental data, measured at 90° to th® the nucleus and the outer electron is far away from it most
polarization direction of the incoming light, provided we al- of the time. Lifetime measurements with time resolution be-
low for about four times more efficient detection of helium low 1 ps would be necessary to experimentally confirm this
metastable atoms than uv photons on the standard MCP dphenomenon. Finally, our data may be useful in further ex-
tector. Taking about 10% detection efficiency for uv photonsperiment planning, probably in the direction of measuring
[31], this result indicates that MCP detection efficiency forthe angular resolved coincidence signal of uv photons, meta-
helium metastable atoms is close to 40%. An independerdtable atoms, ions, or electrons, which all appear as decay
measurement of the asymmetry parameters and of the effproducts of these resonances.
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