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Radiative decay of helium doubly excited states
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A theoretical study of the radiative decay of low-lying doubly excited1Po states of Helium in the energy
region below the He1(N52) threshold is presented. We calculated the oscillator strength from the ground
state, the Auger and radiative decay rates, and the natural widths of these states. These rates are used to obtain
the photon emission and metastable atom yield spectra to compare with experimental measurements, including
those from Odling-Smeeet al. @Phys. Rev. Lett.84, 2598~2000!# and Rubenssonet al. @Phys. Rev. Lett.83,
947 ~1999!#. We showed that the lifetimes of the long-lived doubly excited states are determined by the
radiative rates.
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Helium is the prototype system for the study of electr
correlation. Manifestations of doubly excited states as re
nances in the photoionization spectra have been studied
tensively since the pioneering experimental work by Madd
and Codling@1# and the corresponding theoretical work b
Cooper, Fano, and Prats@2#. Over the last few decades,
detailed understanding of these states has been achieved
vances in synchrotron light sources and experimental te
niques continue to improve the resolution of experimen
spectra, thus uncovering weaker features that were no
solved before@3#. On the theoretical front, various approx
mate quantum numbers have been proposed and adopt
describe these states@4–6#, and propensity rules for radiativ
and nonradiative transitions@7,8# have been discussed.

Most of the previous theoretical and experimental stud
of helium doubly excited states assume that the Auger p
cess dominates the decay mechanism, thus considering
~or photoelectron! yield spectra as a measure of the photo
sorption probability. Note that the natural width of a res
nance is proportional to the sum of the Auger decay rateGa
and the radiative decay rateG r . Along a given Rydberg se
ries,Ga is proportional to 1/(n2d)3, whered is the quantum
defect @9#. In contrast, radiative decay rateG r stays nearly
constant along the series since the radiative decay of a
bly excited state is primarily due to the 2p→1s transition of
the inner electron. For the He1 ion this lifetime is 0.1 ns.

Continuing progress in synchrotron light sources in
last few years has now offered experimentalists the oppo
nity to examine the radiative decays of the helium dou
excited states@10–15#. These experiments fall into two
groups. One measured the VUV photon yield and the ot
measured the yields of metastable helium atoms and V
photon, as a function of the energy of the synchrotron lig
Despite the rich literature on doubly excited states of heliu
few theoretical calculations on the radiative decay of dou
excited states have been made@16#. In this Rapid Communi-
cation we present the radiative rates of the low-lying dou
excited 1Po states of helium below the He1(N52) thresh-
old. From the calculated Auger and radiative decay rates
natural widths of these states are obtained. By following
radiative decay branches of individual doubly excited sta
including all the cascade transitions, we derive the expec
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VUV photon yields and the metastable atom yields. The
data serve to compare with the recent experimental meas
ments@11,12,14#. In considering the radiative transitions, w
treat each doubly excited state as a bound state. A m
complete treatment by including the Auger and the radiat
transitions coherently is not being done here@17#.

In order to obtain the radiative rates of the doubly excit
1Po states of He below the He1(N52) threshold, we calcu-
lated thef values for transitions to the singly excited1S and
1D states. The wave functions of the singly excited sta
have been calculated using the Rayleigh-Ritz variatio
method withB-spline functions@18#. The wave functions of
the doubly excited1Po states are obtained by a saddle-po
complex rotation method withB-spline functions@19#. In a
configuration interaction scheme, we constructed the w
functions in terms ofB splines of orderk and total numberN,
defined between two end points, and built vacancies into
wave functions. TheB-spline basis functions with an expo
nential knot sequence@20,21# are employed in the presen
calculation. We included six lowest partial waves in calc
lating the saddle-point wave functions of the doubly excit
1Po states. We ensured that thef values are accurate within
the first three digits as the number of partial waves and b
functions increase. Resonance energies and Auger rates
been reported previously@19#. Detailed comparisons of reso
nance energies and Auger rates with previous work can
be found there.

The doubly excited states are labeled using the (K,T)n
A

classification scheme@4#. Table I documents the main resul
for each doubly excited state calculated. The second colu
gives the oscillator strength from the ground state. The th
column gives the total Auger rate, and the fourth and fi
columns give the total radiative rates to the1S singly excited
states and to the1D singly excited states, respectively. F
each higher doubly excited state with principal quantu
numbern, the transitions tend to decay to 1sns and 1snd
states. The sixth column gives the total radiative rate. T
total decay rate for each doubly excited state is given in
last column. Only doubly excited states below the He1(N
52) threshold forn<7 are considered.

From this table, we notice the well-known fact that th
Auger rates for the (0,1)n

1 series are about two orders o
©2001 The American Physical Society01-1
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magnitude larger than the corresponding states of the (1n
2

series, and the Auger rates for the latter are two orders hig
than the corresponding states of the (21,0)n

0 series. The Au-
ger rates for the higher members of the (21,0)n

0 series are so
small, in fact, that we obtained the Auger rates forn55 and
6 by estimate following the 1/n* 3 rule, wheren* is the ef-
fective principal quantum number. Since the Auger rates
these states in the (21,0)n

0 series are much smaller than th
radiative rates, error in the estimate is not important.

From Table I we also note that the radiative rates for
the doubly excited states are of the same order. They ar
be compared with the radiative decay rate of 1.031010s21

for the 2p→1s transition of He1. By comparing the Auger
and radiative rates, the lifetimes of the lower states of
(0,1)n

1 series are clearly determined by the Auger rat
Again using the 1/n* 3 rule, we expect the Auger and th
radiative rates to become comparable for the (0,1)n

1 series at
n'30. For the (1,0)n

2 series, the radiative rates for smalln
are not as large as the Auger rates, but they are not n
gible. The simple 1/n* 3 rule would give the two equal rate
at n'8. The most interesting result of Table I is the radiati
rates of the (21,0)n

0 series. This series is not easily excite
by single-photon absorption and decays predominantly
photon emission. This is already true for the lowestn53
member of this series. From the calculated rates we note
the (21,0)3

0 state~called 2p3d by some authors! has a life-
time of 207 ps. The higher members have lifetimes of 2
ps, 278 ps, and 331 ps, according to our calculation. S
long lifetimes probably can be determined directly from tim

TABLE I. Oscillator strength from the ground statef, Auger
decay rateGa , and radiative decay ratesG r ,s andG r ,d correspond-
ing, respectively, to transitions into1S and 1D singly excited states
for doubly excited states (K,T)n

a . G r5G r ,s1G r ,d is the total radia-
tive decay rate.G5G r1Ga is the total decay rate. All decay rate
are shown in units of s21. Numbers in square brackets indica
powers of 10.

State f Ga G r ,s G r ,d G r G

(0,1)2
1 6.98@23# 5.70@13# 6.66@9# 0.28@9# 6.94@9# 5.71@13#

(0,1)3
1 1.14@23# 1.24@13# 5.65@9# 1.57@9# 7.22@9# 1.24@13#

(0,1)4
1 4.60@24# 0.53@13# 5.60@9# 1.92@9# 7.52@9# 5.31@12#

(0,1)5
1 2.30@24# 0.26@13# 5.60@9# 2.07@9# 7.67@9# 2.61@12#

(0,1)6
1 1.32@25# 0.15@13# 5.69@9# 2.07@9# 7.76@9# 1.55@12#

(0,1)7
1 8.25@25# 0.92@12# 5.70@9# 2.10@9# 7.80@9# 9.28@11#

(1,0)3
2 2.87@25# 1.60@11# 4.70@9# 0.63@9# 5.33@9# 1.65@11#

(1,0)4
2 2.18@25# 0.84@11# 3.20@9# 4.17@9# 7.37@9# 9.14@10#

(1,0)5
2 1.11@25# 0.41@11# 3.40@9# 4.48@9# 7.88@9# 4.89@10#

(1,0)6
2 6.15@26# 2.24@10# 3.60@9# 4.69@9# 8.29@9# 3.07@10#

(1,0)7
2 3.73@26# 1.33@10# 3.67@9# 4.87@9# 8.54@9# 2.18@10#

(21,0)3
0 2.49@26# 0.62@9# 8.76@8# 3.34@9# 4.22@9# 4.84@9#

(21,0)4
0 2.22@26# 1.24@8# 6.29@8# 3.14@9# 3.77@9# 3.89@9#

(21,0)5
0 1.46@26# 0.63@8# a 5.39@8# 3.00@9# 3.54@9# 3.60@9#

(21,0)6
0 9.67@27# 0.37@7# a 0.89@8# 2.89@9# 2.98@9# 3.02@9#
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measurements. We comment that our predicted width of 3
meV for the lowest (21,0)3

0 state is in good agreement wit
a recent experimental study, which measured the time d
of the fluorescent decay and determined a lower limit for
width of 3.30meV @15#.

Closer examination of the results presented in Tabl
reveals information regarding configuration interaction. T
three 1Po series converging to He1(N52), (0,1)1, (1,0)2,
and (21,0)0, are also alternatively described approximate
by configuration classifications, 2snp62pns and 2pnd,
which characterize the leading configuration components.
the configurations might suggest, it is commonly assum
that radiative decay rates for these states can be describe
the dominant 2p→1s transition, which has a rate of 1.
31010s21. However, all the radiative decay rates,G r , pre-
sented in Table I, are smaller, reflecting the importance
configuration interaction and the failure of single configu
tion representation for these states. Note that the total r
for the (21,0)n

0 states are less than half the rate of t
He1(2p) state. Nevertheless, (21,0)n

0 states preferentially
decay into 1smdstates with a branching ratio of about 80%
showing their dominant 2pnd configurations. Although
(0,1)n

1 and (1,0)n
2 states are both described by linear co

binations of 2snp and 2pns, their radiative decay rates re
veal more complex configuration interactions. While t
(0,1)n

1 states preferentially decay into 1sms states, the
(1,0)n

2 states have comparable branching ratios into 1sms
and 1smd states. Therefore, (1,0)n

2 states have relatively
larger 2pnd configurations. It is interesting to point out tha
the sum of the radiative rates of the three (K,T)n states with
the samen is roughly twice the radiative rate for the He1

2p→1s transition. While only the 2pns and 2pnd have
significant radiative decay rates to 1sns and 1snd, respec-
tively, the radiative decay rate of 2snp to 1snl would be
much weaker.

Radiative decay of a doubly excited state can proc
through several different paths as shown by a schematic
gram in Fig. 1. A direct radiative decay into the ground st
results in emission of a single VUV photon. The other on
step process is a radiative decay into the 1s2s 1S state, pro-
ducing a VUV photon and a metastable atom. Radiative
cays into other 1sns1S and 1snd1D states will be followed

FIG. 1. Schematic diagram of the radiative decay scheme. T
sitions that produce VUV photons are shown in solid lines. Ot
possible transitions are shown in dashed lines.
1-2
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by cascade fluorescence decay through 1smp1Po (m,n)
states into either the 1s2 or 1s2s 1S state, since these 1snl
singly excited states are generally short-lived. Therefo
summing over one-step and cascade processes and ne
ing those of higher order, the VUV photon yield intensityFn
and the metastable atom yieldMn from a given doubly ex-
cited staten can be described by the following formulas.

Fn5 f nF(
i

ci1di

G
1 (

i .2,j

ci

G
Pi j Qj 11(

i , j

di

G
Ri j Qj 1G , ~1!

Mn5 f nFc2

G
1 (

i .2,j

ci

G
Pi j Qj 21(

i , j

di

G
Ri j Qj 2G , ~2!

where f n is the oscillator strength from the ground state
the staten, G5Ga1G r is the total decay rate,ci anddi are
the radiative decay rates to the 1sis1S and 1sid 1D states,
respectively, obtained from the present calculations,Pi j and
Ri j are the fluorescence branching ratios correspondin
1sis→1s jp and 1sid→1s jp transitions, respectively, an
Qi j is the fluorescence branching ratio from 1sip to 1s js.
These branching ratios for singly excited states are know
the literature@22#. For example,Qi1 is approximately 97%
and Qi2 is about 3%. Note that( ici5G r ,s and ( idi5G r ,d
~cf. Table I!. Single excited states 1snl with high n are also
metastable, but they are not included in Eq.~2! due to their
negligible contributions. Radiative decays through low
doubly excited states are not included because they inv
much smaller transition energies. Our calculations show
only three of the states reported here have radiative de
rates to lower doubly excited states that exceed 1% of t
total radiative decay rates to singly excited states.

Results for metastable atom and VUV photon yields
presented in Table II. Since both( j Pi j Qj 1 and( jRi j Qj 1 are
close to unity,

TABLE II. Metastable atom and VUV photon yields from fluo
rescence decay of the doubly excited states (K,T)n

A ordered accord-
ing to increasing excitation energies.

State Metastable atom yield Photon yield

(0,1)2
1 7.923103 9.893103

(1,0)3
2 5.183103 1.473104

(0,1)3
1 4.723101 1.423104

(21,0)3
0 1.153103 4.573104

(1,0)4
2 5.303102 3.743104

(0,1)4
1 6.393101 1.403104

(21,0)4
0 5.583102 4.623104

(1,0)5
2 3.603102 3.833104

(0,1)5
1 9.163101 1.433104

(21,0)5
0 2.793102 3.093104

(1,0)6
2 2.903102 3.563104

(0,1)6
1 1.013102 1.423104

(21,0)6
0 1.153102 2.083104

(1,0)7
2 2.403102 2.133104

(0,1)7
1 1.123102 1.483104
01050
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Since the fluorescence branching ratio is quite small for
(0,1)n

1 series, this equation explains the weak VUV phot
yields for the1 series. However, it is not easy to identify
particular tendency in metastable atom yields. For exam
the (0,1)2

1 state produces the largest metastable atom yi
resulting from the combination of a large oscillator streng
from the ground state and the dominance of the transition
1s2s state among all radiative channels, although
branching ratio for radiative decay is only 0.12%. Genera
radiative decay proceeds preferentially via (K,T)n

A→1sms
~or 1smd) for m5n. Therefore, except for (0,1)2

1 and
(1,0)3

2 , the metastable atom yields are dominated by c
cade processes. SinceQj 2 is almost two orders of magnitud
smaller thanQj 1 for these cases, the photon yields are a
two orders of magnitude larger than the corresponding m
stable atom yields.

Our results are compared to two recent measuremen
Tables III and IV. To compare with the measurements
Odling-Smeeet al. @11#, the Lorentzian resonance profiles
the metastable atom yield~MY ! and VUV photon yield~FY!
spectra have to be convoluted with a Gaussian envelope

TABLE III. Relative peak intensities of metastable atom yiel
~MY ! and VUV photon yields~FY!. The present results correspon
to the peak values of the convoluted resonance profiles in the fl
rescence spectra. The results are normalized with respect to the
for the two states, (21,0)3

0 and (1,0)1
4.

MY FY
State Expt.a This work Expt.a This work

(0,1)2
1 147~24! 344.3 . . . 8.7

(0,1)3
1 15~4! 2.6 17~14! 16.0

(0,1)4
1 17~3! 3.7 24~4! 16.4

(0,1)5
1 15~3! 5.4 26~6! 17.0

(1,0)3
2 208~8! 309.5 45~6! 17.8

(21,0)3
0 and (1,0)4

2 100 100 100 100
(21,0)4

0 and (1,0)5
2 49~3! 54.7 73~6! 101.9

(21,0)5
0 and (1,0)6

2 37~3! 33.9 58~7! 80.3

aReference@11#.

TABLE IV. Relative peak intensities of VUV photon yields
The present results correspond to the peak values of the convo
resonance profiles in the fluorescence spectra. The results are
malized with respect to the (21,0)3

0 state.

State Experimenta Present results

(21,0)3
0 1.0 1.0

(1,0)4
2 0.54 0.81

(21,0)4
0 0.44 1.01

(1,0)5
2 0.21 0.84

(21,0)5
0 0.12 0.68

(1,0)6
2 0.09 0.78

aReference@12#.
1-3
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a width corresponding to the energy resolution of 60 m
for the incoming photon, which is larger than the spac
between (21,0)n

0 and (1,0)n11
2 , and several orders of mag

nitude larger than the natural widths of the states. As a re
the peak intensities of the measured Lorentzian profiles
proportional to the combined yield from the two states. Ta
III shows good qualitative agreement onmetastable atom
yields between experiment and present results. On the o
hand, the comparison of VUVphoton yields shows less
agreement.

For the discrepancies in VUV photon yields, we have
point out that the photon yields from the two measureme
@11,12# are not consistent with each other. As seen fr
Table IV, the relative peak intensities from the data
Rubenssonet al. @12#, which were taken at a resolution o
3–7 meV, do not agree with the relative peak intensities
the convoluted theoretical results presented in this table.
point out that our calculated results appear to be in g
agreement with a recent measurement@14#, which has a bet-
ter energy resolution to resolve fluorescence profiles co
sponding to (21,0)n

0 and (1,0)n11
2 1Po states up ton56.

In conclusion, we have presented a theoretical study
the radiative decay of low-lying doubly excited1Po states of
helium below the He1(N52) threshold, including calcula
tions for Auger and radiative decay rates, predictions
G
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metastable atom and VUV photon yields in the fluoresce
spectra, and comparisons between our results with exp
mental measurements. The radiative decay rate of individ
doubly excited states reflects the importance of configura
mixing. Neglected by most prior studies, radiative decay
shown to be more important than autoionization in the de
mechanism of some doubly excited states. Among the lo
lying states, the (21,0)n

0 series decays predominantly v
radiative channels, while the Auger process dominates
decay of (0,1)n

1 and (1,0)n
2 series. With increasing bright

ness available from synchrotron radiation sources, it is
coming possible to examine the radiative branch of the de
of doubly excited states of helium. These data would prov
critical information on those doubly excited states that ha
so far been neglected both theoretically and experimenta

The work of C.N.L. and C.D.L. was partially supporte
by Chemical Sciences, Geosciences and Biosciences D
sion, Office of Basic Energy Sciences, Office of Scien
U.S. Department of Energy under Grant No. DE-FG0
86ER13491. The work by M.K.C. was supported by N
tional Science Council Grant No. NSC-870-0212-M-00
006. C.D.L. would like to thank Eva Lindroth for checkin
some radiative rates.
ys.

.
m-

m-
no

R.

. A
@1# R. P. Madden and K. Codling, Phys. Rev. Lett.10, 516~1963!.
@2# J. W. Cooper, U. Fano, and F. Prats, Phys. Rev. Lett.10, 518

~1963!.
@3# See, for example, M. Domke, K. Schulz, G. Remmers,

Kaindl, and D. Wintgen, Phys. Rev. A53, 1424 ~1996!, and
references therein.

@4# C. D. Lin, Phys. Rev. A29, 1019~1984!; Adv. At. Mol. Phys.
22, 77 ~1986!.

@5# D. R. Herrick, Phys. Rev. A12, 413~1975!; Adv. Chem. Phys.
52, 1 ~1983!.

@6# J. M. Feagin and J. S. Briggs, Phys. Rev. Lett.57, 984~1986!;
Phys. Rev. A37, 4599~1988!.

@7# J. M. Rost and J. S. Briggs, J. Phys. B23, L339 ~1990!; A.
Vollweiter, J. M. Rost, and J. S. Briggs,ibid. 24, L115 ~1991!.

@8# H. R. Sadeghpour and C. H. Greene, Phys. Rev. Lett.65, 313
~1990!.

@9# U. Fano and J. W. Cooper, Phys. Rev.137, A1364 ~1965!.
@10# E. Sokell, A. A. Wills, P. Hammond, M. A. MacDonald, an

M. K. Odling-Smee, J. Phys. B29, L863 ~1996!.
@11# M. K. Odling-Smee, E. Skoell, P. Hammond, and M. A. Ma

Donald, Phys. Rev. Lett.84, 2598~2000!.
@12# J.-E. Rubensson, C. Sa˚the, S. Cramm, B. Kessler, S. Strange
.

,

R. Richter, M. Alagia, and M. Coreno, Phys. Rev. Lett.83,
947 ~1999!.

@13# T. W. Gorczyca, J.-E. Rubensson, C. Sa˚the, M. Ström, M.
Agaker, D. Ding, S. Stranges, R. Richter, and M. Alagia, Ph
Rev. Lett.85, 1202~2000!.

@14# F. Penent, P. Lablanquie, R. I. Hall, M. Zitnik, K. Bucar, S
Stranges, R. Richter, M. Alagia, P. Hammond, and J. La
bourne~unpublished!.

@15# J. G. Lambourne, M. K. Odling-Smee, J. R. Harries, P. Ha
mond, S. Stranges, M. Ferianis, R. Richter, and M. Core
~unpublished!.

@16# H. O. Dickinson and M. R. H. Rudge, J. Phys. B3, 1284
~1970!.

@17# F. Robicheaux, T. W. Gorczyca, M. S. Pindzola, and N.
Badnell, Phys. Rev. A52, 1319~1995!.

@18# M.-K. Chen, J. Phys. B26, 3025 ~1993!; 27, 865 ~1994!; 26,
4847 ~1994!.

@19# M.-K. Chen, Phys. Rev. A56, 4537~1997!.
@20# M.-K. Chen and C.-S. Hsue, J. Phys. B25, 4059~1992!.
@21# W. R. Johnson, S. A. Blundel, and J. Sapirstein, Phys. Rev

37, 307 ~1988!.
@22# C. E. Theodosiou, At. Data Nucl. Data Tables36, 97 ~1987!.
1-4


