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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 excit@®f states of Helium in the energy
region below the H&(N=2) 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-Smeet al. [Phys. Rev. Lett84, 2598(2000] and Rubenssoat al.[Phys. Rev. Lett83,
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 electronVUV photon yields and the metastable atom yields. These
correlation. Manifestations of doubly excited states as resodata serve to compare with the recent experimental measure-
nances in the photoionization spectra have been studied erents[11,12,14. In considering the radiative transitions, we
tensively since the pioneering experimental work by Madderireat each doubly excited state as a bound state. A more
and Codling[1] and the corresponding theoretical work by complete treatment by including the Auger and the radiative
Cooper, Fano, and Prafg]. Over the last few decades, a transitions coherently is not being done hgté].
detailed understanding of these states has been achieved. Ad-In order to obtain the radiative rates of the doubly excited
vances in synchrotron light sources and experimental tech-P° states of He below the H¢N=2) threshold, we calcu-
niques continue to improve the resolution of experimentalated thef values for transitions to the singly excité& and
spectra, thus uncovering weaker features that were not re'D states. The wave functions of the singly excited states
solved beforg3]. On the theoretical front, various approxi- have been calculated using the Rayleigh-Ritz variational
mate quantum numbers have been proposed and adoptedrgethod withB-spline functiong 18]. The wave functions of
describe these statg$—6], and propensity rules for radiative the doubly excited'P° states are obtained by a saddle-point
and nonradiative transitior{,8] have been discussed. complex rotation method witB-spline functiond19]. In a

Most of the previous theoretical and experimental studiesonfiguration interaction scheme, we constructed the wave
of helium doubly excited states assume that the Auger profunctions in terms oB splines of ordek and total numbeN,
cess dominates the decay mechanism, thus considering iglefined between two end points, and built vacancies into the
(or photoelectronyield spectra as a measure of the photoabwave functions. Thé-spline basis functions with an expo-
sorption probability. Note that the natural width of a reso-nential knot sequencg0,21] are employed in the present
nance is proportional to the sum of the Auger decay Fate calculation. We included six lowest partial waves in calcu-
and the radiative decay rafg . Along a given Rydberg se- lating the saddle-point wave functions of the doubly excited
ries, I, is proportional to 14— 8)3, whered is the quantum  'P° states. We ensured that thealues are accurate within
defect[9]. In contrast, radiative decay rafg stays nearly the first three digits as the number of partial waves and basis
constant along the series since the radiative decay of a dofinctions increase. Resonance energies and Auger rates have
bly excited state is primarily due to thep2-1s transition of ~ been reported previous[L9]. Detailed comparisons of reso-
the inner electron. For the Heion this lifetime is 0.1 ns. ~ hance energies and Auger rates with previous work can also

Continuing progress in synchrotron light sources in thebe found there.
last few years has now offered experimentalists the opportu- The doubly excited states are labeled using tKeT(4
nity to examine the radiative decays of the helium doublyclassification schemiet]. Table | documents the main results
excited state§10-15. These experiments fall into two for each doubly excited state calculated. The second column
groups. One measured the VUV photon yield and the othegives the oscillator strength from the ground state. The third
measured the yields of metastable helium atoms and VU\olumn gives the total Auger rate, and the fourth and fifth
photon, as a function of the energy of the synchrotron lightcolumns give the total radiative rates to th@singly excited
Despite the rich literature on doubly excited states of heliumstates and to théD singly excited states, respectively. For
few theoretical calculations on the radiative decay of doublyeach higher doubly excited state with principal quantum
excited states have been mddé]. In this Rapid Communi- numbern, the transitions tend to decay tesAs and Isnd
cation we present the radiative rates of the low-lying doublystates. The sixth column gives the total radiative rate. The
excited 1P° states of helium below the H¢N=2) thresh-  total decay rate for each doubly excited state is given in the
old. From the calculated Auger and radiative decay rates thiast column. Only doubly excited states below the*s
natural widths of these states are obtained. By following the=2) threshold fom=7 are considered.
radiative decay branches of individual doubly excited states, From this table, we notice the well-known fact that the
including all the cascade transitions, we derive the expecteduger rates for the (0,%) series are about two orders of
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TABLE |. Oscillator strength from the ground state Auger (K,T) p
decay ratd’, , and radiative decay ratds s andI’, 4 correspond- L
ing, respectively, to transitions intts and *D singly excited states
for doubly excited states(,T)a. I', =T, s+ T, 4 is the total radia-
tive decay ratel'=1",+1', is the total decay rate. All decay rates
are shown in units of s'. Numbers in square brackets indicate

1
powers of 10. N Z,1smd D

State f I, Is | R T, r

(0,1); 6.9 —3] 5.7013] 6.649] 0.249] 6.949] 5.7113]
(0,17 1.14-3] 1.2413] 5.699] 1.579] 7.249] 1.2413]
(0,1)2' 4.6J—-4] 0.5313] 5.609] 1.949] 7.549] 5.3112]
(0,1); 2.30-4] 0.2613] 5.609] 2.079] 7.6719] 2.6112] FIG. 1. Schematic diagram of the radiative decay scheme. Tran-
(0,1)¢ 1.37-5] 0.1913] 5.699] 2.0719] 7.769] 1.512]  sitions that produce VUV photons are shown in solid lines. Other
(0,17 8.29-5] 0.9412] 5.7d9] 2.1d9] 7.8q9] 9.2§11] possible transitions are shown in dashed lines.

(1,0 2.87-5] 1.6q11] 4.749] 0.639] 5.339] 1.611]  measurements. We comment that our predicted width of 3.17
(1,0, 2.1§-5] 0.8411] 3.249] 4.179] 7.379] 9.1410]  meV for the lowest ¢ 1,0) state is in good agreement with
(1,05 1.11-5] 0.4111] 3.409] 4.449] 7.849] 4.8910] a recent experimental study, which measured the time delay
(1,0 6.1-6] 2.2410] 3.609] 4.699] 8.299] 3.0710] of_ the fluorescent decay and determined a lower limit for the
(1,0), 3.79-6] 1.3910] 3.679] 4.879] 8.549] 2.1g10]  Width of 3.30ueV [15]. _
Closer examination of the results presented in Table |
(-1,02 2.49-6] 0.649] 8.768] 3.349] 4.249] 4.849] revealls Lnformation rega.rding configuration int+eracti0|j. The
(-10) 229-6] 1.248] 6.298] 3.149] 3.779] 38q9]  three’P° series converging to HEN=2), (0.1)", (10),
(1,00 1.46-6] 0.698]° 5.398] 3.009] 3.549] 3.609] and (— 1.,0) , are also a.lt.ern_atlvely described approximately
(—1,00 9.67-7] 03771 0.898] 2.899) 2.999] 3.079] by_conflguratlon cIaSS|f|ca§|ons,sh.pt 29ns and 2ond,
which characterize the leading configuration components. As
aEstimated the configurations might suggest, it is commonly assumed
that radiative decay rates for these states can be described by
magnitude larger than the corresponding states of the {1,0)the dominant p— 1s transition, which has a rate of 1.0
series, and the Auger rates for the latter are two orders highex 10'°s™1. However, all the radiative decay ratdy,, pre-
than the corresponding states of the](,O)ﬂ series. The Au- sented in Table I, are smaller, reflecting the importance of
ger rates for the higher members of the1,0)° series are so  configuration interaction and the failure of single configura-
small, in fact, that we obtained the Auger ratesrier5 and  tion representation for these states. Note that the total rates
6 by estimate following the h* 3 rule, wheren* is the ef-  for the (- 1,0)2 states are less than half the rate of the
fective principal quantum number. Since the Auger rates foHe" (2p) state. Nevertheless,—(l,O)ﬂ states preferentially
these states in the—(l,O)ﬂ series are much smaller than the decay into 5mdstates with a branching ratio of about 80%,
radiative rates, error in the estimate is not important. showing their dominant 2nd configurations. Although
From Table | we also note that the radiative rates for all(0,1)! and (1,0), states are both described by linear com-
the doubly excited states are of the same order. They are tsinations of Znp and 2ons, their radiative decay rates re-
be compared with the radiative decay rate of}41®'°s !  veal more complex configuration interactions. While the
for the 2p— 1s transition of He. By comparing the Auger (0,1)! states preferentially decay intosfns states, the
and radiative rates, the lifetimes of the lower states of thg1 0) =~ states have comparable branching ratios insms
(0,1); series are clearly determined by the Auger ratesand ismd states. Therefore, (1,0)states have relatively
Again using the T** rule, we expect the Auger and the |arger Zond configurations. It is interesting to point out that
radiative rates to become comparable for the (D.4gries at  the sum of the radiative rates of the thré T),, states with
n~30. For the (1,0) series, the radiative rates for small the samen is roughly twice the radiative rate for the He
are not as large as the Auger rates, but they are not neglpp— 1s transition. While only the gns and 2ond have
gible. The simple 11*2 rule would give the two equal rates significant radiative decay rates t@isand Isnd, respec-
atn~8. The most interesting result of Table | is the radiativetively, the radiative decay rate ofsAp to 1snl would be
rates of the ¢ 1,0)2 series. This series is not easily excited much weaker.
by single-photon absorption and decays predominantly by Radiative decay of a doubly excited state can proceed
photon emission. This is already true for the lowast3  through several different paths as shown by a schematic dia-
member of this series. From the calculated rates we note thgram in Fig. 1. A direct radiative decay into the ground state
the (—1,0)2 state(called 203d by some authopshas a life-  results in emission of a single VUV photon. The other one-
time of 207 ps. The higher members have lifetimes of 257tep process is a radiative decay into tle24'S state, pro-
ps, 278 ps, and 331 ps, according to our calculation. SucHucing a VUV photon and a metastable atom. Radiative de-
long lifetimes probably can be determined directly from timecays into other éns*S and 1snd’D states will be followed
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TABLE Il. Metastable atom and VUV photon yields from fluo- TABLE lll. Relative peak intensities of metastable atom yields
rescence decay of the doubly excited statésToﬁ ordered accord- (MY) and VUV photon yieldgFY). The present results correspond

ing to increasing excitation energies. to the peak values of the convoluted resonance profiles in the fluo-
rescence spectra. The results are normalized with respect to the sum
State Metastable atom yield Photon yield for the two states, { 1,0)% and (1,03.
(0,1); 7.92<10° 9.89x 10° MY Fy
(1,05 5.18<10° 1.47x10° State Expt® This work Expt2 This work
(0,1)5 4.72x10 1.42x 10*
(— 1,00 1.15% 10° 457X 10° (0,1); 14724) 344.3 ce 8.7
(1,0); 5.30¢ 107 3.74x 10" (0.1); 15(4) 26 1114  16.0
(0,1)F 6.39x 10" 1.40x 10° (0,1); 1713) 37 244) 16.4
(—1,00 5.58x 107 4.62x 10° (0,1)5 15(3) 5.4 266) 17.0
(1,05 3.60% 1CR 3.83x10% (1,0); 208(8) 309.5 456) 17.8
(0,1)F 9.16x 10* 1.43x 10 (—1,0)% and (1,0) 100 100 100 100
(~1,0) 2. 79x 107 3.09x 10¢ (-1,00 and (1,05  493) 54.7 736) 101.9
(1,05 2.90% 1(2 3.56X 10% (—1,002 and (1,0} 37(3) 33.9 587) 80.3
2
(0,1)¢ . 1.01x 107 1.42x 10% *Referencd 11],
(—1,0% 1.15x 1¢? 2.08x 10
(1,0)7; 2.40< 107 2.13x 10* r, Cite,
(0,13 1.12x< 107 1.48x10° ananT—fn T (3

Since the fluorescence branching ratio is quite small for the
(0,1); series, this equation explains the weak VUV photon

singly excited states are generally short-lived. Therefore?’"EIdS for the+ series. However, it is not easy to identify a

summing over one-step and cascade processes and negl _rtlcula£ tendency in metastable atom yields. For exam_ple,
ing those of higher order, the VUV photon yield intengity the (0,1), state produces the largest metastable atom vyield,

and the metastable atom yield,, from a given doubly ex- resulting from the combination of a large oscillator strength
cited staten can be described bny the following formulas. from the ground state and the dominance of the transition to

1s2s state among all radiative channels, although the
¢ d branching ratio for radiative decay is only 0.12%. Generally,
+.E‘ FPiijl”LE fRiijl}v (1) radiative decay proceeds preferentially vIé,?[)ﬁ—&sms
1>2] b (or 1smd for m=n. Therefore, except for (0,f) and
(1,0); , the metastable atom yields are dominated by cas-
' 2) cade processes. Sin@g; is almost two orders of magnitude
smaller thanQ;, for these cases, the photon yields are also
two orders of magnitude larger than the corresponding meta-
wheref,, is the oscillator strength from the ground state tostable atom yields.
the staten, I'=I,+1T, is the total decay rate;; andd; are Our results are compared to two recent measurements in
the radiative decay rates to thesi$'S and Isid'D states, Tables Ill and IV. To compare with the measurements of
respectively, obtained from the present calculati?hsand  Odling-Smeeet al.[11], the Lorentzian resonance profiles in
R;; are the fluorescence branching ratios corresponding tthe metastable atom yiel@Y) and VUV photon yieldFY)
1sis—1sjp and Isid—1sjp transitions, respectively, and Spectra have to be convoluted with a Gaussian envelope with
Qj; is the fluorescence branching ratio fromsip to 1sjs. _ ) - _
These branching ratios for singly excited states are known in  TABLE IV. Relative peak intensities of VUV photon yields.
the literature[22]. For exampleQ;; is approximately 97% The present res.,ults.correspond to the peak values of the convoluted
and Q,, is about 3%. Note thak,c,=T, . and3,d;=T, 4 resonance profiles in the fluores(():ence spectra. The results are nor-
(cf. Table ). Single excited statesshl with highn are also Malized with respect to the-(1,0); state.
metastable, but they are not included in E). due to their

by cascade fluorescence decay througmplP°® (m<n)
states into either thest or 1s2s'S state, since theseshl

ci+d;

Fn=fn[2i T

Cy Ci di
M,=f, F+i>22,j FpijQ12+i2j fRiijz

negligible contributions. Radiative decays through IowerState Experimertt Present results

doubly excited states are not included because they involve- 1,03 1.0 1.0

much smaller transition energies. Our calculations show thati o), 0.54 0.81

only three of the states reported here have radiative dec 1,09 0.44 1.01

rates to lower doubly excited states that exceed 1% of thei(lyo)s— 0.21 084

total radiative decay rates to singly excited states. (—1,00 0.12 0.68
Results for metastable atom and VUV photon yields are 1,0y 0.09 0.78

presented in Table Il. Since bol}P;;Q;, andZ;R;;Q;, are o

close to unity, 8Referencd 12].
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a width corresponding to the energy resolution of 60 meVmetastable atom and VUV photon yields in the fluorescence
for the incoming photon, which is larger than the spacingspectra, and comparisons between our results with experi-
between 61,0)2 and (1,0),,, and several orders of mag- mental measurements. The radiative decay rate of individual
nitude larger than the natural widths of the states. As a resulfjoubly excited states reflects the importance of configuration
the peak intensities of the measured Lorentzian profiles armixing. Neglected by most prior studies, radiative decay is
proportional to the combined yield from the two states. Tableshown to be more important than autoionization in the decay
[l shows good qualitative agreement anetastable atom mechanism of some doubly excited states. Among the low-
yields between experiment and present results. On the oth@ying states, the € 1,0)° series decays predominantly via
hand, the comparison of VU\photon yields shows less radiative channels, while the Auger process dominates the
agreement. decay of (0,1 and (1,0), series. With increasing bright-
For the discrepancies in VUV photon yields, we have toness available from synchrotron radiation sources, it is be-
point out that the photon yields from the two measurementgoming possible to examine the radiative branch of the decay
[11,12 are not consistent with each other. As seen fromof doubly excited states of helium. These data would provide
Table IV, the relative peak intensities from the data ofcritical information on those doubly excited states that have
Rubenssoret al. [12], which were taken at a resolution of so far been neglected both theoretically and experimentally.
3-7 meV, do not agree with the relative peak intensities of
the convoluted theoretical results presented in this table. We
point out that our calculated results appear to be in good The work of C.N.L. and C.D.L. was partially supported
agreement with a recent measurenidd, which has a bet- by Chemical Sciences, Geosciences and Biosciences Divi-
ter energy resolution to resolve fluorescence profiles corresion, Office of Basic Energy Sciences, Office of Science,
sponding to &1,0)2 and (1,0),,, 'P° states up tm=6. U.S. Department of Energy under Grant No. DE-FGO02-
In conclusion, we have presented a theoretical study foB6ER13491. The work by M.K.C. was supported by Na-
the radiative decay of low-lying doubly excitéd® states of tional Science Council Grant No. NSC-870-0212-M-005-
helium below the H&(N=2) threshold, including calcula- 006. C.D.L. would like to thank Eva Lindroth for checking
tions for Auger and radiative decay rates, predictions forsome radiative rates.
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