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We report a comprehensive set of calculations of the Rydberg-state lifetimes in the helium atom,
using a realistic potential to represent the atomic core. The effects due to blackbody radiation are
explicitly included. The overall results compare well with experiment for all principal quantum
numbers examined and should provide guidance for future experimental investigations. They are
used here to single out incorrect experimental determinations of lifetimes. Our calculated oscillator
strengths are in excellent agreement with predictions of previous and very sophisticated calculations.

I. INTRODUCTION

Being the simplest nontrivial atom, helium has tradi-
tionally been the subject of many experimental studies and
the testing ground for the great majority of theoretical ap-
proaches to various atomic processes. Very recently, laser
spectroscopy has established extremely accurate energy
splittings between Rydberg states.'> Availability of such
data has made possible the semiempirical parametrization
of Rydberg series and accurate predictions of higher-lying
states’ for which experimental data are not available or
hard to obtain. It appears that predictions of energy in-
tervals by such methods,’ and in some cases by ab initio
calculations,* are of comparable accuracy with experi-
ment.

In experimental investigations of the high-lying Ryd-
berg states, especially of their photoexcitation and their
collisional excitation, knowledge of their lifetimes and
various transition probabilities to and from them is need-
ed (a) in assessing the importance of the various processes
taking place, and (b) in the direct determination of other
quantities such as the “optical” cross sections for electron
excitation measured by Jobe and St. John.?

Accurate theoretical calculation of transition probabili-
ties is usually a difficult task and, in most cases, the accu-
racy is considerably inferior to that of the experimental
values. Theoretical works normally produce values of ab-
sorption oscillator strengths and line strengths. There is a
plethora of such calculations for helium with varying de-
grees of sophistication and accuracy; Crossley® has re-
viewed and compared the more important ones, for transi-
tions between the low-lying states. The most representa-
tive works are the following. (a) The very accurate varia-
tional calculations using many-term expansions in terms
of Hylleraas-type wave functions. This approach has been
widely employed by Pekeris and co-workers,” by Ander-
son and Weinhold,® who established rigorous upper and
lower bounds for the oscillator-strength values, by Scherr
and co-workers,” and by Weiss.!® (b) Central-field calcu-
lations including effects of electron exchange and configu-
ration interaction'! (CD. (c) Hartree-Fock calculations
with various approaches of treating electron correla-
tions,'? especially the work of Trefftz and co-workers,*®
who evaluated the electron correlation by introducing the
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factor 1+ar;, in the two-electron wave function. (d) Es-
timates using the Coulomb approximation developed by
Bates and Damgaard.!3

All the calculations, except under class (a) above, use
the experimentally available energy values. Because of
their considerably involved nature, calculations of the
types (a)—(c) have usually been limited to the lowest few
states. The Hylleraas-type calculations demand an ever-
increasing number of basis functions to correctly describe
states with increasing principal quantum number #n. This
is also true for the configuration-interaction calculations.
The nature of these two approaches implies’ that the
former are relatively more accurate for the lower states,
where electron correlations are the strongest, and the
latter are best for higher states, where correlations are less
important. Very precise theoretical transition probabili-
ties in He exist for only a few transitions. The most ex-
tensive oscillator strengths available are by Green et al.!!
within the CI approximation and for transitions between
the series 'S-!P, 3S-3P, 'P-'D, and *P-*D, for principal
quantum numbers 1 <9. Gabriel and Heddle!* tabulated
the transition probabilities corresponding to these states,
as calculated by Dalgarno and co-workers. Values for
higher principal quantum numbers are not systematically
available and estimation of the relevant state lifetimes is
done by some kind of extrapolation, or by the Coulomb
approximation.!> The compilation of data by Wiese
et al.’® has been widely used in the literature, but this
work is incomplete, dated, and has no data for n > 12.
There are no published transition probabilities for d-f and
f-g transitions, although they are expected to be closely
approximated by the relevant hydrogenic values.

The lifetime of a state depends on the transition proba-
bilities from this state to all dipole-accessible states, in the
radiative decay case. Therefore, it is dependent on the
properties of several other states, and an accurate descrip-
tion of them all is necessary for the accurate theoretical
prediction of the lifetime. In addition, a reasonable es-
timation of cascade contributions from higher states is
usually necessary for the experimental determination of a
lifetime. Recent measurements at low »n by Bukow
et al.'® and by Thompson and Fowler'” indicated only
fair agreement with calculated lifetimes, whereas some of
the also experimental values of Hitashi et al.'® differ
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from the theoretical ones by a factor of 2 for some medi-
um n values. Finally, the experimental energy values,
normally used as input in theoretical calculations, have
also been revised by more recent measurements; the latest
compllation of the new frequency values is provided by
Martin."

In view of the above situation, the present systemtic
study was undertaken of the transition probabilities and
oscillator strengths between all s, p, d, f, and g states up
to n=21. Our modest objective was to provide values of
these quantities with a 10% accuracy, in order to assist
experimentalists in estimating the lifetimes of excited
states and the importance of relevant processes. To this
end we employed an approach developed by this author
which yielded accurate predictions of lifetimes in the
alkali-metal atoms.”® We also explicitly accounted for the
effects of blackbody radiation present in practically all ex-
perimental investigations. Our method is a numerical ex-
tension of the Coulomb approximation, using a central-
field potential to represent the atomic core; when ap-
propriate, this potential is augmented by polarization and
spin-orbit interaction terms.” In Sec. II we give only a
brief outline of the method of calculation.

II. PRESENT APPROACH

The absorption oscillator strength and the transition
probability between two levels |yJ) and | y'J’) are given
by

1 AE
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respectively, where a is the fine-structure constant, R is
the reduced-mass Rydberg energy constant, and AE
=E(yJ)—E(y'J') is the transition energy. For the tran-
sitions considered here the energy splittings within the
triplet multiplets are small and experimental measure-
ments of lifetimes do not differentiate between them.
Therefore, we calculated the total oscillator strengths and
transition probabilities. In this case, the square of the re-
duced matrix element takes the simple form

|(1snl;SL||r||1sn’l";SL") |2
=(2S+ Dmax(L,I)[R(nl,n'1N]*, (3)
Rnl.n'l') = f0°° dr Py(rrPp(r) . @)

The electronic wave functions P, (r), being central to
this work, were obtained by inward integration of the
Schrodinger equation

d2Py (1) /dr —[V(r) —Ep—1(1+1)/r*]Py(r)=0,  (5)

where V(r) is the potential experienced by the active elec-
tron and E, is its eigenvalue. We employed values for
E,; deduced from experimental (spectroscopic) energies,'*
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eliminating the need of a self-consistent calculation. The
atomic potential was taken to be the Hartree-Slater predic-
tion?! for the ground state of neutral helium and was kept
the same for all states. The wave function P, (r) in Eq.
(5) is well defined and exactly known at large distances r,
being the Whittaker function. The traditional Coulomb
approximation is based on the realization of this fact and
on the assumption that the atomic field is equal to its
asymptotic value, ~1/r, for all distances. The matrix
element (4) is then evaluated analytically. The error due
to the above assumption about small distances is (partial-
ly) corrected for by a suitable choice of an integration cut-
off distance.!®

In our treatment the wave function is obtained by in-
ward numerical integration of Eq. (5) with the full atomic
potential ¥(r). The integration starts from practical in-
finity and with the (correct) asymptotic boundary condi-
tion (a Whittaker function). The integration is continued
until the inner classical turning point (very close to the
origin). The inward solution is then matched to the out-
ward solution, from the origin, and no iteration is per-
formed. This approach ensures minimal propagation of
the error due to any degree of incorrectness of the atomic
potential used. The possible discontinuity of the wave
function’s first derivative at the matching point is incon-
sequential to the calculation of the transition matrix ele-
ments (3).

As already mentioned above, this approach was success-
fully applied to the alkali-metal atoms.?° In principle, it
is applicable to any other case, even when strong interac-
tions between Rydberg series are present, provided the in-
teractions are included into the full wave function via an
expansion in terms of LS-coupling wave functions. Coef-
ficients of such an expansion could be obtained by, e.g.,
thezzsemiempirical analysis of available experimental lev-
els.

III. RESULTS AND DISCUSSION

Using the above approach, we obtained the wave func-
tions of the relevant s, p, d, f, and g states with principal
quantum number up to n =21, and the calculated matrix
elements were used in Egs. (1) and (2) to yield the transi-
tion probabilities and oscillator strengths between all these
states. Since a number of calculations were available’ '
for the low-n states, we tested the accuracy of our predic-
tions. Table I gives the comparison between our values
and the ones considered the most accurate and rigorous in
the literature.”®!0 The agreement is impressive. One of
the reasons for such an agreement is attributed to the use
of experimental energy values. We should recall, however,
that this is not an artificial treatment, since all calcula-
tions, other than.the Hylleraas-type, also use experimental
frequencies. One is generally fortunate in the case of heli-
um in that no doubly excited states exist below the first
ionization threshold. Thus the considerable added com-
plications due to transitions to and from such states are
absent. The seemingly lower values obtained by the
present approach for higher n, compared to the results of
Refs. 7 and 8, may be due to two plausible reasons: (i) the
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TABLE 1. Comparison of calculated oscillator strengths of the present work with those of Schiff
et al. (Ref. 7), Green et al. (Ref. 11), and Anderson and Weinhold (Ref. 8).

Anderson
Schiff Green et al. and

Transition This work et al. L vV Weinhold
1's-2'p 0.2761 0.2762 0.27537 0.27586 0.2761(14)
1's-3'p 0.073 34 0.733 0.07292 0.07296 0.0735(36)
1ls-4'p 0.029 81 0.030 0.029 57 0.029 60 0.0303(71)
1ls-5'p 0.01500 0.015 0.014 81 0.014 87
2's2'p 0.3754 0.3764 0.3773 0.3950 0.3764(18)
2!s-3'p 0.1489 0.1514 0.1513 0.1540 0.151(11)
2'S5-4'p 0.0483 0.049 0.0493 0.0506 0.052(18)
218-51p 0.0220 0.02 0.0224 0.0231
3is-2lp 0.1438 0.1454 0.1457 0.1446 0.1454(91)
315-31p 0.6257 0.626 0.6279 0.6448 0.626(11)
3ls-4'p 0.1433 0.144 0.1429 0.1433 0.148(45)
3ls-5'p 0.0502 0.05 0.0499 0.0506
4182'p 0.0255 0.0258 0.0260 0.0256
415-3'p 0.3070 0.306 0.3081 0.3092
4's-4'p 0.8578 0.85 0.8603 0.8754
418-5'p 0.1460 0.15 0.1455 0.1445
5i5-2lp 0.009 49 0.0096 0.009 67 0.009 51
518-31p 0.0553 0.055 0.0554 0.0556
515-4'p 0.4756 0.47 0.4767 0.4780
518-51p 1.0833 1.1 1.0869 1.0901
238-2°p 0.537532 0.539086 0.5398 0.5487 0.53909(47)
235-3°p 0.062 05 0.064 46 0.0644 0.0668 0.0645(29)
235-4°p 0.024 81 0.02577 0.0259 0.0271 0.0261(63)
238-5°p 0.0120 0.0125 0.0125 0.0132
338-2°P 0.204 45 0.208 54 0.2087 0.2055
335-3°P 0.8884 0.8909 0.8922 0.9110
3’S-4°P 0.0497 0.0501 0.0499 0.0491
335-5%P 0.0227 0.023 0.0228 0.0226
438-2°p 0.0310 0.0317 0.0318 0.0312
435-3%p 0.4339 0.4357 0.4363 0.4384
435-4°p 1.2136 0.2153 1.2164 1.2305
438.5%p 0.0441 0.044 0.0439 0.0430
538-2°P 0.0111 0.0113 0.0113 0.0111
538-3°P 0.0673 0.068 0.0693 0.0679
535-4°P 0.6673 - 0.67 0.6605 0.6742
535-5%P 1.5295 1.53 1.5369 1.5383

use of a “frozen” core to desribe the potential for the ex-
cited states; or (ii) the increased difficulties of the
Hylleraas-type function expansions for higher states. We
feel that our oscillator strengths are accurate and they will
be tabulated in detail elsewhere?’ for all the transitions be-
tween the states with n <21 and / <5.

The calculated transition probabilities were used to ob-
tain the lifetimes of the singly excited states 1snl 3L of
He and for L =S —F. The results are given in Table II.
The lifetimes shown there depend on the transition proba-
bilities to all dipole-allowed lower states, and the compos-

ite final result is affected to various degrees by the inade-
quacies of the approximation used, depending on the
upper state under consideration. When comparing with
experiment, we must take into account the experimental
conditions, and especially the temperature at which the
measurements were performed. The population of the
higher states can be significantly depleted by stimulated
emission and absorption, due to the blackbody radiation
in which the atoms are embedded.?#?>?° The total transi-
tion probability 4, from the mth state to “anywhere” is
generally obtained®’ from
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TABLE II. Lifetimes of (a) 1snl 'L and (b) 1snl °L states in He (in nsec). Capital letters denote refer-
ences in part (c).

This work Other
State 0 K 300 K 600 K @ Experimental theoretical
3ls 55.275 55.272 55.180 50.3(2.3) BHR 55.2(1.7) WSG
55.9(2) TF
60(3) ov
55(6) BKM
54.1(6) KB
4ls 88.865 88.761 88.363 77.9(3.5) BHR 89.8(4.0) WSG
' 89(1) TF 89.8 GH
88(1) KOSB :
75(1) IR
87(1.5) CBHG
89(3) JF
75(4) ov
86.2(2.5) BK2
97(2) PH
84(9) BKM
87(1.5) KB
58 147.93 147.93 147.61 109(16) BHR 150(12) WSG
160(3) TF 151 GH
145(6) KOSB
118(8) AJS
115(5) oV
152(5) BK2
144(3) PH
141 BKM
133(18) KB
6's 234.95 233.71 229.51 230(7) LMP 233 GJK
210(4) TF 240(12) WwSG
204(6) HDKKD 240.4 GH
235(8) KOSB
7S 354.69 351.08 339.93 360(18) LMP 351 GJK
350(100) TF ' 356(35) WSG
356 GH
8's 512.93 503.63 480.67 513(30) LMP 508 GJK
450(150) TF 520(52) - WSG
283(40) HDKKD 520 GH
9ls 712.76 692.73 652.07 625(40) LMP 710 GJK
10's 962.19 924.41 858.73
11's 1265.00 1200.39 1101.29
12's 1626.08 1523.42 1381.38
13's 2057.72 1902.92 1706.31
14'S 2557.11 2334.28 2071.23
15's 3131.59 2822.43 2479.73
16'S 3774.96 3360.43 2925.49
1718 4513.93 3970.72 3427.16
18's 5344.49 4649.01 3981.10
19's 6272.04 5401.79 4594.20
20'S 7301.91 6239.07 5278.12
218 8427.70 7171.85 6051.04
2'p 0.5548 0.5548 0.5548
3p 1.7272 1.7272 1.7272 1.7225(46) ACLMM 1.726(2) SPA
1.70(4) BHR 1.725(17) WSG
1.74(2) - ACLMS 1.74 GJK
1.72(10) KKC 1.73 w
1.80(10) CDDG 1.73 DS
1.73(11) BL 1.72(9) AW
1.78(10) MB 1.76 CME




2914

CONSTANTINE E. THEODOSIOU 30

TABLE II. (Continued).

This work Other
State 0K 300 K 600 K Experimental theoretical
4'p 3.974 3.973 3.973 4.05(12) BHR 3.92(11) WSG
4.02(10) ACLMS
3.7(4) MB
5lp 7.651 7.650 7.647
6'P 13.10 13.10 13.08
7'P 20.69 20.68 20.63 22.7(3.4) LMP 21 GJK
20.4 GH
8'P 30.76 30.72 30.63 31.7(4.0) LMP 31.1 GJK
30.5 GH
9lp 43.66 43.59 43.41 43.6(3.1) LMP 40 LMP
10'P 59.81 59.66 59.36 54.9(3.8) LMP 52 LMP
11'P 79.46 79.20 78.74 71.4(7.1) LMP 73 LMP
12'p 103.02 102.60 101.93 90.9(9.1) LMP 91 LMP
13'P 130.86 130.22 129.28 125(20) LMP
14'p 163.29 162.37 161.09
15'p 200.70 199.42 197.75
16'P 243.42 241.72 239.57
17'P 291.80 289.62 286.96
18'P 346.33 343.62 340.41
19'P 406.85 403.69 400.00
20'P 474.41 471.10 467.24
21'p 547.33 545.29 542.67
3'D 15.69 15.69 15.69 15.2(5) BHR 15.67(47) WSG
20(1) TF
17(2) KKC
15.8(1) B
20.3(3) CBD
13.4(5) IR
15.5(5) AJS
20.5(9) DW
12(3) D
16(1) ov
16(2) PH
18(5) FHIC
16(4) KB
16.5(1) FNPP
16.5(2) DPPB
4'p 36.96 36.96 36.95 32.9(2.3) BHR 36.6(1.2) WSG
41(3) TF
33(7) KKC
38.4(2.1) BJ
39.2(8) B
33.6(3) CBD
41(3) JF
38(3) MBBBLBB
34(1) CBHG
38(5) AJS
38(2) DW
41(5) D
30(2) ov
39(5) BK1
47(5) PH
35(4) FHIC
38(1) FNPP
30(5) KB

39.1(2.0) DPPB
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This work Other
State 0K 300 K 600 K Experimental theoretical
5D 71.52 71.52 71.25 63.5(5.7) BHR 72.0(2.3) WSG
56(10) TF
52(6) YHM
80(40) KKC
74.4(5) CBD
71.9(1.8) B
66(4) MBBBLBB
46(3) AJS
68.0(7.0) DW
49(5) D
49(5) oV
63(9) BK1
79(6) PH
46(3) KB
49.1(2.0) DPPB
6D 122.57 122.43 121.03 72(3) TF
7'D 193.29 192.49 188.47
8D 286.83 284.25 275.74
9D 406.74 400.59 385.24
10'D 555.85 543.66 518.69
11'D 737.50 716.03 678.11
12'D 954.92 920.12 865.37
13'D 1213.74 1160.83 1085.15
14'D 1511.79 1435.70 1334.96
15'D 1855.19 1750.21 1619.73
16'D 2250.83 2110.66 1945.15
17'D 2693.44 2513.23 2308.96
18'D 3186.48 2963.21 2717.66
19'D 3751.98 3484.44 3195.18
20'D 4372.39 4076.16 3753.74
21'D 5049.52 4793.77 4488.63
iy 72.31 72.31 72.23 80(6) BHR 72.5(7.2) WSG
5'F 139.74 139.69 138.34
6'F 238.81 238.10 23143
7'F 375.50 371.79 353.90 400(50) TF 370 - TF
8'F 555.95 . 544.52 508.74
9lF 786.14 760.00 698.68 750(100) TF 750 TF
10'F 1072.40 1022.24 926.62 1100(200) TF 1100 TF
11'F 1420.39 1334.40 1194.57 1350(300) TF 1270 TF
12'F 1836.39 1700.19 1504.96
13'F 2326.74 2124.39 1863.19
14'F 2897.52 2611.29 2272.05
15'F 3554.68 3165.09 2734.90
16'F 4304.39 3792.18 3258.19
17'F 5152.88 4500.87 3851.11
18'F 6106.12 5301.71 4526.01
19'F 7170.17 6216.99 5312.51
20'F 8351.28 7301.56 6288.91
21'F 9642.06 8740.85 7750.56
(b)
338 36.52 36.52 36.50 35.1(1.3) BHR 36.0(1.1) WSG
57(1) TF
47(3) ov

40.8(8) KB
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TABLE II. (Continued).

This work Other
State 0 K 300 K 600 K Experimental theoretical
85 63.31 63.27 62.97 62.0(2.7) BHR 58.4(4.2) WSG
62(3) TF 64(6) TF
59.2(6) KOSB
63.5(1.2) IR
69(3) ov
62.9(4.4) BK2
68(1) PH
64.5(4.0) BKM
59(6) FHIC
77.5(4.0) BD
67.5(1.0) HWR
538 110.14 109.82 108.70 100(15) BHR 111.0(6.7) WSG
120(20) TF 110.4 GH
111(1) KOSB
106(5) ov
115(6) BK2
113(4) PH
6’S 180.05 178.86 175.21 179(4) KOSB 183.2 GH
7S 277.37 273.84 264.72 260(10) KOSB 260 GH
8’s 406.60 397.89 379.68 368(7) KOSB 372 GH
9’s 572.44 554.37 522.40 390(50) HDKKD 500 FI
10°S 779.51 746.44 694.98 450(100) HDKKD
1138 1032.48 976.89 898.97
1238 1335.24 1247.76 1135.28
1338 1694.61 1563.89 1407.53
14’S 2113.18 1925.63 1714.94
1538 2595.15 2334.99 2058.48
16’S 3155.89 2805.06 2449.32
17°S 3783.12 3320.28 2871.63
1838 4485.23 3887.17 3330.91
193S 5275.29 4515.85 3835.59
20°S 6153.50 5203.49 4381.78
2138 7119.62 5949.02 4968.73
2238 7985.21 6611.61 5488.61
2%P 98.17 98.17 98.17
3’p 98.11 98.10 98.00 89(5) BHR 94.71(90) BHR
» 122(5) TF 96.6(1.0) WSG
89(10) S
98(4.3) B
111(5) CBHG
122(5) JF
93(12) MBBBLBB
89(5) D
115(5) ov
100(3) BK1
115(2) PH
91(8) FHIC
95.8(6.0) DPPB
106(5) BD
115(5) HWR
43p 142.83 142.70 141.91 153(2) HMWR 138(14) TF
125(10) TF
145 BKM
53p 225.56 224.85 221.30 180(30) TF 225(23) WSG
166 BKM
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TABLE II. (Continued).

This work Other
State 0K 300 K 600 K Experimental theoretical
6’P 347.68 344.95 333.84 360(20) TF 350(35) WSG
7P 514.32 506.01 480.45 500(150) TF 526(53) WSG
83p 733.16 712.82 664.59
93p 1010.07 968.26 888.09
10°P 1349.11 1273.70 1151.52
11°P 1777.62 1650.37 1471.00
12°P 2282.40 2083.90 1834.05
13°P 2888.33 2592.57 2254.32
14°P 3591.94 3172.50 2730.89
15%P 4403.25 3830.55 3268.04
16°P 5352.78 4589.26 3882.93
17°P 6444.09 5450.22 4577.07
18P 7661.30 6409.04 5352.96
19°P 9056.06 7514.58 6254.25
20°P 10629.99 8800.76 7327.44
21°P 12452.42  10338.71 8640.22
22°pP 12596.92  11177.24 9823.93
3D 14.18 14.18 14.18 14.25(34) BHR 1416  WSG
19.4(5) TF
13.4(5) IR
14(3) CBHG
13.3(1.5) MBBBLBB
17(3) D
13(2) ov
15(2) PH
13(3) DGJ
25(5) FHIC
10(5) HWR
4D 32.07 32.07 32.06 32.1(1.3) BHR 31.5(1.0) WSG
28(10) TF
355(1.2) B
32(1) CBHG
27(3) MBBBLBB
42(4) D
23(2) ov
37(6) PH
29(3) DGJ
53D 60.89 60.88 60.68 57.2(2.3) BHR 60.9(1.9) WSG
132(?) TF
55(5) MBBBLBB
59(8) D
35(3) ov
42(5) DGJ _
6°D 103.29 103.17 102.20 156(?) TF 107(11) WSG
73D 161.92 161.33 158.60 160 TF 145(15) WSG
8D 239.44 237.63 231.86  200(50) TF 207(21)  WSG
9°D 338.59 334.37 323.97 300(100) TF 300(30) WSG
10°D 461.97 453.67 436.73 340(60) TF 380(40), WSG
113D 612.25 597.69 571.95
123D 792.15 768.59 731.31
133D 1004.26 968.37 916.45
143D 1251.42 1199.66 1130.18
15°D 1535.64 1463.84 1373.32
16D 1860.33 1764.22 1649.07
17°D 2228.47 2103.82 1960.51
183D 2641.49 2484.58 2310.04

19°D 3100.51 2909.59 2702.29
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TABLE II. (Continued).

This work Other
State 0K 300 K 600 K Experimental theoretical
20°D 3611.68 3387.83 3148.05
21°D 4102.41 3872.13 3624.69
22°D 4641.02 4449.15 4217.63
43F 72.27 7227 72.19 71.6(3.0) BHR 71.9(7.2) WSG
5°F 139.60 139.56 138.21
6°F 238.52 237.83 231.17
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L _ap= 3 Amom (N D)

straightforward, mainly because the various experimental
works do not agree with one another, sometimes not even

T, ’
" e _ within their claimed error limits. A thorough graphical
Em" ’" i between them was made by Bukow et al.!® to
Am"—m){N) , 6 comparison be y .
+ m% m —mHN) © which work we refer the reader for more details. Much of

the uncertainty in the experimental predictions stems

where (N )=(N(hv)) is the average number of photons
with energy /v in thermal equilibrium at temperature T

1 1

MVRBT | = o |AET/kgT 0
gm is the degeneracy of the mth state, and 75, its effective
lifetime. We therefore provide in Table II the lifetime
values calculated at room temperature (300 K) and at 600
K. The changes from 0 K can be significant, as seen in
this table.

Comparison with experimental results in this case is not

(N(hv))= 7

from the inaccurate knowledge of cascade contributions.
In this context, our work?® should be particularly useful to
experimentalists. The overall agreement of our values
with experimental data is good. The most accurately
measured lifetime in He is claimed by Astner et al.?® for
3P, 7=1.7225+0.0046 ns. Our prediction, 7=1.7272 ns,
compares favorably with this value. This agreement is, in
our opinion, not fortuitous, considering the agreement of
our values for the other states.

Assuming that an excited hydrogenic state n/ decays
exclusively through the transition to the lowest possible
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state, its lifetime can be shown?’ to be proportional to n°>.
Even when transitions to all states are considered in hy-
drogen, this proportionality still holds to a very good ap-
proximation. Extending the argument to nonhydrogenic
systems, and based on the quantum-defect theory, it is
often expected in the literature that the lifetime of a Ryd-
berg state with large principal quantum number n be
given by

T=To(n*)®, (®)

where n* is the state’s effective quantum number and « is
a number close to 3. Since it is useful to establish scaling
laws, this formula is often employed to fit the experimen-
tal data. One should be cautioned, however, against the
indiscriminant application of such scaling laws, especially
of the expectation that a ~3. The reason is that the decay
of a state is not always predominantly via transition to the
ground, or the lowest available, state. Branching to other
states can be sizable, and in the case of strong configura-
tion interaction, dominant. With this caution in mind we
plot the lifetime values versus n* on a log-log scale in
Figs. 1 and 2, for the singlet and triplet states, respective-
ly. There are several comments to be made about these
figures.

(a) The lifetimes at O K are seen to scale, at large n, like
a power of n*. We therefore felt comfortable about per-
forming a least-squares fit to the data between n=15 and
20. The results are presented in Table III. With the as-
sumption that this behavior holds true also at considerably
larger n values, the parameters of this table can be used to
predict the corresponding lifetimes.

(b) The blackbody radiation (BBR) effects are of dif-
ferent magnitude for different Rydberg series. As was
also shown by Farley and Wing,?’ the BBR decay rates do
not follow a simple dependence on n*. Therefore, the
lifetime versus n* curves at temperatures other than abso-
lute zero are not linear overall and an attempt of a fitting
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FIG. 1. Lifetimes of the singly excited singlet states lsnl 'L
in He.
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FIG. 2. Lifetimes of the singly excited triplet states 1sn/°L in
He.

like Eq. (8) would produce only rough results. At room
temperature (300 K) our parameters in Table IIT can still
be used, when augmented by the BBR data of Ref. 25.
Above n =20 the latter data vary smoothly and a simple
interpolation is possible at any desired n. The important
point from Table III and from Figs. 1 and 2 is that the ex-
ponent « varies with / in a nonuniform fashion around 3,
is not well defined at nonzero temperatures, and a fit of
the experimental data at such temperatures will always
yield a smaller value than that at 0 K.

(c) The lifetimes of the states with the same » but dif-
ferent ! quantum numbers are seen to be within a factor
of 2 from one another, and their ordering in magnitude
not follow the value of /. An exception to the former
point is the behavior of the !P states, which are seen to be
significantly lower than the other states. The obvious
reason for this behavior is that lsnp !p are the only states
that can decay directly to the He ground state 1s2'S.
These transitions of the “principal series” have the largest
oscillator-strength values and thus yield the shortest life-
times.

Based on the overall smooth behavior of the curves in
Figs. 1 and 2, the absence below the first ionization poten-
tial of any doubly excited states that could drastically
alter the character of other states, and the general trend of
the various experimental studies, we feel confident in stat-

TABLE III. Values of the parameters a and 7, appearing in
Eq. (8). '

s P D F
a 2.9224 2.9924 2.9764 2.9690
To. (ns) 1.1742 0.060 548 0.58633 0.058 881
3s 3P 3D 3F
a 2.9460 3.0466 2.9764 2.9766
7o (ns) 0.94474 1.1633 0.48532 1.1182




ing that from the more recent and systematic investiga-
tions, the following experimental determinations of life-
times are incorrect:

(i) the values of Bukow et al.!® for 3-51S; (ii) the values
of Thompson and Fowler" for 5-6'S, 3,5,6'D, 3°S, 3°P,
and 5,6,10°D; and, (iii) all values quoted by Hitashi
et al.'®

It is our hope that the present work will serve as a use-
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ful future guide and will stimulate further experimental
investigations.
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