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E1l, M1, E2, M2, E3, and M3 transition probabilities for hydrogen-like atoms are
calculated with point-nucleus Dirac eigenfunctions Zor 1—118 and up to large quan-
tum numberst =25 andn=26, increasing existing data more than a thousandfold. A
critical evaluation of the accuracy shows a higher reliability with respect to previous
works. Tables for hydrogen containing a subset of the results are given explicitly, listing
the states involved in each transition, wavelength, term energies, statistical weights, tran-
sition probabilities, oscillator strengths, and line strengths. The complete results, includ-
ing 1863574 distinct transition probabilities, lifetimes, and branching fractions are avail-
able at http://www.fisica.unam.mx/research/tables/spectra/lel 20@> American
Institute of Physics.[DOI: 10.1063/1.1796671

Key words: branching fractions; electric dipole; electric octupole; electric quadrupole; hydrogen-like;
lifetimes; magnetic dipole; magnetic octupole; magnetic quadrupole; oscillator strengths; transition
probabilities; variational principle.

Contents 1. Introduction
1. INtroduction. .. ..o 1059 Several nonrelativistic electric—dipole transition probabili-
2. Basic Formulas and Model................. 1060 tiesAg for the hydrogen atom have been available for a long
3. Method and Computational Details ... ....... 1060 time* The correspondinghi'(Z) values for nuclides of
3.1. The Drake—Goldman Variational Principle... 1060chargeZ can be obtained from the=1 values through the
3.2. Computational Details. ................. 1061  relation:
4. Critical Evaluation of Accuracy............... 1061 1£(2)?
5. Scope and Arrangement of the Tables....... 1062 AEil( Z)= z4AEi1(1)—2, (1)
5.1. E1, M2, and E3 Transitions............. 1069 (1)
5.2. M1, E2, and M3 Transitions............. 1069  whereu(Z) is the electron reduced mass for the given nu-
6. Tables of Transition Probabilities for Hydrogen... 1069¢lide. With increasingZ values, relativistic effects become
7. Conclusions. . ...... ... 1069 noticeable Causing the need to correct Eﬁ’ by addmg
8. Acknowledgments ............ ... 1070 higher powers o in a complicated way. The first numerical
9. References.............................. 1070 results for relativistic electric dipole transitiotis hydrogen-
like atoms modeled by the point-nucleus Dirac Hamiltonian
cover several Lymaia transitions and yield correct oscilla-
tor strengths. Moreover, the Babushkin formdtagorm the
List of Tables basis for the modern treatment of multipolar electric and
1. Electric dipole E1 transitiong=1............ 1063  magnetic transition probabiliti€syhich allow for interfer-
2. Magnetic quadrupole M2 transitiond=1. .. ... 1063 ence between various electric and magnetic multipoles.
3. Electric octupole E3 transitiong=1.......... 1064 Magnetic multipole transition probabilities, on the other
4. E1+M2 consolidated transitiong=1......... 1064 hand, are different from zero only in a relativistic frame-
5. M2+E3 consolidated transitionZ=1......... 1065  work. Recently, Pal'chikoVdiscussed another set of analyti-
6. E1+ M2+ E3 consolidated transitionZ=1..... 1065 cal formulas for E1, M1, E2, and M2 transition probabilities
7. Magnetic dipole M1 transitiong=1.......... 1066 in hydrogen-like atoms also modeled by the point-nucleus
8. Electric quadrupole E2 transitiond=1........ 1066 Dirac Hamiltonian, restricting his results to a subset of all
9. Magnetic octupole M3 transitiong=1. . ...... 1067  state transitions that may take place between leve|s2s,
10. M1+E2 consolidated transition€=1......... 1067  3s, 2p, 3p, 4p, and 3. The work of Pal'chiko¥ filled a
11. E2+ M3 consolidated transition€=1......... 1068 gap in the literature on one-electron systems, since magnetic

12. M1+E2+ M3 consolidated transitiong=1.... 1068

dAuthor to whom correspondence should be addressed; electronic mal]:

bunge@fisica.unam.mx
© 2005 American Institute of Physics.

dipole, electric quadrupole, and magnetic quadrupole transi-
tions for hydrogen-like atoms had barely been mentioned in
he early literaturé:®

In contrast with nonrelativistic transition probabilities, the
Z dependence of the relativistic electric and magnetic multi-
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1060 O. JITRIK AND C. F. BUNGE

polar transitions, particularly the magnetic transitions, do not In general, the reduced matrix eleméfit;|O-EM| ¥ )
follow a simple power lafvand thus they must be recalcu- is expressed in terms of the configuration interaction expan-
lated explicitly for eachZ value. A thorough analysis ot sion coefficients, radial integrals and Wigngr &efficients.

dependence has been given by the authors. In Eq. (3) we have incorporated a factof which is missing
In this paper, we considerably extend the scope of thén the original reference. Transition probabilities are evalu-
relativistic calculations of Pal’chikov: ated assuming the traditional multipole expansion in terms of

El, E2, E3, etc., for electric multipole radiation, and M1,
3/!2, M3, etc., for magnetic multipole radiation. As in the
work of Pal’chikov® H-like atoms are modeled after the
point-nucleus Dirac Hamiltonian.

(@ from¢=2 up tof=25, and fromn=4 up ton=26,
thus embracing most transitions conceivably neede
for physical and astrophysical research and

(b) by incorporating E3 and M3 transitions probabilities,

so far unreported in the literature. . .
3. Method and Computational Details

When more than one multipole is involved, viz., ME2

+M3 or M1+E2 or M2+ E3, the separated as well as the In principle, the eigenfunctions of the one-electron Dirac
consolidated results are given, the later for the first timeHamiltonian and its transition matrix elements can be evalu-
Also, our tabulatio’ is more explicit than the Pal'chikov ated using analytic closed expressi6ni&.Using 16-figure
tabulation, giving, for each electric and magnetic multipole,arithmetic, however, these well-known exact representations
the transitions involved, wavelengths, term energies, statistdo not provide the most accurate way to carry out calcula-
cal weights, transition probabilities, oscillator strengths, linetions even for small principal quantum numbersAs we
strengths and Idgf), the last three only for electric dipole shall illustrate in Secs. 3.2. and 4, by using variational cal-
transitions. As an extra bonus, all numbers were producedulations and numerical integration of Hamiltonian matrix
and printed automatically avoiding possible transcription erelements, very accurate results are obtained, reaching almost
rors. For completeness, all nuclides with=1-118 have machine accuracy. Another advantage of using a variational
been considered. method is that numerical instabilities are better known and

Section 2 gives the basic formulas for transition probabili-understood. This, together with a very general computer
ties. Different from Pal’chikov’s analytical approach, ours is programt? which has passed through many tests in several
a numerical one based on general expressions for multipoleontexts, and a large number of specific verificatibrguar-
transition probabilitieS,and on a relatively new version of antees the reliability of millions of results which we could
variational relativistic quantum mechani¢sOur method of  not possibly check individually.
calculation, which is embedded in a general purpose com- In the following we explain the Drake—Goldman varia-
puter program for nonrelativistic and relativistic many- tional principle, which is crucial to obtain very accurate
electron atomic calculatiohsis discussed in Sec. 3 together Dirac eigenfunctions and eigenvalues.
with computational details.

Distinct from previous works that take relativity into ac-
count, we give in Sec4 a comprehensive critical evaluation  |n relativistic calculations of electronic bound states one
of accuracy revealing, among other things, small correctionstarts from a set off Dirac bispinors
due to the occurrence of a radiative recoil factor. The stan-

3.1. The Drake—Goldman Variational Principle

dard tabulation of Wieset al? includes all E1 transitions up M _ 1 Pilj(r)Yij 12 4
to £=5 andn=6. Although extension to high andn values Hm = e Qi (Y e | 1=12,.9, 4
is straightforward? finding reliable numerical results is far N '
from trivial, even in the nonrelativistic regime, as also dis- _ E":r oo
cussed in Sec. 4. The scope of the tabulation is presented in g_(,j)=1 (1) ®)

Sec. 5, and a selection of results for atomic hydrogen is ) ) ) )
given in Sec. 6. Finally, conclusions are given in Sec. 7. 1 he full setis obtained after incorporation gfcomplemen-
tary Dirac bispinors

irg_ 1 .Pilj(r)Yij
—IQ”,J-(r)Y,ij

2. Basic Formulas and Model Wiijm, =7
differing from the first set in the minus sign preceding the

lower componenQ.!! The P and Q functions in Eqs.(4)
and (6) are general radial functions in Hilbert space with
appropriate boundary conditions at the origin. If one is con-
cerned just with positive-energy orbitals, an extensive ac-
count of their mathematical requirements can be found in the
review of Grant:®

In the following we resort to the Drake—Goldman varia-
tional principle. Drake and Goldméahfound that the matrix

, 1=12,..9, (6

The emission transition probabili#5" for an electric

(E) or magnetigM) multipole of order is given in terms of

the oscillator strengttit®" by Dyall et al}*

AE)? g
i @

3

L(E.M
fi( )

C
_gi .(2|_+1), (AE)Z |<‘I,i||OL(E'M)||‘Pk>|2- (3)
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TRANSITION PROBABILITIES FOR HYDROGEN-LIKE ATOMS 1061

representation of the Dirac Hamiltoniah, in certain they consist mainly of finite nuclear sfZeand gquantum
2g-dimensional bases, Eq&4) and (6), for j=¢+1/2, ¢  electrodynamit®~**corrections, both propagating their influ-
<2,7<92 ence mainly through transition energies. In a more rigorous
treatment, the corresponding corrections to the wave func-
ho®y= &P, () tions should also be incorporated. Since these departures
has eigenvalues, satisfying from the chosen model have not been fully investigated in
e =F ®) the Iit_erature, accuracy will only be evaluated with respect to
g b the given model itself.
whereE; is the exactth order eigenvalue of Dirac’'s equa-  As pointed out in Sec. 2, transition probabilities are evalu-
tion. Wheng is increased, convergence towards the exachted assuming traditional multipole expansions, viz., a com-
Dirac’s bound eigenvalues is achievieoim aboveas in non-  plete multipole expansion including toroidal momé&ntg is
relativistic calculations sustained by the variational theoremnot considered.
The validity of the Drake—Goldman variational principle, Nuclear motion is taken into account only through the
previously verified up t&<10,j=€+1/2,Z<118 and with  standard replacement, in the infinite nuclear mass Hamil-
more general Slater-type baséshas presently been ex- tonian, of the electron mass by its reduced mass and the
tended up tof <25. consequent change from a.u. to aatom. Thus the abso-
lute atomic unit of timé&’ 7=2.418884326% 10 17 has been
multiplied by a factof 1+ (m/M)], so we actually report

il

3.2. Computational Details

To generate all reported data we developed a systematic
way to handle arbitrary sets of states and corresponding tran- Als™1] =Aki[a.u(atom)]/
sition probabilities throughout the isoelectronic series. A
general purpose computer program to evaluate energy levelss it should be.
wave functions and transition probabilittésvas enriched Extra terms arising from an exact representation of the

with several program modules, allowing us to carry out allinteraction of the particles with the field are neglected. For
calculations in a single run. The mechanics of the entire progq ransitions in the nonrelativistic regime, the largest of

cedure is as follows: these term$2°can be accounted for by the introduction of a

(i)  analytic self-consistent-field wave functions and enerfadiative recoilfactor Z, given, for nuclear mass, by
gies are computed for each of the states considered; (1+Zm/M)

(i)  the results are sent to proper files; = ,

(i)  all nonzero transition probabilities are calculated and (1+m/M)

. placed in definitive tables; _ which enters as a factaf? in the transition probabilities.
(iv) intermediate files are removed while the tables aregince its dependence is only throughand M, Z, is given
. . . . ’ r

transmitted to a final directory; and . separately in each table for a given species. However, it is
(v)  in the input files in(i)—(iii) the nuclear charge is Up- ot considered in the reported valuesgf to facilitate com-

dated to the next value. parison with previous work. Its maximum value occurs for
. . Z=20, amounting to an effect of 0.05%. Analogous consid-
fltiggz(lz);(\ll)—irleS repeated 117 times to cover the 118 W erations for other multipoles give similar factors, which for

' . ' . M1 and E2 differ from unity as the fourth power of the ratio
The pertinent one-electron integrals are evaluated NUMETLt electron and nuclear masses. These factors affect at most

cally using 32-point Gauss-Legendre quadratures in each (%Che seventh figure and therefore they were neglected alto-
30 Z-dependent intervals ifD, ]. The normal diagonaliza- gether

tion routines from the literatut&?° are not sufficiently accu Since, in general, isotopic effects do not alter the transition

rate for our purposes. Thus a Jacobi routineas used to . . .
S . . probabilities to the reported accuracy, we just considered a
obtain highly accurate eigenvalues and eigenvectors. . .
single isotope per element. The mass of the most abundant
N _ isotope was used when availaBfe Hypothetical masses
4. Critical Evaluation of Accuracy were used for unknown nuclides of charges 113, 115, 117,
and 118. All needed fundamental constants are taken from
We shall discuss, in succession, the physical and numerthe 1998 CODATA recommended valu&s?
cal issues involved in the evaluation of accuracy. The point- The first numerical issue concerns loss of accuracy in the
nucleus Dirac Hamiltonian is quite appropriate for low energies. Setting the zero of energy at the ionization thresh-
nuclear charge. For large nuclear charge, however, there acdd, the Dirac energy eigenvaluds(n,j) are given by
other significant effects which are neglected in this modelMizushima®

T

(€)
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c?. -11. (10
al

1 / 1), ,
n—j——+ i+—|2—(az
173 It (aZ)

For small nuclear charg@, E(n,j) is equal to a number of ratio of statistical weightsg, andg, , is equal to on€.There
order one resulting from the difference of two large numberss also a typographical error in his E¢}) where the said

of order @ ?~10* (« is the fine structure constanthus  statistical weights are interchanged relative to the correct ex-
incurring in loss of four decimal figures; accuracy decreasegpression]

E(n,j)

in a complicated way with principal qguantum numbeias A necessary, albeit not sufficient, test for the accuracy of
E(n,j) approaches zero. Therefore, 30-figure arithmetic ighe computed transition is the fulfillment of gauge invariance
used to evaluate Eq10). of the electric multipole matrix elements. This amounts to

As to the exact eigenfunctioiéthey were approximated Ccomparing results obtained by using the Couldrahd the
to numerical accuracy as self-consistent-fi¢RCPH wave Babushkii® gauges. For transitions withn#0 the Cou-
functions* in order to avoid numerical instabilities inherent 10mb and the Babushkin results agree to within 614 signifi-
to their exact analytic representations. The accuracy of théant figures{r_n_aximu_m agreement for s_mall Va|U95"3f-_ For
SCF wave functions is in turn conditioned by the exactnesén=0 transitions, five or more good figures are achieved up
of the energy eigenvalues provided by the Drake—GoldmatP "= 15. For still largem values, thes&in=0 transitions
variational results rather than EQ.0). Using 16-figure arith- Nave transition probabilities smaller than 18 thus they
metic, for example, for z=1, E(2,1/2) are irrelevant for. all prqctlcgl purposes. N
— —0.1250020801891714 a.u. is obtained, to be compared !N Our tabulations, five figures are shown for transition
with the 30-figure arithmetic exact result from E@.0) of probabllltles_and related quan_tltles, always within the e§t|—
—0.1250020801891716. Thus our 16-figure numerical apMated margins of error. Energies and wavelengths are given
proach is almost coincident with the exact result. up t.o 14 flggres; since these are obtained usmg(lE@. n

In extending the range of previous restfiso large prin- 30-figure arithmetic, all reported data can be considered to

cipal quantum number, even in a nonrelativistic regime, owbe exact within the limitations of the model employed.

If and when a more exact theory is warranted, after incor-
method (Sec. 3 overcomes severe loss of accuracy not . .
) .. . _— poration of the new effects, the rest of the calculation can
present in transitions with small principal quantum number

For example, for the nonrelativistic transition st025p, follow the same sequence of steps, all to be performed in a

working with  16-figure arithmetic and analytical single computer run.
expressions we getAE'=600.68 s* while the correct re-

sult is 607.63 5. The latter can be obtained either by using 2- Scope and Arrangement of the Tables

the analytical expressions together with 30-figure arithmetic

or through our numerical approach with only 16-figure arith- We have adhered to the time honored style introduced by
metic. (The relativistic result for either ¥3-+25p,, or 10s  Wieseet al? in the National Standard Reference Data Series.

— 25D, is 607.6251) States are entirely characterized by their orbital designations.

We have tested the nonrelativistic transition probabilitiesn the tables, upper case letters are used fof + 1/2 orbit-
in the tabulation of Wieset al2 and found them to agree &S, whilej=¢1/2 orbitals are denoted by lower case letters.

with ours to all reported figures both using nonrelativistic orUP t0 € =25 we have the following 51 orbitals:

relativistic calculations, as expected due to the rather small SpPdDfFgGhHIlkKILMMnNoOgQrRtTuUVWwW
relativistic effects in atomic hydrogen. )
The work of Pal’chiko$ provided the first systematic rela- WxXyYzZaAbBcCeEjJ,

tivistic transition probabilities for hydrogen-like systems. using all the letters of the alphabet. In a first set of tabula-
Our results for transitions probabilities agree with those oftions(Set 1),%° for <4 we include states up =7, and for
Pal’chikov to all reported figures. For wavelengths, however¢ =5 we keep orbitals up ta=+¢+3 not exceedingi= 26,
there are noticeable differences. For example, for tag,1 thus, only two orbitals fow =24 and just one orbital fof
—2py, transition in  hydrogen, we get N =25, totaling 163 states. This selection incorporates lérge
=1215.66962039 A against 1215.6736456 A of Pal'chikov.values in a way allowing to study their decay modes, how-
We have traced this disagreement to the use by Pal’chikov adver it leaves out an important set of states: very large prin-
a proton massn,=1.000 instead oim,=1.00727646689. cipal quantum number together with small azimuthal number
Also, the oscillator strengths of Pal’chikov are usually in 3. In order to partially fill this gap we have considered, in a
error: they are correct only for Lymam+ransitions when the second set of tabulationSet 2,'° states up ton=25, ¢

J. Phys. Chem. Ref. Data, Vol. 33, No. 4, 2004



TRANSITION PROBABILITIES FOR HYDROGEN-LIKE ATOMS 1063
TaBLE 1. Electric dipole E1 transitiong =1
No Transition \ (in vacug E; (cm™b) Ey (cm™ %) gi Ok Ag (1P s fix
1 1S-2p 1215.669 620 0.000 00 82 259.1914 2 2 6.2649 0.13873
2 1S-3p 1025.720 104 0.000 00 97 492.4832 2 2 1.6725 0.2636BE
3 1S-4p 972.534 456 0.000 00 102 824.1205 2 2 0.68186 0.96633E
4 1S-5p 949.740 669 0.000 00 105 291.9005 2 2 0.34375 0.464%2E
5 1S-6p 937.801 090 0.000 00 106 632.4204 2 2 0.19728 0.25997E
6 1S-7p 930.745 894 0.000 00 107 440.7103 2 2 0.12362 0.16646E
7 1S-2P 1215.664 226 0.000 00 82 259.5565 2 4 6.2648 0.27745
8 1S-3P 1025.718 966 0.000 00 97 492.5913 2 4 1.6725 0.52733E-01
9 1S-4P 972.534 024 0.000 00 102 824.1661 2 4 0.68186 0.19327E-01
10 1S-5P 949.740 458 0.000 00 105291.9239 2 4 0.34375 0.92919E-02
11 1S-6P 937.800 971 0.000 00 106 632.4339 2 4 0.19728 0.51995E-02
12 1S-7P 930.745 820 0.000 00 107 440.7189 2 4 0.12362 0.32092E-02
13 25-3p 6 564.569 339 82259.19141 97 492.4832 2 2 0.22449 0.14495
14 25-4p 4 862.647 462 82 259.19141 102 824.1205 2 2 0.9668BE 0.34255E-01
15 25-5p 4 341.651 674 82 259.191 41 105 291.9005 2 2 0.4948%E 0.13977E-01
16 25-6p 4102.862 210 82 259.19141 106 632.4204 2 2 0.2858%E 0.72097E-02
17 2S5-7p 3971.166 327 82259.191 41 107 440.7103 2 2 0.1792E 0.42467E-02
18 2S5-2P 273940977.116 82 259.191 41 82 259.5565 2 4 0.8879BF 0.19970E-04
19 25-3P 6564.522 729 82 259.191 41 97 492.5913 2 4 0.22448 0.28989
20 25-4P 4 862.636 672 82259.19141 102 824.1661 2 4 0.966808B 0.68507E-01
21 2S-5P 4 341.647 269 82 259.191 41 105 291.9239 2 4 0.49483B 0.27952E-01
22 2S5-6P 4102.859 934 82259.191 41 106 632.4339 2 4 0.28583E 0.14419E-01
23 2S5-7P 3971.164 984 82 259.19141 107 440.7189 2 4 0.179728 0.84933E-02
741 2%-26 7553 333.195 88 109 503.559 43 109 516.7986 48 50 0.9359%E 8.3347
744 2%-26] 7553 333.259 64 109 503.559 43 109516.7986 50 52 0.936103E 8.3281
TaABLE 2. Magnetic quadrupole M2 transitiond= 1
No Transition \ (in vacug E; (cm %) E, (cm™ ) G; Ok A (10° s
1 1S-2P 1215.664 225 63 0.000 00 82 259.556 46 2 4 0.4684GF
2 1S-3P 1025.718 966 28 0.000 00 97 492.591 33 2 4 0.17566F
3 1S-4P 972.534 023 93 0.000 00 102 824.166 09 2 4 0.7966Q%
4 1S-5P 949.740 457 94 0.000 00 105 291.923 88 2 4 0.42H0%
5 1S-6P 937.800970 63 0.000 00 106 632.433 89 2 4 0.24780%
6 1S-7P 930.745 820 32 0.000 00 107 440.718 85 2 4 0.157688%
7 1S-4f 972.533 88007 0.000 00 102 824.181 29 2 6 0.16268&
8 1S-5f 949.740 387 70 0.000 00 105291.931 66 2 6 0.142168
9 1S-6f 937.800 93099 0.000 00 106 632.438 39 2 6 0.104268
10 1S-7f 930.745795 74 0.000 00 107 440.721 69 2 6 0.74 7958
11 25-2P 273940977.11562 82 259.191 41 82 259.556 46 2 4 0.1307%E
12 2S-3P 6564.522 729 41 82259.19141 97 492.591 33 2 4 0.5756RF
13 25-4P 4 862.636 672 30 82259.19141 102 824.166 09 2 4 0.4538RFE
14 25-5P 4341.64 7269 32 82259.191 41 105 291.923 88 2 4 0.296@BE
15 2S-6P 4102.859 93380 82259.19141 106 632.433 89 2 4 0.187GRE
16 25-7P 3971.164 984 43 82259.191 41 107 440.718 85 2 4 0.1259BE
17 2S—4f 4862.633 07593 82259.191 41 102 824.181 29 2 6 0.83643E
18 2S-5f 4 341.645 801 40 82 259.191 41 105 291.931 66 2 6 0.71846/E
19 2S-6f 4102.85917518 82259.19141 106 632.438 39 2 6 0.52196E
20 2S-7f 3971.164 536 88 82259.191 41 107 440.721 69 2 6 0.374 17
21 2p-3d 6564.522 72941 82259.191 41 97 492.591 33 2 4 0.552601F
22 2p—4d 4 862.636 672 30 82259.191 41 102 824.166 09 2 4 0.3243mE
23 2p-5d 4 341.647 269 32 82259.191 41 105 291.923 88 2 4 0.18418E
990 25%-26 7553 333.195883 9 109 503.559 43 109516.798 62 48 50 0.89133E
994 25-26] 7553 333.259643 8 109 503.559 43 109516.798 62 50 52 0.11322E
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TaBLE 3. Electric octupole E3 transitiong=1

No. Transition \ (in vacug Ei (cm b E (cm™) gi Ok Ag(sh
1 1S-4f 972.533 880 07 0.000 00 102 824.181 29 2 6 0.3107a%
2 1S-5f 949.740 387 70 0.000 00 105 291.931 66 2 6 0.256668
3 1S-6f 937.800 930 99 0.000 00 106 632.438 39 2 6 0.182608
4 1s-7f 930.74579574 0.000 00 107 440.721 69 2 6 0.128708
5 1S-4F 972.533 808 15 0.000 00 102 824.188 90 2 8 0.31673&
6 1S-5F 949.740 352 58 0.000 00 105 291.935 56 2 8 0.25666&
7 1S-6F 937.800911 18 0.000 00 106 632.440 65 2 8 0.18266E
8 1S-7F 930.745783 44 0.000 00 107 440.723 10 2 8 0.12870&
9 2S5-4f 4862.633 07593 82259.19141 102 824.181 29 2 6 0.1224
10 2S-5f 4341.645 801 40 82259.191 41 105 291.931 66 2 6 0.70464E
11 2S-6f 4102.859 17518 82259.191 41 106 632.438 39 2 6 0.413%BE
12 25-7f 3971.164 536 88 82259.191 41 107 440.721 69 2 6 0.259%RE
13 2S—-4F 4862.631 277 75 82259.191 41 102 824.188 90 2 8 0.122403E
14 25-5F 4.341.645 067 45 82259.19141 105 291.935 56 2 8 0.70464E
15 25-6F 4102.858 795 88 82259.191 41 106 632.440 65 2 8 0.413%8E
16 2S-7F 3971.164 31311 82259.19141 107 440.723 10 2 8 0.259849E
17 2p-3D 6564.507 193 28 82259.191 41 97 492.627 38 2 6 0.125THE
18 2p—4D 4862.633 07593 82259.191 41 102 824.181 29 2 6 0.17584E
19 2p-5D 4341.645 801 40 82259.191 41 105291.931 66 2 6 0.3926E
20 2p-6D 4102.859 17518 82259.191 41 106 632.438 39 2 6 0.51008
21 2p—-7D 3971.164 536 88 82259.19141 107 440.721 69 2 6 0.456%0
22 2p—5g 4.341.645 067 45 82259.191 41 105 291.935 56 2 8 0.251®4E
23 2p—69 4102.858 795 88 82259.19141 106 632.440 65 2 8 0.24802E
1547 2%—26 7553333.1958839 109 503.559 43 109516.798 62 48 50 0.36168E
1552 2E-26) 7553 333.259 643 8 109 503.559 43 109516.798 62 50 52 0.36204E
TaBLE 4. E1+ M2 consolidated transitiong=1
No. Transition \ (in vacug Ei (cm™ b Ey (cm™ 1) gi Ok Ag(sh
1 1S-2P 1215.664 225 63 0.000 00 82 259.556 46 2 4 6.2648
2 1S-3P 1025.718 966 28 0.000 00 97 492.591 33 2 4 1.6725
3 1S-4pP 972.534 023 93 0.000 00 102 824.166 09 2 4 0.68186
4 1S-5P 949.740 457 94 0.000 00 105 291.923 88 2 4 0.34375
5 1S-6P 937.800 970 63 0.000 00 106 632.433 89 2 4 0.19728
6 1S-7P 930.745 820 32 0.000 00 107 440.718 85 2 4 0.12362
7 2S5-2P 273940977.115 62 82259.191 41 82 259.556 46 2 4 0.88798E
8 2S5-3P 6564.522 729 41 82259.191 41 97 492.591 33 2 4 0.22448
9 2S-4P 4 862.636 672 30 82259.191 41 102 824.166 09 2 4 0.96680E
10 25-5P 4341.647 269 32 82259.191 41 105291.923 88 2 4 0.49483E
11 25-6P 4102.859 933 80 82259.191 41 106 632.433 89 2 4 0.28583E
12 25-7P 3971.164 984 43 82259.191 41 107 440.718 85 2 4 0.179M2E
13 2p—-3d 6564.522 729 41 82259.191 41 97 492.591 33 2 4 0.53877
14 2p-4d 4862.636 672 30 82259.19141 102 824.166 09 2 4 0.17188
15 2p—-5d 4.341.647 269 32 82259.191 41 105 291.923 88 2 4 0.78548E
16 2p-6d 4102.859 933 80 82259.191 41 106 632.433 89 2 4 0.428D1E
17 2p-7d 3971.164 984 43 82 259.191 41 107 440.718 85 2 4 0.26093E
18 2P-3S 6564.726 652 87 82 259.556 46 97 492.483 17 4 2 0.42692E
19 2P-4S 4862.733778 70 82 259.556 46 102 824.120 45 4 2 0.17290E
20 2P-5S 4341.720 484 47 82 259.556 46 105 291.900 51 4 2 0.8592QE
21 2P-6S 4102.923 659 90 82 259.556 46 106 632.420 37 4 2 0.49602E
22 2P-7S 3971.223 895 69 82 259.556 46 107 440.710 33 4 2 0.30582E
23 3S-3P 924 549 772.088 00 97 492.483 17 97 492.591 33 2 4 0.1383¢E
69 6P—-7S 123 720.047 044 76 106 632.433 89 107 440.710 33 4 2 0.84368E
70 6d—7p 123720.047 044 76 106 632.433 89 107 440.710 33 4 2 0.51668E

J. Phys. Chem. Ref. Data, Vol. 33, No. 4, 2004



TRANSITION PROBABILITIES FOR HYDROGEN-LIKE ATOMS 1065
TaBLE 5. M2+ E3 consolidated transitionZ=1
No Transition \ (in vacug E; (cm™ b E, (cm™Y) gi Ok A (sh
1 1S-4f 972.533 88007 0.000 00 102 824.181 29 2 6 0.3167@&
2 1S-5f 949.740 387 70 0.000 00 105 291.931 66 2 6 0.25666&
3 1S-6f 937.800 93099 0.000 00 106 632.438 39 2 6 0.18260E
4 1S-7f 930.745795 74 0.000 00 107 440.721 69 2 6 0.12870EK
5 2S-4f 4862.633 07593 82259.19141 102 824.181 29 2 6 0.1224CE
6 2S-5f 4 341.645 801 40 82 259.19141 105 291.931 66 2 6 0.70404E
7 25— 6f 4102.85917518 82259.19141 106 632.438 39 2 6 0.413D8E
8 2S-7f 3971.164 536 88 82 259.19141 107 440.721 69 2 6 0.2598dE
9 2p-3D 6564.507 193 28 82259.191 41 97 492.627 38 2 6 0.518TBE
10 2p—4D 4862.63307593 82 259.19141 102 824.181 29 2 6 0.22848E
11 2p-5D 4 341.645 801 40 82259.191 41 105 291.931 66 2 6 0.13499E
12 2p—6D 4102.85917518 82259.19141 106 632.438 39 2 6 0.85168E
13 2p-7D 3971.164 536 88 82259.19141 107 440.721 69 2 6 0.565TBE
14 2P-5g 4341.713 878 55 82 259.556 46 105 291.935 56 4 8 0.8378BE
15 2P—-69 4102.920 24598 82 259.556 46 106 632.440 65 4 8 0.8270BE
16 2P-T7g 3971.221 88162 82 259.556 46 107 440.723 10 4 8 0.66408E
17 3S-4f 18 755.750 543 68 97 492.483 17 102 824.181 29 2 6 0.11183E
18 3S-5f 12821.41937101 97 492.483 17 105 291.931 66 2 6 0.10605E
19 3S-6f 10940.972 636 30 97 492.483 17 106 632.438 39 2 6 0.15765E
20 3S-7f 10 052.030 803 35 97 492.483 17 107 440.721 69 2 6 0.1378%E
21 3p-3D 693 416 688.359 22 97 492.483 17 97 492.627 38 2 6 0.13423E
22 3p—4D 18 755.750 543 68 97 492.483 17 102 824.181 29 2 6 0.122P5E
23 3p-5D 12821.41937101 97 492.483 17 105 291.931 66 2 6 0.58206E
441 2026 1553 720.667 5785 109 452.436 98 109 516.798 62 44 48 0.354B8BE
456 2B-26 2218028.620 788 4 109471.713 54 109516.798 62 46 50 0.260D080E
TABLE 6. E1+ M2+ E3 consolidated transitionZ=1
No Transition \ (in vacug E; (cm™ ) E, (cm™ ) i Ok A (108 s7Y)
1 2P-3d 6 564.680 040 63 82 259.556 46 97 492.591 33 4 4 0.10775
2 2P-4d 4 862.722 988 91 82 259.556 46 102 824.166 09 4 4 0.34318E
3 2P-5d 4341.716 080 49 82 259.556 46 105291.923 88 4 4 0.15709E
4 2P-6d 4102.921 38394 82 259.556 46 106 632.433 89 4 4 0.85742E
5 2P-7d 3971.222 552 96 82 259.556 46 107 440.718 85 4 4 0.52182E
6 2P-3D 6 564.664 503 76 82 259.556 46 97 492.627 38 4 6 0.64651
7 2P—-4D 4862.719 39241 82 259.556 46 102 824.181 29 4 6 0.20625
8 2P-5D 4341.71461253 82 259.556 46 105291.931 66 4 6 0.9424E
9 2P-6D 4102.920 625 30 82 259.556 46 106 632.438 39 4 6 0.51480E
10 2P-7D 3971.222 10540 82 259.556 46 107 440.721 69 4 6 0.31301E
11 3P-4d 18 756.184 544 19 97 492.591 33 102 824.166 09 4 4 0.117P3E
12 3P-5d 12 821.609 979 60 97 492.591 33 105291.923 88 4 4 0.565P2E
13 3P-6d 10941.107 506 28 97 492.591 33 106 632.433 89 4 4 0.3129@E
14 3P-7d 10052.142 961 40 97 492.591 33 107 440.718 85 4 4 0.194B9E
15 3P-3D 2773719066.2711 97 492.591 33 97 492.627 38 4 6 0.38495E
16 3P-4D 18 756.131 037 32 97 492.591 33 102 824.181 29 4 6 0.70308E
17 3P-5D 12 821.597 177 64 97 492.591 33 105291.931 66 4 6 0.33903E
18 3P-6D 10941.102 111 54 97 492.591 33 106 632.438 39 4 6 0.18708E
19 3P-7D 10 052.140093 76 97 492.591 33 107 440.721 69 4 6 0.11496E
20 3d-4P 18 756.184 544 19 97 492.591 33 102 824.166 09 4 4 0.347B3E
21 3d-5P 12 821.609 979 60 97 492.591 33 105 291.923 88 4 4 0.14993E
22 3d-6P 10941.107 506 28 97 492.591 33 106 632.433 89 4 4 0.78202E
23 3d-7P 10052.142 961 40 97 492.591 33 107 440.718 85 4 4 0.46362E
627 2% -26e 7553333.125522 8 109 503.559 43 109 516.798 62 46 48 0.86425E
633 2%-26 7553333.1958839 109 503.559 43 109516.798 62 48 50 0.93595E
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TaABLE 7. Magnetic dipole M1 transitiong =1

No Transition \ (in vacug Ei (cm™h E (cm™) gi Ok Ag(sh
1 1S-2S 1215.669 620 39 0.000 00 82259.19141 2 2 0.24946%
2 1S-3S 1025.720 104 24 0.000 00 97 492.483 17 2 2 0.116080%
3 1S-4s 972.534 455 51 0.000 00 102 824.120 45 2 2 0.53028&
4 1S-5S 949.740 668 67 0.000 00 105291.900 51 2 2 0.28706&
5 1S-6S 937.801 089 53 0.000 00 106 632.420 37 2 2 0.17H0&
6 1S-7S 930.745 894 08 0.000 00 107 440.710 33 2 2 0.10968&
7 1S-3d 1025.718 966 28 0.000 00 97 492.591 33 2 4 0.69290& *
8 1S-4d 972.534 023 93 0.000 00 102 824.166 09 2 4 0.43210& *
9 1S-5d 949.740 457 94 0.000 00 105291.923 88 2 4 0.25793& *
10 1S-6d 937.800 970 63 0.000 00 106 632.433 89 2 4 0.16136& *
11 1S-7d 930.745 820 32 0.000 00 107 440.718 85 2 4 0.10633& *
12 25-3S 6564.569 339 41 82259.191 41 97 492.483 17 2 2 0.18768E
13 25-4S 4862.647 46171 82259.191 41 102 824.120 45 2 2 0.161D8E
14 25-5S 4341.651673 16 82259.191 41 105291.900 51 2 2 0.108DBE
15 25-6S 4102.862 209 69 82259.191 41 106 632.420 37 2 2 0.714T8E
16 25-7S 3971.166 327 12 82259.191 41 107 440.710 33 2 2 0.4858BE
17 25-3d 6564.522 729 41 82259.191 41 97 492.591 33 2 4 0.10495E *
18 2S5-4d 4862.636 672 30 82259.191 41 102 824.166 09 2 4 0.60319E *
19 2S-5d 4.341.647 269 32 82259.191 41 105 291.923 88 2 4 0.33608E *
20 2S-6d 4102.859 933 80 82259.191 41 106 632.433 89 2 4 0.20124E *
21 25-7d 3971.164 984 43 82259.191 41 107 440.718 85 2 4 0.12889E *
22 2p-3p 6564.569 339 41 82259.191 41 97 492.483 17 2 2 0.4964EE
23 2p—4p 4862.647 46171 82259.191 41 102 824.120 45 2 2 0.3849BE
688 247 -25¢ 6 698 669.019 887 5 109 488.631 09 109 503.559 43 44 46 0.168BBE *
689 24M—26C 3550187.487 3404 109 488.631 09 109 516.798 62 44 46 0.70012E *
TasLE 8. Electric quadrupole E2 transitiond=1
No. Transition \ (in vacug Ei (cm™ b E, (cm™1) gi Ok Ag(sh
1 1s-3d 1025.718 966 28 0.000 00 97 492.591 33 2 4 593.75
2 1S-4d 972.534 023 93 0.000 00 102 824.166 09 2 4 326.79
3 1S-5d 949.740 457 94 0.000 00 105291.923 88 2 4 184.51
4 1S-6d 937.800 970 63 0.000 00 106 632.433 89 2 4 112.06
5 1S-7d 930.745 820 32 0.000 00 107 440.718 85 2 4 72.545
6 1S-3D 1025.718 586 97 0.000 00 97 492.627 38 2 6 593.74
7 1S-4D 972.533 880 07 0.000 00 102 824.181 29 2 6 326.78
8 1S-5D 949.740 387 70 0.000 00 105 291.931 66 2 6 184.51
9 1S-6D 937.800 930 99 0.000 00 106 632.438 39 2 6 112.06
10 1S-7D 930.745795 74 0.000 00 107 440.721 69 2 6 72.543
11 2S5-3d 6564.522 729 41 82259.191 41 97 492.591 33 2 4 51.007
12 2S-4d 4862.636 672 30 82259.191 41 102 824.166 09 2 4 5.1491
13 2S-5d 4.341.647 269 32 82259.191 41 105291.923 88 2 4 0.96388
14 2S—-6d 4.102.859 933 80 82259.191 41 106 632.433 89 2 4 0.25376
15 2S-7d 3971.164 984 43 82259.191 41 107 440.718 85 2 4 0.83368E
16 25-3D 6564.507 193 28 82259.191 41 97 492.627 38 2 6 51.007
17 25-4D 4862.63307593 82259.191 41 102 824.181 29 2 6 5.1493
18 25-5D 4341.645 801 40 82259.191 41 105 291.931 66 2 6 0.96398
19 25-6D 4102.859 17518 82259.191 41 106 632.438 39 2 6 0.25380
20 25-7D 3971.164 536 88 82259.191 41 107 440.721 69 2 6 0.83381E
21 2p—-2P 273940977.115 62 82259.19141 82 259.556 46 2 4 0.13093E
22 2p—-3P 6564.522 729 41 82259.191 41 97 492.591 33 2 4 11.954
23 2p—4P 4862.636 672 30 82259.191 41 102 824.166 09 2 4 5.1485
1156 2%5-26) 7553332.904 2135 109 503.559 43 109516.798 62 48 52 0.18636E
1157 2®-26e 7553 333.511 860 3 109 503.559 43 109 516.798 62 48 48 0.15333E
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TABLE 9. Magnetic octupole M3 transitiong=1
No. Transition \ (in vacug Ei (cm™ b E (cm™) gi Ok Ag(sh
1 1S-3D 1025.718 586 97 0.000 00 97 492.627 38 2 6 0.73908F
2 1S-4D 972.533 880 07 0.000 00 102 824.181 29 2 6 0.45248F
3 1S-5D 949.740 387 70 0.000 00 105 291.931 66 2 6 0.26790F
4 1S-6D 937.800 930 99 0.000 00 106 632.438 39 2 6 0.16680F
5 1S-7D 930.745795 74 0.000 00 107 440.721 69 2 6 0.10960¢&
6 1S-5g 949.740 352 58 0.000 00 105 291.935 56 2 8 0.2931BE
7 1S-69 937.800911 18 0.000 00 106 632.440 65 2 8 0.33162E
8 1S-79 930.745783 44 0.000 00 107 440.723 10 2 8 0.2885DE
9 25-3D 6564.507 193 28 82259.19141 97 492.627 38 2 6 0.1550F
10 25-4D 4862.63307593 82259.191 41 102 824.181 29 2 6 0.2852QFE
11 25-5D 4341.645 801 40 82259.191 41 105 291.931 66 2 6 0.669MIE
12 25-6D 4102.859 17518 82259.191 41 106 632.438 39 2 6 0.19743E
13 25-7D 3971.164 536 88 82259.191 41 107 440.721 69 2 6 0.69246E
14 25-5¢g 4.341.645 067 45 82259.19141 105 291.935 56 2 8 0.30222E
15 25-69 4102.858 795 88 82259.191 41 106 632.440 65 2 8 0.340427E
16 2S5-79g 3971.164 31311 82259.19141 107 440.723 10 2 8 0.29422E
17 2p—4f 4862.63307593 82259.191 41 102 824.181 29 2 6 0.54313E
18 2p-5f 4341.645 801 40 82259.191 41 105 291.931 66 2 6 0.45547FE
19 2p—6f 4102.859 17518 82259.191 41 106 632.438 39 2 6 0.32628E
20 2p-7f 3971.164 536 88 82259.191 41 107 440.721 69 2 6 0.23063E
21 2p—4F 4862.631 277 75 82259.19141 102 824.188 90 2 8 0.10999E
22 2p—5F 4.341.645 067 45 82259.191 41 105 291.935 56 2 8 0.92232E
23 2p—6F 4102.858 795 88 82259.19141 106 632.440 65 2 8 0.66641E
24 2p-7F 3971.164 31311 82259.191 41 107 440.723 10 2 8 0.46718E
1500 2426 3550 187.446 899 2 109 488.631 09 109516.798 62 46 50 0.16708E
TaBLE 10. M1+E2 consolidated transitionZ=1
No. Transition \ (in vacug Ei (cm™ b Ey (cm™ 1) gi Ok Ag(sh
1 1S-3d 1025.718 966 28 0.000 00 97 492.591 33 2 4 593.75
2 1S-4d 972.534 023 93 0.000 00 102 824.166 09 2 4 326.79
3 1S-5d 949.740 457 94 0.000 00 105 291.923 88 2 4 184.51
4 1S-6d 937.800 970 63 0.000 00 106 632.433 89 2 4 112.06
5 1S-7d 930.745 820 32 0.000 00 107 440.718 85 2 4 72.545
6 25-3d 6564.522 729 41 82259.191 41 97 492.591 33 2 4 51.007
7 25-4d 4862.636 672 30 82259.19141 102 824.166 09 2 4 5.1491
8 2S-5d 4.341.647 269 32 82 259.191 41 105291.923 88 2 4 0.96388
9 25-6d 4102.859 933 80 82259.191 41 106 632.433 89 2 4 0.25376
10 25-7d 3971.164 984 43 82259.191 41 107 440.718 85 2 4 0.83363E
11 2p—-2P 273940977.115 62 82259.191 41 82 259.556 46 2 4 0.43782E
12 2p-3P 6564.522 729 41 82259.191 41 97 492.591 33 2 4 11.954
13 2p—4P 4862.636 672 30 82259.191 41 102 824.166 09 2 4 5.1485
14 2p—-5P 4.341.647 269 32 82259.19141 105 291.923 88 2 4 2.6351
15 2p-6P 4102.859 933 80 82259.191 41 106 632.433 89 2 4 1.5222
16 2p—-7P 3971.164 984 43 82259.191 41 107 440.718 85 2 4 0.95705
17 2P-3p 6564.726 652 87 82 259.556 46 97 492.483 17 4 2 23.908
18 2P-4p 4862.733778 70 82 259.556 46 102 824.120 45 4 2 10.297
19 2P-5p 4341.720 484 47 82 259.556 46 105 291.900 51 4 2 5.2699
20 2P—-6p 4102.923 659 90 82 259.556 46 106 632.420 37 4 2 3.0441
21 2P-T7p 3971.223 895 69 82 259.556 46 107 440.710 33 4 2 1.9139
22 35-3d 924 549 772.088 00 97 492.483 17 97 492.591 33 2 4 0.67323E
23 3S-4d 18 755.804 048 38 97 492.483 17 102 824.166 09 2 4 3.7596
68 6P—7p 123 720.047 044 76 106 632.433 89 107 440.710 33 4 2 0.35309E
69 6d—-7S 123 720.047 044 76 106 632.433 89 107 440.710 33 4 2 0.16100E
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TaBLE 11. E2+ M3 consolidated transitiong =1

No Transition \ (in vacug E; (cm™ b E, (cm™Y) gi Ok A (sh
1 1S-3D 1025.718 586 97 0.000 00 97 492.627 38 2 6 593.74
2 1S-4D 972.533 880 07 0.000 00 102 824.181 29 2 6 326.78
3 1S-5D 949.740 387 70 0.000 00 105 291.931 66 2 6 184.51
4 1S-6D 937.800 930 99 0.000 00 106 632.438 39 2 6 112.06
5 1S-7D 930.745795 74 0.000 00 107 440.721 69 2 6 72.543
6 25-3D 6564.507 193 28 82259.191 41 97 492.627 38 2 6 51.007
7 2S5-4D 4862.633 07593 82259.191 41 102 824.181 29 2 6 5.1493
8 2S-5D 4341.645 801 40 82259.19141 105 291.931 66 2 6 0.96398
9 25-6D 4102.859 17518 82 259.191 41 106 632.438 39 2 6 0.25380
10 25-7D 3971.164 536 88 82259.191 41 107 440.721 69 2 6 0.83381E
11 2p—4f 4862.63307593 82259.191 41 102 824.181 29 2 6 48.051
12 2p-5f 4341.645 801 40 82259.191 41 105 291.931 66 2 6 32.123
13 2p—6f 4102.859 17518 82259.191 41 106 632.438 39 2 6 20.548
14 2p-7f 3971.164 536 88 82259.191 41 107 440.721 69 2 6 13.611
15 2P-4F 4.862.717 594 17 82 259.556 46 102 824.188 90 4 8 61.780
16 2P—-5F 4341.713 878 55 82 259.556 46 105 291.935 56 4 8 41.300
17 2P-6F 4.102.920 245 98 82 259.556 46 106 632.440 65 4 8 26.419
18 2P-7F 3971.221 881 62 82 259.556 46 107 440.723 10 4 8 17.500
19 3S5-3D 693 416 688.359 22 97 492.483 17 97 492.627 38 2 6 0.28322E
20 3S-4D 18 755.750 543 68 97 492.483 17 102 824.181 29 2 6 3.7596
21 3S-5D 12821.41937101 97 492.483 17 105 291.931 66 2 6 1.0853
22 3S-6D 10940.972 636 30 97 492.483 17 106 632.438 39 2 6 0.42539
23 3S-7D 10 052.030 803 35 97 492.483 17 107 440.721 69 2 6 0.20458
470 2426 3550 187.446 899 2 109 488.631 09 109 516.798 62 46 50 0.885B8E
471 242-26) 3550187.4789317 109 488.631 09 109 516.798 62 48 52 0.88704E
TABLE 12. M1+E2+M3 consolidated transition&,=1
No Transition \ (in vacug Ei (cm™ b Ey (cm™ 1) gi Ok Ag(sh
1 2P-3P 6564.680 040 63 82 259.556 46 97 492.591 33 4 4 11.954
2 2P—-4P 4862.722 988 91 82 259.556 46 102 824.166 09 4 4 5.1483
3 2P-5P 4341.716 080 49 82 259.556 46 105291.923 88 4 4 2.6350
4 2P—-6P 4102.921 38394 82 259.556 46 106 632.433 89 4 4 1.5221
5 2P-7P 3971.222 552 96 82 259.556 46 107 440.718 85 4 4 0.95700
6 2P-4f 4862.719 392 41 82 259.556 46 102 824.181 29 4 6 13.729
7 2P-5f 4341.714 612 53 82 259.556 46 105 291.931 66 4 6 9.1778
8 2P—6f 4102.920 625 30 82 259.556 46 106 632.438 39 4 6 5.8709
9 2P-7f 3971.222 105 40 82 259.556 46 107 440.721 69 4 6 3.8888
10 3P-4P 18 756.184 544 19 97 492.591 33 102 824.166 09 4 4 1.2748
11 3P-5P 12 821.609 979 60 97 492.591 33 105 291.923 88 4 4 0.71391
12 3P-6P 10941.107 506 28 97 492.591 33 106 632.433 89 4 4 0.42532
13 3P-7P 10052.142 961 40 97 492.591 33 107 440.718 85 4 4 0.27149
14 3P-4f 18 756.131 037 32 97 492.591 33 102 824.181 29 4 6 1.2853
15 3P-5f 12 821.597 177 64 97 492.591 33 105 291.931 66 4 6 0.57383E
16 3P-6f 10941.102 111 54 97 492.591 33 106 632.438 39 4 6 0.264952E
17 3P-7f 10 052.140 093 76 97 492.591 33 107 440.721 69 4 6 0.47988E
18 3d-4d 18 756.184 544 19 97 492.591 33 102 824.166 09 4 4 0.83281
19 3d-5d 12 821.609 979 60 97 492.591 33 105291.923 88 4 4 0.40133
20 3d—6d 10 941.107 506 28 97 492.591 33 106 632.433 89 4 4 0.22221
21 3d-7d 10 052.142 961 40 97 492.591 33 107 440.718 85 4 4 0.13603
22 3d-3D 2773719066.2711 97 492.591 33 97 492.627 38 4 6 0.50615E
23 3d-4D 18 756.131 037 32 97 492.591 33 102 824.181 29 4 6 0.23795
607 28C-26C 7553 333.511 860 3 109 503.559 43 109516.798 62 48 48 0.294080E
613 2F-26E 7553333.5513143 109 503.559 43 109 516.798 62 50 50 0.15336E
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<3, coincidentally also totaling 163 states. Together, bothand also M1, E2 and M3. Mt E2+M3, M1+E2 and E2

sets give rise to 1863574 distinct transitions. +M3 are mutually exclusive. All M1 transitiongexcept
Selection rules call for the construction of 12 tables conmS—nS and mp—np), all E2, and all M3(except those

sisting of E1, E2, E3, M1, M2, M3, EXM2, M2+E3, E1  with Aj=3) need to be consolidated with one or two muilti-

+M2+E3, M1+E2, E2+M3, and M1+E2+M3 transi-  pole partners. Analogously as before, they are given in the

tions, respectively, giving 12 118= 1416 tables of transition |ast six tables of Sec. 6.

probabilities for all nuclides, for each set of calculations.

Transitions are presented as absorptions starting from the

lowest state. Wavelengths are given in A, the energies of the 6. Tables of Transition Probabilities for

initial and final states are in cm. There follow initial and Hydrogen

final level statistical weights, the actud]; values in either

s ! or 10* s (the latter only when E1 transitions are in-
volved), the f; values, and finally line strengtts (in a.u) Here we present, faZ=1, a subset of results of the Set 1
and loggf). specified in Sec. 5. The data are arranged in the 12 tables

Entries marked with an asterisk after thg column occur ~ Previously describedsee Tables 1-12each corresponding

in another table without the asterisk, the latter meaning tha® & given multipole or to any allowed combination of them.
the final result has been consolidated between all allowe@N!Y the first few transitions and the last three most signifi-
multipoles for the given transition. E2 and M2 transitions cant ones are exhibited, so as to give a flavor of the extent of
always need to be consolidated with other multipoles, thudn€ tabulation. The data in the complete tables r

all their entries carry asterisks. A few E1, E3, M1, and M3 = 1-118 may be considered _benchmarks for future_ reference
entries do not carry asterisks, while the six tables involvingSince they were produced using well-tested numerical proce-
consolidated transitions carry no asterisks. For example, botfiures and tabulated in a fully automatic way, guaranteeing a
transitions Dy, 3ds, and D, 3dg, occur in the E1 high degree of reliability. They are available at a recognized
table with an asterisk, anticipating their occurrence else€
where, the first one in the EAM2 table, the second one in

the E1+ M2+ E3 table. Had we included E4 and M4 multi- )
poles, E3 and M3 would be consolidated with other muilti- 7. Conclusions

poles, and so on.

Two-photon transitions from the s2,, states are taken We have presented E1, M1, E2, M2, E3, and M3 transition
from the literature’® Because of the Lamb shift, thesg, probabilities for hydrogen-like atoms calculated with point-
states will also decay tof%/, states, but this cannot be con- nucleus Dirac eigenfunctions f@=1-118 and up to large
sidered unless QED energy corrections are taken into aguantum numberg =25, n=26, increasing existing data
count. Other two-photon transitions from higher-excitedmore than a thousandfold. A critical evaluation of the accu-
states compete too unfavorably with E1 transitions and caracy, together with automatic generation of millions of re-
then be discarded. sults in a single computer run, has been crucial to achieve

5.1. E1, M2, and E3 Transitions high reliability. Our tabulation serves three useful purposes:

b sitet?

E1 M2 dE3t i . h f v b (1) provides a substantial check of previous work;
» V£, and s lransiions require change of parity e'(2) furnishes a clear and self-contained source of basic data
tween initial and final states. The physically significant quan- not available in the literature: and

t|t|e§ (la\re the sfum”s E&('j\/l2+E.?’.’ i éllgﬁzalllwo;vi‘ésor ar(;y (3) can be used for estimating transition probabilities in
p?rtlaElsu'\r?; 0 gééveﬂtﬁgitgsgh M 2 d M 2;‘2; N-electron systems behaving as one-electron systems,
also kL, an ' : an particularly in the study of inner shell transitiohd’

are mutually exclusive. Most of E1 and E3 transitions and all
M2 transitions need to be consolidated with one or two mul-  consolidated results are provided for the first time: E1

tipole partners, in which case they are tabulated with an as; M2, M2+ E3, E1+ M2 +E3, M1+ E2, E2+ M3, and M1

terisk as mentioned above. Only B3,;,—mpy, transitions 1 g2+ M3 when selection rules so require. For one-electron
and E3 transitions witlAj=3 do not have to be consoli- systems, the possibility of interference among E1, M2, and
dated with other multipole partners, and thus represent3 or among M1, E2, and M3, or between any selection-
bonafide final results. The first six tables of Sec. 6 showyjowed pair of them is precluded in the absence of a mag-

parity-changing transition probabilities for hydrogen. netic field®® As expected, the E£M2 and El+ M2 +E3
transitions are widely dominated by E1. This fact is reflected
52 M1 E2. and M3 Transitions in the coincidence, to all significant figures, in the corre-

sponding results foZz=1. For Z=92, however, already a
M1, E2, and M3 transitions require no change of parityone percent contribution of M2 is observed for large transi-
between initial and final states. The physically significanttion probabilities such assl,,— 2ps.
guantities are the sums MiE2+ M3, if all are allowed, or Surprisingly, M2+ E3 results are significantly different
any partial sums of allowed transitions: ME2, E2+ M3,  than M2 or E3 alone. For example, in the transitiop;2
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—3ds), (through allZ values M2 never contributes more °0. Jitrik and C. F. Bunge, Phys. S&9, 196 (2004.
than 76% to M2+ E3 (for hydrogen, see the corresponding lOhttp://www_.fisica.unam.mx/research/tabIes/spectrallel
tables 1R, Jaregui, C. F. Bunge, and E. Ley-Koo, Phys. Re\6% 1781(1997.
M14.—E2 and MLt E2+ M3 are entirely dominated by E2 2C. F. Bunge (unpublishedt the computer program is available at:
» (bunge@fisica.unam.mx
except for A¢=0 transitions. In the M*E2 transition !E. MerzbacherQuantum MechanicéWiley, New York, 1970.
2p1o— 3Pz, the M1 contribution, negligible foZ=1, in- 14K. G. Dyall, I. P. Grant, C. T. Johnson, F. A. Parpia, and E. P. Plummer,

0, 47 0, 1
creases frOII 0.1 /OZ( ) to 50% fOI’Z 92. In the M 5 p. Grant, inAtomic, Molecular & Opt|Ca| PhySiCS andbooidited by

+E2+M3 transition Ps,—3pge, the M1 contribution G w. F. Drake(AIP, New York, 1996, pp. 258-286.
reaches 2% foZ =92. The(E2, MJ) pair behaves similarly **The correctness of the computer program for one-electron systems is dis-
as(E1, M2): when existing, E3 M3 coincides with E2 for cussed below. For two-electron systems, we have reproduced the most

low Z. ForZ=92 a 1% contribution of M3 is attained for accurate literature results for multipolar electric and magnetic transitions
) ' in every undertaking.

the 1sy,— 3ds, transition probability. » G, W. F. Drake and S. P. Goldman, Phys. Re@3 2093 (1981).

A comprehensive picture of transition probabilities, emis-8e. Ley-Koo, C. F. Bunge, and R Uiegui, Teochem527, 11 (2000.
sion and absorption patterns in H-like systems is given’A. V. Bunge and C. F. Bunge, Comput. Ched®, 259 (1986; C. F.
elsewheré. Tables of lifetimes, branching fractions and ,,2UN9e: omp: Phys. Commub3g 92 (2003.

. . 4% E. Anderson, Z. Bai, C. Bischof, S. Blackford, J. Demmel, J. Dongarra, J.
Z-dependent branching fractions are also available. Du Croz, A. Greenbaum, S. Hammarling, A. McKenney, and D. Sorensen,

LAPACK Users’ Guide, Release 38IAM, Philadelphia, 1999
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