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1 introduction 

The recently discovered mdast~tble states of thP- autiprolouic he-
. Hmn atoms [ 1, 2, 3] arc of signifkant interest fcir b~th the exper
imentalists devefoping high precision laser spectroscopy methods 
and the-theorists worki11g on few-body problems: The '1>henomenon 
of delay~d annihilation .of antiprotou;s in heli;un seems to be quali
tatively well understoo'd within t}ii>. bJ11do model [1]; the observed·· 
laser resonance wavelengths a.n~ interpreted 'in this model as EI
transitions· in the exotic: ~hrcc-body system ji/ 1c+ ( rderred to also 

, as "atomcule"), stimulated by a. laser tuucd at the resonance fre
que~1cy. This model will only be accepted, hc;WCV!'.I:, .when· th~ the~ 
oreticalcalculations of the ene'rgy sprctrum c;f the atomcule agree. 
with the experi1ve11tal values within the· very small experiinental 
error .. Until recently this was not the case since the results of some 
authors [3, 5) desagreed by as. much as 1 (im., although the latest 
res.nits of Puzynin ct al [6] <J.Ud especially, of Korobov [7] seem ~o 

· have drastically reduced this disn:epai1cy. · · · .· . · · 
. · · Of course, forth~r i1i1proving of the ~'ccur~cy of the numeric.al 
methods used for solving the three-body Coi1lomb problem is cru
cial; but also important now. becomes \the use ·or. a_.realistic model" 
for. the ~tmncule which would account for the higher order. QED 
corrections. to the Coulomb i~1teraction potential. ·or particular in
terestwas ~ommonly expected to be the fine and hyperfine splitting 
of the Coulomb levels th~t might. be. partially responsible for the 
discrepancy between experiment and the pure Coulomb theory; so 
we decided first to calculate the spin interaction corrections and. to 
leave all other.effects - such as vacumn polarization and relativistic· 
shift of the energy le_vels, corredion~ due to .the interaction with 
the. external laser field etc. - for later times. In what follows we 

• report our first nume_rical results.' 

2 O~tline of the theoretical approach 

The leading order QED effects.in few-body bou,nd systems_are de
scribed by means of the Breit Hamilt~nian. A$ long as we restrict 
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· ourselves· to the· evaluatio_n of· only .the. fine ~rid . hyperfine split-
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.ting of the nonrelativistic levels,· we have kept the. terms involv~ 
· ing ·the p'articl~ spin operators s;, i = 1, 2, 3; arid neglected all the 
spin-indepr11elei1t teni1s; we also have neglect~d-the eledromagnetic 
structure of the.anti proton and the heliuni nudeus, but we did keep 
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the terms involvii1g'particle ~agnetic mon1ents·µ; 1 i'~ 1~2,3 [8]; 
Thu~, the pertiirhation Hamiltonian ih,;i took the,form,(in't111its • 

• '.' ' ., . . . ,,,,·· . '. . ' • , t ., . \' ' 

· fi=e.=•l):;.•· · ·· 
, .~ . . ' . : ' ',, '/ 

' . ' ·,' J J.: .• ,,1 . 

': H;;,1.=; ci(½2+½3+l;;j). - , .· ,, ·· .' ·. ,,,:· (1)· 

Vi2 

¼.1, 

' • ', .. • , ' ' ! 'J, ' •. -y, ' . ·••~ _; • ' • J . ~ ' I 

Z2(2µ1-.Zi).· l:·(-· ': --)·.·. ·-·.< _·Z2µ1. 1 .. (- · ........ :..)· -.:. 
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2
M 2 .. T. r21 X Pi · s1 ,_ M M 3 r2f x f2 '.. s1 .·. 

· · 1 7 2 t . - · , 1 2 r 21 · ·· · ' · . 
. Z2{2µ·3 -· z3'r 1 · ·.(:.:.· . ' .. P.j')i,.:. · 'z2µ3.•.· '1 '(~:1. •..c,·fi ) .. ·. ~-' ·. 

2M2 . . , .3 .· 123 x 3 ·• s3 7 M M . ~· r23 x . 2 · s3 
. . . · 3 . : . , 7 23 . .' ' ' . J ·. . · ' 2 . 3 7 23 . : . · . . . 

: , .. ( Z1Jl3 ~ · - Z3µ1 -~-) · 1 ,.:(~ ',_) . . .. = (:-. ·M. ..s3+ M. . .s1· . 3 r13 x Pt3 
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HereZi,R~. P; and. M(de'rwte the charge, position' vector, 'inomeri~; 
tm~1 · and. 1pas~ ~f-the' i-th -particl~, i=t,2;3; Jn;i .= 'MiMi/(Mi + ,·. 
,Mj), r;j '= Rj~iii,Pij ;·'(M;P;-MjP;)j(M;+Mj), We de11ote the: 

, : antipfoton; heliu.~11 nucleus and the. electron: as particles J) 'and 3, -
'· ~ ' -: l '. ' ... I • ' , ' ' ' 

respectively ... ,'1. •· '·· . '.·· . . .· , . -- ' 
, .· \Ve tised as ~erotlr.order approxin1atio11 the nonr~lativisticwave 

fonctionsci th~ ~t'omcule 6bt_ained it~ theadiabatic·approach/: ·) . 
✓,:,-,(.· '' /·.:·:· > ~~··-":,-./~- ·: ·--:·· '. ; ' ~- ", '· ,:,. ' _.' '-.' :-> '-: ' ' ·:." , 
,.y,v/M(:...R-) -~ vl(R). '·((: ·.R)Dl '(<f>0,I..) • 'r . . r, 7' L..;;

0

Xim 'Pi,ri. .,,,,,; .. mM I - ,'I'', ... 
,. ·

1 
1-_ '·; , -'~.li,~n _.·/ . ·~:.\., , _:·~. , I, .. -.~-~, ,· ·:,:>-·--.-.. 

~h~~e r'. ~~d' Rare .Jacob{~~ordinates: 
, .. , I . . .. 

. 
1 :-',if~·:~2·./i(,·}=:'~~::-}(i +,·R.2): .. 
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<I>, 0 ~nd R ale ·si;herical coordiiiates oLR;. ~' 1/ and</> - prolate 
spher~idal coordinates of r; ~;,,.(~, 71; R) ° C~ulomb spheroidaibasis ·: 

. function~ [9], and D~,M(<I>, 0, </>) are Wigner foi1dions. l _ 
. . .We further restricted ourselves .:.... within the so ra.llPd · onc•lrvrl 
ap;ro;imatz~n ,_ to onlJth~ first tem1 _6f the e;pansion in tile R. H.S .. 

..., • \ • • ·- -. • • • I ,, ' '> , : '"" ·_ ' I 

. · with: :m ~-0 ( ~eglecting,'amm1g oth~rs, alhr and higher terms), ·. · 
·Thema,trix elements of H;,;t are expressed in terms of intergrals '\ 

. _of prnducts1 of the,functi~~~ cp;,,.•and. xl:t ~v~r the variables ~' 11,R; 

. iI\ our calculation we used the numerical ,values.of cp;,,: and xl',~, 
.':'-.. . . . . . . 

obtained-in. [6]. ,-,',. . 
' ' ,;,, ,i / .. 

. 3 > N umericalresults: discussion a·nd p~f:.. 
••-,:.. • I-, ' '•,, ,/" : ,. " -:·., < \ f 

spect1ves, , t : I 
')' ! •., J 1 • ':'_ ; ·, /-. '•\ -.. ,, :•· '}. ;',! t 

·" Tlie norirelativisticeige1istates•of tlie· three::.body/;,milomh prohlfm 
are labeled -with th~ .orbital. ~i1d1)rit~d1:ialquantum numbersl. a1id.' 

· :,n '==. l +v + i,v beirig the·;ibrati~nal quai1t~111 number. Taking into 
• acc6~nt the spi~i intera~tio'ii 11;,.f ( 1) t~qufres t\v() 1~·1ore quantun1~c 
nuino~rs .:_ the tot~lspin .s 'and: the total ai1gtilar ~ome11tumJ: Any: 

,Y 9f the 'n~nrelativisti'c levelsr(ri, l), i > O.splits i;1tb 4''sllblevel~ (s = I 

' ·1, l)'' ( ' ' , ·. · ) ·( ·.·,.··.·. 'J · l: .· ) ' d '( '·.• · ·, 1· ·)" . o, ,= ,s.=1,J=l, s=),. =:= -1 a,.1~ _.:5=,11··=,+l, 
' .. separated by quantities of tlie orderoflO.'..~eV:: 01ie could ftirtlier, 

. ' , ·. ' :·. ' . ' ., . ~. ' ' , ' . ·,, .. ' , ' - . ' '' \ . 'I.', '.: '_ :-' . -.·· . ' , -. ' 

expect that 'tlie wavele1igtli of thefransition betweei1 ,two Coit}oi11h 
states.of the :t11r~e.:body p:4 He+ sy~t~m, (n; l) :0.(n', l'); ti,= l ~ L~ 
will split into· 4:xA. = 16 components according to the·initial ai1d. 

. firi~I values olthe addi~i01~~1 quaritu,111 numbe~s (~~,.J) -((.,;', J'), As'·. 
a ri1~tter of fact/a part. of these· transitioris are strictly forbidden, .. ~ ' 

. . . . . . .. . . .:· . . .. . ... ._· . . ', :· 
four of the-hyperfine components with J' = J,-:- l;.s'.~ .s clearly: · 

\· ' '.· ·,, f ''I . ' ; _ . '_ ,- ..: ·>, ] ,. ', {•' , I 

dominate: (in. what follo.ws t_hey will· be. refer_red,to aS: d9ini1ui._tiilg ,. 
or'main components) and the others. jrivolve,asuppression factor of, 
ord~r O(J-Y); k ~ l~J...: ~11. Ariio1~g tl;e transitions suppressed 
by a facfor 1/4J2 ~: 10'""3 -rn-4 onlytwo,-;(s =·.1;J ~ /)~· . 

. (s ·· =. 1,J': 7 l' +·1) a~d (s· ~-.•·· 1·,): ;; . r.~. 1): -
1 
(s:~:·o·, J' =·. 

z;) ~ have a significa1~t-separation,of'the.,ei1ergy)evels; we_shall 
' . ¾ . • · ..... · ' ,., . - . ,_' ~ ,_. ._: ' ' ' • ._, ,· - ' ·,,,, ' ' .. -· '" 

not Be interested•in the'I"einaini1,ig'transitio11s,whicli either are too . . . . .· . .. . . . . . .·, \ 
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··strongly supµri~ssPd fir lie too. cfos<'. to tilt' mai1; Cl;mpo1ients t~ be 

di~tingnished of th;m: . ' ,. . . . ' • .· . ·. . . . . : .. : . \ 

·Tabli~~ I ~nd :2 pn;sl'nl: 01,11: 1\unwrirn)i·t•\ults foi"th~ shiftof tlw' 
· wavel<'~1gth of tlJP fom maiu'and two ·s;1p1n·1•s~e.d transitio11s among 
t,hc hyperfine compoil('nt:•iof tlw, !<'n'Js of an~iprot~n helium atonis, , 
that undPrgo tlw El-trans_ition (11. /) - (1(,l') with /' ~ l - ] for, .. 

. :m < /< :10. TI{l tahh·s ('()\'('!: the iasPS 1l = 11 - I' and 71
1
. = 11 + I: 

. re8J-;Pd~t:ly." ( Noti> that tlw 'rntp oftl1<· trapsitions .with 11 1 ~ n :_::I . 
.· ext;CPds tlw ratt•'for tlw Cc\S(' 71 1 = 11+1 lwt\\"() 01'.ders of n1a;;nitudP ' .. · 

. . ·. . . . . ·. ,. ... .. · ... ' . . • . . 0. '·. . 

![:l]). The tine and hypt>rfiiw shift of tlw main C0111J)OnPntsis much;' 
below tlw )Hl'S~~nt 'an:i'iracv of tJH;'spi•t.'trosropiCal, nwa~tlrCl;l~HlS 

. ,._;·· 10-\1in ·[:J]. and can ll<' :·IH,glPc!.Ptt \Vliat. Cot;ld i'n 'prin~iplPhr' . 
· oh~ervl'd are I.I!<' 't,,·o snpprt'~ss<'d" tra11sitiims disC11sst'd ahow. tl1c, 
,vavt>IP1igths of which ;i.r(; SPpar'i,.ted from th<' 111,iin li1ws b~v ;;ion· 
.thau ci1i<~JasPr wa.vPkn~th width [:J]; 11nfo~'t1;natelyt.lw OVP'r~n i>r~lb-' 
ability. f ~1: thP~P ~II pp;:(:Sst'd · t.ransi t ioi1~ ( l't'f Pn:t:d to'' as. ·•si1 j)J)l"<'Ssiirn . 
' . • . .· .· •· . • . • I 

fa.ctor" in theTablt>s).is,i.>ft.lw ordPr of IO-:i_ .. \ . · ··•··• . .· .. ·. . . . . . . . . . .. " ".• . . .. 

. ' ,The',acc;1ra.eyof 0111"; n:sults OJ) t.lw fiiw and h)'perfin<' split.t.i1;g 

. > .~>f the t;·a'.11sitions Wc~Vdt•np;t.lis is. Pst.iiilat.cdto lw :of,tlw ordt'r, c>f·:·, 
20%. Tht>, 111ai11'11nccrta.i11t:V Cl)JllPS frc.>lll the OJl(•-lcvt{ a·J>pi·oxima- ' 
tion'ad(;ptt•d t>~i-liei· .. Whil<:t.lw 1;1issi11g'1T"~tt·rm~ 111•t.Iit; expa11sio11 of,· 

' - '1 ' ' • ',, •, ', • ':": •,, ' ' ,. ' •' ' . . •: - i l 

Eq. 2 c011trib1ite to th<; HOJH"t•l,it.1vistin·i1er,e;y values by q1'1a11tit irs 
; of ordt;r i'o-4 [7. {i], th~· <'<mt,i·il11it.it;ll '()f tJi;, ~pii,~o;·hit. i1iterat:t.ioii 

:I•, ' . ·· .. ' . ··. . . ' ' . .. . ' I 
·tt'.rtll'• . 

Z2(·>,,:i· - ·z.;) · 1 · (\. · ... • .. •.·. - ) ·:. · •· - • ·. •a . - . l}J . -
, •)Af2 .. ~-: 1":z:i,>< i3 . ·/:l . 
,- :i·. · ,•1 2:i:. , ; · · ... · .· 

.• •~Ll1"'11':S j1J, till' a~t:Pl'Jll~ ai>proximation) is PX~. 
01·dcr of 20% 1oftlw C<llltrib11tion'.t)fth~~ IPadi1ig i; 
/: .. , ';:.\ .,,.,,, '',_'., ' ,. ·,'.' ,'•., ' ' ' ' : .. , _;,,': ,·. 

iz . I : ·. .. . 
{,'J2Jt•3: .·( ·.· -)· ·, I •' • - • J -. -. --~ r2:i_x·l2 • .5;i. 
M2 1W:i 1 2:i .• · • , 

• .. . .. ; . ' . ·.. ·. I ··. I i I 

Note, that ·the .. contribution of tlw higher t"irder QED corrPctitms 
'that· are ;io( includ<:~\ in tli<~ spi11 ·i11t.~1;action -llan1iltoi1ian. ~>f,E<i, ·. ( 
d~t'S_not .. exce~d 1%. The n11mt~rical iii~<'Clll:il<'.V of•t.lw IH>11rclat.ivis~ 

' t'i<; »7ave,function; is llll;ch small~r "and its in~;>a.ct,o~• t.iw split.ting .• 



i 
. , 

'j 

#' 

I, 

/' 

/.: 

/ 

/ 

\· I . • ,. ,· 

Table 1: Fin<> and hyp('i·li1w structure of tlw transitions (n,l): (h-1,1-1), ~,H~ .. 
. Splitting of the transition wavelengths,: {T0:-'3,im) 

. . , Coulo1i1b ... , ,, . Dominating Suppressed '· suppr. 
(n,l) ~- (n',l') I , v'alues .· s=O s=l'. 6.s=O 6.s=,l factor 

[n_111)·· .J=l J=l .l=l-1 '.J=l+.J 6.J=l xlO~· 
,32,31,,.....31,:J0, 26fi.0 .00 .00 ·· · .oo· .0:3 cl.95 , '-.l.98 I .26 
:13;31-,:12,30 297.6 .oo ·;oo· .oo, .od -2'.35 ~~2:38 
34,31....,..33~:m :1:H..1 · 1-•• 0:1 .· .0:1. :im .oo -2.81 .· >-2.87 

.26 

.26 
:J5,:J1,7:M::10 .. :17~,7: .. -.(Jll ·. )Hi .o:J .00 -3.33 . a:l.36 

<rn,:n-:.:15,:10 ,122.:i -.0!) .. Jl(j '.0:1 .-.06 °3:94 -4.00 
3:3,32:.:..32,31 296.4 .. (){) .Oll .IHI .00 '. -2.47 I -2.(i() 
:14,32-:.:13,31;' ,, :133.o .!HJ .. 0:1. .oo · .. oo ·· ~iri:1 ·-2.n6 

· :15;32::..+34,:JC · :174'.4 · 0 .0:l ," ;06 .0:I , .00 , -3.'48 ' c3,51 
:16,:J:2-:.:35,:31 ': . 421.0 . :<OG 'i .U(i .. · .· .o:r . . . ,.0:1 <4.0n 1• -4; 15 
:37,:12 ...... 36,:11 . 47;1.6. ~:<19 , .M '.0:1 /.~.om · ~4.7n, ~4.88 
34,33-'-:+33,32. ,· · · a:11 .6 :oo • :o:r . :60 ; .oo • -:1.05 .. -3.os 
35,3~--:+_34,32 , :17:i'.(J .qo Jn · , .rn_, l.oo.. -3.63. · .· ,3.69 

, 36,33....:.35,32 419. 7 '· -.06 · .06 : .0:1 •. -.03 ~4.30 · ·.-4.33 
37,33~36,32 ,, 472A c.09 .06 ... -::06 . -.06 · c5,04 ~5.07 
38;33:.:..+37,32'• 531.'7 -.12 · :12 1.12 '-.12 ' 05.86 !5;92 
35,34-+34;33 : .. :m.4 ~.o:J' ·.o:r . :-.o:J · · C'. .• 03 · ~3.81. -3.85 
)6,34:..--+_35,33, v41s.2.,, ~-06 , .ori .0:1 ~:03 ,-,4:52. -4.~5 
:J7;34'--:+36,3f 4.71.2 · ~.o9 .nn ·. ·.on; .. :06 .-5.31 .5'.34 . 

. :1s·,:1.i..:..:i1~33 , 'fj:m.9_ ... :~·.12 · .od .. 06. ~.12, ~6.16 . -6.23 
39,34:..:...3s;:ii. ··• 59Yn ,. -.1s· ';is;_ .'12, ~:12 . -1.os ·· · >i.141 

36,35-:-+35,34'' · :116.6 : ~:06 ·· .06 :o:i· -.03· ,:.4_73 ·~4.76 
· 37,35--+36,34 .: 469.9 -.o9, ·· .o9 .on . . .. o9 -5.55 · . -5'.62 

38,35--+37,34 . ·. 5:JO.l · -.'18 :18 · · .12: .:12 .-6A7 . -6.53 
.. 39,35--+38,34 ,, ·. 597.8• ·. !.i8 ° u's ... 12, -.12 ,. ~i51 · , -7.57 

40,35-:39,34,. 673.4 I '.;24:' :24 \ .,}8• •,24 , •8:61 ;•8.67. 
37,36-+36,35; 468.4 °.06 '.o9 .on · ,•,. :,06 . -5.'so -5:86 
38;36.:C..,37,35' 529:2. ·-:is <1s , •. ·-.i2 -:12 ,·:6:11 · • '-'6:84 
39,36-:-+38,35 597.7'.. -.18' · \24 ,. . :.24 -.12 ·';. 7.87 , -7.BT 

. 40,:rn ...... 39,:m. 674.4 • :.24 .. :ll' .24 .· .. 1s -·9.o3' · 79.09 
'41,:16--+40,35 759.6 :.:J7 :.:JI '.:n . '. -.31. -10.31 ci0.38 

.26 
:26 
.25 

; .25 
.25 
:25 

.·'.25 
.23 
:23 
.23 
.2? 
.23 
;22 
.22 
.22 

,.22 
.22 
.21 

.. 21 

<21 
.21 
.;21 
.20 

<20 
-.20 
.20 
.20 

I' ' ; ! I;~): i ~ 

"•'~: I ,, _; 
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- Table_ 1. {continued} 

: ., f 

38,37~37,36 528.2 .:.18 ... 18 .•. 12 .. -.12 .· -7.14 /, ~7.20 .19 
39,:ff-t3S,36 597.7. -.18 . .2i· :24 : ~.18 ., :.3·_30· .. -8.36. :19 

, ; . , . , ' ' I.• . . 

~0,37....:+39,36. 675:8 -.:31 '._:n .. :31 ~.24 ·:-9.52 · ~9.58 ·._19 
4I',37-:-t40,36 762.5 -A3 · .:n .• .. :31,. -.37 .-10.93 d0.99· .. 19 
42,37~41,36 °857)3' ~.43 "~49.,/.43 -.4:3 -12.33. -12;39, .19 
39,38:--t:JS,:37 597 .. 9 . -·. Hf . .:31 · .24 .. ~:l 8 --8. 79 ·•. -8. 79.· .18 

,40,38-:-t39;37 :677.4, -.31 .:31 , .31 ' -.24 ~10'13· ':.Iff:13 ';18 
41,38440;37 766.1,, .· -.43, 1 .:11 .:ff' -.37 -}1~60 .-1i:66_,.f8 
42,38-~41,37 863.7 -.55 · . .49- -· .43 .::43 .-13.06 ~:13'.12 .18 
43,38~42,37 ~969. 7, -.67 ' :61. .61 -.67 -)4.59,. )11:Bf .\8 
,to,:39~3.9,38 679.6 ·· -.37 : .. 37 .. 31 .· . . -.n ~10.6s ~io.'(4 ·.11 
41,39~40,38 770.6 · ·-.49;, .43 ;37 -.43' -12.27'. ·:12 .. 33 .17 
42,39441,38; : s10:s' .. -.55 : .61 _ ... .49 -.49• --13.85,

1
>~13.92: ;_11 

43,39-+42,38 979.6 ·. ~.61 .. I'• 73 '. · .67 , -.61 -15,50 -15.56 .17 
• . . . , ~ . ' ' • "' . ', .• .; " • ' I...; \' ' • • . . ' . .. ·-

44 ,39-+ 43 ;38 1096.5 -1.10 :•l.22 1.22·· ~.98 -16.72 ~16.72' ;17 

41,40~:10,39 .116.2 . ~.49 · . :s5 ·:.49; · ~.43. ~13.oo · ~13:.05· · .fo 
42,40~41139 _8.i9.5, . -:61 ::./67:: :i31 · .· -:61 :-)~:t~<- /11.zt ·.16 
13,40~42,39 . 991.8 •.. ~-73' · ;79 ·, ;79 >.73, ,:-:16.54 -16;60,. ;16 
44,40:....+'43,39 1112.1 -LIO 11'.22 Lio .. -1.'IO. -18.oi :,c:18.07 ,16· 
45,40~44;39 1239.6 -:.1.95 2:08 ,L83_,' -1.95: .~i7.94 -1s:07' -'.16: 

'')·:~, 

\--- '' 
'' . 

i· 

t; 

6 ,, ,'.', ,,,,~. ··::;7 
t' 

I 



;\· 

I'. 

J• 

'Tabl~ 2:' Fine anci lfyperfin~ struct1irc ~f the transiticins (n,I),..... (n+ 1,1-1) · 
of p4 He+. . ·• ' · ) i ; • . . · ; ' . ·, · · • . . ·. 

(n,l)-:-'.+ (n',l') 

, 32,31:-t33,30 
33,31-'..+34,30 

':34,31-+35,30 . 
\ 33,32...:.34,31. 
. :J4,32.::.+35,31 ' 
, :35,32...:.36,31 
. 34,33.:....35,32 
35,33:-36,32 
36,33-'..+37,32 

·. 35,34~36,33 
36,34:::.+37,33 ,; 
37,34~38,33 i 
36,35-:'-+37,34 
37 ,35-+38,34 

1 '' 38,35....:.39,34 < 
37,36738,35 ·. 
38,36~39,35 ;~ 

· 39,36-'..+10,35° , 
38,37.:.:.39;36 
39,37~40,36 . 
40,37-+41,36 

, 

0

39,38..::.+40,37: 
40,38-+41,37. 

\41,38-+42,37, 
, I( '.40,39-!,+41,38 

'41,39-+42,38'' 
. • 42,39~43;38 ; 
; 41,40:-+42,39 

I ·! 

42,40-+43,39 
43,40~44,39 

Coulomh 
values 

• [nm] 
:343.0 

. ,392.9 
,150.5 ', 

,, :J94;!) 
' 45:J. 7 

521.8 
457.0 
526.!l 

· 607.8 
,: r.:12 4··1. 
;1)0J ♦ ' • ' 

.• 615.9, 
712.5 
624.9 
725.2 

. 840.7 
739.6 
860.7 

'998.6 
883.5 
1029:3 
1193.0 . 

', 1065.0 
1239'.3 

· 1431'.4 
1293.9 
1499.1 
1719.8 

.1580.l 
1815.:3, 

o 2061.3 

Splitting of.tlw transition wavelengths, fio=3n111] 
Dominating • Suppressed stippr. 

s=0 s= I · ~s=0 , ~s=-1 · factor 
'-,J:-=--:-l-1-J--:-=-l.,..:.,..-,J-=.,...l---,-(--r' ---:-..,.-.,+-.-.,; -,~-J""'"=-1~ . .:..· -l 'X 103 I I 

-.15 .· .18 . :15 -.15 r 3:17, · 3.17 · .26 
.:.24 ·. .2,1 :21 ·. -.21 3_.91, _3.91 .26 

.,-._:Jt ... ·.:Hi :'l.7 ··-.i7 ··4.85:.•·4.85 .'l.6 
· -... 'l.4 :2,1 .'l.'1 -.24. ; 4;15_, i4.15· ,.25 
.::11, .:1,1 .:H -.:H 5:16 : · 5.19 . ,, .25 
-A:l . A:l .4:_l'\ -.. :l7 (t35 6.41 - ~25 
-.34 '.:H .:H .', -;34 5.49 . 5.52 · .23 
-.43 ' .4:J ; 04:l :.4:3 • 6.84 • . 6.84 · .23 
-:61 ::•• ,5/i, , .55 , ,, • , c,61' I 8.36 •·. , 8.,36 , .2:3 
0,49 I ,55 \ .55 ','. ' -.43 7.39; \'.7,39 ,22 
~.67 ·.\ .67 . , , .61 , '-.61 · 9.09 ,, 9.09 .22 
•;79·. ,.79 ., .. 79 ,-.79 1Ll7 11:17 .. 22 
-.67 ._:.n , .67 -.67 .• 9.89 - . 9.89 .21 · 
-.85 ,-:92 ' . .8/i. ~.85 . 12:21 12.21 .21 

-I.IO ·. Ll6 . .. , LIO. . ~1.10 .14.89 14.95 , .21 
. ,.!l8 Lo4 1.04 .,92 . i3.43 '. t3A3 , .20 
1-1-2s'L2s .. :1.2s, -1.22 .16.42,. 16.42 · .20. 
-1.53 1.6/i · 1.59 ·. ~ -1.53 20.08 , . , 20.08 ';20 
~1.40. 1.40. , 1.40 ·,,·).34 , 18.31 > 18.31 ~19 
~1.11 1 

• I.83 ·; ,1.11 . · ~l.11 22.34 · 22.34 .19 
~2.20 , 2.20 ·· 2.20 · ~2·.os 26.98 . , 26.9s·· · .19 
~2.08·1: 2.os , , 2.os ~L95 .25.15>'. 25.15 . , , .18 
-2.44 2.56 ·, . · 2.56 ' . -2.32 30.52 ,' · 30.52 .18 
-2.93 ,• 2.93 . : 2.93 ', -2.81 36.13 36.13 •. : .18 
-2.93 3.05 · .. ' 2:93 , -2_.8l 34.91 • · ,~4.91 .11 
-3.~o .•· 3.54 -·. 3.5,4 · . ."~-~o . 41.50 141.50 .11 
-4.03 4:15 ',4.15, , -3.91 ,43;22 48.22 . . 17 

-3.91 48.22. · 48.22 .16 
-4.64 55:91 . 55.91 ,, ._16 
-6.59 62.0l 1 -62.01 r ·.16 

I 

,:_ 1' 

/, ;\ 
'/, ,F / 

c)f Olli" nunwrical va111:,;"ror th·~ ,;hift of thi,' trnnsitioii \i,·,t\:P,1ei'1gi.1°1S 
. . . :,. ' ', . '' .. , ,, ,/' / 

can lw neglected: of c_ourse. more accurate numb<.>rs fo1: the Iran~ 
sifio11, 111avrlcn'qths-fl,rn;,i';r/vrs (r<.>frrrtd to. ak "Coulomb i,ia]ups'". 'in 
tlw TablPs) ar;, ·hight_v;cksirahj<'.' . --; · · .. ··• ,· .· ,· .

1 

.The obvious vei·y 11ext step should he tlw IISP ofn1on·' p1!ccisP 
\\'ilV(' fu11ctions,of the-,; '1 /fr,+ atlm1c11l('_ th11t ;go lwvond tlw OIH'~, 

.. , 

/ levd ('XJ>ansion ,i/1 [•~cp':L _St.ill mon• i;11portan(for tilt~ ;.o,1{pariso;i 
(;f tlwo:•.v wi~h <'Xp<'rinwn't St'('lll t6 ht~'.tht;'spin~indt>pendmt QED: 
.and,n·lativisticc·()ITCCti~lll~ ic,_..t lw t'll<'rp/l<•\'<'is of the atomrn1e.:t11at 
we'expect. :to hi• dominati·d bf tlw var;1111n p~>lat'ization COITertic)n ·, 

. to tlwCp1don1h•1wte'11tial_-aud~1:wi10t.ually tl_w n;lati,·i.sticco(rfrtions 
' to 1.lw 'ki,ietic ;,ner_e;y.: th~·. cal~ul~l.ioi'1 of t.hcsl', elfc;i·ts· i'n °01 Jip1·. PX~'· 
i,i,ic thrt'(':: body syst<'lllS .[ '· 0,, i I] sho,~:s· th~tt .. ' tlwi1; rn,;t;·_ib1it,ion m~i· 
PXree~l tlw spin ,C'OIT('(\i<in~·h§ cinlPr ofm_a1.q1if11des. ' ., '-

'"i . - ' 

·;-, 
,',:: 
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' ',' ' -
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