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1 Introduction

The recently discovered etastable states of the antiprotonic he-
lium atoms [1, 2, 3] are of significant interest for both the exper-
imentalists developing high precision laser spectroscopy methods
and the theorists working on few-body problems. The phenomenon
of delayed annihilation of antiprotons in helimin seems to be quali-
tatively well understood within the Condo model [4]; the observed
laser resonance wavelengths are interpreted in this model as El-
transitions in the exotic three-body system plict (referred to also
as “atomcule”), stimulated by a laser tuned at the resonance fre-
quency. This model will only be accepted, however, when the the-
oretical calculations of the energy spectrum of the atomdule agree
with the experimental values within the very small experimental
error. Until recently this was not the case since the results of some
authors [3, 5] desagreed by as much as | nm, although the latest
results of Puzynin ¢t al [6] and especially, of Korobov [7] seem to
have drastically reduced this discrepancy.

Of course, further improving of the accuracy of the numerical
methods used for solving the three-body Coulomb problem is cru-
cial, but also important now becomes the use of a realistic model
for the atomcule which would account for the higher order QED
corrections to the C'c nlomb interaction potential. Of particular in-
terest was commonly expected to be the fine and hyperfine splitting
of the Coulomb levels that might be partially responsible for the
discrepancy between experiment and the pure Coulomb theory, so
we decided first to caiculate the spin interaction corrections and to
leave all other effects - such as vacuum polarization and relativistic
shift of the energy levels, corrections due to the interaction with
the external laser field etc. - for later times. In what follows we
report our first numerical results.

2 Outline of the theoretical approach

The leading order QED effects in few-body bound systems are de-
scribed by means of the Breit Hamiltonman. As long as we restrict



ourselves 1o the evaluation of only the tine and hyperfine split-
ting of the nonrelativistic levels, we have kept the terms involv-
ing the particle spin operators &, = 1,2.3. and neglected all the
spin-independent terms: we also have neglected the electromagnetic
structure of the antiproton and the helium nucleus, but we did keep
the terms mvolving particle maguetic moments u,, 7 = 1,2,3 [8].
Thus. the perturbation Hamiltonian H,,, took the form {(In units
h=e¢=11

How = b+« 1y (
b = ZZ(L);%T/LJ ’f-l;} (7?31 x [;1) S = 5:';2% T % ﬁz)
by = /2*%§{EX‘) i;; (7 < )55 - 5%;7%} (73 x Po)
T TR ) . < )
. ilj/: | ”;T;( (FH N /7,3/) Ty leg (Fm " ﬁ]) .;1>
2y fiy

171'1‘1 {(5(771}).

Here Z,. R, IEx and M, denote the charge, position vector, momen-
tum and mass Of the -th particle, i=1,23; m,; = M;M,/(M; +
M)). 7y = R, — R.p, = (M,P,— M,F.)/(M; + M,). We denote the
antiproton. helium nucleus and the electron as particles 1,2 and 3.
respectively.

We used as zeroth order approximation the nonrelativistic wave
functions of the atomeule obtained in the adiabatic approach

VMR = ST (R)pun (€1 R)D! 4y (9,0, 6), (2)
where 7 and R are Jacobi coordinates:

. 1 - -

R=R, - R, v=Rs— ~(R + Ry)



®,0 and R are spherical coordinates of R £, and ¢ - prolate
spheroidal coordinates of 7; wim (&, 15 R) - Coulomb spheroidal basis
functions [9], and D! ,,(®, 0, ¢) are Wigner functions.

We further restricted ourselves - within the so called onc-level
approzimation - to only the first term of the expansion in the R.H.S.
with m = 0 (neglecting, among others, all 7 and higher terms).

The matrix elements of H;,, are expressed in terms of intergrals
of products of the functions ©in and ") over the variables &, R;
in our calculation we used the numerical values of @i and \E',‘,’l,
obtained in [6).

3 Numerical results: discussion and per-
spectives

The nonrelativistic eigenstates of the three-body Coulomb problem
are labeled with the orbital and principal quantum numbers { and
n =l+v+1, v being the vibrational quantum number. Taking into
account the spin interaction H,,, (1) requires two more quantum
numbers - the total spin s and the total angular momentum J. Any
of the nonrelativistic levels (n,1), 1> 0 splits into 4 sublevels (s=
0,J=0,(s=1J=1),(s=1,J =1— 1)and (s = 1,J =1 +1),
- separated by quantities of the order of 10-eV. One could further
expect that the wavelength of the transition between two Coulomb
states of the three-body p ‘Het system, (n,l) — (n',I'),I' = [ — 1
will split inte 4 x 4 = 16 components, according to the jnitial and
final values of the additional quantusi inigibets (s,.J) — {85J%. As
a matter of fact, a part of thee srBiiikings are stric Jy Bbidden,
four of the hyperfine compenents %‘:ﬁ;#;“l;é—:..,l,a‘i#{‘s-ckarly
dominate (in what follows they will be refeired to as dominating
Or main components) and the othees involye a.suppression factor of
order O(J=%), k = |AJ — Al. Amotig the tnnsitionshu?preﬁaéd
by a factor 1/4J% ~ 103 - 1074 ‘guly two.- (s =k di= 1) o
(s = 1,J" = I'+1) and (s = ] 28 9) & fo = 0F =
I') — have a significant separatitén of the energy levels; we shall
not be interested in the remaining transitions which either are too
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strongly suppressed -or lie téo close to the Main components 'to be
distingiished of them. ‘

Tables 1 and 2 present our numerical results for the shift of the
wavelength of the four main and two suppressed transitions among
the hyperfine components of the levels 9f autiproton helium atoms
that undergo the El-transition () — (2" V) with ' = { — | for
30 <1 <40, The tables cover the cases n’ =n — | and 0’ = n + 1.
- respectively. (Note that the rate of the transitions with n’ = n — |
exceeds the rate for the case ' = n-41 by two orders of magnitude
{3]). The tine and hyperfine shift of the main components is much
below the present accuracy of the spectroscopical measurements
~ 107 m [3] and can be neglected. What could in principle be
observed are the two suppressed transitions discussed above. the
wavelengths of which are separated from the main lines by more
than one laser wavelength width [3]: unfortunately the overall proh-
ability for these suppressed transitions (referred to'as “suppression
factor™ in the Tables) is of the order of 103

The accuracy of our results on the hine and hyperfine splitting
of the transitions wavelengths is estimated to be of the order of
20%. The main uncertainty comes from the one-level approxima:
tion adopted eaflier. While the missing 7-terms in the expansion of
Eq. 2 contribute to the nonrelativistic energy values by quantitics
of order 104 [7, 6]. the contribution of the spin-orbit interaction
term ‘

d———

Zy(2p3 — Z3) | (
2M-'¥ X rg-"

!

23 X R‘s) - &

(that vanishes in the rr-te:nis;,approximation) mfxi)gckdto be of

the order of 20% of thie contribution of the: leadiug pin-oebit term.

’/’2"'3 l - " - ¥

g (T X Py) - &,

A’)M,’; 7'33 ( 23 | 2) 3

Note that the contribution of the higher 'b;dg;_;(}é{'}pucorre(tions
that are not. included, in the spin invgréx:tionaﬂkjﬁﬂt@ni@n of Eq- 1
does not exceed 1%. tThc'ﬁ mimél:iéalg%ir}srcrlrnfyfdr_‘ be nonrelativis-
tic wave functions is much smafler and its impact on the splitting.




Table 1: Fine and hyperhne structure of the transitions (n,]) — (n-1,1-1)
of p*He* ) o
Splitting of the transition wavelengths, [10~nm]
Coulomb Dowmnating Suppressed | suppr.
(n, ) = (n',I'){ values |s=0 s=1 | As=0 As=-1| factor
[nm] [ = =] J=E1T J=I+1 Al=1 x10°
32,31-31,30 265.0 00 0 .00 03] -1.95 -1.98 .26
33,31-32,30 297.6 00 .00 .00 00f -2.35 -2.38 .26
34,31 -33,30 334 .4 03 .03 00 00 -2.81 -2.87 .26
35,31—34.30 315.7 6 1.5 03 \00 -3.33 -3.36 .26
36,31—135,30 122.3 0906 R} 06| -3.94 -4.00 .26
33,32—-32,31 296.4 00 .00 00 00 -2.47 -2.50 .25
34,32-33,31 333.0 o003 60 001 -2.93 -2.96 .25
35,32—34,31 374.4 REX T 03 00} -3.48 -3.51 .25 |
36,32—35,31 421.0 .06 06 03 -.031 -4.09 -4.15 .25
37,32—-36,31 473.6 09 .06 03 06| -4.79 -4.88 .25
34,33 133,32 3316 00 .03 00 00} -3.05 -3.08 23
35,33-—34,32 373.0 00 .03 .03 00] -3.63 -3.69 .23
36,33—35,32 419.7 -06 .06 03 03} -4.30 -4.33 .23
37,33—36,32 472.4 -09 .06 .06 -.06 ] -5.04 -5.07 .23
38,33—37,32 531.7 12 12 A2 -12 ] -5.86 -5.92 .23
35,34—34,33 371.4 -03 .03 03 -.03] -3.81 -3.85 .22
36,34—35,33 418.2 -.06 .06 03 -031 -4.52 -4.55 .22
37,34—36,33 471.2 1-09 .09 .09 -06 | -5.31 -5.34 .22
38,34—37,33 530.9 -.12 .06 06 -121 -6.16 -6.23 22
39,34—38,33 597.9 -.18 .18 12 -12 ¢ -7.08 -7.14 22
36,35—35,4 416.6 | -.06 .06 .03 -03| -4.73 -4.76 21
37,35-+36,34 469.9 -9 09 .09 -09] -5.55 -5,62 21
38,35—-37,34 530.1 -.18 .18 A2 -121 647  -6.53 .21
39,35-38,3% 5978 -8 .18 12 -12) -1.81 . -1.87 21
40,3539.34 6734 | -24 24 A8 . 241 -861 -8.67 .21
37,36—36,35 4684 |-06 09 09 -06] -580 -586 20|
38,36-+37,35 529.2 |-.18 .18 12 -12] 677 6.84 .20
39363835 | 597.7 |-.18 .2¢ 24 -12]1 787 -7.87 20
40,36—3935 | 6744 |-24¢ 31 2¢ -18] -9.08 -9.09| .20
41364035 | 7596 |-37 31 31 -31{-1031 -1038] .20




Table 1 (continued)

-17.94

38,37—37,36 | 5282 | -18 .18 .12 <12 7.4 720119
139,37-38,36 | 597.7 | -.18 24 24 -18]| -8.30 -8.36 | .19
40,37-39,36 | 6758 | -31 37 31 -24| 952 958 .19
41,37—-40,36 | 7625 | -43 37 31 -37|-1093 -10.99 | .19
42,37-41,36 | 8578 | 43 49 43 .43 |-12.33 -12.39 | .19
39,38—38,37 | 5979 | .18 31 24 -18| -879 -8.79 .18
40,38—-39,37 | 6774 | 31 31 31 -24|-1013 -10.13 | .18
41,38—-40,37 | 766.1 | -43 37 37 -37(-11.60 -11.66 | .18
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|-14.59 -14.65 | .18
40,39-+39,38 | 679.6 | -37 37 31 -31-10.68 -10.74 | 17
41,39—40,38 | 770.6 | -49 43 37 -43)|-12.27 -1233 | 17
42,39—41,38 | 870.8 | -55 61 .49 -49|-13.85 -13.92 .17
43,39—42,38 | 9796 | -61 73 67 -61|-1550 -15.561{ 17
44,39—43,38 { 1096.5 | -1.10 1.22 1.22 -98|-16.72 -16.72 | .17
41,40-40,39 | 776.2 | -49 55 49 -43|-13.00 -13.06 | .16
42,40—41,39 | 879.5 | -61 67 61 -61|-14.77 -14.77 | .16
43,40—42,39 | 991.8 | 73 79 79 -73|-1654 -16.60 | .16
44,40—+43,39 | 1112.1 | -1.10 1.22 1.10 -1.107| -18.07 -18.07 | .16
45,40—44,39 [ 1239.6 | -1.95 2.08 1.83 -1.95 -18.07 | .16




Table 2: Fine and hyperfine structure of the transitions (n,1) — (n+1,l-1)
of ftHet.
EEEEE | Splitting of the transition wavelengths, [1073nm]

I Coulomb Dominating Suppressed suppr.

(n,) = (n', 1) | values =0 5= As=0 As=-1] factor
[nm] l:l J=lTJ=E1T J=l+1 AJ=1 x 103

32,31—-33,30 343.0 h 18 A5 150 317 3.17 .26
33,31-34,30 392.9 24 24 21 .21 3.91 3.91 26
34,31—-35,30 A00.5 31 34 27 <27 4.85 4.85 26
33,32—34,31 3949 21 24 21 24 4.15 4.15 .25
34,32-35,31 4537 31 RE 3 -.31 5.16 5.19 .25
35,32 36,31 521 .% 143 A4 43 37 6.35 6.41 .25
34,33—35,32 457.0 34 34 3 .34 5.49 5.52 .23
35,33—36,32 526.9 43 13 43 431 6.84 6.84 .23
36,33—37,32 607.8 61 AH .5h .61 8.36 8.36 .23
35,34—36,33 H32.4 49 55 55 -43 7.39 7.39 22
36,34—37,33 6154 67 .67 61 -.61 9.09 9.09 .22
37,34 38,33 712.5 79 79 79 - 790 17 11.17 .22
36,35—37,34 624.9 67 73 07 67 9.89 9.89 21
37,35— 38,34 725.2 0 Rh 9y 85 -85 | 12.21 12.21 .21
38,35—39,34 840.7 110 1.16 1.10 -1.10 | 14.89 14.95 21
37,36—38,35 739.6 298 104 1.04 -92 1 13.43 13.43 .20
38,36— 39,35 860.7 -1.287 1.28 1.28 -1.22 1 16.42 16.42 .20
39,36—40,35 998.6 153 1.65 1.59 -1.53 1 20.08 20.08 .20
38,37—39,36 883.5 -1.40  1.40 1.40 -1.34 | 18.31 18.31 .19
39,37—40,36 1029.3 |[-1.71 1.83 1.71 -1.71 | 22.34 22341° .19
40,37—41,36 1193.0 |-220 220 220 -2.08] 2698 26.98 .19
39,38—40,37 1060 |-2.08 208 208 -1.95[ 25.15 25.15 18
40,38—41,37 1239.3 1-244 256 256 -2.32{ 3052  30.52 .18
41,38—42,37 14314 1-293 293 293 281 36.13 ° 36.13 .18
40,39—41,38 12939 1-2.93 3.05 293 -2.81| 3491 34.91 A7
41,39—42,38 1499.1 |-330 354 354 330 41.50 41.50 A7
42,39—43,38 | 1719.8 |-4.03 4:15 4.15 -3.91 48.22 48.22 A7
41,40—42,39 1580.1 |-3.91 4.15 4.5 .3.91 ] 48.22 48.22 16
42,40-+43,39 18153 |-4.64 476 4.76 -4.64 | 55.91  55.91 .16
43,40—-44,39 20613 |-6.59 684 6.8 -659| 62.01 62.01 .16




of our numerical values for the shift of the transition wavelengths
can he neglected: of conrse. more accurate numbers for the fran-
sttion wavelengths the mse lves (referred to as ~Coulomb values™ in
the Tables) are highiv desirable,

The obvious very next step should be the use of more precise
wave functions of the P HAY atomeule that 2o bevond the one-
level expansion in Fa. 20 Still more important for the COmparison
of theory witl experiment seent to he the spin-independent QED
and relativistic corvections 1o the energy levels of the atomeule. that
weexpeet to be domeated by the vacunm polarization correction
to the Conlomb potential amd eventually the relativistic corrections
to the kinety energvs The calenlation of (hese effects in other ex-
olic three-body svstems [10. 1] shows that then contribution may
exceed the spin corrections I order of imagnitindes.
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2
axanos . u up. E11-95-328 |
JHKas H CBEPXTOHKad CTPYKTYPa aHTHIIPOTOHHOID MeiHA

B nannoit pabote npeacTanncHbl Pe3yIbTaThi YHCACHHBIX PACHETOB TOHXOTO H CBEPXTOHKOIO paciicn-
HUS YPOBHCH JHCPIMH 3K3IOTHYECKOTO atoMa pHe' 118 BOIGYKACHHLX BDAUIATCIBHBIX COCTOSHHE
(THNPOTOHA JNK 3HAYCHHA OPOHTANLHOrO MOMEHTA 30 < J < 40. BHUKC/IEHHS BHNONHEHN B OOHOYPOB-
‘BOM AHaBaTHHOCKOM NPHEIHKEHHK KY1OHOBCKON 3a1a4H TPEX TEA C HCMONBIOBAHHEM PENATHBHCT-
OF0 TPCXHaCTHYHONO rAMWILTOHHAHA, ONHCHIBAIOLIETO CMIHHOBLIC >MPCKTH B MPHOIUXEHKH oHODO-
HHOTO 0GMeHa. XOTH NOrPEUIHOCTE HALIMX PE3YNbTaTOB NOPRAKA HECKOMBKHX NPOUCHTOB, Mbl SCHO
’Ka3bIBACM, YTO CNHHOBBIM IPECKTOM MOKHO NpeHEOPeyus NpPH NPHNHUCHIBAHHH KBAHTOBWX YHCEN
YATBHBIM H KOHCUHBIM COCTOSHHAM 3KCTIEpHMENTATLHO obHapyxentbix E-nepexosos [1,2,3). Mbi takxe
23bIBACM Ha BOIMOXHOCTE 3KCICPHMEHTATLHOIO HIMEPCHHA TOHKOTO PaCIUCIUIEHHS YPOBHER CHCTEMBI
fe”. CTHMYMHPYS OlMH M3 NONARNEHHBIX NEPEXOROB, PCICHANCHAA HACTOTA KOTOPHX OTie/IEHa OT [1aB-
TO HKA Ha PaCCTOSHUE, NPEBLILIAIOUICe UWHPHHY SIRICPHON THHUH

Pa6oTa sunonsena B J1aGopatopun BHUHCAHTEILHON TEXHUKH M aBTOMATHIaUHH OHSH.

Mpenpunt O6LeUHHEHHOTO HHCTHTYTA SUEPHBIX HCCIEOBAHMIL, Oy6ra, 1995

calov D. et al.

E11-95-328
¢ and Hyperfine Structure of Antiprotonic Helium

We present the numerical resuits for the fine and hyperfine splitting of the energy levels of the exotic
m pHe* in angular excited states with antiproton orbital momentum in the range 30 <J <40
: calculations have been performed in the one-level adiabatic approximation, in the framework
the adiabstic represeatation of the Coulomb threc-body problem and with the use of a relativistic
xc-body Hamiltonian describing the spin effects in the one-photon-cxchange approximation. Though
uncertainty of our results is of the order of a few percent, we clearly demonstrate that the spin cffects
be neglected when ascribing the quantum numbers to th~ initial and final states of the cxperimentally
erved El-transitions [1,2,3]. We also point on the possibility of cxperimentally measuring the fine
tting of the levels of pHe* by stimulating onc of the suppressed transitions, the resonance frequency
vhich is scparated from the main peak by a gap that exceeds the width of the laser line.

The investigation has been performed at the Laboratory of Computing Techniques and Automation,
R.

Preprint of the Joint Institute for Nuclear Research. Dubna, 1995




Maker T.E.[lonexo

[Toanucano B newars 2.08.95
®opmar 60x90/16. Odpcernas nevarts. Yu.-u3n.nucros 1,04
Tupax 360. 3aka3 48462. llena 624 p.

Haparensckni otaen O6beAHHEHHOrO HHCTHTYTA SIEPHBIX HCCNEIOBaHHH
Hy6Ha MockoBckod obnactu



