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Supermultiplet structure of the doubly excited positronium negative ion
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Doubly excited intrashell resonance states of positronium negative ionas¥ciated with th&l=4 and
N=5 thresholds of Ps atom are calculated using the method of complex-coordinate rotation. Products of
Slater-type orbitals are used to represent the two-electron wave functions. All possible intrashell states with
angular momenta up tb=6 andL=8 for N=4 andN=5 thresholds, respectively, have been identified.
Supermultiplet structures showing the rotational and vibrational character of the doubly excited resonance
states of Ps are constructed.

PACS numbe(s): 36.10.Dr, 32.80.Dz, 31.25.Jf

I. INTRODUCTION We have recently carried out a calculation of some high
angular-momentumL(=3) doubly excited states of Paus-
Positronium negative ion Psis a member of the family ing the method of complex coordinate rotatid8]. We re-
of the three-body atomic systems interacting through theported the results for all the doubly excited intrashell states
Coulomb forces. There has been a considerable amount associated with the PNE 3) threshold, as well as for sev-
works devoted to the studies of the resonancesis scat- eral states associated with the lowest rotor series that are
tering associated with thd=2 positronium threshold. The- converging to the PsN=4) and Ps N=5) thresholds.
oretical methods such as the complex-coordinate rotation In the present work, we report the results for all the dou-
method[1,2], the Kohn variational method3], adiabatic bly excited intrashell states associated with the Rs-4)
treatment in the hyperspherical coordinafdd, adiabatic and Ps N=5) thresholds. Our results are used to construct
molecular approximatio5], and the hyperspherical close the supermultiplet structures of doubly excited states of.Ps
coupling method 6,7] have been used in these works. For  Finally we mention that studies of the ground state of Ps
H™ it is well known, that the®P® state associated with the were carried out in Ref.19]. Earlier investigations were re-
N =2 threshold lies below the threshold and is in fact a metaviewed in Refs[12,20—-23. In the present work a complex-
stable state. Therefore, it is called sometimes the seconebordinate rotatiofi24] calculation using products of Slater-
“bound” state in H . The absence of such a “bound state” type orbitals (STO'’s) to represent the two-electron wave
in Ps~ was established by Millg8] as well as by Bhatia and functions is carried out. It is believed that for doubly excited
Drachmar{9] using a variational method, and by Bot¢d®]  states with high angular momentum= 3, the two electrons
with the use of the adiabatic potential curves. Both resonancare pushed apart by the angular momentum barrier. The
position and width for the’P® state[which can be identified omission of the Hylleraas,, (interparticle factor in calcu-
as a shape resonance lying above the ®s 2) threshold lations of resonance parameters of such states should not be
were determined using the method of complex-coordinat@s crucial as for the lower angular momentum states. The use
rotation[11]. For the resonances associated withhve3 Ps  of separable products STO can therefore be expected to pro-
threshold, there are works using the complex-coordinate rovide accurate results. Our results for the resonances lwith
tation method 2,12], adiabatic molecular approximati¢s], <2 can be compared with the earlier Hylleraas results, by
and the hyperspherical close coupling methdH For reso- means of such comparison the accuracy can be checked. In
nances associated with higher Ps thresholds, the method tife following, we will present results for doubly excited in-
the complex-coordinate rotation is the preferred tool as ther&rashell(both electrons occupy the same shafd intershell
is no need to include channel-by-channel representations fatates associated with the Rs=4 andN=5 thresholds. In
the wave functions. The calculation of the resonance positioaddition, our present results are used to construct supermul-
and the total width for a multichannel resonance is adiplet structures of doubly excited Ps
straightforward as that for a one-channel resonance. Accurate
calculations ofS P, and D-wave resonances up to the Ps II. WAVE FUNCTIONS AND CALCULATIONAL
(N=7) threshold have been perform¢dl,13—15 with PROCEDURE
Hylleraas basis functions. o
In addition to the theoretical interest, this exotic system If one introduces the relative coordinates,r, of elec-
has also attracted experimental interest, as it was produceagbns with respect to the positron, and the distaﬁpzebe-
by Mills in the laboratory{16]. The annihilation rate for Ps  tween two electrons, the Hamiltonian of Psan be written
was also subsequently measufdd]. These experimental as(rydberg units are uséd
activities contribute partly to the motivation for theorists to
investigate this nontrivial atomic system. H=T+V D

with T=-2V2-2V2-2V,.V, and V=-2/r;—2k,
*On leave from the Institute of Spectroscopy. +2Ir 5.
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TABLE I. Comparison of the present results and results of the Hyleraas basis calculation for the reso-
nances of'S® symmetry associated witN=4 andN=>5 thresholds.

State

Present results

Results from R&g]

T/2(Ry)

1t (1)  —0.04042797 (10%)

1$*(3)  —0.0230390 (107)

—0.04042783  1.300910 *
—0.0350208 1.31810°%
—0.03462187  1.578210°*

—0.02606188  1.051210 4
—0.02344563  4.34410°°
—0.0230391 1.16810°%

E/(Ry) L'/2(Ry) E/(Ry)

1.3012x 1074

1 (2 —0.0350207 (x10°7) 1.315<10 4

1$*(3)  —0.034621764 (%10°%  1.5791%10*

1s* (1) —0.02606180 (x10°8) 1.0529< 10 4

1$*(2)  —0.02344559 (X%10°8) 4.347<10°°
1.164x10°4
2.23x10°°

shape  —0.0198822 (%10 7)

—0.019875 1.%10°°

TABLE II. Doubly excited intrashell states of Ps- associated with the NPs 4) threshold(threshold
energy=—0.03125 Ry. The estimated uncertainty in the resonance energy is given in the parentheses.

State KTNn E (Ry) I'/2(Ry) Resonance
lge 3044 —0.04042797 (108) 1.3012< 104 Feshbach
3po 3044 —0.04016744 (108) 1.1987x 10 4 Feshbach
pe 3044 —0.0396432 (X10°7) 9.77x10°° Feshbach
8o 3044 —0.0388329 (X10° ") 6.49x10°° Feshbach
1ge 3044 —0.0377407 (X10° ") 3.46x10°° Feshbach
SHo 3044 —0.0363291 (510 ") 2.05x10°° Feshbach
e 3044 —0.0347208 (510°7) 7.51x10°° Feshbach
1po 2144 —0.03778077 (X109 3.079x 10 ® Feshbach
spe 2144 —0.03707594 (%10 ®) 5.874x 10 ® Feshbach
1po 2144 —0.0360023 (107) 1.167x10 4 Feshbach
3Ge 2144 —0.0346804 (107) 1.538<10 4 Feshbach
IHo 2144 —0.0331262 (510 7) 7.76x10°° Feshbach
Spe 2144 —0.03778921 (10°%) 1.511x10°° Feshbach
pe 2144 —0.03709893 (10%) 2.382<10°° Feshbach
e 2144 —0.0360326 (%10 ") 6.65<10°° Feshbach
g 2144 —0.0347117 (107) 1.087x 10 * Feshbach
SHe 2144 —0.0331085 (%10 ") 4.55x10°° Feshbach
pe 1244 —0.0344947 (410°7) 1.848<10 4 Feshbach
8o 1244 —0.0332346 (510 7) 6.88<10°° Feshbach
lge 1244 —0.031905 (10°) 9.2x10°° Feshbach
3pe 1244 —0.03450125 (10%) 1.8066x 10°4 Feshbach
1pe 1244 —0.0332336 (107) 6.97x10°° Feshbach
3G 1244 —0.031867 (10°) 3.2x107° Feshbach
po 0344 —0.030935 (%10 9) 1.73x10°4 shape
e 0344 —0.030937 (X109 1.58<10 4 shape
lse 1044 —0.034621764 (%10-9) 1.5791%10°*  Feshbach
spo 1044 —0.03425951 (%10 ®) 1.6559< 10 4 Feshbach
pe 1044 —0.0334948 (510 7) 1.171x10°4 Feshbach
8Fo 1044 —0.032187 (5¢10° %) 7.8x10°° Feshbach
ige 1044 —0.03097 (10°) 1.3x1074 Feshbach
1po 0144 —0.030955 (310 ©) 6.1x10°° shape
’pe 0144 —0.030199 (5¢10 ©) 4.58x10* shape
po 0144 —0.02902 (10%) 1.27x10°8 shape
spe 0144 —0.030967 (10°) 4.2x10°5 shape
Ipe 0144 —0.0302019 (510 7) 4017104 shape
SFe 0144 —0.029000 (10°) 1.14x10°8 shape
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TABLE Ill. Doubly excited intrashell states of Ps- associated with the ¥s %) threshold(threshold
energy= —0.02 Ry. The estimated uncertainty in the resonance energy is given in the parentheses.

State KTNn E (Ry) I'/12(Ry) Resonance
lge 4055 —0.02606180 (X109 1.0529< 10 4 Feshbach
3po 4055 —0.0259628 (%10 ") 1.034x10 4 Feshbach
pe 4055 —0.0257659 (X10°7) 1.002< 104 Feshbach
8o 4055 —0.0254700 (& 10 ") 9.21x10°° Feshbach
1Ge 4055 —0.025068 (210 ©) 7.9x10°° Feshbach
SHo 4055 —0.024556 (10°) 5.0x107° Feshbach
e 4055 —0.023916 (%10°°) 2.7x107° Feshbach
Ko 4055 —0.023158 (10°9) 1.3x10°° Feshbach
e 4055 —0.022295 (X109 2.8x10°° Feshbach
tpo 3155 —0.0249259 (107) 3.05x10°° Feshbach
3pe 3155 —0.0246575 (510 %) 3.723x10°° Feshbach
1o 3155 —0.02425339 (10%) 4.841x10°° Feshbach
8Ge 3155 —0.0237356 (X10°7) 6.27x10°° Feshbach
IHe 3155 —0.0230810 (107) 5.83x10°° Feshbach
se 3155 —0.0223070 (%10 ") 9.06x10°° Feshbach
ke 3155 —0.021509 (%10°°) 9.5x107° Feshbach
spe 3155 —0.024931662 (x10° %) 2.5467x 10 ° Feshbach
Ipe 3155 —0.02467219 (108) 2.305x 10 ® Feshbach
SFe 3155 —0.02427477 (%10 ®) 2.087x10 ° Feshbach
lge 3155 —0.0237579 (107) 2.828x10 ° Feshbach
SHe 3155 —0.0231079 (107) 2.35x10°° Feshbach
e 3155 —0.0223285 (107) 5.70x10°° Feshbach
ke 3155 —0.0215083 (510 ") 7.06x10°° Feshbach
pe 2255 —0.0234078 (107) 5.34x10°° Feshbach
8o 2255 —0.02293568 (%10 %) 6.508x 10 ® Feshbach
lGe 2255 —0.022309 (X109 1.13x10°*4 Feshbach
SHo 2255 —0.2158395 (510 ) 9.61x10°° Feshbach
e 2255 —0.02079 (210 %) 9.8x10°° Feshbach
3p° 2255 —0.02340822 (108) 5.381x 10 ® Feshbach
1pe 2255 —0.0229361 (107) 6.85x10°° Feshbach
8Ge 2255 —0.0223185 (510 7) 1.138<10°4 Feshbach
1He 2255 —0.0215791 (107) 9.63x10°° Feshbach
30 2255 —0.02077 (10%) 6.2x107° Feshbach
1o 1355 —0.0217068 (107) 1.387x 10 * Feshbach
5Ge 1355 —0.020955 (10°9) 5.7x10°° Feshbach
IHo 1355 —0.02022 (5<10 %) 1.6x10°4 Feshbach
SFe 1355 —0.0217069 (107) 1.392<10 4 Feshbach
lge 1355 —0.0209530 (510°7) 5.39x10°° Feshbach
SHe 1355 —0.02028 (3<10°%) 1.2x1074 Feshbach
1Ge 0455 —0.019869 (210 6) 1.19x10 4 shape
8Ge 0455 —0.019852 (109) 1.09x10 4 shape

lge 2055 —0.02344559 (%10 8) 4.347<10°° Feshbach
spo 2055 —0.02330021 (%10 9 5.149x 10 ® Feshbach
pe 2055 —0.0229991 (107) 6.01x10°° Feshbach
8Fo 2055 —0.022521 (109) 6.1x10°° Feshbach
lge 2055 —0.021960 (510 9) 1.10x10°*4 Feshbach
3He 2055 —0.021308 (5¢10° %) 7.9x10°° Feshbach
e 2055 —0.020616 (5¢10°%) 3.9x10°° Feshbach
1po 1155 —0.02166018 (X 10 9) 1.3609x 10°4 Feshbach
’pe 1155 —0.02135654 (X10 8) 1.1783< 104 Feshbach
1po 1155 —0.020809 (510 ©) 6.8x10°° Feshbach
SGe 1155 —0.020137 (X10°9) 6.0x10°° Feshbach
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State KTNn E (Ry) I'/2(Ry) Resonance
1Ho 1155 —0.01947 (10°) 25x10°* shape
Spe 1155 —0.021659978 (%10 °) 1.32025¢ 10 * Feshbach
Ipe 1155 —0.0213581 (107) 1.149< 104 Feshbach
SFe 1155 —0.020833 (510 9) 5.8x10°° Feshbach
1ge 1155 —0.020174 (10°) 2.5x107° Feshbach
3He 1155 —0.01949 (10°) 1.6x10°* shape
pe 0255 —0.019785 (%10 ©) 5.4x10°° shape
8o 0255 —0.019215 (10°) 2.06x10 4 shape
lGe 0255 —0.01851 (10°) 6.9x10 4 shape
3pe 0255 —0.019779 (10°9) 4.4x10°5 shape
1pe 0255 —0.019238 (10°) 2.81x10° 4 shape
3Ge 0255 —0.018531 (X109 7.17x10°4 shape

lge 0055 —0.0198822 (%10°7) 2.23x10°° shape
3po 0055 —0.019710 (% 10°9) 5.3x10°° shape
pe 0055 —0.019376 (510 ©) 1.74x10°4 shape
8o 0055 —0.018868 (10°) 4.45x10* shape
lge 0055 —0.01819 (10°) 8.4x 1074 shape

The description of the complex coordinate method and itsandYt?,"Jl,Z) andS(o,,04) are the eigenfunctions of total

application to the Ps system can be found elsewhe],
here we shall outline briefly some details of the computa

tional procedure used. The basis wave functions used in the
present work are properly symmetrized products of the

Slater-type orbitals

i
172

W(r1,r2)=bny (1) bny (DY (1,2S(0g,02)

- ¢nlll(r2) d’nzlz(rl)Y

LM
(P

(2,)S(03,01),

I'T'I|1m|2

angular and spin momenta, respectively. They are con-
‘structed in a usual way, e

.g., i one has

(12= > Clylp,Lm,m, MY q (1)

4

whereC(I1,I2,L,m|1,m|2,M) are the Clebsch-Gordan coef-

(2) ficients. The parametersl of the Slater orbitals are varied in
the limits O<I<Npa |<n<N,. Where the parameter
where Nmax has the same value for both Slater orbitals in the for-
mula (2). This parameter thus governs the size of the basis
o 3 used in the calculation. Due to numerical problems the basis
br(r)=r"exp—&r) (3 size cannot be chosen too large since for too large a basis the
overlap matrix[i.e., the matrix of the scalar products of the
Ps(N= F— —F°
e
-0.030 1= D°— —p¢ Ps (N = 4) threshold ( E = -0.03125 Ry )
......................... Fr P e PP e E
330 — 1ne | e SDe o1 o1
- T P Bl gl B 0 U B
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omsl— T o e DT 's* T 0038~ WA p[o A ral g e
w” oo ‘p° b 21 =21
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H® — 211 21 o
'Of— —D° L 1ge 3pe =
g g -0.040 [3_?’01 Bl 18.0]
o (@
D— 1=0 I=1 1=2
'0'040—2:: 0045 — = s 2101 2 2 101 2
3,01 21 2 0,3 (1.0 0.1 T T T
[K T]

intrashell states of Psassociated with the PHE4) threshold.

FIG. 2. Vibrational character of the spectra of the doubly ex-
FIG. 1. Rotational character of the spectra of the doubly excitectited intrashell states of Psassociated with the PNE4) thresh-
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13.0] 0.022 - '¢*— Ps (N=5) threshold ( E = -0.02 Ry )
1Ge 3Fo_
b G
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0.040 =3 =4 125 1=s -0.024
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ToT [KT]

FIG. 3. Vibrational character of the spectra of the doubly ex-
cited intrashell states of Psassociated with the PNE4) thresh-
old, | values ranging from=3 to1=6.

FIG. 5. Rotational character of the spectra of the doubly excited
intrashell states of Psassociated with the PNE5) threshold,
rotor series withK+T=2 are presented.

functions given by Eq(2)] becomes ill conditioned. The nates are transformed according to the rule
typical basis size used in the present calculation is 1200—
1400 which corresponds to the values of the paraniéigy: r—rexp(if), (5)
14<Np,=19. Thus, for example in calculation of the®
resonance presented below, we use 19 individuaibitals, where 6 is the so-called rotation angle. Under this transfor-
18 individual p orbitals, 17d orbitals, 16f orbitals, and so mation the Hamiltonian given by the E¢l) assumes the
on, finishing with 1 orbital withl =18. Coupling and sym- form
metrizing the products of these orbitals to construct two-
electron basis functions ofS® symmetry one obtains 1330 H=Texp(—2i6)+Vexp—if). (6)
different basis functions.

The parameters, in Eq. (2) can be chosen independently The eigenvalues are obtained by solving the complex-
for different! and can be used in the calculation as additionafigenvalue problem.
nonlinear variational parameters. In the present calculation
of the lowest resonances of each symmetry,&gfeare cho- _ (WHW)

o : ()

sen to correspond to the “positronium” values. For example, (vw)
when calculating the resonances associated withNiket
positronium threshold the parametejsare chosen as fol- A resonance eigenvalue is an eigenvalue which does not vary
lows: &= &= &,= £3=1/8, £=0.5/(1+1) for |>3. When when the rotation anglé changes. In practice, due to finite-
calculating the resonances associated withNke5 positro- basis effects resonance eigenvalues exhibit slow dependence
nium threshold, we choose the following values for the non-on the rotation angle. Therefore, the resonance eigenvalues
linear parameters:&,= &,=&,= &a= &,= 1/10, &=0.5/( are ones for whichdE/ 96| assumes minimal value. Follow-
+1) for >4, ing this strategy one obtains the complex energy of a reso-

In the complex-rotation methof4], the radial coordi- Nance state

-0.019 -0.018 - -
r Ps (N=5) threshold ( E =-0.02 Ry ) G e Ps(N=5) threshold { E =-0.02 Ry )
0020 - Y AR T = g 300 g D g
0021 L e T e e -0.020 == -+ jg,41" 70,2 " "fo,0] 10,21 [0.4] " T
Be— —1K° He— —3° 3pe__ —ipe 3Fe spe 1Po 1Fo
= -0.022 |- B = 0.022 - I I 0 I 1 I T _|
x -0.023 B H— —=TH0 Fe— —F° 5 spe 1ge pe
‘-"_ - aDo_ _1Ds - = o1 ™ 22
Woooul —r — =T W o024 22 RO 22 ]
- oo F— —F° 3pe 1pe
—H> g —3pe —_ —
-0.025 — _;Ge Spe— —1p° [3.1] - 3.1]
—F: -0.026 |- = —
—tle [4,0]
0.026 - =R
1SeP (a) (a) =
1=0
-0.027 -0.028
[4.01 [3,1] [2,2] [1.3] [0.4] 4 3 2 1 0 1 2 3 4
[KT]

FIG. 4. Rotational character of the spectra of the doubly excited FIG. 6. Vibrational character of the spectra of the doubly ex-
intrashell states of Psassociated with the PNE5) threshold,  cited intrashell states of Psassociated with the PNES5) thresh-
rotor series withK+T=4 are presented. old. States with =0 are presented.
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-0.018

-0.020

-0.022

E,(Ry)

-0.024

-0.026

-0.028

FIG. 7. Vibrational character of the spectra of the doubly e
cited intrashell states of Psassociated with the PNE5) thresh-

old. States witH =1,2 are presented.

resonance.

To find the optimum value of the rotation anglen the

Ee=E,—iT/2,

Ill. NUMERICAL RESULTS

) I
'Fe g 02 e [0.2]
Pz P 02 =
ERRREREE O eeeeennnng- s O e
e o N T S S )
fa D D g af
o 0
- e e
P o 22 pe 122
—_— 3P0 —_— U
[2.2] T [2.2] z0)
— [' 3Fe |Fo
1y 3qe DL
2 2 B B
31 81
3P0 129
B 0 Ps(N=5) threshold (4,01
(E=-0.02Ry)
(b) I=1 =2
3210123 3210123

8

whereE, gives the resonance position ahidhe width of the
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-0.020

-0.022

E (Ry)

-0.024

-0.026

Ps(N=5) threshold ( E = -0.02 Ry )-W
L ot |
201
3
: 2 I
— 110 SIe 1£ —
B B 0]
SKD
1Ie [4'0]
[~ E 4,01 ]
01
@ 1=5 1=6 1=7 I1=8 |
10 1 10 1 0 0
T

FIG. 9. Vibrational character of the spectra of the doubly ex-

«-cited intrashell states of Psassociated with the PNE=5) thresh-
old. States with =5—8 are presented.

ergy for the# values in the vicinity of the optimund value

provided an estimation of the uncertainty of the calculation.
For shape resonances the procedure was entirely analo-
gous save that the range of thealues for which the Hamil-

tonian matrix has been calculated was shifted to the ladger

values, so that the energy matrix has been calculated and
diagonalized
6#=0.45,0.50,0.55,0.60,0.65,0.70. The necessity of such a

for

the

following set ofé# values:

shift for accurate determination of the parameters of shape

formula (6) the following strategy has been adopted in theresonances has been explained elsewf#5k and we shall
work. The Hamiltonian matrix has been repeatedly calcuhot dwell upon these details here.
lated and diagonalized for several valuesdofThe range of

tion of the energy matrix for this set af values, the opti-

Following this strategy we at once obtained resonance
the @ values for which the calculations have been performedositions and widths together with an estimation of the nu-
depended upon the nature of the resonance considered. In therical accuracy of our calculation. This estimation applies
case of a Feshbach resonance the Hamiltonian matrix hdth to real and imaginary parts of the complex energy.
been calculated and diagonalized for the following sevof These data are presented in Tables II-1V.

values: 6=0.20,0.25,0.30,0.35,0.40,0.45. After diagonaliza-

As another confirmation of our estimations of the uncer-
tainties in the resonance parameters calculated in this work,

mum 6 value for a given Feshbach resonance was found age present in Table | comparison of our data with the results
that for which the absolute value of the numerically esti-of Hylleraas basis complex-coordinate calculatiphg] for

mated derivativelE/960 had a minimum as a function dt

the resonances ofS® symmetry associated witN=4 and

The value of the complex energy calculated for the optimunN=>5 positronium thresholds. One can see that the results
0 value thus determined was accepted as a complex energggree well within the limits of the estimated uncertainty
of a resonance, the dispersion of the values of complex ergiven in the table.

-0.018

-0.020

-0.022 —

E.(Ry)

-0.024

-0.026

Ps(N=5) threshold ( E = -0.02 Ry )

e
[2.2]

2,01
& e
B1 BA

3Fo

@0

1=3

o
.01

T

FIG. 8. Vibrational character of the spectra of the doubly ex-
cited intrashell states of Psassociated with the PNE5) thresh-
old. States witH =3,4 are presented.
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FIG. 10. The resonance poles for th@,1] shape resonance
rotor series associated with the Ré=4) threshold.
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FIG. 11. The resonance poles for the,0] shape resonance .
rotor series associated with the Ris{5) threshold. FIG. 13. Rotational character of the spectra of the doubly ex-

cited intershell states for thg 3,0]5 and 4[ 2,1]5 series.
IV. DISCUSSION _ o _
B sion of the classification scheme of atomic states based on

In Tables Il and Ill the states are classified by the set Ofthe guantum number€ and T readers are referred to Ref.
quantum numbersK, T,N,n,L,S, ), where quantum num- [26]. Figure 1 illustrates the rotational character of the spec-
bersL, S N, n, and7 have the usual spectroscopic meaning.trym of thee™ e* e~ three-body system. Doubly excited
The quantum numbers and T are “approximately good”  states associated with the Rs¢4) threshold are shown.
quantum numbers, and can be described briefly as followsstates having the same values of ki@nd T quantum num-
quantum numbeK is related to{ —cos6y,), 61, representing pers are grouped together. They belong to the so-called rotor
the angle between the electron coordinate vectors. The Moigries. Various rotor series are presented in Fig. 1. Instead of
pOS|t|Ve is the value OfK, the closer the value of the mentioned above SetK(T,N,n,L,S, 77) of quantum
(—cosb;y) is to unity. In the states having large positiée  numbers, we could use more frequently employed set
vfalues the two e[ectrons are located prlmarlly on the oppositen |, n,1,,L,S,7) (wherel, andl, are individual angular
sides of the positron. IK=0, the coordinate vectors of the momenta of the e|ectrohs|:0r examp|e, the resonances be-

two electrons make approximately a right-angle triangle. Th@onging to the[3,0] series shown in the Fig. 1 could be
quantum numbeT describes mutual orientation of the orbit- gescribed as & 1S?, 4s4p 3P°, 4p? 1D®, 4p4d 3F°, 4d?

als of the two electrons. For example, in the state With 1ge 4d4f 3H°, and 42 !1°. In Figs. 2 and 3 we use the
=0 the two electrons move on a plane. The quantum numregylts for theN=4 doubly excited intrashell states to con-
bersK andT hence describe angular correlations between thgtrct the I-supermultiplet structure$27]. The quantum
two doubly excited electrons. For a given setofT, andN,  numberl is defined as
the total angular momentum can assume values in the range
[=L-T (10)
L=T,T+1,... K+N-1. 9)
and has the same meaning as the rovibrational quantum num-
The highest value for a giverfK, T] pair is therefore given  per R used in molecular physicg7]. For example, states
by the relationshif. ,=K+N~—1. For more detailed discus- with | =0 are the ground states of various rotor series. The

0.0 T 3D° -0.0195
;5:1 &
00200 f---vreeeogpectaaaccaaa et
o2 Ps{N=5)threshold 3po ’T‘
. (E=-0.02Ry) . -0.0205 | Ps (N = 5 ) threshold
N o E=-0.02Ry )
K 'Fe -0.0210 | H —™
i N ; Ge—— — e
E 04 £ 00215 e—— g -
w " e 10
c Yoo w— A —
T ok o"—
5[0.2] 5 10 -0.0225 - 13,:0_
DP—
{Shape Resonances) 3G°O. 00230 - 1355
-08 I ‘ I I 0.0235
-0.0204 -0.0200 -0.0196 -0.0192 -0.0188 -0.0184 : L14,01, 13,17,
Re E(Ry) JK T,
FIG. 12. The resonance poles for th®,2] shape resonance FIG. 14. Rotational character of the spectra of the doubly ex-
rotor series associated with the Rs{5) threshold. cited intershell states for thg 4,0]g and 5[ 3,1]¢ series.
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TABLE IV. Doubly excited intershell states of Ps- associated withNke4 andN=5 Ps threshold. The
estimated uncertainty in the resonance energy is given in the parentheses.

State KTNnN E (Ry) I'/2(Ry) Resonance

lge 3045 —0.0350207 (107) 1.315x10°4 Feshbach

3po 3045 —0.0348422 (107) 1.172x10°4 Feshbach

pe 3045 —0.034496 (109 8.5x10°° Feshbach

8o 3045 —0.033967 (5¢10 ©) 5.1x10°° Feshbach

lGe 3045 —0.033299 (5¢10 ©) 3.7x10°° Feshbach

SHo 3045 —0.03256 (10°) 3.3x107° Feshbach

e 3045 —0.03169 (4<10°%) 1.8x10°* Feshbach

1po 2145 —0.0330786 (10°) 2.159x10°° Feshbach

3pe 2145 —0.0327038 (%10 %) 4.603<10°° Feshbach

1po 2145 —0.0321725 (X107 1.1395< 10 4 Feshbach

3Ge 2145 —0.0315998 (410 %) 1.6020< 10 4 Feshbach

Spe 2145 —0.0330875 (107) 8.972x10°° Feshbach

pe 2145 —0.0327256 (410 ") 1.3140<10°° Feshbach

SFe 2145 —0.0322207 (10°) 4.671710°° Feshbach

G 2145 —0.0316432 (X109 1.1813<10°4 Feshbach

lge 4056 —0.0230390 (107) 1.164<10°4 Feshbach

spo 4056 —0.022967 (10°) 1.14x 104 Feshbach

pe 4056 —0.022822 (& 10 ©) 9.8x10°° Feshbach

8o 4056 —0.02262 (10%) 1.0<10°4 Feshbach

lge 4056 —0.022358 (X 10 ©) 6.9x10°° Feshbach

SHo 4056 —0.02199 (10°) 5.4x10°° Feshbach

e 4056 —0.02153 (10°9) 6.5x107° Feshbach

tpo 3156 —0.0220873 (X10° ") 3.04x10°° Feshbach

’pe 3156 —0.0218955 (510 ") 3.62x10°° Feshbach

po 3156 —0.021622 (5¢10°©) 5.6x10°° Feshbach

5Ge 3156 —0.02128 (10%) 8.5x10°° Feshbach

IHo 3156 —0.02087 (5<10 %) 1.6x10 4 Feshbach

spe 3156 —0.02209731 (%10 9 2.625<10 ° Feshbach

Ipe 3156 —0.0219143 (107) 2.17x10°° Feshbach

SFe 3156 —0.021645 (3<10°9) 2.1x10°° Feshbach

1ge 3156 —0.02131 (10°) 3.6x10°° Feshbach

SHe 3156 —0.02090 (3<10°°) 8.6x10°° Feshbach
vibrational character of Psfor the N=4 states is clearly |=1 andl=2 supermultiplets are shown in Fig. 7, 8 and 9
demonstrated in Figs. 2 and 3. show the molecular supermultiplets of witlvalues ranging

From Fig. 1 it can be seen that all the members of thérom =3 to =4, andl =5 to | =8, respectively.

rotor serieg0,1] and[0,3] having quantum numbé¢=0 are From Figs. 4 and 5 it can be seen that all the members of

shape resonancé¢28]. As for the other rotor series witk  the rotor series witiK=0 (i.e., the[0,4], [0,2], and[0,0]

#0, the members of these series in general lie belowNthe serieg are shape resonances lying above theNRsB)

=4 positronium threshold, and are the Feshbach resonanceireshold. As for the other rotor series witw 0, most of

An exception is found for th¢l,0] series. While the lower the resonances belonging to these series are Feshbach reso-
members of the series$®,3P°,'D®3F°) are Feshbach reso- nances lying below th&l=5 Ps threshold.

nances, the highest member of this series, 46& state, is Finally, we would like to comment on our results for the
located above thé&=4 Ps threshold, and is a shape reso-shape resonances, and on their physical interpretation. Figure
nance. The results for the doubly excited intrashell states0 shows the resonance poles for [Bel] rotor series lying
associated with the PN(=5) threshold are presented in above the PsN=4) threshold. Figures 11 and 12 show the
Table IIl. Figures 3 and 5 illustrate the rotational character ofresonance poles for thH@®,0] and[0,2] series, respectively,

the spectra of these states. Figure 4 represents the rotor serigiig above the P${=5) threshold. In general, all the shape
with K+T=4, and Fig. 5 the rotor series with+T=2. resonance series exhibit a regular pattern, their widths in-
The vibrational character of Psfor the states associated creasing with their positions as one moves upward along the
with the PsN=5) threshold is illustrated in Figs. 6—9, with rotor series. Also, the resonance energy increases with the
Fig. 6 showing the molecular supermultiplet witk0. The  value of the angular momentum.
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This indicates that all the potential curves for variousobserved from Fig. 14 that the rotational character is clearly

members belonging to the sam&,T] series have quite Visible for the doubly excited states even when the two dou-

similar structures. In general, a shape resonance’ingthe  bly excited electrons occupy different shells.

result of an electron trapping by the combined effective po- In summary, we have carried out a complex-coordinate

tential formed by an attractive short-ranged dipole potentiarotation calculation of resonance parameters of the doubly

due to the degeneracy of the excited Ps states, and a rep@kcited states in Psassociated with the PNE4 andN

sive angular momentum barrier. The autoionization process ) thresholds. Products of Slater orbitals are used to rep-

of such a shape resonance is generally dominated by iHgsent the two-electron wave functions. Results are used to

tunneling effect. The thickness of the potential barrier de-construct the supermultiplet structures of doubly excited

creases as one moves upward along the rotor series. AsF® - The triatomic molecularX'Y’X) character of the spec-

result, the electron takes a shorter time to tunnel out, and this@ Of thee™ e e” system exhibiting rotational and vibra-
width of a shape resonance increases. t|ona_l bghawo_r are illustrated in the v_vork. It is hoped t_hat
The present works also provide results for some doubhPY" findings will _s'umulate further studies of this interesting
excited intershell statesee Fig. 13 In particular, Table v three-body atomic system.
lists the resonance energies and widths for fi&0]5 series
below the Ps \=4) threshold. The notation[K,T], is
used to describe the series. This work was supported by the National Science Council
Some lower-lying members of thg[4,0]g and 5[3,1]¢  with Grants No. NSC 88-2112-M-001-023 and No. NSC 89-
are presented in the Table IV, as well as in Fig. 14. It can b&112-M-001-013.
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