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Electric-field influence on doubly excited Feshbach resonance states of the positronium negative
ion below the N=3 threshold of the positronium atom
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We present a study of the influence of the constant uniform electric field on the doubly excited resonances
of the positronium negative ion associated with ke 3 positronium threshold. The calculation is performed
in the framework of the complex coordinate rotation method which obtains results both for the real part of the
energy (position of the resonangeand for the imaginary part of the energselated to the width of the
resonance Results are given for thil =0 Stark components of the Feshba®f(1), *P°(1), and*D®(1)
resonances.

PACS numbg(s): 36.10.Dr, 32.80.Dz, 32.6&.

I. INTRODUCTION As far as theN=2 P° Feshbach resonance is con-
cerned, since it lies very close to the second member of the
This work presents a theoretical study of an external dgeries of the resonances of th&° symmetry, the!S%(2)
electric-field influence on doubly excited states of the posiresonance, even a weak external electric field causes a strong
tronium negative ion, Ps The positronium negative ion is @ mixing of these two states and results in splitting of the
three-body system consisting of two electrons and a positromPO(l) state into two components, exhibiting the linear

interacting through Coulomb forces. This system is known toStark effect for the'P°(1) and1S%(2) doubly excited states.

 thm?q 1
have only one truly bound state—thes’l °S” state[1]. It We shall outline briefly some known facts used for the

does not have any singly excited bound states. Its spectrurﬂ ical d it f1h . f the atomi ;
contains, however, rich resonance structures of doubly exneoretical description of the properties of the atomic system

cited states, lying in the-Ps scattering continua, and in the Placed in the electric field. Under the influence of the dc
vicinity of the excited states of the target positronium atomelectrlc field the truly bpund states of the atoms/ions become
[2-5]. quasibound states, since the electrons are ablg to tunnel
The positronium negative ion was experimentally ob-through the potential barrier formed by the combined Cou-
served by Mills[6]. Subsequently, he measured its annihila-lomb and external electric fields. As is well known, this phe-
tion rate[7]. For early developments of the studies of thisnomenon can be described theoretically by introducing the
system, readers are referred to revig®$]. complex energy eigenvalues, the real part of a complex en-
The influence of the dc electric field on doubly excited ergy representing the shifted resonance position and the
states has been much better studied, both theoretically anohaginary part being connected to the lifetime of the quasi-
experimentally, for another two-electron system which, asound state. Analogously, only slightly more complex is the
well as the positronium negative ion, can be considered as agituation for the autoionizing states of two-electron systems
example of a highly correlated atomic system—the hydrogesubject to the influence of the external electric field, the dif-
negative ion, H. ference between the autoionizing and bound states being that
A unique experimental setup was made at the Los Alamogven without the external electric field the former undergo
Meson Physics FacilityLAMPF) by researchers led by the the process of autoionization.
University of New Mexico teanj10]. The H beam accel- The opening of the new tunneling channels due to the
erated to the energy of about 800 MeV was intersected by axternal electric field provides an alternative route for the
laser beam with various intersecting angles. Under such aautoionization processes. The widibr lifetime) of such a
experimental setup the influence of the strong dc electristate is therefore a result of competition between the auto-
field on the doubly excitedP® states of the hydrogen nega- ionization process due to the electron-electron Coulomb in-
tive ion has been measured. In a series of publications thieraction, tunneling due to the external electric field, and
Stark effect on the lowestP°® Feshbach resonance of H autoionization into other field-induced angular momentum
below theN=2 hydrogenic threshold has been investigatedcontinua.
[11] as well as the influence of the dc electric field on the We have recently carried out theoretical investigations of
1p° shape resonance above tRe=2 hydrogenic threshold the influence of the dc electric-field on the doubly excited
[12]. Furthermore, studies of the influence of the dc electricesonance states of HH The method of complex-coordinate
field on theN=3 Feshbach'P°(1) resonanc¢13] and the rotation [15-17 has been used. In Ref18] we have re-
1po resonances associated with higher hydrogenic thresholdsorted results for théN=3 P°(1) resonance. dc electric-
have also been reporté4]. field influence on the Feshbach resonances below the hygro-
genic N=2) threshold and on theN=2 !P° shape
resonance was studied in Ref$9] and[20], respectively.
*On leave from the Institute of Spectroscopy, Academy of Sci-  The influence of the electric field on the=2 P° shape
ences of Russia. resonance was studied also by Wendoloski and Reinhardt
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[21]. The stabilization method was used to investigate the ;. [ y= r FYYEM (1 2
Stark effect for theN=2 Feshbach resonances of Hby (11:12)= Gy, (1) (12 Vi1 ( 1.2 S0, 02)

Callaway and Ra(i22]. — r rIYEM (2 DS(os o
In the present work we employ the method of the Pruy(12) S (T 1(2 D02, 7).
complex-coordinate rotation to study the influence of the dc 5)

electric field on the Feshbach resonances of Bslow the
N =3 threshold of the positronium atom. In particular, we where
present results for thil =0 components of the lowest reso-

nances of symmetrieks®, 1P°, and1D® associated with the dn(r)=r"exp —&r) (6)
N=3 positronium threshold-1s%(1), *P°(1), and 'D&(1)
resonances. andV;" (1,2) andS(a, ;) are the eigenfunctions of total
angular and spin momenta, respectively. They are con-
Il. DETAILS OF THE CALCULATIONAL PROCEDURE structed in the usual way, e.g., fﬁ{t"\l/'z one has
Introducing as independent variables the relative coordi-
natesr,,r, of two elelctronséwnh respect to the positron, and Y|Ll’!\|/|2(1’2): > Clly . Lmy,my M)
the vector of the distance;, between two electrons, the m,m,
Hamiltonian of the positronium negative ion in the presence
of a constant uniform electric field can be written (&s/d- XY m (DY (2), (7
berg units are used throughout the paper the T2
. 2 2 2 whereC(I1,I2,L,m|1,m|2,M) are the Clebsch-Gordan coef-
H=—2V-2V3-2V,-Vo— —— =+ —+F-(f1+1), ficients.

rh ry r . .
oz e ) The parameters, | of the Slater orbitals can be varied

within the limits 0<I=<N;,.x, |=<n=<N,ax, Where the pa-

rameterN,,,, has the same value for both Slater orbitals in

units (a Rydberg unit of electric field strength is 2.57 the formula(S)._Thls parameter thus governs the nL_Jr_nber (.)f
the basis functions of a given symmetry which participate in

x10° Vicm). the construction of the Hamiltonian matrix
The theoretical foundation and detailed description of the The parameters in Eq. (6) can be chosen independently

complex coordinate method can be found elsewraf; for differentl and can be used in the calculation as additional

here we shall give only briefly some details of the CompUta_nonlinear variational parameters. In the present calculation
tional procedure used in the present calculation. P ' P

In the complex-rotation methoflL6], the radial coordi- of the lowest resonances associated with ihe3 positro-
nates in the Hamiltoniafll) are transformed according to the nium threshold, the“nonllmea.r paﬂrametgrs are chosen to
rule correspond to the “positronium” values, i.e,=¢&,=¢&,

=1/6, £=0.5/(1+1) for I>2. Such choice was motivated
F—r expif), ) _by the _results of our previous qalculation of the.se resonances
in the field-free casg5], where it was found to give satisfac-
tory results.

Due to the well-known selection rules for the matrix ele-
ments of the electric dipole operator the matrix of the Hamil-
tonian(1) calculated in the basis given by E®) assumes a

whereF is the external electric field measured in Rydberg

where @ is the so-called rotation angle. Under this transfor-
mation the Hamiltonian given by E4l) assumes the form

H=—2(V2+V3+V,-V,)exp —2i6)—2 i+ — blocklike structure(see Fig. 1, where diagonal blocks cor-
M T2 responding to different total angular momentum states are
1 o coupled together by the external electric field. In principle
— r_12 exp —if)+F-(ri+ry)expio). 3 the blocks with arbitrary large angular momenta are present

in the matrix of the Hamiltoniaril). Of course, doing prac-
tical calculations one should truncate the Hamiltonian matrix
restricting the number of the angular momentum blocks
taken into account. Since the problems of pure numerical
. origin put the limitations on the maximum matrix size which
_ (WHW) @ ~can be handled, one should find a compromise between the
(Pw) "’ sizes of different individual angular momentum blocks and
the number of different angular momentum blocks taken into
with E=E,—iI'/2, E, andI" giving the position of the reso- account in the calculation. If the external electric field is not
nance and its width, respectively. As the basis functions weery large so that the arguments borrowed from the ordinary
used in the present work the products of the Slater-type orperturbation theory are at least qualitatively valid, then it is
bitals (properly symmetrized and coupled to correspond toclear that in determining the resonance parameters of a reso-
given rotational and transpositional symmetyies nance having a given valueof the total angular momentum

The eigenvalues are obtained by solving the complex
eigenvalue problem
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1 e tions, making thus the total matrix size 3356. In our second
S VSP calculation(calculationB), where the emphasis was put on
the states of théP° symmetry, the dimensions of the angu-
\Y/ 1PO Vv lar momentum blocks on Fig. 1 were chosen as follows:
PS PD 1s®, 560 basis functions;'P°, 1360 basis functions;
1 e 'D®, 1261; 'F°, 212; 'G®, 63; and'H°, 40 basis func-
VDp D VDF tions, which gave totally 3496 basis functions. Finally, in our
third calculation (calculation C) we put emphasis on the
VFD 1 F° VvV states of the'D® symmetry and the dimensions of the angu-
FG : :
lar momentum blocks on Fig. 1 were chosen as follows:
vV 1Ge Y} 1s®, 455 basis functions; *P°, 920 basis functions;
GF GH IDe 1261;'F°, 464;'G® 123;and'H°, 40 basis func-
1,40 tions, making totally 3253 basis functions. The three calcu-
VHG H lations were different also in another respect. An important
condition of the success of a complex rotation calculation is
FIG. 1. Blocklike structure of the Hamiltonian matrix for the the optimal choice of the rotation angtein formula (3).
states withM =0. When doing calculations where not a very large basis set is
involved, the usual practice is to carry out calculations for
in the field-free case it is the states with angular moment4lifferent values of the rotation angle and to pick up the value
that do not differ much front. that play the most important for which the complex energy of a given resonance is least
role. sensitive to the variations of the rotation angle, or to put it in
In the present calculation we concentrated our attentiofinore strict terms, the optimal value is chosen so that the
on the three resonancés®(1), P°(1), and'D®(1) asso- absolute value of the derivativeE/d6 assumes the least
ciated with theN=23 positronium threshold. In the classifi- possible value.
cation scheme based on the picture of the independent elec- In the present calculation we dealt with too large matrices
trons in a central field, these states could be classified a® follow this strategy, the diagonalization of 3008000
3s? 1S, 3s3p P, and P? D, respectively. matrix being a rather time-consuming procedure. We
The block matrices up th =5 have been taken into adopted, therefore, another strategy. In each of the three cal-
account in the calculation. As for the sizes of the differentculations described above tevalue was chosen to be equal
angular momentum blocks within the Hamiltonian matrix, to the optimumé value for the calculation of the complex
we actually ran three separate calculations, to be referred tenergies of the resonancés®(1), *P°(1), and*D®(1) cor-
below as calculations, B, andC. In each of them an accent respondingly, in the field-free case. With the size of the
was on put on the states of one of the symmetries mentionegdamiltonian matrix being in the field-free case not very big,
above {s?, 'P°, and !D®). More specifically, in our first the optimumé values were found by repeating the calcula-
calculation (calculation A) the dimensions of the angular tions for different rotation angles and picking up the optimal
momentum blocks on Fig. 1 were chosen as follows:value as described above. This procedure gave the following
1S 1140 basis functions;'P°, 1120 basis functions; values for the rotation angle. Calculatidn 6=0.25; calcu-
'De, 781; 'F° 212; 'G® 63; and 'H®, 40 basis func- lation B: #=0.30; calculatiorC: #=0.33.

TABLE I. Results of three different calculatioimarked in the table a&, B, andC) of the energies of thi1 =0 Stark components of
13%(1) and'D&(1) resonances associated with tie3 Ps threshold for different values of the external electric-field strength.

F (Ry) Er (Ry) ' (Ry) E: (Ry) I' (Ry)
1s$°(1) 'De(1)
5x10°° A —0.07076152 1.4926910 4 —0.0679214 4.66210°°
B —0.07076176 1.4793210 * —0.0679226 4.65410°°
C —0.07076179 1.4794410 —0.0679224 4.69410°°
1x10°* A —0.07099945 1.5029010 4 —0.0682030 5.6%10°°
B —0.07099969 1.4902210 * —0.0682074 5.4%10°°
C —0.07099973 1.4902710 4 —0.0682073 5.5%10°°
1.5x10°4 A —0.07141450 1.524110 4 —0.0686890 1.12810°4
B —0.07141480 1.514910 4 —0.0686985 1.12910°4
C —0.07141484 1.514810° 4 —0.0686984 1.13210°4
2x10°4 A —0.0720427 1.952910 4 —0.0693636 3.51810 ¢
B —0.0720430 1.941810 * —0.0693768 3.65210*
C —0.0720431 1.941810 * —0.0693766 3.65%10*
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TABLE Il. Comparison of the results of the calculatioAsB,C andA’,B’,C’ for the positions of the
M =0 Stark components ofS%(1), *P°(1), and 'D®(1) resonances associated with the3 Ps threshold
for different values of the external electric field.

E: (Ry) E: (Ry) E; (Ry)
F (Ry) 1s°(1) 'Po(1) 'De(1)
2x10°4 A —0.0720427 —0.064265 —0.069363
A’ —0.0720430 —0.064235 —0.069368
B —0.0720430 —0.064276 —0.069376
B’ —0.0720422 —0.064337 —0.069408
C —0.0720419 —0.064275 —0.069376
c’ —0.0720431 —0.064231 —0.069372
3x 1074 A —0.073908 —0.065420 —0.070995
A —0.073915 —0.065427 —0.070985
B —0.073910 —0.065426 —0.071003
B’ —0.073904 —0.065359 —0.070992
C —0.073910 —0.065428 —0.071002
c’ —0.073915 —0.065439 —0.070979

Thus three calculationsA[ B, C) differed in two re- the data presented in Table | we would estimate the error due
spects. First, the composition of the Hamiltonian matrix wasto the truncation of theS P, and D blocks in the energy
different for each of these calculatiof@ngular momentum matrix to finite-size blocks as being not larger than 7
blocks on Fig. 1 had different sizesSecond, the value of the x10 8 Ry both for real and imaginary parts of energy for
rotation angle in formuld3) was different in each of these all three resonances considered.
calculations. The comparison of these calculations can there- This is, however, not the only possible source of numeri-
fore give an estimation of the accuracy of the present calcueal error that might be present in our calculation. Another
lation. possible source of numerical errors may be due to the fact

This comparison is presented in Tables I, Il, and IIl. Inthat in calculations of this type the energy matrix itself must
Table | we give the results of the three calculatién®, and  be truncated to include some finite number of different an-
C described above for real and imaginary parts of the energgular momentum blocks. We recall that in our calculations
of theM =0 Stark components of the resonané¢&§(1) and  the angular momentum blocks with angular momentum up to
!D®(1) for several values of the external electric-field L=5 were retained in the energy matrix. The convergence of
strength. To save space we give a comparison of the thresur results with respect to the omission of angular momen-
calculations mentioned above only for these two states, thim blocks with large angular momentum in the energy ma-
calculation of the'P°(1) resonance giving the same order of trix can be studied if one performs a separate calculation
magnitude for the estimated error of our calculation. Fromwith some of the large angular momentum blocks omitted.

TABLE lIl. Comparison of the results of the calculatioAsB,C and A’,B’,C’ for the widths of the
M =0 Stark components dfS%(1), *P°(1), and 'D®(1) resonances associated with the3 Ps threshold
for different values of the external electric field.

I' (Ry) I' (Ry) ' (Ry)
F (Ry) (1) Po(1) 'De(1)
2x1074 A 0.0001953 0.001169 0.000351
A’ 0.0001945 0.001141 0.000332
B 0.0001942 0.001149 0.000365
B’ 0.0001971 0.001097 0.000381
C 0.0001931 0.001149 0.000365
c’ 0.0001927 0.001103 0.000330
3x 1074 A 0.000806 0.00192 0.001677
A’ 0.000803 0.00188 0.001681
B 0.000804 0.00195 0.00170
B' 0.000808 0.00201 0.00186
C 0.000805 0.00195 0.001702
c’' 0.000806 0.00192 0.001692
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FIG. 2. Position and width of th&S%(1) resonance as a function FIG. 3. Position and width of théP°(1) resonance Nl=0
of external electric-field intensity. componentas a function of external electric-field intensity.
The results of such a calculation are presented in Tables II IIl. DISCUSSION

and Ill. The data given in the tables have been obtained as a The results of our calculation of the energies and widths
result of the *“reduced” variants of the calculations gf the 158(1), 1P°(1), and'D®(1) resonances as functions
A, B, C. We recall that in the calculation, B, C the  of the external electric-field intensity are presented in Figs.
dimensions of the separate angular momentum blocks in the_4 and Tables IV and V. An immediate observation one
Hamiltonian matrix were chosen as follows. For the calcula-can make from the figures is that when the electric field is
tion A: 'S% 1140 basis functions;P°, 1120 basis func- tymed on, the widths of all of the three resonances stay
tions; ‘D€, 781; F°, 212; 'G®, 63; and'H°, 40 basis nearly constant. In particular, the width of tA&°(1) reso-
functions, thus making the total matrix size 3356. For thenance decreases slightly in magnitude uRtiithe intensity
calculationB: 'S°, 560 basis functions;P°, 1360 basis of the external electric fiekteaches a critical valug, with
functions; 'D®, 1261, 'F°, 212; 'G® 63; and'H°, 40 F_~75x10°5 Ry. After passing that critical value of the
basis functions. Alnd finally, for the Calcglati‘ﬂl] 'S°, 455 glectric-field strength the width starts to increase rapidly.
basis functions; “P°, 920 basis functions;"D® 1261;  Similarly for the 'S%(1) and 'D®(1) states the widths stay
'F°, 464; 'G®, 123; and'H®, 40 basis functions. While nearly constant until the field strength reaches the values
doing the reduced calculatiods, B’, andC’' we removed F.~1.5x10"* Ry and F,~1.25x10"* Ry, respectively.
H andG blocks from the Hamiltonian matrix. Thus, the basis After that the widths start to increase rapidly with the field.
sets of the calculationd’, B’, andC’ are obtained by re-  The above results may be interpreted as follows. The
moving the basis functions of tht¢ andG symmetries from  1s8(1), !D®(1), and 'P°(1) Feshbach resonance states in
the basis sets of the calculatioAsB, andC, respectively.  ps~ are highly correlated atomic states with strong two-

In Tables Il and 11l we present a comparison of the resultselectron “bonding” effects. When the external electric-field
of the original calculation®\, B, C and the results given strength is not strong enough to break the two-electron bond-
by the modified calculationd’, B’, C’ for the resonance ing, the autoionization process proceeds very much like in
positions(Table 1) and widths(Table III). the field-free case. The fact that the width of the°(1)

It is clear that this source of possible errors of the calcustate decreases slightly for small electric-field values can be

lation starts to play an important role only for large values ofattributed to the process of redistribution of autoionization
the external electric-field strength since, as the perturbation

theory arguments suggest, the contribution of large angular 0.067
momentum blocks for small electric-field values is sup-
pressed. We therefore present in Tables Il and Il the results
for the comparatively large values of the external electric-
field strength. Comparison of the data suggests an estimation
that for large electric-field valuds<(2—3)x 104 Ry] the
absolute accuracy of our calculation should be not worse
than 5<10°° Ry.

One should emphasize that the estimation presented
above should be considered as an upper bound of the nu-
merical error we have in our calculation when external elec- )
tric field is large. For the smaller electric-field values the 007z ‘ ; ' ) ‘ 300
error is of course much smaller. F(10-*Ry)

Having established the estimations of the accuracy of our
calculation we proceed to a more detailed discussion of our FIG. 4. Position and width of théD®(1) resonance Nl=0
data. componentas a function of external electric-field intensity.

1.0

'D°(N=3,M=0)

-0.068 108

-0.069 106

E, (Ry)

-0.070 0.4

(fd,.01)1

-0.071 0.2
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TABLE IV. Positions of theM =0 Stark components ofS%(1), *P°(1), and'D®(1) resonances asso-
ciated with theN=3 Ps threshold as functions of electric-field strength.

Er (Ry)
F (Ry) 1S(1) Po(1) 'D%(1)
0 —0.07068379 —0.06324445 —0.06782878
2.5x10°° —0.0707031 —0.0632609 —0.0678519
5x10°° —0.0707615 —0.063312 —0.067922
7.5x10°° —0.0708601 —0.063411 —0.068041
1x104 —0.070999 —0.063563 —0.068207
1.25x1074 —0.071183 —0.063739 —0.068426
1.5x10* —0.071414 —0.063918 —0.068698
1.75x10°4 —0.071700 —0.064089 —0.069019
2x10* —0.072042 —0.06427 —0.06937
2.25x10°4 —0.072441 —0.06450 —0.06976
2.5x10°*4 —0.072889 —0.06477 —0.07017
3x10°* —0.073910 —0.06543 —0.07100

intensities between different singlet-spin states. When théor small external electric-field values, followed by a rapid
external electric-field strength reaches the above-mentionddcrease of the width when the electric field exceeds some
critical valueF ., the electric field becomes strong enough tocritical value, is due to the fact that the doubly excited pos-
break the two-electron bonding. The autoionization procesgronium negative ion presents an example of a highly corre-
then starts to be dominated by the one-electron tunnelingated atomic system. Analogous behavior of the width as a
effect. Since the thickness of the potential barrier, formed byunction of the external electric field has been observed ex-
the combined atomic Coulomb force and the external electriperimentally for theH ™ system[13] and predicted theoreti-
field, is reduced with the increase of the electric-fieldcally for doubly excited states of neutral heliy&g].
strength, the electron requires a shorter time to tunnel out, Figures 2—4 show also the changes of the resonance po-
which results in the rapid increase of the width. On thissitions when the external electric field is turned on. It is seen
stage, the autoionization process proceeds mostly throughat the energies of théS®(1), *D®(1), and *P°(1) reso-
tunneling and is quite similar to that for the one-electron cas@ances are all shifted downward, exhibiting the quadratic
(i.e., the Stark effect in hydrogenThe critical value of the  Stark effect.
electric-field strength which breaks the two-electron bonding It should be mentioned that in the present work we have
differs from state to state, depending on the “tightness” ofnot investigated the positron-electron annihilation process
the doubly excited state relative to the parent positroniunfor the doubly excited Ps In an earlier study24] of the
threshold. positron-electron annihilation rate for sorNe=2 doubly ex-
Thus the observed behavior on Figs. 2—4 of the resonanasited 1S° states, it was found that the autoionization rate is
width staying nearly constarior even slightly decreasifng greater than the annihilation rate by a factor of abodt 10

TABLE V. Widths of theM =0 Stark components dfS%(1), *P°(1), and'Dé(1) resonances associated
with the N=3 Ps threshold as functions of electric-field strength.

' (Ry)

F (Ry) 1s%(1) 'Po(1) 'De(1)

0 1.493< 104 4.412x10°4 4.561x10°°
2.5x10°° 1.476x 1074 43771074 4.56x10°°
5x10°° 1.479<10°4 4.27x10°4 4.7x10°°
7.5x10°° 1.484x< 104 4.11x10°4 4.9x10°°
1x10™4 1.490< 10°4 457x10°4 5.5x10°°
1.25x10™* 1.496x 104 5.81x 104 7.0x10°°
1.5x10°4 1.51x10°* 7.74x10°4 1.13x10°4
1.75<104 1.61x10 4 9.78x10°*4 2.08x10°*4
2x10°% 1.94x10°% 1.15x10°4 3.66x10°4
2.25x10°4 2.69x10° 4 1.31x10°3 5.93x 104
2.5x10°4 3.95x10°4 1.48x10°3 8.9x10°4
3x1074 8.05x 104 1.95x10°3 1.70x 1073
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External electric field changes both autoionization and anwork will stimulate further experimental investigations of
nihilation rates. It would be interesting to investigate the in-this three-body atomic system.

fluence of the external electric field on the annihilation rates
for the various state@round and autoionizing onesf Ps".

In summary, we have carried out a theoretical investiga-
tion of the influence of the electric field on the doubly ex-
cited N=3 Feshbach resonance states of .R&/e hope our
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