PHYSICAL REVIEW A 70, 062701(2004)

Wave-packet analysis of multichannel resonances in positron scattering by a helium ion
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We present the wave-packet analysis for t&aave resonances in positron scattering by a helium ion
whose existence was predicted by Bhatia and Drachman but has been controversial. The evolution of the wave
packet is solved to exhibit temporary formation of the quasistationary state. For both the resonances, the
position and width are determined through the resulting time delays in a consideration of a multichannel nature
to agree with those by previous variational eigenenergy calculations. It is further found that the lower reso-
nance dominantly forms from, and decays into, the2 states of the helium ion, while the higher one the
=3 states.
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I. INTRODUCTION Kino, and Kudo[9]. The energy positios, and the widthl",

o i of the two resonances, labeled by 1 and 2, were precisely
Resonances are the most striking phenomena in the wholgstermined  to  be (e;,I';/2)=(-10.082,1.761 and

range of scattering experiments ir) physics. In its Simplesfez,F2/2):(—5.050,O.535in eV [7]. They are multichannel
form_, a resonance r_nanlfests itself in a sha_rp peak of a Cro§gsonances lying above the excited?2 and 3 states of the
section as a function of energy. According to the time-pejium jon(He"), respectively, and both supported in spite of

dependent wave-packet descriptifir-4, the resonance is asymptotic Coulomb repulsion between the positron and the
observed as temporary formation of a metastable state in gelium ion. However, the resonances were not reproduced in

projectile-target complex, thus defined as a maximum of thgcattering calculations with the close-coupling method by
time delayof a scattering wave packet. Igarashi and Shimamurfd0] and by Bransden, Noble, and

The wave-packet formalism has been extensively appliegvhitehead 11]. They observed no potential well supporting
to scattering calculations owing to recent increase of comthe resonances in hyperspherical adiabatic potential curves
puter power. Mitnik, Griffin, and Pindzolgb] have applied [10], and no increase ofr in the eigenphase surfill].
the formalism to a doubly excite@s?) resonance in electron Hence, the existence of the resonances has been a question in
scattering by a helium iofHe"). They have demonstrated controversy.
rapid formation and exponential decay of the resonance In the present paper, we present a wave-packet analysis
when the temporal widti of a wave packet is much shorter for the two S-wave resonances in positron scattering upon a
than the resonance lifetime For an actual wave packet in helium ion by solving time-dependent coupled-channel
beam experiments, however, the opposite condilienr is  (TDCC) equations. The TDCC method is known to be suc-
realized so that the formation and the decay of a resonangessfully applied to electron and positron scattering by atoms
are almost overlapped in the time domain. It leads to a wel(see Refs.[5,12-14 and references therginWe observe
defined concept of the time delay because the wave pack#étave-packet behaviors characteristic of a resonance, and de-
retains its shape in the scattering. Thus, the nature of a restérmine its position and widthgpartial as well as total
nance should be analyzed through observing the time de|agnrough the time delays in a consideration of a multichannel
whenT> 7. nature. The values obtained fer and I, turn out to be in

In the positron-helium ion systerte*,e”,He?*), many good agreement with those predicted in the previous
resonances have been found in previous theoretical studi@genenergy calculatior{$,7,9. It is further found that the
[6—10. Bhatia and Drachmafi6] predicted twaS-wave reso- lower resonance dominantly forms from, and decays into, the
nances in a variational eigenenergy calculation with the stad=2 states of the helium ion, while the higher one tfw3
bilization method. Their prediction was confirmed in com- states. Atomic unit¢a.u) e=m=#=1 are used unless other-
plex eigenenergy calculations with the complex coordinatavise stated.
rotation method by H$7], by Ho and Yar8], and by Toya, Il. NUMERICAL METHOD
The time-dependent wave function for &wave is ex-

* Electronic address: yam@postman.riken.go.jp panded over the coupled spherical harmonie§(R ,f)
"Electronic address: kino@mail.tains.tohoku.ac.jp =[Y.(R) ®Y|(f)]8 as
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whereR andr are the position vectors of the positron and
the electron relative to the helium nuclelisandl being the
angular momenta associated wiRhandf. The TDCC equa-
tions for the radial function/y (R, r,t) are derived14] to be

FYAGITE [TEP,U +2 VE?L,l,]m,.,(R,r,t), @

L'’

r{a.u.)

(c4) t=100 (c2) t=175 |

whereA”,,, =(V AV D) for operatorsA=T andV. The .
operatorT represents the kinetic energy including the cen- @
trifugal potential, whileV is the Coulomb interaction among 0 . 0
the three charged particles. The initial condition is taken as 160 s 160

. A 0 L z
80 160 0 80 160 0 80 160
16

l,[/L|(R rt= O) - gkL(R) ¢n|(r)5|_| (3) (dy) t'= 100 (dy) !’= 175 | (d;;) tl=200 (dg) t’=25’0
8t E
with the targetnl state¢,(r) and an incoming wave packet. @
The latter is given by 0

1 R-Ry)?
0 R= exp{— BB ]%(R), @ o
(W) 2w? FIG. 1. Time evolution of wave-packet densjti(R,r,t)|? for

. o oy the scattering of aG-wave positron witfE=3.5 eV by a helium ion
ggﬁg’;ﬁ nean:\’/%grpeefh;n\gllf(tg)agg :]S?na%?gtlﬁ:nfgir;hzflq;:? in the _state._ The first rowa) _shows(L,I):(0,0) _channel when
Coulomb wave function at a collision energz K2/2. The propagating with the a_symptotlc Coulomb potential; the other rows
energy spread of the incident wave packet is taken to b b), (€), and(d), respegtwely, showo, (.))’.(l’ .l)’ and(_2, Z)Channels-
AE/E=2/(kw) ~ 20%. The calculation is carried out for ini- he.n propagating with the full .CO||ISIOI’1 interaction. The density
tial target states afil=1s, 2s, 2p, 3s, 3p, and 31. The expan- profiles are plotted by contours in a logarithmic scale.

sions over. and! in Eg. (1) are truncated by 9. The TDCC rows with time[see(c,)—(c,)]. This represents an angular
equation(2) is stably solved with numerical techniques de- 9rows with time[ 2 4!' '+ P N gu
momentum transfer procese; +He"(2s) —e"+He"(2p). It

veloped in Ref[13]. Numerical accuracy has been demon-. : .
strated in previous work3,14. is found from the comparison @t,) with (a,) at a common

time t=350 that the peak position is slightly shifted toward
the left, which means a time delay due to the collision.
IIl. RESULTS AND DISCUSSION In the closed channe{2, 2, a hump is temporarily
) i i - . formed, retaining its shape as it appears, grows, decays, and
Figure 125hows the tlmt_a evolution of probability density disappears with timgsee(d;)—(d,)]. This is a manifestation
[gu(R,r, %, for the incomingS wave (L=0) atE=3.5eV o 5 quasistationary state associated with a resonance. The
with the target 8 state. This energy corresponds to the pre-gyient of the hump is consistent with averaged distances
dicted position of the loweh=1 resonance. The first row among the three particles calculated in R&f. The hump
(21)—(ay) in the figure shows free propagation taking thepas two ridges along~4 andR=r; the former comes from
asymptotic Coulomb potenti&™*; only the initial channel  yirual excitation of the helium ion, while the latter from
(L,1)=(0,0) is populated. The wave packet comes from theyirtyal formation of positronium. The positronium channel

right in panel(ay), reflects at the origin ita;) and(as), and  supports an attractive potential well due to the polarization
goes out to the right ifa,). In (a,) and(a;) are seen inter- force.

ference fringes of incoming and outgoing waves(dy, the Figure 2 shows the time profile of a flux
packet retains the incident Gaussian shape, though the spread
gets wider. _ 2
The other three rows in Fig. 1 show the propagation with At) = (B (O] (Rear D)%, (5)

full collision interaction R*-|R-r|™t. Panels(b;)—(b,)

and (cy)—(c,) indicate population in two open channels passing through a surface at a distanceRof- 80 into the
(L,1)=(0,0) and (1, 1), respectively, while(d;)—(d,) in a  two open channels=n’l’=2s and 2. The time delay found
closed channef2, 2). In the entrance channel, the interfer- in Figs. 1c,) and 1a,) for the (1, 1) channel is clearly con-
ence fringes appear ifb,) and(bs) the same as i) and  firmed in Fig. 2 as a peak shift betweég, andAy(free). It
(ag), though affected by the interaction in an internal regionis also found that the fluR,, is comparable in magnitude to
R<30. The outgoing packet is split into two parts as shownA(free) of free propagation, whilé\,,, having two humps,
in (by). In another open channél, 1), on the other hand, a is smaller tham\,(free) by one order. Note that the fluk
packet is generated in the interaction reg[eee(c;)] and is several orders of magnitude smaller thign(free).
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FIG. 2. Time profiles of a wave packetBt3.5 eV. Solid lines
representA¢(t) obtained from the TDCC calculation with E¢p),
while broken lines giveA(t) constructed from th& matrix (7) with
Eg. (10).

A time delay(); for an incident channel=nl is calcu-
lated from the difference of mean distan@E(t)|R|W(t)) at
sufficiently larget with full interaction and that with the
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diagonal element of the “lifetime matrixQ=—i(S'dS/de)
given by Smith[15]. Taking the Breit-Wigner resonance for-
mula for theS-matrix elementg16],

: iNTy s
— el(()i+ﬂf)(5_ + #) , 7
Sf(e) if ex—e—ir)\/Z (7)
we obtain a resonance formula for the time delay,
Iy dQ,
()i = N — (8)

+2 ,
(6, — €)%+ (I')/2)? de

wherel’y; is the partial width for channé] with a total width
given byI',=Z,T'y;, and(); is the background phase shift. As
shown in Ref[17], if ; varies rapidly around,, its effect

may appear to enhance and suppress the first term as if it
gave rise to a resonance behavior. For the convenience of
incorporating such a background contribution, we employ in
the present analysis an effective formula with an additional
parameter,

asymptotic Coulomb potential. Figure 3 shows the time de-

lays obtained fon=1 to 3 in the total energy region cov-

ering the two resonances predicted. The total energy is given

by e=E,+E, whereE, is the internal energy of thel-state
helium ion, i.e., E;=-54.423, E,=-13.606, and E;
=-6.047 eV. For the targetsistate, the delay indicates no

ar)‘i + Zd_\(ll,
(e, — €)%+ (I',/2)? de ’

(1= 9)

This expression is associated with the definition of resonance
as the maximum of the time delay. The form(@ais derived

sign of a resonance, almost zero and constant with the efl] from a Taylor expansion of the reciprocal of time delay

ergy. For the target states o 2nd 2, however, the time
delay has a maximum arour--10 eV (E~ 3.5 eV), close

to the positione; =—10.082 eV predicted for the lower reso-

around its peak positione,, (1) 1=ay+ay(e—e€)>+0((e
-¢€,)%). The zeroth and second order terms in the expansion
are converted into the resonance term of E®), while

nance. As the energy further increases, the delay decreas@$(e—e,)?) into the background term. The condition of inte-
and turns negative; no sign of a resonance is seen arournygr« would be further derived by imposing analyticity prop-
e,=—5.050 eV predicted for the higher resonance. For therties for theS-matrix elements.

target states of € 3p, and 3, however, the time delay
clearly indicates a peak arourag.

The analysis of the time delay is justified when the shape
of a wave packet is retained in the scattering, or equivalently

We determine the resonance parameters from the time devhen the energy spreaktk of a wave packet is smaller than

lays (7); calculated. For a wave packet injected in charinel

the resonance width’,. This condition is realized in our

and ejected in channé] the time delay can be represented astreatment as seen in Fig. 2, where the time profileAgf

d
n=rd i

with the S'matrix element;. Its average over final channels
leads to an expressidn); =S¢/, which is identical to a

(6)

20

- -
o w
T T

Time delay (a.u.)
v

Total energy (eV)

+A,, is similar to that ofA (free). The parameters,, T'),

I'yi, anda are determined by fitting the time delays in Fig. 3
with Eq. (9). The background contributiond()/de are
given by a polynomial ofe—¢, up to the first and second
orders for the lower and higher resonances, respectively. Ac-
curacies in the fitting are obtained to be better than 10%. The
background obtained is almost flat in the lower resonance
and slanting in the higher resonance.

Table | shows the resonance parameters determined in this
way. The present result is in good agreement with the previ-
ous results obtained in variational eigenenergy calculations
by Bhatia and Drachmaf6], by Ho [7], and by Toya, Kino,
and Kudo[9]. Note that the parameter values determined
may involve errors due to ambiguity in describing the back-
ground and due to the finite energy spread in the wave
packet. They are expected to be at most comparable to the

FIG. 3. Time delay of wave packets for positron scattering by€TOr accompanying by the parameter fitting. In the present

nl-state helium ions. Symbols §22p” and “3s+3p+3d” indicate

calculation, the sum of partial width3 s andI’; ,, accounts

the sums of the delays over the two and three states, respectivef@r the total widthI';, and similarly, the sum of; s, I' 3,

Solid lines represent fittings to the formy®). The left vertical axis
corresponds to the=1 and 2 states, while the right axis to the
=3 states.

andT’; 5 for I',. All the other partial widthd’; 15, ' 15, T'ap,
andI’; ps.3 (With respect to the positroniumsXkhanne) are
negligibly small. Hence, it is found that the lower and higher
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TABLE |. Resonance parameters: positigp total width T, and partial widthl'y ,,; for the nl channel

ineV.

€1 F1/2 € F2/2
Bhatia and Drachmafg] -9.93 -5.31
Ho [7] -10.082 1.761 -5.050 0.535
Toya, Kino, and Kudd9] -10.080 1.760 -5.050 0.536
Present work -10.14 1.85 -5.01 0.52

30=0.72,T; 15/2=0.00,T; /2=0.92,T; ,,/2=0.92.
baz0.40,F2‘]5/2=F2‘$/2=F2‘2p/2=F21p5:3/2:0.00,F2'$/2=0.16,F21a3/2:0.29,1_‘2'3(1/2:0.06.

resonances are dominantly coupled with w2 and 3 chan- The previous scattering calculation by Bransden, Noble,
nels, respectively. The coupling with the thannel is neg- and Whitehead11] exhibits a marked increase of the eigen-
ligible. This result is consistent with a previous studw] phase sum around the lower resonance in the form of an
for elastic scattering by the helium ion in the ground state; narctangent function, though the increase does not amount to
resonancelike behavior was discerned in the phase shift. The. These behaviors are consistent with the present result for
parameterx obtained is considerably smaller than unity for the time delays. The condition of an eigenphase increase of
both the resonances. If we fix=1 in the fitting procedure, 7 is too strict as an actual criterion of a resonance when the
we fail in reproducing the time delays within the polynomial background phase varies rapidly with energy.

expansion ofi(){ /de. Therefore, we consider that the maxi-

mum of the time delay is suppressed by a background con- IV. SUMMARY
tribution d();/de in Eq. (8) which seemingly takes a mini- e have presented a multichannel wave-packet analysis
mum near the resonance position. for the two Swave resonances in positron scattering by a

For confirmation, we construct the time profiles at thehelium ion. The time evolution of the wave packets shows
resonance positioe; shown in Fig. 2 from the Breit-Wigner pehaviors characteristic of resonances. The time delays are
formula(7) as calculated to determine the resonance positions as well as the

AL(D) = gL (R D)2 (10) total and partial widths. The position and total width are in
f kg7 A oo good agreement with those obtained in the previous eigenen-
with the asymptotic form of the outgoing wave ergy calculations. It is predicted that the two resonances can
be observed in positron scatterings upon excited helium ions,

; _ Sile) . iet the lower and higher resonances upon e and 3 states,
9o (R D)= f de a(e) Jkk' P (Re, (1D respectively. The method of analyzing the time delays dem-

— onstrated in the present study would have extensive applica-
wheree= En+ E= Enr+E, and klz\e‘JZE,. The coefficiema(e) tions to resonances.
is determined from the initial wave packe¢B) as a(e) Note added in proofA related work by Igarashi and Shi-
=(U (R) (1) | ¢y (R,r,t=0)) with the energy normalized mamura[18] was published. In this paper, they have calcu-
scattering functiony,, (R). The Smatrix elements in Eq11) lated the eigenphase sum and derived a resonance formula
are calculated with the formul&) using the resonance pa- (8) with the eigenphase theory.
rameters shown in Table I. The background phase shifts
are calculated with Eq$8) and(9). As seen from Fig. 2, the
profiles At obtained with Eq(10) reproduce the curves of e are grateful to Dr. Y. Toya and Dr. M. Kamimura for
Axy(free), Ay, andA,, obtained from the present TDCC cal- helpful discussion. N.Y. appreciates support by the Special
culation with Eq.(5). The remarkable asymmetry in size Postdoctoral Researchers Program of RIKEN. Y.K. wishes to
found between amplitudes,s andA,, is explained also with  acknowledge the Grant-in-Aid for Scientific Research, Min-
Eq. (7); [Sya(€)?=0 and [S,,,(e)|*=1, since 'y istry of Education and Culture, and the Inoue Foundation for
=I'y p=I1/2 andI'y 1s=0. Thus, the time profiles at the Science for their generous financial support. The computa-
resonance position are explained as a multichannel resonantien was partially carried out on the VPP5000 at JAERI and
described by Eq(7). the VPP700E at RIKEN.
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