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Autoionizing states of He: Projectile-velocity-dependent lifetime
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In this work, we study the dependence of the lifetime (t) of an autoionizing state with the velocity (vP) of
an ionic projectile of chargeZ. We use a C2 model to represent the final state of the autoionized electron in the
continuum of two centers. Explicit calculations for the helium autoionizing states 2s2(1S), 2p2(1D), and
2s2p(1P) are analyzed. We evaluate the decay law for the metastable initial state and find thatt increases as
the projectile becomes faster and converges to the photoionization lifetime for high impact energies. A scaling
law for t is obtained in terms of the Sommerfeld parameter (Z/vP). Finally, we evaluate the transition
probability for the autoionized electron and show that the mean half-width of the focusing peak decreases asvP

increases.
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I. INTRODUCTION

In the past few years, the theoretical description of
autoionization process has been improved by several s
classical and quantum models@1–6#. The atomic autoioniz-
ation process by ion impact consists of a two-step proc
The first one is the excitation of an atom by a heavy proj
tile. The second is the decay of the excited state and
emission of an electron to the continuum. The first mo
proposed to describe this effect was presented by Barker
Berry @7#, based on phenomenological grounds. In th
work, they studied the SDCS as a function of the autoioni
electron energy. They observed that as the projectile ener
are lowered, the autoionization peak shapes become w
and more asymmetric. This could be linked to the fact tha
wider peak shape is related with a shorter lifetime of
excited state. The first quantum-mechanical model was
veloped by Devdarianiet al. @1# and neglects the interactio
between the autoionized electron and the projectile, this
teraction being represented by a plane wave. This appr
mation implies that the projectile modifies the energy but
no influence on the trajectory of the emitted electron. T
model is not consistent since, due to its infinite range,
electron-projectile Coulomb interaction does not vanish
large distances. The eikonal model proposed by Morgens
et al. @2# preserves a logarithmic distortion to represent
electron-projectile interaction in an asymptotic form. A
though it introduces more information about the postco
sional interaction than the previous model, the angular
tribution predicted by this model was incorrect for sm
angles in momentum space of the autoionized electron. B
rachina and Macek have shown that their continu
distored-wave~CDW! model @3#, representing the electron
projectile interaction with a Kummer function, contains pr
vious models as particular cases in different regions of
velocity space. Furthermore, this model successfully p
dicted the existence of a sharp enhancement in the inten
profile for electrons ejected at zero angle. The electrons e
ted at small angles are in the continuum of two centers
become focused by the field of the projectile. That is to s
1050-2947/2001/63~2!/022713~6!/$15.00 63 0227
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this model predicts that the postcollisional interaction of t
projectile does affect the trajectories of the autoionized e
trons. This behavior, known asCoulomb focusing, was ob-
served experimentally by Swensonet al. in 1989 @8#. Other
authors studied the Stark effect for the autoionizing state
helium @4,5#. In their works, they explore the fact that
low-energy projectile~below 10 keV for He1-He) could ex-
cite an atom not to a definite state but to a mixture of exci
states.

The transition amplitude for the autoionization proce
can be written as@9#

b~a,t !52 i E
0

t

dt8ei (E2E0)t82*0
t8dt9[G(vP ,t9)/2]t8 i (Z/vp)

3 K aU 1

r 12
Uw i L , ~1!

where

G~vP ,t !

2
5pE dVFvU K aU 1

r 12
Uw i L U2G

v5A2E0

. ~2!

Here E0 represents the resonant energy,Z the projectile
charge,vP the projectile velocity, 1/r 12 represents the inter
electronic repulsion that is considered as perturbation,w i is
the autoionizing state, anda is the final state consisting of a
electron in the continuum and the other one in a bound st
The solid angle element of the integral isdV5sinu du df,
whereu is the angle between the projectile velocity vect
vP and the autoionized electron velocity vectorv. The photo-
ionization values forG are used in the CDW model. TheG is
related to the inverse of the lifetime of the autoionizing st
and is assumed independent of the projectile. However,
emitted electron is in a continuum state of two ionic cent
and, therefore, the lifetime of the discrete initial state m
depend on the projectile velocity. That is not taken into a
count in former models. In this paper, we work out the re
tion between two center functions and excited-state lifetim
The autoionizing initial state could be represented by pr
ucts of hydrogeniclike functions@10# with effective charges.
©2001 The American Physical Society13-1
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The hydrogenic one-electron wave functions are a good
proximation at intermediate distances from the nucleus
these functions are assumed to be orthogonal due to
small difference between the self-consistent fields for the
tial and final configurations. The final-state wave functi
depends on the approximation taken for the kinetic-ene
operator. The C2 functionua t&uap&, i.e., a product of con-
tinuum wave functions centered in the target and projec
is the solution corresponding to an uncorrelated proble
That is to say, it considers the final state of an electron in
centers as the product of two wave functions, each one b
a solution of a two-body Coulomb problem. More elabora
wave functions can be proposed as expansions in term
Kummer functions to represent the electron in the continu
of both target and projectile. For these expansions, the
function becomes the zero-order term as has been prove
Gasaneoet al. @11#. Their F2 model leads to a two-variabl
confluent hypergeometric function, which gives a kinema
cally correlated picture of an electron in the continuum
two centers. Such functions seem to be a good way to in
duce the information contained in the nondiagonal kine
energy, usually neglected. In this work, using
independent-particle model, we consider the autoioniz
processes for He1 colliding with He in the intermediate
metastable states 2s2(1S),2p2(1D),2s2p(1P).

To represent the final continuum state of the ejected e
tron, we use an uncorrelated C2 model. In Sec. II, we su
marize the main calculations that have been performed
obtain the time integral ofG. The main contributions to the
time-dependent transition amplitude are shown for the th
autoionizing states studied. In Sec. III, some conclusions
outlooks are drawn. Possible implications of the introduct
of a correlated wave function for the final state of the a
toionized electron are also mentioned. Atomic units are u
unless otherwise stated.

II. THE C2 MODEL

The important advance given by the C2 model consist
the better description of the angular distribution of the a
toionized electrons, as we have already pointed out in
Introduction. Our main objective is to investigate the po
sible dependence of the lifetime of an excited state with
projectile velocity. For that reason, in this section we cal
late the transition matrices needed to obtain an expressio
the time integral ofG that appears in Eq.~1!. From Eq.~2!,

G~vP ,t !

2
5pE dVA2E0uA0u2@ uapu2#v5A2E0

,

~3!

uA0u25FU K a tU 1

r 12
Uw i L U2G

v5A2E0

,

where, in an impact parameter approximation@3#,

ap5e(pZ/2v8)GS 11
iZ

v8
D 1F1F2 i

Z

v8
,1,2 i ~vPv82vP•v8!tG

~4!
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andv8 is the velocity of the electron relative to the projectil
In Eq. ~4!, a peaking approximation has been perform

since the integrand of the matrix element^a tu1/r 12uw i& is
strongly confined to the vicinity of the target nucleus@3#.

For the three excited states, Eq.~3! should reduce to the
known photoionization valuesGph when one setsZ50. To
calculate the transition matrix elements, we propose
wave functions

wn1 ,n2
~r1 ,r2!5fn1

~l,r1!fn2
~l,r2!, ~5!

wherefni
(l,r j ) is a hydrogenic wave function with effec

tive chargel. For the 2s2p(1P) state, we use the wav
function

w2s,2p~r1 ,r2!5
1

A2
$f2s~l,r1!f2p~b,r2!

1f2s~l,r2!f2p~b,r1!%. ~6!

Although more elaborate wave functions could be used
these calculations, they notably simplify the analytical wo
to be performed giving the main features of the proce
Following Kostrounet al. @10#, we perform the analytica
calculation of^a tu1/r 12uw i&, writing ^a tu as an expansion in
partial waves. This is just the two-body Coulomb wave fun
tion expanded in partial waves@12#. Then, in order to calcu-
late the matrix elements, we must perform an integral
radial coordinatesr 1 and r 2 and an angular integral involv
ing u1 , f1 , u2, and f2. The angular integral could be
written in terms of the Clebsch-Gordan coefficients, whi
restrict the possible values for the quantum numbers.

The integrals in Eq.~3! are performed numerically. Fo
the three excited states, we assume that the effective ch
of the target seen by the electron once ionized isZT* 51 and
choose thel value that yields the experimentalGph when the
projectile charge is turned off (Z50). As a result, we obtain
l51.5055 for the 2s2(1S) state,l51.3425 for the 2p2(1D)
states, andl51.565 andb51 for the 2s2p(1P) state.

The values used forE0 are 1.224, 1.297, and 1.307 a.
and forGph they are 0.005 07, 0.002 65, and 0.0014 a.u., e
one corresponding, respectively, to 2s2(1S), 2p2(1D), and
2s2p(1P) @5#.

Now we consider the decay law for the metastable ato
states:

bi~vP ,t !5expS 2E
0

t

dt8
G~vP ,t8!

2 D . ~7!

The valueubi(vP ,t)u2 represents the probability that th
electron stays in the excited state at timet. For t50, bi(0)
51 and the system is in the corresponding excited state
Fig. 1, we have plottedubi(vP ,t)u2 as a function of time. As
can be seen when the autoionized electron-projectile inte
tion is taken into account, the continuum states are popula
more rapidly than in the photoionization case. That is to s
the timet that ubi(vP ,t)u2 takes to decay to the valuee21 is
shorter when the autoionized electron-projectile interact
is considered. When the projectile velocity is increment
3-2
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the collision time is shorter and the results become close
the photoionization ones. In the limitvP→`, the photoion-
ization curves are recovered. In Table I, thet values are
given for the three autoionizing states and are compared
the photoionization ones. In Fig. 2, we plott as a function of
the Sommerfeld parameterZ/vP for the three autoionizing
states studied. ThevP values are varied between 0.1 a.u.~1
keV for He1) and 0.4 a.u.~16 keV for He1), and we con-
siderZ an integer number between 0 and 6. ForZ/vP50, we
recover the photoionization valuestph5Gph

21 . This case cor-
responds toZp50 or vP→`, and represents null interactio
between the projectile and the autoionized electron. As
quotient value increases, thet values decrease as show
giving a clear picture of how slow projectiles modify th
lifetime of the excited states.

FIG. 1. ubi(vP ,t)u2 as function of time for the three autoionizin
states studied.~a! 2s2(1S); ~b! 2p2(1D); ~c! 2s2p(1P). In all
cases: dot-line, forEprojectile55 keV; dash-dot-line, forEprojectile

515 keV. Solid line, exp(2Gpht). HereZ51.

TABLE I. Mean lifetime of initial states, i.e., time values t
obtain ubi(vP ,t)u25e21.

t
vP ~a.u.! E ~keV! 2s2(1S) 2p2(1D) 2s2p(1P)

0.220 5 183 360 676
0.316 10 186 363 682
0.387 15 187 364 684

Photoionization 197.23 377.35 714.285
02271
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A scaling law of t with Z/vP can be obtained with a
nonlinear fitting procedure. We proposed

t5aFZp

vP
Gb

1c ~8!

with fitting parametersa,b. Thec value is taken equal totph
such that forZ/vP50 one recoverst5tph. In Table II, the
a, b, andc values are given for the three autoionizing sta
studied, and they give the best fitting tot. The errors asso-
ciated with the fitting parameters in Eq.~8! are of about
62% for a and61% for b.

The autoionization probability is obtained by a furth
numerical integration of Eq.~1!. In Fig. 3, we show
ub(vP ,a)u2 as a function of the autoionizing electron velo
ity at 0° for the 2s2(1S) state. There, we plot the focusin

FIG. 2. Timet as a function ofZ/vP for the three autoionizing
states. Three He1 projectile incident energies are identified: circl
5 keV; square, 10 keV; up-triangle, 15 keV.

TABLE II. Fitting parameters from Eq.~8!, obtained to get the
best fitting oft as a function ofZ/vP .

Fit. Par. 2s2(1S) 2p2(1D) 2s2p(1P)

a 25.623 27.283 216.379
b 0.673 0.664 0.644
c 197.230 377.350 714.285
3-3
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peak at three different collision energies. As can be seen
lower energies the intensity of the peak decreases and the
width at half maximum of the peak increases. However,
main effect is not produced by the dependence ofG with vP .
To analyze this situation, we evaluate the transition am
tude for the autoionization process by noting that it is p
sible a linear fit for long times:

E
0

t

dt8G~vP ,t8!5A~vP!1Gpht. ~9!

This can be easily included in Eq.~1!, incorporating the pro-
jectile velocity dependence inA. Some values obtained forA
from Eq. ~9! are listed in Table III for the three autoionize
states studied.

The transition amplitude obtained from Eq.~1! consider-
ing Eq. ~9! remains:

b~vP ,a!52 ie2A(vP)/2E
0

`

dt8

3ei (E2E0)t82(Gph/2)t8t8 i (Z/vp)K aU 1

r 12
Uw i L .

~10!

FIG. 3. Autoinization probabilityub(vP ,a)u2 as a function ofv
for the 2s2(1S) state. Lines as in Fig. 1.

TABLE III. Values for A(vP) as given by Eq.~9! as a function
of the projectile velocity for the three helium autoionizing sta
studied.

A(vP)
vP ~a.u.! E ~keV! 2s2(1S) 2p2(1D) 2s2p(1P)

0.22 5 0.121 0.085 0.084
0.27 7.5 0.105 0.074 0.073
0.32 10 0.096 0.069 0.067
0.38 15 0.087 0.063 0.061
0.54 30 0.081 0.058 0.056
02271
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This is equivalent to the results of previous models, exc
by a multiplying factore2A(vP), which modulates the inten
sity profiles for different projectile velocities. Figure 4 show
the dependence ofe2A(vP) with the projectile velocity. The
range of projectile energies studied was between 5 keV
15 keV. As can be seen, this quantity varies smoothly w
the projectile velocity for the three excited states andA→0
when vP→`. The state 2s2(1S) seems to be the more a
fected one by the action of the projectile. This could be d
to the fact that we carry on a zero impact parameter appr
mation and the 2s2(1S) state is located closer to the targ
nucleus than the other states.

Now we can consider again Fig. 3. ThevP dependence of
the mean life of the initial metastable state gives a sm
multiplicative correction to the curves, as observed from F
4. The final-state three-body function used in the evaluat
of the interaction matrix determines the main dependenc
the peak withvP .

We analyze the angular distributions by defining, follow
ing Cordrey and Macek@5#,

w~vP ,V!5E
0

`

b* ~vP ,a!b~vP ,a!dE, ~11!

which is proportional to the cross sectionds/dV and E
5v2/2. We extend the lower integration limit to2`, prov-
ing that forE,0, b(a)50. Performing a peaking approxi
mation v5va5A2 E0, only a common factor exp(iEt
2iEt8) remains under the energy integral. With

E
2`

`

eiE(t2t8)dE52pd~ t2t8!,

Eq. ~11! remains,

FIG. 4. Factore2A(vP) as a function of the projectile velocity
vP , corresponding to the range of projectile energies~5 keV–15
keV! for the three autoionizing states studied: square, 2s2(1S);
circle, 2p2(1D); triangle, 2s2p(1P).
3-4
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w~vP ,V!52puA0u2UGS 12
Z

va8
D U2

ep(Z/va8)E
0

`

e2*0
t G(vP ,t8)dt8

3 1F1S i
Z

va8
,1,i dat D 1F1S 2 i

Z

va8
,1,2 i dat D dt,

~12!

where va85@va
21vP

2 22vPva cos(u)#1/2 and da5vPva8
2vP•va8 . With Eq. ~11!, we can write Eq.~12! in terms of
the Gauss hypergeometric function2F1(a,b,c,z) as follows
@13#:

w~vP ,V!52p
uA0u2

Gph

pZ

va8 sinh~p Z/va8!

3e2A(vP)e(Z/va8)[p22 arctan(da /Gph)]

3 2F1S i
Z

va8
,2 i

Z

va8
,1,

da
2

da
21Gph

2 D . ~13!

Other than by the exponential factor, this expression is id
tical to that given by former models. The correction to t
shape of the angular distribution is independent of the p
jectile velocity.

The electron velocity distribution is determined by

F~v,vP!5E dVub~vP ,a!u2, ~14!

wheredV52p sinu du. This quantity is proportional to the
SDCS in energy. In Fig. 5, we showF(v,vP) as a function
of the autoionized electron velocity. As can be seen,
lower energies the profile of the peak becomes more as
metric and wider, in agreement with the observations
Barker and Berry.

FIG. 5. F(v,vP) as a function ofv. The He1 projectile incident
energies are solid line, 15 keV; dash-dot-line, 10 keV; dot-line
keV.
02271
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III. CONCLUSIONS AND OUTLOOK

In this work, we have studied the autoionization of He
ion impact. We have focused our attention on the influen
of a He1 projectile in the properties of the autoionizin
states 2s2(1S), 2p2(1D), and 2s2p(1P). We make use of a
CDW model, where the final state is described by a tw
center Coulomb wave function. The autoionizing states
two bound electrons were modeled by a simple symmetri
hydrogenic wave function with effective charges. They ha
been selected to give the correctGph value when the projec-
tile charge is turned off.

We have found that the lifetime of the states is modifi
by the projectile leaving the collision region. The lifetim
decreases when the velocity of the projectile decreases.
thermore, when the strength of the electron-projectile int
action increases, i.e.,Zp increases, the lifetime also de
creases. This fact can be easily understood: the proje
pulls the electron into the continuum more quickly~in a
faster way! when the collision time is larger, that is to sa
when the velocityvp is small. The same effect can be o
tained by a projectile with a higher charge. A suitable way
represent the combination of these two effects is to plot
lifetime of each state against the Sommerfeld param
Zp /vp . We have found that the lifetimes follow a univers
power law,t}(Zp /vp)b, with this Sommerfeld paramete
This scaling is useful to predict the behavior of autoionizi
states in more general situations that are frequently har
obtain experimentally. The limiting casesZp→0 and/orvp
→` are also correctly described by our model. We note t
our results agree with the lower lifetime values proposed
Morgensternet al. from a fitting procedure using the life
times of the autoionizing states as fitting parameters@14#.
We have also found that, for long times, an exponential f
tor modulates the transition amplitude of the collision. Th
factor has a smooth variation with the projectile energy. T
could be important when taking into account the interferen
between different autoionizing states and with direct ioni
tion, for comparison with experimental DDCS. We wou
like to point out that these results become more relevant
projectiles of very low energy where the Stark effect sho
be considered. Their inclusion in a model such as the
developed by Miraglia and Macek@4# or Cordrey and Macek
@5# as cited above could be directly performed.

We have obtained the transition amplitudes by numer
integration for the 2s2(1S) state. We have shown that fo
lower energies the profile of the focusing peak becom
lower and wider, in agreement with the results of Barker a
Berry @7#.

Finally, we should note that the use of more sophistica
initial states~that keep the correctGph values when the pro-
jectile charge is set to zero! and/or the introduction of a
correlated two-center wave function to represent the auto
ized electron could give even shorter lifetimes than the o
obtained in this work@14#.
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