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Accurate evaluation of multiple-excitation cross sections from one-electron amplitudes
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We show that a theory that neglects dynamic correlation in ion-atom colligibesfrozen correlation
approximation FCA) is able to provide accurate multiple-excitation cross sections from one-electron ampli-
tudes. Important requirements for the success of the FCAi aimclusion of correlation in both the initial and
final states, andi) inclusion of screening effects during the collision. We find an excellent agreement between
fully correlated and FCA results for double excitation of He by bare ions, thus showing that the FCA can be
efficiently used in the evaluation of multiple-excitation cross sections when fully correlated calculations are not
accessible[S1050-2947©7)02103-3

PACS numbds): 34.10+x, 34.50.Fa

I. INTRODUCTION cepts being based on physical intuition, it has not been until
very recently that dynamic correlation has been quantita-
The study of multiple-excitation processes in ion-atomtively evaluated. In a recent wofl6,7] we have introduced
collisions raises the question of how the electron-electrorthe frozen correlation approximatidfCA), which freezes
interactionV, can be treated in dynamical problems. Fully electron correlation during the collision, thus allowing one to
correlated theories are very involved and have only beestate the role of dynamical correlation by comparing with
applied to two-electron problems. For example, the forcedully correlated results. In that work we have shown that,
impulse method[1] and the discretized close-coupling irrespective of how important correlation is to describe the
method[2,3] have been used to study double ionization andnitial and final statesy,. does not play a significant role in
double excitation of He by ion impact, and have providedthe dynamics whem,<t.,,. This is very attractive since,
cross sections in good agreement with the experimental oneis the FCA, many-electron transition amplitudes are obtained
However, it is clear that, for more complex systems, electrorfrom one-electron amplitudes and therefore multiple-
correlation has to be approximated in some way to makexcitation cross sections can be obtained when it is hard to
calculations accessible. The simplest solution is given by these fully correlated theories.
independent electron moddEM) in which electron corre- Our previous calculations using the FCA were aimed at
lation is neglected in the description of the initial and finalillustrating the role ofV,, in the dynamics and therefore
states as well as in the dynami@cording to the common were performed by freezing the whole electron-electron in-
Hartree-Fock language and at variance with our previougeractionV,,. However, we have indicated Jii] that a more
works we will call in this paper electron correlation the non- general(but equally simplg FCA can be set up by freezing
separable part o¥..). The simple picture provided by the part of V. only. For instance, one can account in the uncor-
IEM is inadequate when electron correlation cannot be nerelated propagator for screening effects in the dynamics that
glected in the initial and/or final states, as for double excitawould be neglected if the wholé,, was frozen. By doing
tion of the targef2]. Therefore, it is of practical and concep- so, the FCA may provide a much better description of the
tual interest to go beyond the IEM and include the relevanprocess while keeping its simplicity: the expression of many-
part of the electron-electron interaction while preserving theslectron amplitudes in terms of one-electron amplitudes. It
simplification that arises when electron correlation plays acontains the usual IEM as a particular case but goes beyond
negligible role in the dynamics. the latter because the former includes electron correlation in
A first attempt to understand the role of electron correla-the initial and final states. Thus it can be applied to the study
tion during the collision was made by McGuifd], who  of multiple excitation and ionization where electron correla-
called scattering correlationthe nonseparable two-electron tion cannot be neglected in the initial and/or final state. In the
contributions to the evolution operator. In contrast, he callechresent paper we show how this generalization of the FCA is
static correlationthat part related exclusively to the initial in fact a very efficient and simple way to obtain accurate
and final states. Stolterfolif] suggested that dynamic cor- cross sections for multiple-electron processes. In order to
relation may be negligible when the collision tinig, is  show its accuracy one has to compare with fully correlated
much smaller than the correlation tinig,,. All these con- calculations, which are only available for two-electron sys-
tems. Our generalization of the FCA is applied to double
excitation of He for which fully correlated results are avail-
*Permanent address: Departamento den@a C-9, Universidad able[2,3]. In Sec. Il we briefly summarize the FCA, paying
Autonoma de Madrid, 28049-Madrid, Spain. particular attention to the extension proposed7h In Sec.
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[l we compare our results with those obtained from fully We have shown that this approximation is valid when

correlated theories. teon/teor<<1 [7] so that it will be a reasonable approximation
Atomic units are used throughout unless otherwise specwhen the typical time associated with the action of the pro-
fied. jectile target interaction is much shorter than the time re-
quired forW to produce an appreciable change in the evolu-

Il. THEORY tion of the system during the collision. The approximate

. . transition amplitude to a given final st is
We work in the framework of the impact parameter P g otk

method. We anIHo the Hamiltonian of thg isc_)Iated target tie=lim  lim <'J/f|'ﬁ(tf ati)|"Zi>- (10)
and V(t) the interaction between the projectile and target toe tj—0

electrons. We cally,, the eigenfunction o, with eigenen-

ergyE,,. For the sake of simplicity, we work in the interme- Therefore electron correlation is fully included in the de-
diate picture and any quantity in this picture will be labeledscription of the initial and final states, but it does not appear

with a tilde. We have to solve the time-dependent Schroin the evolution of the system. This is equivalent to freezing
dinger equation correlation during the collision as discussed .

The operatoti(t;,t;) is theexactevolution operator for a

i _i cd)~ problem in whichW is zero and thus verifieal properties of
eotv(t)e Mol —i dt i(1)=0 (1) an exact evolution operator. In particular, the transition am-
plitude (10) is invariant under a change in time origin. The
with the initial condition latter property is demonstrated in the Appendix.
~ - In the FCA, many-electron transition amplitudes can be
lim W;(t)=¢; . (2)  written in terms of one-electron transition amplitudes. In-
tome deed, the eigenstates bf are products of one-electron or-
The exact solution of E¢1) can be written as bitals ¢;, and the many-electron basis functiogis can be
_ _ _ _ _ expressed in terms of these as
Ti()=U(t,t")P(t")= lim U(t,t")y;, (3)
o l//n:jl;:s Aje...sP| Pk Ps- (13)

where the evolution operatmj(t,t’) satisfies

d Under the action ofi(t,t;) the previous form is conserved
i—U(t,t')=eotv(t)e HotU(t,t"). (4)  during the collision because can be written as a product of
dt one-electron operators. Therefore, the one-electron orbitals
evolve in time(because of the interaction with the projectile
whereas the coefficients) .. . are time independerifrozen
correlation). From Eq.(10) it follows that the transition am-
Vo= W, + W, (5)  Plitude between initial and final correlated states can be writ-
ten in terms of one-electron amplitudag :

Now, we write the electron-electron interaction potential
Vee @s the sum of two terms:

whereW; is a sum of one-electron operators

tig= E a}kwsalfm- ..t&j18km" " " Bst- (12
lezi v; (6) ik STm- .t

Then, in practice, one only needs to perform one-electron
andW is a nonseparable operator. We can defivigas an  calculations to evaluate the many-electron amplitude.
averaged screening potential whereas the compleént  The first order of perturbation theory far yields the
corresponds to what we call correlation. In this work we useBorn-FCA approximation, which is obviously not equivalent
for v; an analytical fit of the Hartree-Fock potential corre- to the exact Born approximation obtained from the first order
sponding to the ground state of the targzge Sec. I). We  of pertubation theory t&J. This is not a shortcoming of the
define a new target Hamiltoniam, in which W (the non-  FCA theory. As we have clearly stated in our derivatidh
separable part of the electron-electron interagtitnex-  the FCA makes no assumption on tteengthof W but only
cluded: on its characteristic timé,q; (teon/teor<<1). The Born ap-

hoe Ho— W @ proximation is only valid whenV is weak. Therefore, the
oo T Born FCA is valid if both Wis weak andt.q;/teor<1. In
The corresponding evolution operaiift,t’) satisfies other terms, the Born-FCA approximation is the form taken
by the Born approximation whetq /t;o,<1.
d_ ot Cihtmre o Reading et al. [8] have correctly remarked that when
Iputt)=etov(e Tou(t,t’). @  w,=0 (e, W=V, the Born-FCA approximation may
give a transition probability decreasing at large impact pa-
The frozen correlation approximation consists in replacingametersp like 1/p? (thus yielding a divergent total cross
the exact evolution operatts defined in Eq.(4) by U: section in strong disagreement with the exact resirtlud-
_ ing correlation in the dynamigsWhat this statement means
U(t,t")—u(t,t’). 9 is that, wherW=V,,, the conditiont.y /t.,r<1 may break
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] ——————rrr lIl. RESULTS

We apply the above formalism to double excitation of He.
We concentrate here on the first singlet resonance
158(2s?), located around an electron energy of 33 eV. The
fully correlated close-coupling results used for comparison in
this work have been reported previoufBj so that they will
not be discussed in detail here. For the present study it is
enough to recall that electron correlation was included in the
initial and final states, as well as in all the intermediate states
of the basis expansion. Also the exact correlated two-
electron Hamiltonian was used to solve the time-dependent
Schralinger equation. Calculations in the FCA have been
performed in the same subspace as the fully correlated ones
in order to get a meaningful comparis¢see[9]). The ex-
plicit analytical form of the one-electron screened potential
used in the definition oW, in Eq. (6) is [10]

Probability

0.1 1 10

1
Impact parameter (a.u.) Vit T F(l"' ar)e A1, (13
I 1

FIG. 1. Excitation probability of the'S*(2s?) doubly excited  wherea=1.665 and3=3.36. This potential is almost iden-
state of He by 2-MeV protons as a function of impact parameteriica| to the exact Hartree-Fock one and has the advantage
Full curve, calculatlo_ns |nclud|_ng (_:iynamlc correlation; dashedinat all matrix elements can be evaluated analytically.
curve, frozen correlat_lon approx_lmat.lon Wit =V .—W,; dotted We give in Fig. 1 the transition probability to the
curve, frozen correlation approximation witi=V . 1Se(252) doubly excited state by impact of 2 MeV protons,

obtained from the FCA witW =V .—W,. Comparison with
down at large impact parameters. It brings the interestinghe fully correlated results and those obtained Wik V¢,
conclusion tha¥., may not be neglected entirely in the dy- (i.e., when the whole electron-electron interactigy is fro-
namics at large impact parametéasid certainly not that the zen shows a significant improvement in the region of large
FCA suffers from any basic inconsistencyt does not in- impact parameters. Similarly, we have found an improve-
validate either the FCA as a reference calculation whernent for the'P°(2s2p) and *D®(2p?) resonances. As ex-
W=V,, since transitions in multiple processes take placePlained in Sec. I, our approximation consists in allowing for
usually over a limited range of impact parameters. For ex{he effect of screeningW,) in the dynamics but not for a
ample, we give in Fig. 1 the excitation probability of the Modification ofW, caused by the time evolution of the sys-
2s21s® doubly excited state of He as a function of impacttem' This is consistent with our choice \f; as the Hartree-

parameter. In our close-coupling FCA calculations, we wor ock potential of the initial s‘gate. The excellent agreement
in a finite space such that the total cross section does n tween the FCA results obtained with=V,.— W, and the

diverge even folW=V,,. Still one can see that the relative ully correlated onées confirms tTeevahdzlty of this choice. In
. . : the case of the'P°(2s2p) and 'D(2p?) resonances, the
error in the FCA is much larger at large impact parameters . )
%greement with the fully correlated results at large impact

with no significan n n n | cr ions sin . .
.t 0 signitica th sequence o tOt"’.‘ cross sectio 1S SINCE rameters is less remarkable than in the case of the
this large relative difference appears in a range of impac

. - S°(2s?) resonance, indicating that the evolution in time of
parameters that contributes negligibly to the total cross segy,q screening plays a more important role. As mentioned

tion (only the use of a logarithmic scale in Fig. 1 allows one44ve this is not important to obtain accurate cross sections
to see such a discrepancy at large impact parametars phecayse the contribution of large impact parameters is neg-
similar result has been noted by Readieigal. [8] for the  jigible. These results show not only that double excitation
case of double ionization. does not require dynamic correlation in the corresponding
A sensible choice oV, will ensure that the FCA behaves energy range, in agreement with our previous findif&g],
correctly at large impact parameters. So, for the calculatiomyt also that the FCA is a useful alternative to fully corre-
of multiple processes, it is clearly advisable to use a nonzergted calculations.
W; not only to increase the accuracy in the transition prob- Experimentally, double excitation shows up as a reso-
ability at finite impact parameters but also to avoid any dif-nance effect in the spectrum of electrons ejected from the
ficulty in the evaluation of total cross sections. In othertarget. The electron yield as a function of electron energy
terms, W; should be chosen so that the conditionshows a characteristic structure above a smooth background
tean/teon<1 be verified even at large impact parametersthat can be fitted for each resonance by
teorr DEING associated with the particular correlation potential
W resulting from a given choice dV;. We will see in the Y(e):[A(lz)e—i— B(R)]/(1+ €), (14
following section that, in practice, results are not very sensi-
tive to W, in the region of short impact parameters, so thatwheree=2(Eq—E,)/T',, E, andI'; are the resonance posi-
the Hartree-Fock potential of the initial state may be thetion and width, ancE, is the electron energy. The param-
easiest choice. etersA and B (Shore parameterdepend on the electron
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FIG. 2. Shore parameters for excitation of th&°(2s) reso- FIG. 3. lonization cross section for the ejection of a 33-eV elec-

nance of He bya) 150-keV andb) 2-MeV protons as a function of  tron from He by(a) 150-keV and(b) 2-MeV protons as a function
electron ejection angle. Full curve, calculations including dynamicof electron ejection angle. Full curve: calculations including dy-
correlation; dashed curve, frozen correlation approximation withhamic correlation; dashed curve: frozen correlation approximation
W=V~ W;; dotted curve, frozen correlation approximation with with W=V,.—W,; dotted curve: frozen correlation approximation
W=Vee. with W=V .

ejection directionk and characterize the shape of the resoforward and the backward directions for tiBe parameter
nance(in particular, the asymmetry is determined by the ra-have practically disappeared in the new FCA results. Calcu-
tio A/B). The resonance shag#4) corresponds to an inter- lations for 2-MeV projectile ions with charge up #-=9
ference pattern involving the effect of electron correlationshow the same kind of agreement.

over a time much larger than,, . In Fig. 2 we show the The same conclusions hold for the ionization cross sec-
Shore parameter and B corresponding to theS¥(2s?) tions shown in Fig. 3. The agreement between our new FCA
resonance of He excited by 150-keV and 2-MeV protonsyesults and the fully correlated ones is excellent above 150-
obtained with the FCA and fully correlated calculations. ItkeV impact energies. In particular, the new results agree very
can be observed that the agreement at 2 MeV is excellent andell with the fully correlated ones in the forward and back-
remains very good down to 150-keV impact energy. Forward directions. As shown in Fig(B), this is not the case of
comparison, the figure also includes our previous FCA rethe FCA results obtained by freezing the whole electron-
sults obtained withW=V,, at 2 MeV [6,7]. Notice that electron interactiorV.. In Ref.[7] the difference between
agreement between the latter and the fully correlated resulthe latter FCA results and the fully correlated ones in the
was already very good and that the small discrepancies in tHerward and backward directions was attributed to a poor
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representation of dynamical screening effects when the ACKNOWLEDGMENTS
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IV. CONCLUSION

. . . . APPENDIX
The frozen correlation approximatidRCA) was first in-

troduced in[6,7] to provide a reference calculation in which ~ Here we show that the FCA transition amplitudes are in-
dynamic correlation is neglected and accordingly the whole/ariant under a change of time origin. Let us define an op-
electron-electron interactio., was neglected during the eratorT that shifts the origin of time by:

coll|§|on. Th|s'led us to the interesting conclusu_)n that' dy- Tx(t)=x(t+6). (A1)
namic correlation does not play a significant role in multiple-

excitation processes at high impact energies. In this paper wehen we write

have gone a step further by incorporating screening effects ~ ~ ~ N

during the collision. Since screening effects are usually re- (elate 1)) =yl T'TUCL ) T T ) (A2)
produced by a separable average poterwa| this means T AT

that only the nonseparable potentifli=\V,.—W; is associ- (e TUCe ) T 4hy), (A3)
ated to correlation effects. This definition of correlation, where we have use@T'=1 and the fact thaty; ; do not
which is in accordance with the usual one of t_he_ Hartree-depend on time, i-e-T% fEEi . Now |

Fock language, leads to a much better description of the o
collision process in the region of large impact parameters. TU(te t) TT=TU(t+ 5,8+ ) (A4)

Our results for double excitation and ionization of He by ion is the evolution operator corresponding to the new time ofi-
impact are excellent illustrations of this: transition probabili- P P 9

ties and cross sections obtained by freeziiginstead of gin. Consequently, EQ(A3) proves the invariance of the

| he full lated in th transition amplitude defined in E¢LO). Note that the proof
Vee are very close to the fully correlated ones. As in thejg gyraightforward in the intermediate representation because
original FCA[6,7], the many-electron transition amplitudes e evolution associated 1, is not included in the asymp-

obtained in this way can be written as linear combinations ofgtic statedsee Eqs(1) and (2)]. Of course, a similatbut
products of one-electron amplitudes. This result is comigngey proof can be obtained in the Sckifnger representa-
pletely general, i.e., it is independent on the particular formign.

of the screening potential, provided the latter is written as a Readinget al. [8] have incorrectly stated that the FCA is
sum of one-electron potentials. This is interesting in view ofnot invariant under such a transformation. In fact, they find a
future applications to more complicated systems that are napurious phase factor for any exact evolution operator be-
accessible by current fully correlated theories. The only incause, when they shift the time origin, they use asymptotic
formation required to apply the FCA {§) the configuration- states referred to the unshifted time orifs@e Eqs(13) and
mixing coefficients for both the initial and final states, and(15) of [8]]. As a consequence, the initial conditions they use
(i) the one-electron transition amplitudes between the correfor two different frames do not correspond to the same prob-

sponding orbital§see Eq.(12)]. lem.
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