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Time correlation in two-electron transitions produced in fast collisions of atoms
with matter and light
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Time connection between electrons in dynamic atomic systems is considered. We describe time correlation
in terms of the Dyson time ordering operaforin this paper we decompodento an uncorrelated terfi, ¢,
plus a correlated term.,,=T— T, Which interconnects the time-dependent external interactions. We show
that time correlation between electrons requires bigify and spatial electron-electron correlation. Two ex-
amples are analyzed. In transfer ionization the time correlation operator incoherently changes the shape of an
electron-electron Thomas peak. In double excitation the influendg Lfin amplitudes for coherently inter-
fering pathways changes resonance intensities and profiles.
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Understanding time correlation between electrons regeneral expression for the probability amplitude(t)
quires connecting the concept of spatial correlation with=(f|U,(t,t;)|i), for scattering of one or more electrons from
time. Spatial correlation arises from the Coulomb interacdi) at timet; to |f) at timet may be described most conve-
tions between electrond —3]. Without this correlation the niently in the interaction representati¢8,5] using the evo-
electrons are independent in both space and time, i.e., thdytion operatorU,(t,t"), which satisfies
do not mix with one another in space and they evolve inde-
pendently in timg3]. In this paper we address time correla- U (tt)/at=V,(H)U,(t,t"), (1)
tion betweerelectrons, namely, how electrons communicate
about time. We show that both temporal correlation of exterwith the initial condition lim U, (t, —) =1. The formal
nal interactions and spatl_al correlation between electrons aIg | ition for the evolution operator may be expressed as a
required for time correlation between electrons. fi :

. . . . ime ordered exponentiglt,5],

Cross sections of multielectron atoms dynamically inter-
acting with both matter and light have been widely studied ‘
for many yearg§4-6]. In the last decade studies of multiple U,(t,t;)=T exp[ — if V,(t’)dt’}
electron transitions have lead to more detailed understanding ti
of correlated dynamic reaction mechanisf8s7—10. Now, o K

i | techniqu¢$0—12 are providing data in _ (—1) t. o !
new experimental techniq : > T(V(ty)- - Vy(t)dty - - -dty,
unprecedented detail, which can be used to test in greater K=o k! Jy t;
depth new descriptions of collision dynamics. Thus, both a

conceptual and an observational basis is now available for @
more explicit studies of how time works in quantum multi- whereT is the Dyson time ordering operator

particle dynamics. In this paper we analyze two atomic pro- ’

cesses in which time correlation between electrons affects TV, (t) V(L) - - -V, (1)

reaction cross sections. The first case is a kinematic peak in

a reaction in which electron transfer and ionization both oc-

cur. In this case time correlated and time uncorrelated am- EP(L;._M 0(t1=12) 6(tr—tg) - - - Ot 1~ )
plitudes add incoherently. The second case is double electron

excitation where coherent reaction pathways interfere. In the XV (t)V(ty) - -V (). 3)

second case time correlation between electrons produces a

large effect on both the shape and intensity of a double exHere #(t—t’) is the Heaviside step function. The sum above

citation resonance. is taken over all possible permutatioRsof the parameters
Time dependence is imposed on a quantum sy$te8n 1,2, ... k. The Dyson time ordering operatdrimposes or-

16] by an external time-dependent interactivi(t). The  dering of theV,(t;) interactions in time to enforce causality
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in the time evolution of the systeni5]. Here V,(t)
=E]NV,]-(t) is implicitly summed over electrons.

We seek correlation in time between thg(t;)’s, which
provide[3] the time dependence to the quantum wave am-
plitudesas;(t) via Eq.(2). Requiring that correlation in time
be independent of the mathematical form\g{t), we use
the only time dependent term available other tham,
namely, the time ordering operat®rAll time dependence in
T arises from thed(t;—t;) terms in Eq.(3). This implies that
time correlation may be removed by replacing @(t; —t;)
by a constant. The(V,(t;)V,(ty)---V,(ty)) is a simple
product ofV,(t;) and is therefore uncorrelated in time. Con-
sequently, there is no time correlation Uy without this
contribution to time ordering. Therefore, we now separate
the T operator into two terms,

by Z/|R(t) — Fj| for a particle of chargé, aj -Eq coswgt for

a photon field, or;- B(t) for an external magnetic field. If
the correlation interactions between electrons are included,
the V,;(t) are multielectron operators that do not commute
with each othef3]. The nth-order term in Eq(2) contains
both  single-electron terms proportional to V()"

and cross terms containing interactions with different
electrons, namelyy\V|; with k#j. The cross terms con-
nect the time evolution of different electrons. For two
electrons in second orderV,(t)=V,.(t)+V,,(t) and
Vi(OV(t) = V() Vi1(t") + V(1) Vi2(t") + V() Vo (t)
+V2(t)V2(t"). In this paper we consider only the effects
from cross terms. That is, we consider processes in which the
effects ofV,,V,; terms fork# j dominate or can be separated
from those effects fronk=j. In these interelectron cases,
time correlation is caused by

T=Tunct (T=Tund =Tunct Teors (4) 1
Teor(Vik(HV,(t")= ESQV(I_'[')[VW('[%VU(t’)]' k#]J.
8

In second 1is term causes time correlation between electrons.
In multiple-electron transitions correlation in time be-
N , , tween different electrons generally requires spatial electron-
TVOVI) =0 =)VI(OVI(L) electron correlation in addition to time orderifg,7,8], as
+0(t' =)V, (t")V, (1), (5) we have indicated above mathematically. Physically this is
obvious. In the uncorrelated independent electron approxi-
where mation without exchange, the scattering probability is repre-
sented as a product of single electron probabilities, namely,
P(t)=agi(t)|*=IL|(f;|U);(t.t) [ij)P=T1;P;(t). In this
limit there is no mechanism for time correlation between
transitions of different electrons. Without spatial electron
whence it is easily shown that correlation, phase information between electrons is lost, for
example. This also follows from Ed8). If the correlation

interaction 1VF, F | is approximated by a mean field poten-
tial, then[V,k(t) V,](t )1=0, since the many-electron op-
eratorV,(t)=Z2; V,,(t) then reduces to a sum of commuting
Calculations using =T, correspond to an independent single electron operatof8]. Only when spatial electron cor-
time approximation17], where theV/(t;) interactions are relation is included caf ., cause time correlation between
disconnected in time. In second order a two step process ifferent electron transition amplitudes.
reduced to two independent one-step proceEk@49. The In calculations presented in this paper electron exchange
time correlation termJ,,,, connects the/(t) at different isincluded. Nevertheless, we note that it is conceptually con-
times as is evident in Eq7). This term can produce time- venient to neglect exchange. This simplifies the meaning of
dependent effects in quantum wave amplitudes reminiscentan electron” and “an electron transition” and also it al-
for example, of light passing through a Young's double slitlows one to regard electrons as distinguishable. Inclusion of
where a time difference can influence interference patterngxchange is mathematically straightforward, but adds com-
as illustrated in our second calculation below. We note thaplexity both conceptually and technically. In fast atomic col-
the general concept of time correlation has been used in nottisions the effects of exchange are often small.
equilibrium statistical quantum mechani€8] where it is In two examples below we have evaluated the effects of
similar to spatial correlatiofi2,3]. the T.,, operator in calculations through second order in
The simplest examples of time ordering occur in one-V,(t) by separating the second order termUn into parts
electron system$4—6]. The group of Thomas has experi- corresponding to thd . and T.., parts of T. In second-
mentally isolated effects of time ordering in a one electronorder, this corresponds to separating the second-order contri-
transition in a Yb atom interacting with a time varying ex- bution itself into on-shell and off-shell contributions as ex-
ternal magnetic field20]. However, in this paper we focus plained elsewherg21]. Calculations of cross sections with
on correlations in time between different electrons. In a syshoth first- and second-order terms are then easily done with
tem with N electrons, V,(t)= ENV“(t) with V“(t) and without theT,, time correlation terms. In both of our
=eHoty, j(He” Hot Here, for exampleV;(t) may be given examples the second-order term contains interactions with

whereT . is the uncorrelated part af and T, =T — T ¢
acting onV,(t1)- - -V (ty), is our time correlation operator.
In first order inV, there is no time correlation.
order one has

1
TuncVI(DV (1) = E[V|(t)V|(t’)+V|(t’)V|(t)]a (6)

1
Teo(Vi(D V(1)) = 5 sgrit—t")[Vi(),Vi(t)]. ()
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FIG. 1. Cross section for transfer ionization as a function of the

momentum transfeq in 2.5 MeV proton-helium collisions in the FIG. 2. Effect of time ordering on the autoionizingg?*D and
vicinity of the electron-electron Thomas peak showing the effectg2s2p)P resonances of helium in electron emission spectrum ex-
of time correlation. Full curve, full second-order calculation includ- cited by 200 eV electron impact. The electron angle of emission is
ing both T, and Ty terms of Eq.(4); long dash, approximate 60° and the projectile scattering angle is 30°. Full curve, full
calculation using only the uncorrelated time tefip,.; short dash,  second-order calculation including tfig,, term of Eq.(4); broken
approximate calculation using only the correlated time t&ig}.  curve, approximate calculation using only the uncorrelated time
In this case the effects OF;,, and T, add incoherently as ex- term T,,.. In this case the effects df.,, and T, are partially
plained in the text. coherent. The cross section is normalized to the background of
direct ionization.

different electrons and higher order effects of time ordering
from the sameV,(t) are small. In the first example, contri- is small even though the projectile-electron interaction fully
bution from the first Born term is negligible and the effect of precedes the electron-electron interaction.
T.or adds incoherently to that of,,.. In the second ex- The influence of time correlation between electrons is
ample there is a significant first Born contribution, which is much stronger in our second example of double-electron ex-
coherent with theT.,, contribution and a relatively strong citation[10]. In Fig. 2 we present calculations of the electron
interference effect is found. emission spectrum in the region of the p@'D and

As a first example we consider a resonant reaction i(2s2p)*P resonances of helium excited by 200-eV electron
which both electron transfer and ionization occurs, namelyimpact. Unlike the previous example, there is interference
the purely second-order electron-electron Thomas peak ihetween reaction pathways, namely, direct single ionization
ionization-transfer{22]. In this two-step example, a posi- and single ionization proceeding through the double-
tively charged particle first interacts with an electron in anexcitation resonance. The effect of time correlation is ampli-
atomic target. Then the target electron rescatters from a sefied when the relative phase between competing pathways is
ond target electron such that it travels out of the collisionclose to (h+1). In Fig. 2 one sees a strong effect from
with the projectile. The first step precedes and causes thie time correlation term on both the shape and the intensity
second step. Because of the electron-electron interaction iof (2p?)'D and (22p)!P resonance spectrum. In the
the second step, this ionization-transfer process is correlate(p?)'D resonance time correlation changes the resonance
The time ordering of the two sequential interactions is carshape from a windowtype to a nearly asymmetric resonance
ried by theT,,, term inU, . In this particular example the profile. At the same time the intensity of thesZp)*P reso-
effects of T.,, and of T.,, add incoherently sincg21] the  nance increases by a factor of three. The effect of time cor-
corresponding matrix elements differ by a factoriofThe  relation varies with scattering anglg emission angled,,
cross section for this peak is shown in Fig. 1. This peak haand other collision parameters. The example shown in Fig. 2
been studied in detail experimentaJli1,24,25. The node in  was chosen to illustrate a case where the effect of time cor-
the contribution from time correlation at the center of therelation between electrons is unusually strong. Calculations
resonance in Fig. 1 is typical of anomalous dispersion, whiclior double electron excitation by fast-ion impact also show
is known to occur in two-step Thomas processes for electroeffects of various strength due to time correlation. Such reso-
transfer[23]. In such a case a dispersion relation connectsiances have been studied experimentally using high-
the correlated contribution to the uncorrelated contributiorresolution spectroscopy for both electr@6] and ion[10]
and forces the correlated contribution to zero at the center dmpact.
the resonance. Thus the effect of time correlation in this case Spatial correlation and time correlation between electrons
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are conceptually and mathematically similar in some re-V(t;)’s in the time evolution of the system is imposed by the
spects. Correlated quantities are interconnected. In botbDyson time ordering operatdf. This operator may be de-
cases correlation may be mathematically defin(_ad_as the ditomposed into an uncorrelated tefiy, . that does not inter-
ference between an exact and an uncorrelated limit where thénnect the external interactions plus a time correlation term
uncorrelated limit may be written as a product of single-1_ =TT, .. which does. WherT,,, is combined with
electron termg17]. However, there are some differences. spatial correlation, electrons are connected in time as well as
Spatial electron correlation is caused solely by interactiong, space. This gives time correlation between electrons
between electrons, i.e., r}j Coulomb interactions, SOme- hich in turn can give time sequencing in multielectron
times modified by mean field potentials. Time correlatlonqu&mtum systems. Two examples were given, one with and
between electrons requirémth time-ordered external ime-  one without interfering pathways to a final state. Our ap-
dependent interactionand electron-electron interactions. nroach applies to impact of ions, atoms, electrons, and pho-
Time ordering imposes causality. Thus time connections begns (including multiphoton effecison systems of atoms.

tween electrons depend not or_1|y on electrons .i”.teraCti”@xtension past second order\ify and also to more complex
with one another but also on a time dependent driving forcge.g_ nanoscajesystems, both appear feasible.

with causality. In this sense time correlation between elec-

trons is more complex than static spatial correlation. We thank P. Ivanov, V. Mergel, B. Shore, and A. Good-
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