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We study the electron capture from the solid conduction band into Rydberg
states of multiply charged ions escaping solid surfaces at intermediatétiesio ~ 1
a.u. A guantum two-state vector model enables us to consider the popydatitess as
a synergetic problem, by using the real and imaginary part of the mingd fas two
independent modes. We found that an initial chaos in the time evolution qihthse
point (Rel,ImI) results in a self-organization around the stationary point, correspond-
ing to the critical ion-surface distande..
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1. INTRODUCTION

The multiply charged ions transferred through a thin foil at intermediate veloc
ity (v~ 1 au.) capture a conduction band electrons into Rydberg states with principal
guantum numben 4 > Z, whereZ >> 1 is the core charge of the formed ion. The
Rydberg states are populated in the outgoing part of the ionic trajectorgtauaifi-
ciently large distancesi~ R.) from the back side of the foil. For these reasons, the
time evolution of the active electron quantum state is a rather long proceizede
under prominently nonstationary conditions. Basically, the dynamics of thteps
can be described by several quantum models [1-10], as well as biagisical over-
barrier (COB) model [11, 12], or its extended dynamic version [13, 14]

We provide the results indicating that the nonstationary stages of the electron
state evolution in the ion-surface system possesses some propertiekftympican-
linear phenomena. This is possible within the framework of the time symmetrized
guantum model formulated by Aharonev al. [15, 16] and as a two-state vector
model (TVM) [17-19] in the context of the ion-surface interaction problerhat
is, one can consider the non-resonant electron capture procesysrgetic prob-
lem [20—-22] describing the active electron simultaneously by the skate)) evolv-
ing from a given initial state (electron in solid) and with an additional Stét€¢)),
which evolves “teleologically” towards a fixed final state (electron in ior)e Th-
terplay of the stategl;(¢)) and|W,(¢)) at intermediate time is taken into account
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via a two-state probability amplitudé(¢) of finding the electron in the ionic region.
The mixed fluxI(t) = dA/dt represents a complex two-current through the moving
Firsov planeSr, placed between the solid surface and the outgoing ionic projectile.
We analyze the causal time dependence of the mixedIfltixby means of a
trajectory in the phase planrg(t) = Rel(t) andg2(t) = ImI(t); namely the modes
q1 and g, represent relevant quantities for a description of self-organizatiagheof
Rydberg states formation in the interaction with solid surface. It appedrbehav-
ior of the phase trajectory in the initial stages of the ion-surface interactioerys
irregular, which is characteristic of deterministic chaos [23]. Howevartisg from
the critical time onward, a very regular motion of the phase point in the caeside
complex plane depicts the subsequent time evolution of the mixed flux. The most
important correlation between the TVM and the synergetic considerationghs in
fact that the neutralization distan&’, which indicate the most probable ion-surface
distance for the population process within the framework of the TVM, appesaa
parametei? = R, of the stationary pointy s, g25) of the non-linear dynamics in the
complex mixed flux plane. This result can be interpreted as a self-orgianizd the
ionic Rydberg states formation during the ion-surface interaction.

2. FORMULATION OF THE PROBLEM

Our attention is focused on the multiply charged ions escaping a conduction
solid surface along the axis perpendicular to the surface, with intermediate veloc-
itiesv = Rt ~ 1 a.u., whereR is the instant ion-surface distance. We consider the
electron capture into the Rydberg staes) = |n.4,l4,m4), with low values of the
angular momentum quantum numiex < 2).

In accordance with the very concept of the quantum TVM, the $faté&)) =
U (tin,t)| %1 (t:n)) Of the active electron (representative electron) evolves from the
initial parabolic statéV (¢;,)) = |uar) = |var, i, mag), while the stateW,(¢)) =
Ug(tfm,t)\%(tfm» evolves toward the Rydberg state; (¢7,)) = |va) at the final
time ¢ = ty;,. By var we denoted the continuous energy parameter of the electron
in solid (with energyEys = —~32,/2), andny,; andm,, are the corresponding first
parabolic quantum number and magnetic quantum number, respectivelygvohu-
tion operatord’; (t;,,t) andUs(t i, t) are determined by the Hamiltonias, (t)
and H,(t), respectively [24]. The probability of the electron capture into the field
of the moving ion, providing that finally it occupies the given Rydberg siatde-
termined by the two-state probability amplitudét) = (U5 (t)| P4|¥1(t)). The pro-
jecting operato’, in a coordinate representation is given by the Heaviside function
©(z— R+a(t)), whereag is the instant electron position and- a(t) is the position
of the Firsov plan& in respect to the ion.
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The two-state probability amplitudé(#) can be expressed dst) = fttg I(t)dt,
valid for ¢t > t,, where the mixed flux () is given by the surface integral (Eq. (2.5)
in Ref. [17])

i VU, VU da\ _, .
I(t) =~ - — 20 (1— = )& | Uiw,dS, 1
(t) 2/%[\1,1 v W< dR>6} 5V1dS 1)

whereasiS = dSe,, andé, is the unit vector of the axis. In a definition of the
quantity A(¢) we took into account that far< ¢, the reionization process will com-
pletely destroy the formed Rydberg states, so that the population practieglhstat
t =t4. In the considered low-Rydberg states [18, 19] it has been possible to extrap-
olate the expression (1) tg = 0. However, the phase trajectory in the initial stages
of the ion-surface interaction is very irregular, which is a characteristietermin-
istic chaos [23]. The electron exchange process is stabilized at lamgsurtace
distances, where it is characterized by the intermediate transition probabilityjt
Y asTy,, ., (t) = |A(t)|>. By integration over all possible,,-values, together
with summation oven,y; andm,,;, we get the intermediate population probability
P, ,(t). The total rate [18] for the population process can be defined by thevialjo
expression:

T 1 dTMM,VA (t)
FMMJ/A a TNM,VA (tfi’fl) dR ' (2)
We note that the position of the Firsov plafig in the expression (2) for the mixed
flux is determined by the variation requireméi, , (¢)/da = 0 together with bound-
ary conditionsia(t;,) = 0 andda(t ss,) = 0[18, 25].

As a complex quantity, the mixed fluX¢) gives us a possibility to consider its
real partq; (t) and imaginary parg.(t) as two generalized coordinates (modes) of
the classical self-organizing dynamics. The corresponding phasettngjeparamet-
rically defined byR = vt, will be considered in the asymptotic regiéh> 1 a.u.,
characteristic for the formation of the Rydberg statg,l4,m.4).

Restricting to the asymptotic region, we can express the time derivtiyef
the mixed flux by using the simplest non-linear model:

I(t) = a1 I(t) +asI*(t). (3)
Using the notationy; (¢) = Rel(t) andgq(t) = ImI(¢), EqQ. (3) overcomes into the
following system of equations:
q1 = L11q1 + L12g2 + N1(q1,G2), (4)

G2 = Lo1q1 + Lo2ga + Na(q1,¢2), 5)
whereL 1 = Loy = Ren; andLs; = — Lo = Imay. The non-linear terms in Egs. (4)
and (5) are given bV1(q1,2) = (41 — ¢3)Reas — 2q1g2Imas andNa (g1, g2) = (7 —
q3)Imas + 2q1g2Rens. It is obvious that modeg; (t) and ¢»(t) satisfy the system




4 S. M. D. Galij&, G. B. Popafi

of first order coupled non-linear differential equations, so we ale tabconstruct a
synergetic description of the charge exchange process. The init@iticory; (¢;,) =
q10 = 0, q2(tin) = q20 = 0, wheret;, = 0 is presumed. The order of magnitude
of the coefficientsl;; in the asymptotic region determines the self-organization of
modesg; andge. We haveLys < 0 and|Ls;| < | Loz, S0 that we can introduce the
universal infinitesimat = Loy /Loy = —L12/ L1, satisfying the conditione| < 1.
To investigate the self-organization of the considered two modes, it is c@mie
to distinguish between the order mode and the “stable” (or slaved) modeh whic
follows immediately the order mode [22]. However, in the considered proltem
have 11 = L2, S0 that the both modes can be stable (or order). For convenience,
we shall treat theye(t) = ImI(t) as a stable mode and(¢) = Rel(t) as an order
mode. The systemgs”, Eq. (5), is damped in the absence of the systefi,“Eq.
(4), becausd.»s < 0.

We can use the adiabatic elimination technique [22] to obtain an explicit and
unigque solution of the system given by Eqgs. (4) and (5). That is, we wlag &£9.
(5) for stable mode by putting; ~ 0, and thus eliminate the stable mode from the
system of equations. By this procedure we get the connegtienF(q;) between
the two modes determined by the following equatidniq; + Loaga + Na(q1,q2) =
0. With the relationgs = F(q1), Eq. (4) for the order mode obtains a form of
a classical equation of overdamped motion of the f@gim= F'(¢q;), whereF is a
generalized force. The stationary solutign= ¢, of the former equation, defined
by the conditiong; (¢15) = 0, together with the corresponding valyg, = F(q15)
constitute the stationary point;s,q2s) Of the considered system. We note that,
outside of the adiabatic approximation, the stationary point is defined by stensy
of equationsj; (¢15) = 0, 42(g2s) = 0. The stationary point represents an equilibrium
point of the system. If the nonzero stationary solutign# 0 exists, the system
(phase pointq;, ¢2)) from the equilibrium pointqi1p = 0,g20 = 0) att =t;, =0
“has internally decided to produce” a finite quantity = F(q1s), i.€., we have a
self-organization in the system. The stationary p@int, ¢2s) characterized a new
equilibrium at the timet > ¢;,, = 0. This point is defined by a system of coupled
algebraic equations:

Li1q1s + L12g2s + N1(q1s,q2s) = 0, (6)

Lo1qis + Loaagas + No(qis,q2s) = 0. (7)
In the considered adiabatic approximation, the stationary point belongs phiéise
trajectoryge = F(q1). The ion-surface distance corresponding to the p@int g25)
can be considered as the critical distaite- R, for the formation of the particular
Rydberg state by the self-organizing procedues, we have a conditiork (R.) = 0.
In this case, the stationary poify;s,¢2s) could be a stable point that corresponds
to the formation of a stable ionic Rydberg state, or could be an unstable paint th
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represents a formed ionic Rydberg state that is not stable due to signgicaess
of reionization; in the second case, the small fluctuations of the systemt@aveay
from this unstable point to the new critical point.

3. A SELF-ORGANIZATION OF THE IONIC RYDBERG STATESFORMATION

Further analysis of the self-organization process consists in determirdtion
the stationary point of the system. The first step is to establish the expansfiia c
cientsa; andas in expression (3) explicitly. The coefficieat can be obtained from
the asymptotic expression of the mixed fll¥¢). On the other hand, the coefficient
as can be expressada a; within the framework of the proper non-linear model for
the time derivative of the mixed fluk(¢) valid in the asymptotic regio® = R..

We consider the case of low angular momentum Rydberg states, when the ex-
pression for the mixed flux is known in the analytic form: Eq. (4.2) in Ref] f&7
the point-like core approximation and Eq. (17) in Ref. [18] for the polarizeres.
In the first case we have

I(t) ~ Iy eXp(i(S) exp [z’wt + (;YM — ’YAo)gR — :}/MR] , (8)

wherel, is a slowly varying real function of timeéj,; = [1 +3/(4a)] [1+3/(2a)]"/* 71,
w= (33, —730)/2 —v*(1 —2g)/2 andy49 = Z/n4. The parametetr = a(R) =
v3,R/(Z —1/4) is introduced as a scaling parameter to characterize the electron
transitions in the very vicinity of the potential barrier top. We note that these ele
tron transitions are responsible for the population of the resonant Rydit&tes

nA = Nres. The parametey = a/R = g(Jar,7v40,v), Which determines the kinemat-

ics of the Firsov plane, is explicitly given in Ref. [25] (with— 7,). By § in Eq.

(8) we denoted the phase factor that can be considered as a real, tirperiddat
quantity. Using Eq. (8) we get an approximate expression for the timeadieavof

the mixed flux. Comparing the so obtained expression with Eq. (3) we get

Reay = L1 = (Y —740)9v — Ymv, IMay = —Liz = w. 9)
In order to calculate the coefficieat, we propose the exponential model

I =1—exp(—kI), wherel = \I,|kI| = |k\]I| < 1 andk is a complex constant.
In addition, we assume thatis a real parameter, which is possible only for spe-
cific values of the phase factér Using the first two terms in the expansion of the
right hand side of the last expression, we obtain the expression ofrttme(8) pro-
vided thatas = —Aa?/2. From the last relation we get Re= —\(L3; — L%,)/2
and Inus = AL11L12, Where) is at present a free parameter. In the low velocity
limit v — 0, when the electron transitions are isoenergetic, we have 0. In this
case we gel;; — 0 and L5 — 0, so that Egs. (6) and (7) are identically satisfied
for any stationary point. For nonresonant electron transitions, deaistc for the
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intermediate velocities, we still have that~ 0. Therefore, we have thaL | ~ 0,
which implies the validity of the relatiofz| < 1.

A system of equations (6) and (7), which determines the stationary points,
can be solved analytically. By elimination of the quantjty — ¢3, from the con-
sidered system and using the relations fonRend Inug, we getges = q15¢/[1 —
(1+€?) AL11¢15). Inserting last expression in Eq. (7), we obtain the following equa-
tion for scaled stationary poim@;, = AL11q1s:

4= TS tull ) QR 10
awl{trgg-al-gatan) o
where we used the notatiad;s(¢) = 1 — (1 +52) Q1. The solutiongs = g10 = 0,
when ¢25 = go9 = 0, corresponds to the initial state of a system with ion-surface
distanceR = 0 as well as to the final state of the systeR ~c). The shift of
this point fromt;, to t. (or from ¢, to t.), wheret. corresponds to the critical
ion-surface distanceR. > 1 a.u., is due to the self-organization in the system.

The nonzero solutions of Eq. (10) ar@ﬁls) =2/(1+¢?) andQﬁ/B) =(1+
ic)/(1+¢2). From these solutions only the first one can be close to the phase tra-
jectory since the last two are physically irrelevant (out of rang@@f; the second
scaled stationary poirtss = AL11qos iS obviously a form ofQos = —2¢/(1 +&2).

The parameten figuring in the relationg)s = AL11¢q1s and Qo5 = AL11¢os CaN

be obtained from the explicit expression for the mixed flux, with appropcdlatéce

of the phase factof. However, for our further analysis of the critical ion-surface
distanceR,, it is sufficient to consider the relatiops/q1s = —¢, which leads us to
the conclusion that the stationary points, ¢25) that belongs to the formation of the
stable ionic Rydberg state, is in the intersection of the dine- —=¢; and the phase
trajectorygs = F(q1).

4. RESULTSAND DISCUSSION

The exposed method for determination of the critical ion-surface distaices
will be tested first in the case of ArVIll ion escaping the graphite solidasgfin
the normal emergence geometry with= 1.42 a.u. We consider the population of
the resonant leveh(4 = n,..s, [ 4 = 1) by the electron captured from the Fermi level,
i.e., we takeyy, = 0.47 a.u. ~ vp, whereyr = /2¢. We use the values,; =
mar = ma = 0, which give the main contribution to the population probability. In
Fig. 1(a) we present the total rafe,, ,, via ion-surface distanc®. We consider
the population of the resonant Rydberg states with= 9, 10, and 11 of the ArVIII
ion interacting with solid surfaces with work functiogs= 5 eV, 4 eV, and 3 eV,
respectively. In Fig. 1(b) we present the stable mgge- Im/ via R for the same
ionic characteristics as in Fig. 1(a). From Fig. 1 we can see that the lieaticn
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Fig. 1 — Comparison of the neutralization distan&5 obtained from(a) the positions of maxima of
the total rates’,,,,,., with (b) the critical distance®. recognized in self-organized procedure as
G2(Rc) = 0in the case of ArVIII.

distancesi?, obtained from the positions of maxima of the total rdigs, ,,, are
comparable with the critical distancés obtained in self-organized procedure,,
imposing the conditiogs ~ 0 on the stable mode. We recall that the critical distances
R, for the electron capture estimated By~ RY = 2xar/[749 -+ (1 —g)] within

the framework of the TVM, determine the ion-surface distances chaisttid¢or the
electron transitions in the very vicinity of the potential top. Parameteasd ar

in the former expression are explicitly given in Ref. [17]; the energyapetery 4
corresponds to the considered Rydberg state in the field of polarizedcionr@c The
stable modes = ImI is defined up to the phase factbof the mixed flux. However,
the R, values defined by the conditiga(R.) = 0 are practically independent on the
value ofé. By this procedure we implicitly determine the factocorresponding to
the exponential model with realparameter. This circumstance enables us to present
the evolution of the phase point and the position of the stationary point.

The full insight in the self-organization in the formation of the Rydberg state
can be seen from the time evolution of the phase point in the complex mixed flux-
plane. The stable poirtt;s,g2s) is defined in the intersection of the ligg = —eq1
with phase trajectory. If we bear in mind Eq. (9), the quantitig given bye =
w[(Far —v40)g9v — Farv] L. From the last relation based on the mixed flux, we can
see that depends omR. For small values oR, corresponding to the initial stages
of the process, we are far from stable region. However, in the asympégiien we
have basically ~ const< 1.

In Fig. 2(a) we present the initial stages of the phase trajectory, coimgjdbe
vicinity of the initial stationary point0,0). We are able to recognize an irregularity
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Fig. 2 — (a) The initial and (b) the self-organizing stages of the phasetoaje, = ImI via
q1 = Rel in the case of ArVIII.

of the phase trajectory. This circumstance suggests that a formation dfatile s
bound states of Rydberg ions is not possible in the initial parts of their trayedto
Fig. 2(b) we show the asymptotic case of the ion-surface distances tieephase
points are organized in a smooth part of the phase curve. In the same Wigur
recognize the stationary point obtained in the intersection of theydire—cq; with
the phase trajectory.

So far our consideration is devoted 4q; = vr. The contribution of other
initial states can be also considered within the self-organizing procedinat is,
by taking into account that the electron-capture transition probability isrdated
bY Typyva = ]fot I(t)dt|?, we can establish the connection between the probability
of the electron capture process and the area enclosed by the phagenyafeigure
3(a). shows the ArVIIl phase trajectories fog; = 0.47,0.57,0.67, and 0.77 a.u.,
na=11,14 =1, n1y = 0, with the velocityv = 1.42 a.u. of the ionic projectile. For
vy = 0.47 a.u., we have the maxima of the covered area that is in agreement with the
fact that the maximal transition probabilify,,, .., is from the Fermi level, which is
also in agreement with the available beam-foil experiments [26, 27].

In Fig. 3(b) we present the neutralization distattefor the population of the
resonant Rydberg states of the ArVIII, KrVIII and XeVIll ions eging the various
surfaces. We consider the normal emergency geometry, taking for ticevedocity
the valuev = 1.42 a.u. The distanceB,. obtained using the SO methodology (full
curves) are in a good agreement with the TVM prediction (dots). Finallyiatie
surface distance of formation of Rydberg states above the surfadeecastimated
by employing the COB model for resonant electron exchange betweenandtain.
For Z = 8ions, the obtained first neutralization distami@*** = /87 + 2/(2¢) [28]
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Fig. 3 — (a) The phase trajectory in the case of ArVIll ion escaping the sorface ¢ = 3 eV,
v =1.42 a.u.) fory,; =0.47,0.57,0.67, and 0.77 a.u.; (b) Neutralization distandesfor the
different ions with the same core charge= 8 escaping the solid surface with= 1.42 a.u., for
electron capture into the Rydberg state: Arvitli = 11,10,9, KrVIll n4 = 12,11,10 and XeVIlI
na =13,12,11 for ¢ = 3,4,5 eV, respectivelyl(= 1,m 4 = 0). The dots correspond to the
predictions of the TVM, the dashed curve presents the first neutralizdistance proposed by the
COB method and full curves present the critical ion-surface distaRgebtained using the
self-organizing methodology.

(dashed curve) is in very well agreement with the SO method, particulagyuie
metal.

5. CONCLUDING REMARKS

We have opened up a new way to investigate electron capture from the solid in
Rydberg states of highly charged ions. The synergetic approaclistaddish itself as
a powerful method of investigation of population process. It is a direas@guence
of the applied teleological model with two states; only in such a case, one=tiae d
the mixed flux as a complex quantity with both Rg # 0 and Im/(¢) # 0. It has
been found that these two quantities play role of the oggand the stable, modes
in the self-organization of the ionic Rydberg states formation in the presdribe
metal. The obtained position of the stable point and the corresponding if@teur
distance, means that the self-organization occurs when the informationg:tnarm
the past and the information arriving from the future are in agreemergieaisfeom
the standpoint of the mixed flux.

In the low angular momentum case, the mixed flux can be expressed in the ana-
lytical form and it has been possible to develop an analytical method otigaten
of the self-organization process. For laigealues one has to develop a numerical
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method. The renormalization of the quantum teleology, as a method developed in
order to include the reionization, effect on the formation of the ionic Ryglbtates

in a specific way. For the observable Rydberg states, the self-orgjaniza sur-

vived with the position of the stable point shifted toward larger distance; indke

of short-lived Rydberg states, the self-organization is completely destroiyn the

fast ionization case, the distané is shifted to the very large distances where the
probability of the electron capture is negligible. Electron capture into the &gdb
states from the surface covered by the screening thin film in the prestti=weak
electric field, may be relevant for further synergetic investigation [29].
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